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A B S T R A C T   

The evolution of permeability and microcrack characteristics of granite at high temperature has significant effect 
on the safe and stable operation of high-level nuclear waste disposal repositories. We measure the permeability, 
porosity and formation factors of granite specimens following thermal treatment including the use of NMR to 
certify observed response. The results indicate that the initial and residual permeability and porosity change little 
when T ≤ 300 ◦C, but increase rapidly when 300 ◦C ≤ T ≤ 600 ◦C before entering a stable phase when 600 ◦C ≤
T ≤ 750 ◦C. At T = 150 ◦C microcrack apertures and radius only slight increase while microcrack density and 
fraction of connectedness all slight decrease, but net causing porosity, the peak strength and elastic modulus to 
increase. The strength and elastic modulus decrease exponentially with fractional connectivity of microcrack 
while the initial compressibility of microcracks scale linearly with initial aperture. The formation factor for the 
granite increases near-linearly with effective stress with the rate of increase generally decreasing with increasing 
temperature. Thermal conductivity first increases rapidly before remaining constant with increasing effective 
stress. With increasing temperature, the thermal conductivity decreases and becomes more sensitive to the 
effective stress.   

1. Introduction 

Granite is potentially an excellent medium for high-level nuclear 
waste (HLW) disposal, exhibiting low native permeability and high 
integrity.1–4 Beishan granite has been selected as a candidate for HLW 
geological disposal in China – with such a low native permeability. 
However, the in situ permeability may increase due to both excavation 
and the generation of thermally-induced crack (The temperature is high 
as 1200 ◦C in nuclear self-storage5). These factor increase the risk for 
radionuclides to access the biosphere and human environment. 

Permeability of tight fractured rocks is particularly sensitive to 
effective stress - thus it is crucial to investigate the permeability 
behavior around any HLW repository.2 Power law6 and exponential 
relations7 between permeability and effective stress have been applied 
as representative of permeability data for a large number of samples. 
However, gas slippages effect play a positive role in improving perme-
ability, of which the Klinkenberg permeability shows a positive linear 
relationship with the total permeability.8 Using both non-adsorbing and 
absorbing gases, the causes of permeability decreases for adsorbing 

gases has been defined.9 Under unloading, significant hysteresis was 
apparent that may be described via models accommodating frictional 
sliding inside the rock.10 

High temperatures may induce microcrack formation and propaga-
tion and result in an increase in permeability. However, very high 
temperatures impart ductility to the minerals and may drive a reduction 
in permeability.4,11 Changes in permeability result from the competition 
between these opposing effects. When T ≤ 400 ◦C, permeability may 
decrease with increasing temperature,12 where the dissolution of quartz 
and feldspar and redeposition of these mineral within cracks at lower 
temperature is known to be a major cause in the reduction of perme-
ability.13 However, temperatures elevated to only moderate levels can 
also enhance permeability due to the heterogeneity in thermal expan-
sion of the constituent minerals. Conversely, the activation of plastic 
processes at higher temperature causes the collapse of void spaces and 
reduction of permeability capacity.14 The evolution of permeability with 
temperature is also affected by the effective stress where a temperature 
increases leads first to a permeability decrease and then to its increase at 
low effective pressure, although inversions may appear on all the tem-
perature trends of the samples collected from great depth at higher 
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effective pressure.15 The permeability of a single fracture in granite is 
also affected by stress and temperature with dissolution effects and 
fracture closure being implicated even at low temperatures when T =
90 ◦C16 similar to constraint due to thermal expansion increasing normal 
stress in the fracture.17 The evolution of permeability with temperature 
may be indexed relative to the number of AE events18,19 and changes in 
quality and wave velocity are capable of linking directly to 
permeability.20 

However, the permeability and microcrack characteristics of granite 
following thermal treatment have not been systematically investigated. 
In this work, we investigate the evolution of microcrack aperture, den-
sity and radius with temperature and effective stress to link permeability 
evolution under different effective stresses and for granites of differing 
porosity and formation factor following thermal treatment. 

