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Abstract
Granitic rocks are potential rock types for hosting high-level radioactive waste (HLW) repositories at depth. A better under-
standing of rock thermal conductivity is essential to develop HLW repositories successfully. In this work, experimental inves-
tigations on the thermal conductivity of thermally treated Beishan granite were conducted. Disk specimens preconditioned 
at 105 °C were heated to different temperatures (200, 300, 400, 550, 650, and 800 °C) and then cooled to room temperature 
for testing. Conventional physical properties such as bulk density, porosity, and P-wave velocity were measured under the 
effect of thermal treatment. Scanning electron microscope was used to characterize thermally induced microcracks in the 
rock. Thermal conductivities of the treated specimens under dry and water-saturated conditions were determined using the 
transient plane source method, and the effect of water saturation on the thermal conductivity was investigated. The influences 
of temperature and axial compression stress on the thermal conductivity were also studied. Results indicate that the thermal 
conductivity of the specimens depends strongly on the thermal treatment temperature. The thermal conductivity decreases 
nonlinearly with applied temperature, because of growth and propagation of microcracks in the specimens. On the other 
hand, water saturation plays an important role in increasing the thermal conductivity. In addition, significant differences exist 
in the thermal conductivity behaviors of the specimens when subjected to different ambient temperatures and compression 
stresses. Based on the experimental data, models considering the effect of porosity were established for describing the effects 
of water saturation, ambient temperature, and compression stress on the thermal conductivity of thermally treated rock.

Keywords Thermal conductivity · Thermal treatment · Microcracking · Water saturation · Ambient temperature · 
Compression stress · Beishan granite · Geological disposal

List of symbols
Mp  Mass of rock preconditioned at 105 °C (g)
Mt  Mass of rock after thermal treatment (g)
Vp  Bulk volume of rock preconditioned at 105 °C 

 (cm3)
Vt  Bulk volume of rock after thermal treatment  (cm3)

ρp  Bulk density of rock preconditioned at 105 °C (g/
cm3)

ρt  Bulk density of rock after thermal treatment  (cm3)
np  Porosity of rock preconditioned at 105 °C (%)
nt  Porosity of rock after thermal treatment (%)
vp  P-wave velocity of rock preconditioned at 105 °C 

(m/s)
vt  P-wave velocity of rock after thermal treatment 

(m/s)
λp_dry  Thermal conductivity of rock preconditioned at 

105 °C (W/mK)
λt_dry  Thermal conductivity of rock after thermal treat-

ment (W/mK)
λp_sat  Thermal conductivity of untreated rock under 

water-saturated condition (W/mK)
λt_sat  Thermal conductivity of thermally treated rock 

under water-saturated condition (W/mK)
Tt  Thermal treatment temperature (°C)
T  Ambient temperature (°C)
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Rmv  Mass variation ratio of rock before and after ther-
mal treatment (%)

Rve  Volume expansion ratio of rock before and after 
thermal treatment (%)

S  Effect of water saturation on rock thermal conduc-
tivity (%)

St  Effect of water saturation on thermal conductivity 
of thermally treated rock (%)

λt_T  Thermal conductivity of thermally treated rock at 
different ambient temperatures (W/mK)

Rt_r  Increase rate of thermal conductivity of thermally 
treated rock under uniaxial compression (%)

λt_l  Thermal conductivity of thermally treated rock at 
the last compression stress (W/mK)

λt_0  Thermal conductivity of thermally treated rock at 
zero stress (W/mK)

Rt  Thermal conductivity ratio of thermally treated 
rock under uniaxial compression

λt_c  Thermal conductivity of thermally treated rock 
subjected to different compression stresses (W/
mK)

σ1  Axial compression stress (MPa)
σ3  Confining stress (MPa)
A  Fit coefficient
B  Fit coefficient
C  Fit coefficient

1 Introduction

Safe disposal of high-level radioactive waste (HLW) is a 
challenging rock engineering task for all countries using 
nuclear energy. HLW repositories can be situated in rocks 
that are suitable for permanent disposal of the HLW, such 
as granite, clay, rock salt, and tuff (Ahn and Apted 2010). 
Given that granitic rocks have low permeability, high ther-
mal conductivity, and high strength, they have been consid-
ered as potential rock formations for hosting HLW reposi-
tories in some countries (Hudson et al. 2011). In China, site 
selection for a HLW repository started in 1985 (Wang 2010). 
So far, the Beishan area in Gansu Province of northwestern 
China, which contains many granite intrusions, has been 
recommended as the first priority area for the HLW reposi-
tory (Wang 2014).

During the operation of a repository, the HLW will 
release heat continually and cause long-term temperature 
increases in the host rock. Thermal properties of the host 
rock determine rate of HLW heat dissipation. Among all the 
thermal properties of the host rock, the thermal conductivity 
is a key parameter to describe the heat transfer capability. 
For example, rocks with higher conductivities are more effi-
cient at transferring heat energy. An accurate evaluation of 
host rock thermal conductivity is necessary for planning the 

size, layout, and cost of HLW repository systems (Sundberg 
et al. 2009b). On the other hand, damage near the excavation 
boundary may occur as a result of sustained thermal loading, 
which may reduce the thermal conductivity of the host rock. 
Hence, a better understanding of the thermal conductivity of 
surrounding rocks under elevated temperatures is essential 
to designing HLW repositories.

Over the past few decades, considerable effort has been 
devoted to investigating the effect of high-temperature 
treatment on rock properties (Simmons and Cooper 1978; 
Heuze 1983; Homand-Etienne and Troalen 1984; Mahmu-
toglu 1998; David et al. 1999; Yavuz et al. 2010; Peng et al. 
2016). It is widely accepted that for granitic rocks, ther-
mally induced damage is dominantly driven by the growth 
of microcracks, which further leads to the deterioration of 
physical and mechanical properties of the rocks at the mac-
roscopic scale. Experimental results indicate clearly how 
thermally induced microcracks modify porosity (Géraud 
1994; Lima and Paraguassú 2004; Chaki et al. 2008; Zhang 
et al. 2016; Yang et al. 2017), elastic moduli (Heard and 
Page 1982; Yang et al. 2017), permeability (Michel et al. 
1992; Chaki et al. 2008; Chen et al. 2017), acoustic veloci-
ties (Nasseri et al. 2007; Chaki et al. 2008; Inserra et al. 
2013; Chen et al. 2017), and mechanical strength and defor-
mation (Liu and Xu 2014; Shao et al. 2015; Sun et al. 2015; 
Chen et al. 2017; Yang et al. 2017; Kumari et al. 2018; 
Zhao et al. 2018) of granitic rocks. For example, Chaki 
et al. (2008) conducted tests on granite specimens sub-
jected to various temperature treatments ranging from 105 
to 600 °C and found that the porosity showed an increasing 
trend with increasing temperature, while the gas perme-
ability and the longitudinal wave velocity decreased. Chen 
et al. (2017) investigated the evolution of permeability in 
Beishan granite heated from 100 to 800 °C and found that 
the permeability of the specimens changed approximately 
linearly with crack volumetric strain. Liu and Xu (2014) 
tested Qinling biotite granite specimens heated to a range 
of temperatures up to 1000 °C and confirmed that the uni-
axial compressive strength and the tensile strength generally 
decreased with increasing temperature. Yang et al. (2017) 
carried out uniaxial compression tests to evaluate the effect 
of high-temperature treatment on crack damage, strength, 
and deformation failure characteristics of a granite. The 
results revealed that the crack damage stress, peak strength, 
and static elastic modulus of the specimens increased from 
25 to 300 °C and then decreased up to the maximum tested 
temperature of 800 °C. In addition, they found that the min-
eral composition of granite did not change with increasing 
temperatures from 200 to 800 °C. Recently, Kumari et al. 
(2018) studied the mechanical and flow characteristics of 
Strathbogie granite after heating and water-cooling treat-
ment (i.e., quenching). They found that when the specimens 
were quenched upon heating up to 600 °C, both strength and 
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elastic properties decreased significantly, and rock failure 
changed from brittle to quasi-brittle. However, with increas-
ing confining pressures, permeability decreased nonlinearly. 
Increasing temperature also resulted in significant reduc-
tions in permeability (approximately 95% reduction from 
room temperature to 300 °C) as a result of thermally induced 
volumetric expansion, which leads to the enhancement of 
the interlock effect. While these studies provide meaningful 
insights into the physical and mechanical properties of ther-
mally treated granite, experimental investigations into the 
influence of thermal treatment on the thermal conductivity 
are still limited.

From a microscopic perspective, thermal cracking in 
granite occurs via two different mechanisms (Richter and 
Simmons 1974; Chen and Wang 1980; Fredrich and Wong 
1986; Wang et al. 1989; Jansen et al. 1993). First, mis-
match and anisotropy in thermal expansion coefficients 
between adjacent crystalline grains in a homogeneous 
temperature field can result in sufficiently high stresses 
for the formation of thermal cycling cracks when the tem-
perature exceeds a threshold. Second, thermal gradient 
cracks can also be generated when thermal stresses, due 
to an inhomogeneous temperature field, exceed the local 
tensile strength of the rock. To provide insight into the 
influence of heat treatment on rock properties, various 
methods have been employed to characterize thermally 
induced cracks in granitic rocks. For instance, based on 
scanning electron microscope (SEM) observations of gran-
ite specimens treated with temperatures ranging from 20 
to 600 °C, Homand-Etienne and Houpert (1989) demon-
strated that crack lengths barely changed, whereas crack 
widths increased with increasing temperature. Géraud 
(1994) conducted mercury injection tests coupled with 
SEM analysis to identify different porosity networks in 
granite specimens heated from 20 to 700 °C. Menéndez 
et al. (1999, 2001) used confocal scanning laser micros-
copy (CSLM) to characterize 3D crack networks in La 
Peyratte granite specimens in which microcracks were 
artificially induced by heating specimens at temperatures 
of 220 and 450 °C. According to optical thin sections and 
SEM images of Westerly granite after exposure to vari-
ous temperature treatments ranging from 250 to 850 °C, 
Nasseri et al. (2007) found that both the total crack den-
sity and the crack width increased with increasing tem-
perature. Freire-Lista et al. (2016) used polarizing pet-
rographic and fluorescence microscopic techniques to 
investigate the development of thermal stress-induced 
microcracks in four granites subjected to thermal cycles 
from 20 to 105 °C. Using an X-ray micro-CT scanning 
system, Yang et al. (2017) analyzed the thermal damage 
characteristics of granite specimens and revealed that 
crack density within the specimens increased significantly 
with increasing temperature from 600 to 800 °C. Zhao 

(2016) used a particle-based discrete element method 
to simulate thermally induced inter-grain or intra-grain 
microcracks in granite and showed that about 60% of the 
microcracks were of inter-granular microcracks. Based on 
these findings, it is concluded that the above-mentioned 
approaches are powerful for qualitative and quantitative 
evaluations of thermal cracking characteristics in granitic 
rocks. Although many studies have focused on character-
izing thermally induced microcracks, only a few provide a 
comprehensive comparison of microstructure characteris-
tics between untreated and thermally treated granite (Yang 
et al. 2017; Kumari et al. 2018).