2. Experimental methodology 

2.1. Granite material 

The granite used in this work was collected from the city of Rizhao in 
Shandong province, China. According to the results of X-ray diffraction 
(XRD), the minerals in the granite are quartz (11.12%), feldspar 
(59.85%), biotite (21.56%), amphibole (6%), chlorite (1.01%) and 
dolomite (0.46%). This granite has a crystalline and blocky structure 
with a connected porosity of 0.67%.1 The average density of the tested 
granite at room temperature is ~2594 kg/m3 with a P-wave velocity of 
~4200 m/s. All cylindrical specimens were cored from the same block of 
material to an actual diameter of 50 mm and approximately 100 mm in 
length. Before beginning the permeability tests, the granite specimens 
were first placed in a furnace and heated at a rate of 5 ◦C/min to 
minimize thermal shock. Once reaching their predetermined tempera-
ture, the samples retained at that temperature for 2 h to ensure the 
uniformity in temperature across the specimen. For permeability tests, 
the target treatment temperatures were set as 150, 300, 450, 600 and 
750 ◦C. Finally, the heated specimens were left in the furnace to cool 
down to room temperature. 

2.2. Permeability testing system and procedure 

It is difficult to measure the coefficient of permeability from steady- 
state liquid flow tests in tight rocks as the measuring time is typically 
long, ranging from weeks to months for the measurement of a single 
specimen.21 Based on Klinkenberg,22 gas (Kg) and liquid (Kl) perme-
ability are related as Kg = Kl(1 + b /Pav), where Pav is pore pressure, and 
b is the Klinkenberg constant. If the pore pressure is retained constant (4 
MPa) then there is a linear relationship between Kl and Kg. Thus, ni-
trogen (N2) was used to measure the permeability of granite following 
thermal treatment under different effective stresses. 

The gas permeability test system (Fig. 1) includes a pressure inten-
sifier and core holder capable of applying hydrostatic stress and con-
trolling and acquiring data from the experiment. A jacketed cylindrical 
specimen (14) is confined within the high pressure vessel (13). 
Confining pressure is provided by a constant flow pump (15), and held 
by pressure control (23). It should be noted that the maximum triaxial 
pressure of the test system is 60 MPa, which is smaller than the 
compressive strength of the granite tested in this experiment. The gas 
pressure intensifier consists of a gas tank (3), gas pipes, and valves (6, 7, 
10, 11) tighter with a gas pump (1) capable of increasing the gas pres-
sure effectively from 0 to 3 MPa to 0–40 MPa. The gas pressure sensors 
operate on three different scales (20, 21, 22) to improve the accuracy of 
the measurements. 

The permeability of the granite specimens can be calculated ac-
cording to Darcy’s law under steady-state flow conditions23 as: 

k=
2QP2μH

(
P2

1 − P2
2
)
A

(1)  

where Q is the downstream gas flow rate, A and H are the cross-sectional 
area and the length of the specimen, respectively, P1 and P2 are the 
pressure on the upstream side and standard atmospheric pressure at 
room temperature on the downstream and μ is the viscosity of the fluid 
(μ ≈ 1.8 × 10− 5 Pa s for pure nitrogen at room temperature under the 
applied pore pressure). 

List of symbols 

T Temperature 
HLW High-level nuclear waste 
XRD X-ray diffraction 
Kg Gas permeability 
Kl Liquid permeability 
Pav Pore pressure 
b Klinkenberg constant 
k Permeability 
Q Downstream gas flow rate 
A Cross-sectional area of the specimen 
H Length of the specimen 
k0 Initial permeability 
k∞ Residual permeability 
c0 Initial compressibility 
α Decline rate of crack compressibility with effective stress 
R2 Correlation coefficient 
Vw Water volume 
V0 Rock specimen volume 
F Formation factor 
Cw Electric conductivity of a solution 
C0 Electric conductivity of saturated rock 
ϕ Porosity 
n0 Number of cracks per unit volume 

c Microcrack radius 
w Micro-crack half-aperture 
A Aspect ratio 
θ Hydrodynamics of flow through a system of cracks of 

varying thickness 
f Fraction of the cracks that belong to an infinite network 
l Spacing between two cracks 
p Probability of two cracks intersecting 
Ve Excluded volume for two cracks 
ds Increment of crack displacement 
dσ Increment of effective stress 
ϕ0 Initial porosity 
K Thermal conductivity 
Ks Thermal conductivity of solid grains 
Kg Thermal conductivity of air 
σs The peak strength 
Es Elastic modulus 
NMR Nuclear magnetic resonance 
r Pore radius 
T2 Transverse relaxation time 
ρ Transverse surface relaxation strength of rocks 
S Pore surface area 
V Pore volume 
Fs Geometry factor  
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3. Experimental results 

Fig. 2 shows the evolution of permeability of the granite specimens 
following thermal treatment with effective stress. Permeability de-
creases exponentially with increasing effective stress, regardless of the 
treatment temperature. With treatment temperature increasing from 
25 ◦C to 300 ◦C, the permeability slowly increases with temperature. 
However, when T = 450 and 600 ◦C, the permeability increases mark-
edly. When T = 750 ◦C, increasing temperature has only a slight impact 
on permeability. 