It is well known that the thermal conductivity of rock 
is closely associated with mineral composition, porosity, 
texture, and density, etc. (Birch and Clark 1940; Clauser 
and Huenges 1995; Özkahraman et al. 2004; Hartmann 
et al. 2005; Ray et al. 2007; Sundberg et al. 2009a; Pas-
quale et al. 2015). For low-porosity granitic rocks, mineral 
composition is the dominant factor in thermal conductivity 
(Clauser and Huenges 1995). Water content, temperature, 
and compression stress also influence thermal conductivity 
of granitic rocks. Generally, thermal conductivity increases 
with increasing water content (Cho et al. 2009; Cho and 
Kwon 2010; Nagaraju and Roy 2014) and decreases with 
increasing temperature (Miao et al. 2014; Zhao et al. 2016). 
With increasing applied compression stress, the thermal con-
ductivity starts to increase and subsequently the increase 
rate tends to be constant due to gradual closure of cracks 
and pores in the rock (Zhao et al. 2016). However, previous 
studies focused primarily on thermal conductivity behavior 
of naturally occurring granitic rocks; thermal conductivity 
characteristics of granite after thermal treatment have not 
been fully understood (Zhang et al. 2018). In particular, 
there is a distinct lack of information on the effects of vari-
ous external factors such as water saturation, temperature, 
and compression stress on the thermal conductivity of rocks 
after high-temperature treatment. Moreover, the thermal 
conductivity of rocks in a potential HLW repository site 
must be characterized to provide necessary input conditions 
for safety assessment, which is one of the motivations for 
this work.

This paper aims at studying the thermal conductivity 
characteristics of Beishan granite after different temperature 
treatments using the transient plane source (TPS) method. 
In the following discussion, rock sampling and basic prop-
erties of the specimens are described first. Testing facili-
ties and procedures are then introduced. Subsequently, the 
thermal conductivity and conventional physical parameters 
of the thermally treated specimens are measured, and the 
relationships between these parameters are discussed. The 
microstructure characteristics of the specimens before and 
after thermal treatment are also compared and analyzed 
using SEM images. The influences of water saturation, 
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temperature, and compression stress on the thermal con-
ductivity of the thermally treated specimens are investigated 
comprehensively, and finally, some conclusions are obtained.

2  Specimen Preparation and Thermal 
Treatment

Rock sampling was conducted at the Xinchang site in the 
Beishan area. Intact drill cores were taken from borehole 
BS28, as shown in Fig. 1. The sampling depth was 35–40 m. 
The collected rock was fine- to medium-grained and was rel-
atively isotropic in texture and composition (Fig. 2a). Three 

thin sections were prepared and exposed to cross-polarized 
light to identify the dominant minerals. The analysis showed 
that the rock was comprised of approximately 54.7% pla-
gioclase, 16.8% K-feldspar, 21.1% quartz, and 6.9% biotite 
and other accessory minerals such as zircon, apatite, and 
titanite. Figure 2b is a typical thin section photomicrograph 
showing the microstructure and mineralogical composition 
of the rock.

Altogether 42 rock specimens, 50 mm in diameter, were 
prepared from the drill cores, with a length to diameter ratio 
of approximately 0.5. To minimize thermal contact resist-
ance during thermal conductivity measurements, specimen 
ends were polished carefully until the flatness and roughness 

Sandy gravel Argillite Arkose Sandstone Phyllite

Biotite schist MigmatiteGranite Fault Sampling borehole

Fig. 1  A simplified geological map of the Xinchang site in the Beishan area and sampling borehole location

1 cm

Biotite

Quartz

Plagioclase

Plagioclase

K-feldspar

(b)(a)

Fig. 2  Observations of the fine- to medium-grained Beishan granite at different scales: a naked eye observation and b a thin section photomicro-
graph showing the main mineralogical composition of the rock
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of the ends were < 10 μm and 3 μm, respectively. Basic 
physical properties of the rock before thermal treatment were 
obtained in accordance with the specifications recommended 
by the International Society for Rock Mechanics (ISRM 
1979). The specimens, which were preconditioned at 105 °C 
for 24 h and then cooled to room temperature (21 ± 1 °C), 
had a bulk density of 2.661 g/cm3, an average porosity of 
0.65%, and an average P-wave velocity of 4529 m/s.

The preconditioned specimens were divided into seven 
groups, and each group contained three pairs of specimens. 
Before thermal treatment, thermal conductivities of all spec-
imens were measured to provide a comparison between the 
undamaged and thermally damaged specimens. Six speci-
men groups were subjected to high-temperature treatments, 
i.e., at target temperatures of 200, 300, 400, 550, 650, and 
800 °C. The specimens were heated in a furnace at a rate 
of 2 °C/min until the predefined target temperature was 
reached. The relatively low heating rate ensures a homog-
enous temperature distribution within the specimens and 
avoids thermal shock during heating (Chaki et al. 2008; 
Yavuz et al. 2010). Subsequently, the target temperature was 

held constant for 5 h, and then the specimens were cooled 
to room temperature naturally in the furnace. Finally, the 
thermally treated specimens were put into a desiccator for 
further testing.

3  Thermal Conductivity Measurement 
Methodology

The TPS method (Gustafsson 1991; Log and Gustafsson 
1995) was employed to measure the thermal conductivity 
of the specimens. This method uses a transiently heated 
plane sensor (i.e., Hot Disk sensor) and a Hot Disk thermal 
constants analyzer (Fig. 3a). The adopted TPS2500S sys-
tem can measure thermal conductivity of a material ranging 
from 0.01 to 400 W/mK. The Hot Disk sensor acts both as a 
heat source for increasing the temperature of the specimens 
and as a dynamic temperature sensor for recording the tem-
perature increase. During the measurement, the tempera-
ture in the sensor rises and heat flows to the specimens. The 
temperature rise in the sensor provides an indicator of the 

Sensor

Specimens

Specimens

Hot Disk Sensor

Hot Disk thermal 
constants analyser 

Chamber

Temperature control system

Sensor

Oil bath

A

B
C

D

Loading platen

Specimens

(a) (d)

(c) (b)

(e)

Fig. 3  a The Hot Disk TPS2500S system. Thermal conductivity 
measurements of thermally treated specimens under different condi-
tions: b room temperature, c high temperature, and d uniaxial com-

pression. e A schematic illustration of measuring thermal conductiv-
ity at four different interfaces (i.e., interfaces BC, AC, AD, and BD) 
between the specimen end surfaces
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thermal properties of the specimens. If the specimens have 
good thermal conducting properties, heat will be transported 
rapidly into the specimens. Conversely, if the specimens 
have good thermal insulation properties, the sensor tem-
perature will rise faster and heat will not be transported as 
efficiently. In this study, the Hot Disk sensor has a radius of 
6.403 mm, which complies with the recommended relation 
between sensor radius and specimen geometry (Hot Disk 
2007). The TPS method has been widely used to determine 
thermal properties of rock and other materials (Adl-Zarrabi 
2004; Solórzano et al. 2008; Yang et al. 2012; Xu et al. 2014; 
Lagüela et al. 2015; Urquhart and Bauer 2015; Zhao et al. 
2016). An introduction to the TPS technology and a brief 
comparison between several different thermal conductivity 
measurement methods can be found in (Gustafsson 1991; 
Zhao et al. 2016).

3.1  Tests on Thermally Treated Specimens Under 
Dry and Saturated Conditions

Thermal conductivity measurements were taken on dry spec-
imens subjected to different temperature treatments. When 
performing measurements at room temperature (21 ± 1 °C), 
the Hot Disk sensor was placed horizontally between the 
two specimens (see Fig. 3b), and they were firmly clamped 
together to ensure that there was no air gap between the sen-
sor and the specimen ends. After the test, specimens were 
immersed in deionized water in a vacuum for 96 h to saturate 
them (Zhao et al. 2016). Subsequently, the specimens were 
taken from the vacuum and the surfaces were wiped dry to 
measure the thermal conductivity under water-saturated con-
ditions. The masses of the specimens before and after satu-
ration were measured, and the porosity (nt) was calculated.

For each pair of thermally treated specimens, dried or 
saturated, four measurements of thermal conductivity were 

conducted at different interfaces (i.e., interfaces BC, AC, AD 
and BD) between the specimen end surfaces to reduce the 
influence of rock heterogeneity on the test results, as illus-
trated in Fig. 3e. Hence, the average thermal conductivity 
value obtained from the four measurements will be used in 
the following discussion. After water-saturated testing, the 
specimens were dehydrated in a thermostatic drying oven 
at 105 °C for 24 h (ISRM 1979) and then cooled in a desic-
cator for the temperature and compression stress-dependent 
thermal conductivity measurements.

3.2  Tests on Thermally Treated Specimens Under 
Increasing Temperature and Compression Stress

To study the effect of ambient temperature on thermal 
conductivity of the thermally damaged specimens, meas-
urements were taken on seven pairs of specimens using a 
constant temperature oil bath and a temperature control 
system, as shown in Fig. 3c. The ambient temperature was 
varied from 40 to 150 °C. Thermal conductivity measure-
ments were taken when the specimens in the chamber within 
the oil bath reached thermal equilibrium and maintained the 
target temperature values. During thermal equilibration of 
the oil bath, the Hot Disk sensor continually monitors tem-
perature variations of the specimens, and a typical tempera-
ture–time history is presented in Fig. 4. Thermal conductiv-
ity was measured when the recorded temperature variation 
of the specimens was < 0.04 °C (Zhao et al. 2016). It is seen 
from Fig. 4 that it took approximately 2.5 h for specimens 
to maintain a certain ambient temperature. Because experi-
ments under various temperatures are so time-consuming, 
only one measurement was taken for each pair of specimens.

Thermal conductivity measurements were taken at 
room temperature (21 ± 1 °C) on thermally treated speci-
mens under uniaxial compression using a hydraulic 

Fig. 4  Temperature–time 
relationships showing the varia-
tion of the oil bath temperature 
with time, and the evolution of 
specimen temperature variation 
during thermal conductivity 
measurements of a pair of ther-
mally treated specimens
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servo-controlled compression system. As presented in 
Fig. 3d, two specimens and the Hot Disk sensor were con-
tained between steel loading platens. The interfaces between 
the specimens and the steel platens were daubed with a 
thin layer of lubricant to reduce end friction during load-
ing. Axial load-controlled loading was used, with a loading 
rate of 100 N/s. The axial load was increased in increments 
of 5 MPa, and thermal conductivity was measured at each 
incremental stress level. The maximum compression stress 
applied was 45 MPa (Zhao et al. 2016).

4  Results

The basic physical parameters and thermal conductivities of 
the specimens before and after thermal treatment are listed 
in Table 1. For the seven specimen groups preconditioned 
at 105 °C, the average thermal conductivity (λp_dry) ranges 
from 2.454 to 2.491 W/mK. Based on the average λp_dry of 
each rock group, a statistical analysis shows that the stand-
ard deviation (SD) and coefficient of variation (CoV) are 
< 0.015 W/mK and 0.6%, respectively, indicating that results 
between specimen groups are very consistent. Meanwhile, 
the mean dry bulk density (ρp), porosity (np), and P-wave 
velocity (vp) also present good statistical regularities, with 
SD values of 0.003 g/cm3, 0.07%, and 48 m/s, respectively. 
The small dispersion of these initial physical parameters 
before thermal treatment demonstrates that specimens have 
good homogeneity; this is important for investigating the 
influence of thermal treatment on the thermal conductivity.

In the following discussion, averages of the measurements 
for all specimen groups are used to represent properties of 
the rock preconditioned at 105 °C. Analysis of the properties 
after thermal treatment uses averages of the measurements 
for the six specimen groups treated with high temperatures.