Assuming that the compressibility of the pore or a crack decreases 
exponentially with effective stress, the average bulk compressibility of 

the pore can be represented as cp = 1
σ− σ0

∫σ

σ0

c0e− α(σ− σ0)dσ = c0
αΔσ (1 −

e− αΔσ). Where McKee9 derived a theoretical permeability model as: 

k = k0e− 3c0
α (1− e− αΔσ ) (2)  

where k0 and c0 are initial permeability and compressibility, α is the 
decline rate of crack compressibility with effective stress. 

Fig. 3 presents a comparison between theoretical and experimental 
results when T = 150 ◦C. The theoretical curve, evaluated from Eq. (2) 
agrees satisfactorily with the experimental results. The correlation co-
efficient ranges from 0.960 (T = 750 ◦C) to 0.999 (T = 600 ◦C), sug-
gesting as strong correlation with Eq. (2) linking the evolution of 
permeability with effective stress, regardless of the treatment tempera-
ture. With increasing effective stress, the permeability of the heat- 
treated granite specimens first decreases rapidly then stabilizes. 

From Fig. 3, the evolution of permeability with effective stress may 
be fit to Eq. (2), enabling initial (k0) and residual (k∞) permeability to be 

obtained. Fig. 4 illustrates the variation of initial and residual perme-
ability with temperature. Initial and residual permeabilities have a 
similar trend with increasing temperature. The initial and residual 
permeabilities first slightly increase when temperature is ≤ 300 ◦C. In 
the range 25 ◦C ≤ T ≤ 100 ◦C, the absorbed water first evaporates and 
then at 100 ◦C ≤ T ≤ 300 ◦C the bound water escapes (Sun et al., 2015). 

Fig. 1. Schematic representation of the automated permeability measurement system.  

Fig. 2. Variation of permeability of granite with effective stress following 
thermal treatment. 

Fig. 3. Match of permeability data to model for granite specimens following 
thermal treatment. 

Fig. 4. Variation of initial and residual permeability with temperature.  
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The loss of the absorbed water and bound water may lead to an 
increased gas permeability. However, the initial and residual perme-
abilities increase quickly when the temperature rises from 300 ◦C to 
600 ◦C, but then remain near constant when the temperature increases 
to 750 ◦C. High temperatures have a significant effect on initial and 
residual permeabilities of granite with increases of ~3–4 orders-of- 
magnitude when temperature increases from 25 ◦C to 750 ◦C. 

Mercury injection porosimetry can be used to measure the porosity of 
the granite. However, the granite develops macro-cracks after the 
application of high temperatures and mercury injection porosimetry 
only measures the local porosity of the granite specimens. Therefore, the 
water saturation method was used to measure the porosity of the granite 
following thermal treatment. First the mass was obtained before satu-
ration, and then remeasured after saturated by a salt solution. Finally, 
the porosity (ϕ) can be calculated as: 

ϕ=
Vw

V0
=

mw

V0ρw
(3)  

where Vw and V0 are water volume and rock specimen volume after 
saturation, and mw and ρw are water mass and density. 

From Fig. 5 it is apparent that the porosity of the granite remains 
near constant with temperature increasing in the range 25 ◦C–300 ◦C, 
with a slight rise as temperature increases to 450 ◦C. However, porosity 
rapidly increases with temperature increases from 450 ◦C to 600 ◦C, due 
to thermal cracks induced by the phase transformation of quartz at T =
573 ◦C. Finally, porosity slightly increases when temperature increases 
from 600 ◦C to 750 ◦C. 

The relationship between water saturation and rock specific elec-
trical resistance is described by the Archie equation.24 In this model, the 
ratio between electric conductivity of a solution (Cw) and that of the 
saturated rock (C0) is defined as a formation factor and it has reciprocal 
relationship with porosity: 

F =
Cw

C0
= 4f − 1ϕ− 1 (4) 

The electric conductivity of saturated rock can be obtained from a 
digital electric bridge where the electric conductivity of the salt solution 
is 850 μs/cm and enabling the transformation of the formation factor of 
the granite following thermal treatment to be obtained. As show in 
Fig. 6, the formation factor first slightly decreases as temperature is 
increased to 150 ◦C, then rapidly decreases as the temperature increases 
from 150 ◦C to 600 ◦C before finally remaining constant as temperature 
increases to 750 ◦C. 