4.1  Effect of Thermal Treatment Temperature

According to the experimental results listed in Table 1, vari-
ation of thermal conductivity (λt_dry) with thermal treatment 
temperature (Tt) for thermally treated specimens is plotted 
in Fig. 5. A nonlinear, decreasing trend of λt_dry is seen with 
increasing Tt, and several typical stages can be observed. 
From 105 to 200 °C, λt_dry changes very little, which may 
indicate that thermally induced microcracking is not suf-
ficient to influence the thermal conductivity. A gradual 
decrease in λt_dry occurs when Tt ranges between 200 and 
400 °C, which may indicate that thermally induced microc-
racks are developing. When Tt increases up to 650 °C, λt_dry 
decreases rapidly and the decay rate of λt_dry peaks at tem-
peratures ranging between 550 and 650 °C. This implies that 
microcracking has become more pronounced. The thermally 
induced microcracks act as barriers to heat flow and result in 

considerable deterioration of the thermal conductivity. With 
further increase in Tt from 650 to 800 °C, λt_dry continues to 
decrease but at a decreasing decay rate, indicating that the 
high-temperature treatment further increases the number of 
microcracks, but at a slower rate. When Tt = 800 °C, the 
magnitude of λt_dry is nearly half its value before thermal 
treatment, indicating a significant decrease in heat transfer 
capacity due to severe damage within the specimens.

To characterize thermally induced microcracks and 
interpret the decay of thermal conductivity with increas-
ing thermal treatment temperature, SEM observations were 
performed on six small rectangular prism specimens of 
approximately 10 × 10 × 3 mm3. These small specimens were 
prepared from the rest of drill cores and were treated with 
different temperatures using the same procedure described 
above. After preconditioning at 105 °C but before thermal 
treatment, SEM images were obtained from the specimens 
to provide a comparison of microstructure characteristics 
between untreated and thermally treated specimens. Dur-
ing SEM imaging, the apparent minerals were identified by 
energy spectrum analysis.

Figure 6 shows SEM images of the specimens before 
and after thermal treatment. Compared with the result at 
Tt = 105 °C, we can observe microstructural alterations in 
the specimen at Tt = 200 °C (see Fig. 6a), i.e., the widths 
of pre-existing microcracks in the quartz grain decrease 
slightly. The thermally induced volumetric expansion of 
mineral grains at relatively low temperatures is possibly 
responsible for the closure of the microcracks in granitic 
rocks (Kumari et al. 2017, 2018; Yang et al. 2017). However, 
the slight microstructural alterations may have a negligi-
ble influence on the thermal conductivity. Hence, λt_dry is 
nearly constant for Tt = 105 and 200 °C (see Fig. 5). When 
Tt is increased to 300 and 400 °C, inter-granular and intra-
granular microcracks appear in the specimens. It is seen 
from Fig. 6b and c that inter-granular microcracks generate 
between biotite and quartz (points A, B, L, and O), quartz 
and plagioclase (points C and F), biotite and plagioclase 
(point G), biotite and K-feldspar (points H and I), and two 
biotite grain boundaries (points J and K). The widths of the 
observed inter-granular microcracks within the specimens 
treated at 300 and 400 °C are generally < 2 μm. Meanwhile, 
intra-granular microcracks occur along cleavage planes 
in biotite (points D and N). In addition, the width of pre-
existing microcracks within quartz grains increases (points 
E and M). These microcracking behaviors are responsible 
for the observed gradual reduction of λt_dry for temperatures 
between 200 and 400 °C.

The treatment temperature of 400 °C is a temperature 
threshold, triggering rapid changes in thermally induced 
crack widths. Inter-granular and intra-granular microcrack 
widths increase significantly as Tt increases to 550 °C. As 
shown in Fig. 6d, the observed microcracks between biotite 
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and plagioclase grain boundaries (point P) and along the 
cleavage plane of a plagioclase grain (point Q) have a 
maximum width of approximately 4 µm. When Tt is further 
increased to 650 °C, increases in crack density and crack 
width become more pronounced. For example, it can be 
observed from Fig. 6e that many microcracks are generated 
in biotite grains, approximately parallel to cleavage planes 
(points R and S). The maximum widths of inter-granular 
microcracks between biotite and quartz grains, and of 
intra-granular microcracks within quartz grains, are about 
8 μm (points T and U). Hence, the decreasing rate of λt_dry 
becomes remarkable for treatment temperatures between 550 
and 650 °C (see Fig. 5). When Tt is equal to 800 °C, inter-
granular, intra-granular, and trans-granular microcracks 
distribute on the specimen surface, as shown in Fig. 6f. In 
addition to microcracks between plagioclase and K-feldspar 
grain boundaries (points V and X), some microcracks exist 
within the mineral grains. Also, a trans-granular microc-
rack with a maximum width of approximately 10 μm passes 
through the plagioclase and K-feldspar grains (points W and 
Y). The intersection and coalescence of these different types 
of microcracks indicate that the treatment temperature of 
800 °C has caused severe damage to the rock, leading to 
a significant decay of its capacity to transfer heat. Hence, 
the decrease in thermal conductivity of the specimens sub-
jected to thermal treatment can be qualitatively explained 
by microcracking.

Different states of water (i.e., attached water, bound water, 
and mineral combined water) exist inside natural rocks. As 
analyzed by Zhang et al. (2016), attached water will escape 
between 70 and 100 °C. Bound water can only escape when 
the temperature is higher than 100 °C. Specifically, weakly 
bound water can escape at a temperature of approximately 
150 °C, while strongly bound water can only escape at 
temperatures ranging between 200 and 300 °C. When the Th
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Fig. 6  SEM observations of thermally induced microcracks in Beishan granite treated with different temperatures: a 200 °C, b 300 °C, c 400 °C, 
d 550 °C, e 650 °C, and f 800 °C. (Left column, before thermal treatment; right column, after thermal treatment)
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temperature exceeds 400 °C, mineral combined water may 
evaporate, which can lead to damage of mineral crystalline 
structures. To quantify the loss of water within specimens 
when subjected to different high-temperature treatments, the 
masses of the specimens preconditioned at 105 °C and after 
thermal treatment were measured (see Table 1). The mass 
variation ratio (Rmv) was calculated, and results are shown in 

Fig. 7. With increasing Tt from 105 to 400 °C, Rmv increases 
nearly linearly. When Tt ranges between 400 and 800 °C, 
Rmv increases approximately linearly, at a higher rate. This 
means that at the thermal treatment temperature threshold 
of 400 °C, water within the specimens starts to escape rap-
idly. The loss of different forms of water during thermal 
treatment may be another factor in the decrease in thermal 
conductivity of the specimens. However, compared with air 
within the thermally induced microcracks, the role of water 
loss in decreasing the thermal conductivity is minor because 
at a temperature of approximately 27 °C, the air has a lower 
thermal conductivity [0.026 W/mK (Hilsenrath et al. 1955)] 
than water [0.610 W/mK (Ramires et al. 1995)].

As suggested by some researchers (Chaki et al. 2008; 
Chen et al. 2017), porosity and P-wave velocity are two 
effective indicators to characterize thermally induced 
damage in granite. As shown in Fig. 8a, a slight increase 
in porosity from 0.65 to 0.89% occurs when Tt ranges 
between 105 and 400 °C. This may mean that the ther-
mally treated specimens experience only minor structural 
modifications for this range of temperatures (Chaki et al. 
2008). A rapid increase in porosity from 0.89 to 3.35% 
appears between 400 and 650 °C, indicating a significant 
increase in thermally induced microcracks, which leads to 
a remarkable decrease in thermal conductivity (see Fig. 5). 

Fig. 6  (continued)
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Fig. 7  Influence of thermal treatment temperature on the mass varia-
tion ratio (Rmv = (Mp − Mt)/Mp)
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When Tt ranges between 650 and 800 °C, the rate of poros-
ity increase starts to slow, resulting in a decrease in the 
thermal conductivity decay rate. The variation of poros-
ity within specimens affects ultrasonic wave propagation 
through the specimens. Similar to the λt_dry−Tt relationship 
(see Fig. 5), the P-wave velocity of thermally treated speci-
mens decreases with increasing Tt due to gradual damage, 
and the maximum decay rate takes place when Tt ranges 
between 550 and 650 °C, as shown in Fig. 8b. The growth 
of thermally induced microcracks leads to increasing spec-
imen volume at the macroscopic scale. The volume expan-
sion ratio (Rve) of treated specimens increases nonline-
arly with increasing Tt (Fig. 8c), similar to the response 
of porosity (see Fig. 8a). The volumetric expansion of 
the specimens causes a decrease in bulk density, which 
behaves as the inverse of porosity (see Fig. 8d). Hence, 
variations of porosity, P-wave velocity, volume expansion 
ratio, and bulk density reveal thermally induced damage 
characteristics of the specimens from a macroscopic point 
of view and also reflect changes in thermal conductivity 
with treatment temperature.

Based on the above analysis, it is clear that the thermal 
conductivity depends strongly on thermal treatment temper-
ature. In addition, the thermal conductivity is closely related 
to other physical parameters. For example, Fig. 9 shows the 
variations of λt_dry with porosity, P-wave velocity, and bulk 
density of the specimens after thermal treatment. P-wave 
velocity and bulk density are directly proportional to ther-
mal conductivity, while porosity is inversely proportional. 
These relationships can be described using positive or nega-
tive power functions (shown in Fig. 9).

4.2  Effect of Water Saturation

Figure 10 shows variations of average thermal conductiv-
ity values for the same set of thermally treated specimens 
under water-saturated conditions (λt_sat) with Tt. It is seen 
that although λt_sat decreases with increasing Tt, values 
only range from 2.412 to 2.746 W/mK. Especially when 
Tt exceeds 550 °C, λt_sat decays slightly. This behavior is 
significantly different from that of thermally treated speci-
mens under dry conditions, in which a notable decay of λt_dry 
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occurs when Tt is higher than 400 °C (see Fig. 5). The pri-
mary reason is that water improves the heat transfer capabili-
ties of thermally treated specimens. When thermally dam-
aged specimens were saturated with water, water replaced 
air in pre-existing and thermally induced microcracks. The 
water attaches to fractured mineral grain boundaries and 
damaged mineral grains, increasing the thermal conductiv-
ity. For our data set, the average increase in thermal conduc-
tivity values of water-saturated thermally treated specimens 
ranged from 8.4 to 84.9%, versus those under dry conditions. 
This indicates that water saturation plays an important role 
in increasing thermal conductivity of thermally damaged 
specimens.

From thermal conductivity data obtained in both dry and 
water-saturated conditions for 67 igneous, sedimentary, and 

metamorphic rock specimens, Nagaraju and Roy (2014) 
defined the effect of water saturation on thermal conductiv-
ity of rock, which is expressed by

where λsat and λdry are the thermal conductivities of rock in 
water-saturated and dry states, respectively. Similarly, the 
effect of water saturation on thermal conductivity of ther-
mally treated rocks can be given by

Using Eq. (2), the variation of St with Tt can be obtained, 
as shown in Fig. 11a. When Tt is < 400 °C, the influence of 
water saturation on thermal conductivity of thermally treated 
specimens is relatively small, and St shows a slowly increas-
ing trend with the increase in Tt. With further increase in 
Tt from 400 to 650 °C, St increases significantly from 16.4 
to 71.9%. When Tt is higher than 650 °C, St continues to 
increase, but at a slower rate. Previous studies confirmed that 
the effect of water saturation on thermal conductivity of gra-
nitic rocks depended on porosity (Nagaraju and Roy 2014; 
Zhao et al. 2016). The variation of St with Tt is in general 
agreement with porosity evolution against Tt (Fig. 8a). This 
means that porosity, which is reflected by thermally induced 
microcracks, has a significant influence on St.

Based on measurements listed in Table 1, we established 
the relationship between St and porosity of thermally treated 
specimens, as shown in Fig. 11b. According to Fig. 11b, 
St increases with increasing porosity. A linear expression 
can fit the data reasonably well while ensuring that the line 
passes through the origin. Based on experimental investiga-
tions of thermal conductivity of Beishan granitic rocks with 
porosities ranging from 0.40 to 1.37%, Zhao et al. (2016) 

(1)S = (�sat − �dry)∕�dry

(2)St = (�t_sat − �t_dry)∕�t_dry
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established a linear equation (see Fig. 11b) for the influence 
of porosity on St. This linear equation accurately captures St 
of thermally treated specimens with low porosities (< 1.0%), 
but underestimates St of thermally treated specimens with 
higher porosities (> 1.5%). This is not surprising, because 
thermally treated specimens in this study have a larger 
porosity range, from 0.65 to 4.12%, which is beyond the 
boundaries of the previous model (Zhao et al. 2016).