4. Microcrack characteristics of granite following thermal 
treatment 

Assuming that microcracks are distributed isotropically within the 
rock, we may use the relationship between permeability and microcrack 
characteristic as constructed by Dienes25 as: 

k=
4π
15

A3n0c5θf (5)  

where n0 is number of cracks per unit volume (crack density), c is the 
microcrack radius, A = w/c is the aspect ratio, and θ is the hydrody-
namics of flow through a system of cracks of varying thickness. 

For more uniform crack radius, then c5 can be replaced by c5. Then 
n0 = 1/ι3, where ι is average spacing between two cracks. Thus, Eq. (5) 
can be simplified as: 

k=
4π
15

f
w3c2

ι3 (6) 

The relationship between porosity and microcrack characteristic can 
be expressed as26: 

ϕ= 2π c2w
ι3 (7) 

Combined with Eqs. (6) and (7), the relationship between perme-
ability and porosity can be expressed as: 

k=
2
15

f w2ϕ (8) 

Combining with Eqs. (4) and (8), the microcrack half-aperture can be 
expressed as: 

w= 0.25(30kF)0.5 (9) 

In Eq. (9), k and F are initial permeability and formation factor, and 
the average microcrack half-aperture of the rock mass can be obtained. 
As depicted in Fig. 7, the average microcrack half-aperture first slightly 
rises when the temperature increases to 150 ◦C, and remains constant 
when the temperature increases to 300 ◦C - similar to the initial 
permeability. However, the average microcrack half-aperture rapidly 
increases when temperature increases from 300 ◦C to 600 ◦C before 
decreasing slightly when temperature rises to 750 ◦C. 

Assuming that the center of the cracks are randomly distributed in 
the rock, the relationship between f and the probability of two cracks 
intersecting (p) can be expressed as27: 

f = 54(p − pc)
2 (10) 

Fig. 5. Variation of porosity with temperature.  

Fig. 6. Variation of granite formation factor with temperature.  
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where pc is threshold probability. In this, each cracks has z neighbors, 
then pc = 1/(z-1). Assuming z = 4, then pc = 1/325. Below pc, f = 0, and 
above pc, f increases to 1. 

Given the excluded volume for two cracks: Ve = π2c3, the probability 
p is: 

p=
π2

4
c3

ι3 (11) 

Combined with Eqs. (7), (9)–(11), the average crack radius (c) and 
average spacing between two cracks (ι) can be defined as: 

c= 2(πϕ)− 1
(30kF)0.5

{
1
3
+
[
2
/
(27Fϕ)0.5]

}

(12)  

ι=
(

π2

4

)1/3

c
{

1
/

3 +
[
2
/
(27Fϕ)0.5]}− 1/3 (13) 

Using Eq. (12), enables the average microcrack radius of the heat- 
treated granite to be obtained. As shown in Fig. 8a, the average micro-
crack radius first rises when temperature increases to 450 ◦C, and then 
decreases when temperature increases to 600 ◦C and 750 ◦C. The 
average spacing between two cracks can be evaluated from Eq. (13), 
demonstrating a similar trend with average microcrack radius, as shown 

in Fig. 8b. Crack density can be obtained from n0 = 1/l
3
, as depicted in 

Fig. 8c, defining crack density slightly decreases from 6.35 × 1019 m− 3 

to 2.52 × 1019 m− 3 when T ≤ 450 ◦C, and before increasing rapidly to 
28.94 × 1019 m− 3. 

Using Eq. (8), the fraction of connectedness of the microcracks can be 
obtained. As shown in Fig. 8d, the fraction of connectedness of the 
microcracks first decreases slightly at T = 150 ◦C, before increasing 
when temperature increases from 150 ◦C to 450 ◦C. However, the 
fraction of connectedness increases markedly when temperature in-
creases from 450 ◦C to 600 ◦C before increases only slightly when T =
750 ◦C. When T = 600 ◦C and 750 ◦C, more macrocracks are observed in 
the granite specimens with increasing crack density and fraction of 
connectedness. 

The fraction of connectedness has the opposite trend with the uni-
axial compressive strength, damage threshold strength and elastic 
modulus. Fig. 9 illustrates the relationship between fraction of 
connectedness and the peak strength, damage threshold strength 
(damage threshold strength correspond to the onset of dilatancy under 
loading process) and elastic modulus. The strength and elastic modulus 
decrease nonlinearly with increasing connectivity. The exponential form 
y = aebx is used to fit the relationship between strength, elastic modulus 
and fraction of connectivity. The assumed function agree satisfactorily 
with the experimental results, and the correlation coefficients (R2) are 
0.97, 0.98 and 0.98 for the peak strength, damage threshold and elastic 
modulus, respectively. 