4.3  Effect of Ambient Temperature

Figure 12a shows the variation of thermal conductivity 
of seven pairs of specimens with ambient temperature 
(T) from 40 to 150 °C. The thermal conductivity values 
(i.e., λt_dry values) of these specimens at room tempera-
ture (21 °C) were added to this figure. It is seen that for 
specimens treated with temperatures between 105 and 
550  °C, the thermal conductivity gradually decreases 
with increasing ambient temperature, and the decrease 
at 150 °C ranges from 3.2 to 7.3% below that at room 

temperature. This means that within the used ambient tem-
perature range, the influence of increasing temperature on 
the decay of thermal conductivity for thermally treated 
rock is small. In addition, for specimens preconditioned 
at 105 °C and treated at 200 °C, the data are almost the 
same within the range of ambient temperatures. It is also 
found that the thermal conductivity decay rate decreases 
as thermal treatment temperature (Tt) increases. For speci-
mens treated at temperatures of 650 and 800 °C, thermal 
conductivities are not sensitive to T, and the difference 
in values for each specimen pair is < 0.03 W/mK. Hence, 
the relation between thermal conductivity and T can be 
described using the following piecewise function:

where λt_T is thermal conductivity of thermally treated rock 
at different ambient temperatures, T is the ambient tempera-
ture (i.e., temperature of oil bath), Tt is the thermal treatment 

(3)
{

�t_T = �t_dry − AT
2 105 ◦C ≤ Tt ≤ 550 ◦C

�t_T ≈ �t_dry 650 ◦C ≤ Tt ≤ 800 ◦C
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temperature, and A is a fit coefficient (see Table 2). The 
parameter A affects the thermal conductivity decay rate with 
temperature, i.e., the decay rate increases as A increases.

The main minerals in Beishan granite include quartz, 
plagioclase, K-feldspar, and biotite (see Fig. 2b). Among 
these, quartz has the highest thermal conductivity (7.69 W/
mK), while the others have thermal conductivities ranging 
between 1.70 and 2.29 W/mK (Horai 1971). Hence, when 
porosity values are low, quartz content will dictate the ther-
mal conductivity. The thermal conductivity of quartz is sen-
sitive to ambient temperature (Clauser and Huenges 1995), 
resulting in a gradual decrease in thermal conductivity with 
increasing temperature. However, when the specimens were 
treated with high temperatures, the effect of porosity on ther-
mal conductivity strengthens due to the increased number 
and width of thermally induced microcracks. Thermal con-
ductivity of thermally treated specimens decreases signifi-
cantly with increasing porosity (see Fig. 9a). Compared with 
the minerals in granite, the thermal conductivity of air within 
the microcracks is very low at room temperature (0.026 W/
mK; Hilsenrath et al. 1955) and increases with increasing 
temperature. For example, the thermal conductivity of air 
is about 0.035 W/mK at 150 °C (Hilsenrath et al. 1955). 
Hence, with an increase in Tt from 200 to 550 °C, increased 
microcracks within the specimens restrain the decrease in 
the thermal conductivity decay rate with increasing T, and 
the decay rate tends to be constant when Tt ranges between 
650 and 800 °C (see Fig. 12a). We conclude that parameter 
A in Eq. (3) depends on the porosity (nt) of the thermally 
damaged specimens (see Fig. 12b) and varies with porosity 
according to the following equation:

According to Eqs. (3) and (4), an overall fit for speci-
mens treated with temperatures ranging from 105 to 
550 °C is made to illustrate the temperature-dependent 
thermal conductivity model considering rock porosity. 
Figure 13 indicates that the results agree well with the 
results of individual fits based on experimental data. Note 
that Eqs. (3) and (4) are best-fit curves for thermal con-
ductivity in the range of ambient temperatures. They can 

(4)A = 22.37 exp(−1.61nt)

be used to estimate thermal conductivity within this range, 
but should not be extrapolated to temperatures lower than 
21 °C or higher than 150 °C.

Table 2  Fit coefficient A for thermal conductivity–temperature curves 
of the specimens treated with a temperature ranging from 105 to 
550 °C

Specimen pair no. Thermal treatment 
temperature (°C)

A  (10−6) R2

BS28-1-3 105 7.527 0.998
BS28-2-3 200 8.546 0.992
BS28-3-3 300 6.333 0.981
BS28-4-2 400 5.442 0.979
BS28-5-1 550 1.938 0.737
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4.4  Effect of Axial Compression Stress

Thermal conductivity measurements on 14 pairs of speci-
mens were conducted under uniaxial compression, and the 
results are plotted in Fig. 14. For each rock group, the aver-
age thermal conductivity obtained from two pair of speci-
mens was used in our analysis. For each rock group, there is 
a rapid increase in thermal conductivity at initial loading due 
to the closure of pores and cracks in the specimens (Fig. 14). 
The increase rate of thermal conductivity decreases as the 
load increases, and the thermal conductivity–axial stress 
relationship shows a convex shape, indicating that the crack 
closure rate decreases and axial stiffness increases gradu-
ally. In subsequent loading, the increase rate of the thermal 
conductivity changes only slightly, indicating that pores and 
cracks continue to close slowly under higher compression 
stress conditions. When the thermally treated specimens 
are subjected to compression, the effective contact area 
between mineral grains increases, leading to a large decay 
of the effect of porosity on thermal conductivity. Meanwhile, 
the closure of pores and cracks increases the likelihood of 
contact between quartz grains and thus improves the trans-
portation capability of heat flow in the specimens. In addi-
tion, at a given stress level, a higher treatment temperature 
results in lower thermal conductivity of the rock. For each 
rock group, the increase rate (Rt_r) of thermal conductivity 
can be defined as:

where λt_l and λt_0 are the thermal conductivities of the ther-
mally treated specimens at the highest compression stress 
(i.e., 45 MPa) and zero stress, respectively. The ratio Rt_r 
depends on porosity, as shown in Fig. 15. Rt_r increases with 
increasing porosity and ranges from 5.7 to 28.8%. Analysis 