Assuming that average microcrack radius, spacing and fraction of 

Fig. 7. Variation of average crack half-aperture with temperature.  

Fig. 8. Variation of average cracks radius, spacing, number of cracks per unit volume and fraction of connectedness with temperature: (a) Average radius c, (b) 
Spacing ι, (c) Crack density n0, (d) Fraction of connectedness f. 
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connectedness remaining constant with increasing effective stress, the 
evolution of average microcrack half-aperture can be obtained from Eq. 
(6). As shown in Fig. 10, average microcrack half-aperture decreases 
nonlinearly with increasing effective stress. The average microcrack 
half-aperture generally increases with increasing temperature, except 
for T = 750 ◦C. 

As assumed in Eq. (2), compressibility of the microcrack decreases 
exponentially with effective stress: 

c= c0e− α(σ− σ0) (14) 

Assuming that effective stress only has an effect on fracture aperture, 
then c can be expressed as: 

c=
ds
dσ (15)  

where ds and dσ are increment of crack displacement and effective 
stress. 

Combining this with Eqs. (14) and (15), then ds can be expressed as: 

ds= c0e− α(σ− σ0)dσ (16) 

Assuming that the displacement of the crack is zero when no incre-
ment of effective stress is applied, then, Eq. (16) can be expressed as: 

s= −
c0

α (e− ασ − 1) (17)  

where s = 2(w0-w), w0 is initial microcrack half-aperture, and w is the 
half-aperture of microcrack under effective stress σ. Therefore, Eq. (17) 
can be expressed as: 

w=w0 +
c0

2α (e− ασ − 1) (18) 

Fig. 10 also shows a comparison between theoretical curves evalu-
ated from Eq. (18) and the experimental results. The theoretical curves 
agree satisfactorily with the experimental results, and the correlation 

coefficient is in the range 0.968 (T = 750 ◦C) to 0.999 (T = 450 ◦C). 
The evolution of average microcrack half-aperture with effective 

stress may be fit to Eq. (18), enabling the initial microcrack half- 
aperture, crack compressibility and their decline rates with heat- 
treatment to be obtained. As shown in Fig. 11a, the initial microcrack 
half-aperture first slightly increases as the temperature rises to 300 ◦C, 
and then increases markedly when temperature increases from 300 ◦C to 
600 ◦C before decreasing only slightly when T = 750 ◦C. 

The variation of microcrack compressibility is presented in Fig. 11b. 
As expected, microcrack compressibility has a similar trend to that of 
average microcrack half-aperture. The relationship between initial 
microcrack half-aperture and crack compressibility is shown in Fig. 11c. 
Microcrack compressibility increases near-linearly with increasing 
initial microcrack half aperture. Fig. 11d illustrates the variation in the 
decline rate of crack compressibility with temperature. The decline rate 
first increases when temperature increases to 150 ◦C and then remains 
near constant with increasing temperature. 

5. Macro-characteristics following thermal treatment 

After obtaining the evolution of microcrack half-aperture with 
effective stress, the evolution of porosity with effective stress may also 
be evaluated from Eq. (7). As shown in Fig. 12, the porosity of granite 
also decreases nonlinearly with increasing effective stress, regardless of 
the treatment temperature. However, porosity increases with increasing 
temperature at the same effective stress (except for T = 300 ◦C). 
Considering the residual porosity (ϕr), the relationship between porosity 
and effective stress may be defined as28 (based on mass of experiments), 

ϕ=ϕr + (ϕ0 − ϕr)eβ(σ− σ0) (19)  

Where ϕ0 is initial porosity, and β is a material constant of the rock. 
From Fig. 12, the theoretical curves obtained from Eq. (19) agree 

satisfactorily with the experimental results, and the correlation coeffi-
cient is in the range 0.936 (T = 750 ◦C) to 0.999 (T = 450 ◦C). This 

Fig. 9. Strength and elastic modulus of granite following thermal treatment with variation of fraction of connected cracks: (a) strength, (b) elastic modulus.  

Fig. 10. Evolution of average crack half-aperture following thermal treatment with effective stress: (a) T ≤ 300 ◦C, (b) T ≥ 450 ◦C.  
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suggests that the porosity of granite obtained from Eq. (7) under 
changing effective stress has a similar trend with that obtained from 
prior investigations. 

The residual porosity and material constant of granite following 

thermal treatment can be obtained from Eq. (19). As illustrated in 
Fig. 13a, the residual porosity first remains near constant when T ≤
300 ◦C, and then rises slightly as temperature increases from 300 ◦C to 
450 ◦C. However, the residual porosity of the granite increases rapidly 

Fig. 11. Initial half-aperture, initial crack compressibility and the decline rate of heat-treated granite with effective stress: (a) w0, (b) c0, (c) Relationship between w0 
and c0, (d) α.center. 

Fig. 12. Evolution of porosity of granite following thermal treatment with effective stress regressed by an improved exponential equation: (a) T ≤ 300 ◦C, (b) T 
≥ 450 ◦C. 

Fig. 13. Variation of residual porosity and β with temperature: (a) ϕr, (b) β.  

W.-L. Tian et al.                                                                                                                                                                                                                                



International Journal of Rock Mechanics and Mining Sciences 134 (2020) 104461

8

when temperature increases from 450 ◦C to 750 ◦C. Compared with the 
initial porosity of the granite obtained from the experiments, as shown 
in Fig. 5, the initial and residual porosity shows a similar trend with 
increasing temperature, except at T = 750 ◦C. The material constant for 
granite sharply decreases with an increase in temperature to 150 ◦C and 
then increases when the temperature increases to 300 ◦C. After this, the 
material constant is in the range from − 0.0508 MPa− 1 to − 0.0437 
MPa− 1. 

Using Eq. (9), the formation factor of the heat-treated granite under 
variable effective stress can also be obtained. As shown in Fig. 14, the 
formation factor increases near-linearly with increasing effective stress. 
With increasing temperature, the rate of increase and magnitude of the 
formation factor generally decrease. 

Thermal conductivity is one of the most important parameters in the 
design of HLW repositories, due to its direct effect on the evaluation of 
the necessary repository volume and the optimization of the repository 
layout.29,30 It has been confirmed that the thermal conductivity 
measured in-situ is typically higher than laboratory measurement, due 
to neglecting the impact of in-situ stress in the laboratory.31,32 Conse-
quently, there are few measurements of thermal conductivity of granite 
under effective stress. The relationship between thermal conductivity 
(K) and porosity of saturated sediments has been defined and, with the 
thermal conductivity of water replaced by air, the relationship between 
thermal conductivity and porosity of dry rock can be expressed as: 

K =Ks

[
Kg

Ks

]aϕ

(20)  

where Ks and Kg (0.025 W/mK) are thermal conductivity of solid grains 
and air, where a is a material constant of the rock. 

The thermal conductivity and porosity of granite following thermal 
treatment can be measured experimentally, and constants for Ks (2.53 
W/mK) and a (2.1) can be evaluated from Eq. (20). We have not 
considered the effect of thermal treatment on Ks, but thermal conduc-
tivity of the granite specimens following thermal treatment may be fit by 
Eq. (20). As depicted in Fig. 15, the thermal conductivity evaluated from 
Eq. (20) agrees satisfactorily with that obtained by experiment. 

Therefore, the relationship between thermal conductivity and 
effective stress can be constructed, based on Eqs. (19) and (20): 

K =Ks

[
Kg

Ks

]a(ϕr+(ϕ0 − ϕr ))e
β(σ− σ0)

(21) 

This enables thermal conductivity of the heat-treated granite under 
effective stress to be obtained. As shown in Fig. 16, thermal conductivity 
of the granite first increases rapidly before becoming constant with 
increasing effective stress, regardless of the treatment temperature. This 
trend is similar to that obtained by Görgülü et al.33 and Zhao et al.30 

under uniaxial compression, and that obtained by Demirci et al.34 under 

triaxial compression. When T ≤ 300 ◦C, temperature has only a slight 
impact on the thermal treatment. However, when T = 450 ◦C, thermal 
conductivity decreases markedly under the same effective stress 
compared with that at T ≤ 300 ◦C, and the nonlinear response is clear. 
When T ≥ 600 ◦C, thermal conductivity continuously decreases with 
increasing temperature, and the nonlinear response is clear. 

6. Discussion 

Fig. 17 illustrates the variation of the peak strength (σs) and elastic 
modulus (ES) of granite specimens with temperature. The peak strength 
and elastic modulus both first increase when temperature increases to 
150 ◦C. As previously observed using SEM,35 some initial microcracks 
and pores close, as induced by thermal expansion of the mineral grains, 
strengthening and increasing the integrity of the micro structure of the 
granite. This explanation accords with our observation that the crack 
density decreases when temperature increases to 150 ◦C, as shown in 
Fig. 8c. However, SEM is only able to scan a local portion of the spec-
imen and cannot represent the global and aggregate interior charac-
teristics of the overall specimen. Also it cannot explain the phenomenon 
that the permeability increases when temperature increases to 150 ◦C. 
From Figs. 7 and 8a, the average microcrack half-aperture and radius 
increases when T = 150 ◦C. From the above analysis, it can be concluded 
that some microcrack closure is induced by thermal treatment, this re-
sults in a decrease in crack density, and an increase in the peak strength 
and elastic modulus when T = 150 ◦C. However, thermal treatment also 
opens and propagates some microcracks, leading to an increase in the 
microcrack half-aperture and radius and a consequent permeability in-
creases when T = 150 ◦C. 

In other hand, heating lead to dehydration of granite. When 25 ◦C ≤
T ≤ 100 ◦C, the absorbed water would be lost, and the bounded water 
and crystal water escape when 100 ◦C ≤ T ≤ 300 ◦C.36 Due to water lost, 
the friction between grains increases,37,38 and the peak strength and 
elastic modulus of granite specimens rises when T = 150 ◦C, as shown in 
Fig. 17. The water lost also increases the aperture of micro-crack, which 
lead to the increase of permeability when T = 150 ◦C. 

Nuclear magnetic resonance (NMR) provides a fast, convenient and 
non-contacted method for characterizing complex porous media.39 Ac-
cording to theoretical analysis of NMR, pore radius (r) and the transverse 
relaxation time T2 exhibit a linear relationship40 

1
T2

= ρ S
V
= Fs

ρ
r

(22)  

where ρ is the transverse surface relaxation strength of rocks, S and V are 
the pore surface area and volume, and Fs is the geometry factor. For Fig. 14. Evolution of formation factor following thermal treatment with 

effective stress. 

Fig. 15. Comparison between theoretical and measured thermal conductivities.  
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spherical pores, Fs = 3, and for a columnar pipe, Fs = 2. 
Fig. 18 illustrates the T2 relaxation times of heat-treated granite. The 

amplitudes have two obvious peaks, and temperature has a significant 
effect on the T2 relaxation time. The first peak (P1) corresponds to the 
micropores, and the second peak (P2) corresponds to microcracks. When 
T ≤ 300 ◦C, temperature has only a slight effect on T2, the area of P1 is 
larger than P2. This means that temperature has only a slight effect on 
the distribution of micropores and cracks, and that the micropores 
dominate in the specimen. When T = 450 ◦C, the area of P1 and P2 both 
increases, and the area of P2 increases more obviously than P1. This 
means that the micropore and microcrack densities increase concur-
rently, but that the microcrack density increases rapidly. When T ≥
600 ◦C, due to phase transformation of quartz, the areas of P1 and P2 
increases markedly, representing that the density of the micropores and 

microcracks increases significantly with the microcrack dominating the 
porosity in the specimen. 

To quantitatively investigate the evolution of micropores and 
microcracks in the specimens following thermal treatment, the reach 
time of the peak and T2 spectral area are presented in Fig. 19. The reach 
time of the peak and the T2 spectral area reflect the size and density of 
the micropores and microcracks to some extent. As shown in Fig. 19a, 
the P1 reach time remains near constant with increasing temperature, 
suggesting that high temperature has only a small effect on the size of 
the micropores. The P2 reach time first decreases at T = 150 ◦C. From 
Fig. 8d, the fraction of connectivity of microcracks slightly decreases 
when T = 150 ◦C. When individual microcracks connect with each other, 
they present as a single microcrack in the NMR imaging. As a result of 
this, as the fraction of connectedness decreases, the average size of the 
microcracks slightly decreases when T = 150 ◦C. Since the fraction of 
connectedness decreases, the extent of the distribution of microcracks 
also decreases. This phenomenon is also apparent in Fig. 18 as the time 
between the initial and end portions of the P2 signal decreases. At T ≥
150 ◦C, the reach time of the peak rises with increasing temperature, 
which suggests an increase in the size of the microcracks. It can be seen 
from Figs. 7 and 8d that the average half-aperture and fraction of 
connectedness increase with increasing temperature, resulting in an 
increase in the crack size. 

Fig. 19b shows the variation of T2 spectral area of P1 and P2 with 
treatment temperature. The T2 spectral area of P1 and P2 remain near 
constant with increasing temperature, and the value of P1 and P2 are 
almost equal when T ≤ 300 ◦C. This means that temperature has only a 
slight effect on the density of the micropores and microcracks and that 
the density of the micropores and microcracks are almost equal. When 
300 ◦C ≤ T ≤ 600 ◦C, the T2 spectral area of P1 and P2 quickly increase, 
and the rise rate of P2 is larger than that of P1. This means that high 
temperature generates more micropores and microcracks, although this 
is more obvious for the evolution of microcracks. From Figs. 7 and 8c-d, 

Fig. 16. Thermal conductivity following thermal treatment under varied effective stress: (a) T ≤ 450 ◦C, (b) T ≥ 450 ◦C.  

Fig. 17. Variation of peak strength and elastic modulus of granite specimens under uniaxial compression with temperature: (a) σs, (b) ES.  

Fig. 18. T2 NMR relaxation time following thermal treatment.  
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although the density increase is not obvious when T = 450 ◦C, the 
microcrack aperture and fraction of connectedness increases signifi-
cantly as apparent in the rapid increase in the T2 spectral area. When T 
= 600 ◦C, microcrack aperture, microcrack density and fraction of 
connectedness all increase rapidly, as apparent in the rapid increase in 
the T2 spectral area. At T = 750 ◦C, the T2 spectral area rise rates of P1 
and P2 decrease simultaneously, suggesting that the micropores and 
microcracks are propagating only slowly. From Figs. 7 and 8c-d, the 
microcrack aperture decreases slightly, and the rate of increase of 
microcrack density and fraction of connectivity slightly decrease. From 
the above analysis it can be concluded that the results recovered from 
the NMR imaging agree satisfactorily with the results recovered from the 
theoretical analysis. 

It should be noted that the half aperture is larger than the radius of 
the microcrack, this may be due to the hypothesis in this research is not 
perfect, and it should be solved in future. 

7. Conclusions 

We investigate the evolution of microcrack aperture, density and 
radius with temperature and effective stress to link permeability evo-
lution under different effective stresses for granites that develop 
differing porosities and formation factors following thermal treatment. 
The following conclusion are obtained:  

(1) Initial, residual permeability and porosity are only slight affected 
by temperature when T ≤ 300 ◦C but increase rapidly as tem-
perature increases from 300 ◦C to 600 ◦C before finally entering a 
stable phase when 600 ◦C ≤ T ≤ 750 ◦C. The formation factor first 
slightly decreases when temperature increases to 150 ◦C, then 
decreases rapidly when temperature increases from 150 ◦C to 
600 ◦C before reaching a plateau when T = 750 ◦C.  

(2) When T = 150 ◦C, microcrack aperture and radius increases, 
whereas microcrack density and fraction of connectedness 
decrease, prompting porosity, peak strength and elastic modulus 
to increase. When T = 300 ◦C, microcrack density decrease, 
whereas microcrack aperture, radius and fraction of connected-
ness increase, which prompts porosity to increase with peak 
strength and with elastic modulus remaining near constant. When 
T = 450 ◦C, microcrack aperture, radius and fraction of 
connectedness increase, which lead to an increase in porosity 
while peak strength and elastic modulus both decrease. When T 
= 600 ◦C, the phase transformation of quartz is speculated to 
results in microcrack aperture, radius, density and fraction of 
connectedness to increase rapidly, leading porosity to increase 
rapidly, and the peak strength and elastic modulus to decrease. 
When T = 750 ◦C, microcrack aperture, radius, density and 
fraction of connectedness increase only slightly, which result in 
little change in the porosity, peak strength and elastic modulus. 
The strength and elastic modulus decrease exponentially with 

fractional connectivity of the microcrack porosity. The initial 
compressibility of microcracks has a linear relationship with 
initial aperture, and the decline rate of microcrack compress-
ibility first increases when temperature increases to 150 ◦C, and 
then remains near constant.  

(3) The residual porosity first remains near constant when T ≤
300 ◦C, and then it rises slightly when temperature increases from 
300 ◦C to 450 ◦C before increasing rapidly when temperature 
increases from 450 ◦C to 750 ◦C. The formation factor for the 
granite increases near-linearly with effective stress with the rate 
of increase generally decreasing with increasing temperature. 
Thermal conductivity dominated by porosity, and the relation-
ship between thermal conductivity and effective stress can be 
reconstructed. Thermal conductivity first increases rapidly before 
becoming constant with increasing effective stress. With 
increasing temperature, the thermal conductivity decreases and 
becomes more sensitive to the effective stress. 

These observations indicate that changes in mechanical and trans-
port properties of granite are impacted significantly by thermal treat-
ment and these effects must be accommodated in performance 
assessment. 
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