(5)Rt_r = (�t_l − �t_0)∕�t_0

of Figs. 11b and 15 shows that the effects of compression 
stress and water saturation on thermal conductivity of ther-
mally treated specimens are different. Water saturation has 
a much greater effect on thermal conductivity of thermally 
damaged specimens than that of the maximum compression 
stress used in this study, especially when porosity is > 1.5%.

To understand the influence of treatment temperature on 
thermal conductivity of the specimens under compression, 
Fig. 16 presents variations in the thermal conductivity ratio 
(Rt) of thermally treated specimens with axial stress. Rt is 
defined as

where λt_c is thermal conductivity of the thermally treated 
specimens under different compression stresses. For each 
rock group, Rt increases nonlinearly with increasing com-
pression stress, and the degree of variation of Rt depends on 
the thermal treatment temperature (Fig. 16).

Based on experimental data, a best fitting equation for 
the axial compression stress-dependent thermal conductivity 
ratio for the specimens can be expressed as (Demırcı et al. 
2004; Zhao et al. 2016)

where σ1 is the axial compression stress and B and C are fit 
coefficients (see Table 3). As analyzed by Zhao et al. (2016), 

(6)Rt = �t_c∕�t_0

(7)Rt = �t_c∕�t_0=1 + B�
C
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the coefficient B mainly controls the increase gradient of 
Rt in the initial loading stage. Coefficient C plays a critical 
role in affecting the increase velocity of Rt in the subsequent 
elastic deformation stage. Coefficient B gradually increases 
from low- to high-temperature treatment conditions until an 
asymptotic value is reached (Table 3). Coefficient C is not 
sensitive to treatment temperature when the temperature is 
below 550 °C. With further increase in treatment tempera-
ture, C presents an increasing trend. Given that thermally 
induced porosity is closely related to treatment temperature, 
the relationship between B and porosity (see Fig. 17a) can be 
expressed using an exponential function, as follows:

Coefficient C increases slightly with increasing porosity 
(see Fig. 17b), and a linear equation is used to approximate 
the trend, as follows:

Using Eqs. (7)–(9), an overall fit is made to obtain the 
rock porosity-dependent thermal conductivity ratio under 
different axial stresses. A comparison between individual 
and overall fit results is presented in Fig. 18. The established 
rock porosity-dependent model can capture the nonlinear 
compression stress–thermal conductivity ratio relationships 
of thermally treated Beishan granite satisfactorily. When λt_0 
is known, the thermal conductivity of the rock under differ-
ent compression stresses can be predicted using Eqs. (7)–(9).

Although the above-mentioned results provide insights 
into the thermal conductivity characteristics of thermally 
treated Beishan granite subjected to uniaxial compression, 
one must be aware of the limitation of the used loading con-
dition in representing field rock behavior. In terms of HLW 
disposal, the current findings only can approximately simu-
late thermal conductivity of rocks on an unsupported excava-
tion boundary, in which the minimum principal stress (σ3) 
is close to zero. In fact, rocks at depth are under a polyaxial 
stress state. Hence, knowing the thermal conductivity of 

(8)B = 0.06 − 0.37 exp(−3.31nt)

(9)C = 0.294 + 0.032nt

rocks under a triaxial condition would be very important for 
the design of a HLW repository. However, due to limitations 
of the experimental facilities, the obtained results do not 
reveal the influence of different confining stresses on thermal 
conductivity of specimens during loading. To achieve this 
goal, further efforts are needed to produce an innovative 
design for the test equipment.

5  Conclusions

Beishan granite is the potential rock for hosting China’s 
HLW repository. In this study, the effect of thermal treat-
ment on thermal conductivity characteristics of the rock was 

Table 3  Fit coefficients for thermal conductivity ratio–axial compres-
sion stress curves of the thermally treated specimens under uniaxial 
compression

Thermal treatment tem-
perature (°C)

B C R2

105 0.0203 0.3092 0.984
200 0.0168 0.3274 0.983
300 0.0323 0.3217 0.980
400 0.0385 0.3218 0.969
550 0.0597 0.3274 0.983
650 0.0600 0.4104 0.982
800 0.0589 0.4229 0.986
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investigated. Basic physical properties such as bulk density, 
porosity, volume expansion ratio, and P-wave velocity of 
the thermally treated specimens were also determined. SEM 
observations were performed to provide evidence for varia-
tions in thermal conductivities of the specimens before and 
after thermal treatment. Furthermore, the influences of water 
saturation, ambient temperature, and compression stress on 
thermal conductivity of thermally treated specimens were 
analyzed. The main findings are as follows:

1. Thermal conductivity of the tested rock depends strongly 
on the thermal treatment temperature. The thermal con-
ductivity of the thermally treated specimens decreases 
nonlinearly with increasing temperature from 105 to 
800  °C, and the decay rate of thermal conductivity 
peaks between 550 and 650 °C. As the temperature 
is increased to 800 °C, the magnitude of thermal con-
ductivity is nearly half that of the specimens before ther-
mal treatment.

2. Variations in bulk density, porosity, volume expansion 
ratio, and P-wave velocity reveal thermally induced 
damage characteristics of the specimens from a macro-
scopic perspective and also reflect thermal conductivity 
changes with thermal treatment temperature. P-wave 
velocity and bulk density of the thermally treated speci-

mens are directly proportional to thermal conductivity, 
while porosity is inversely proportional. In addition, all 
relationships between thermal conductivity and bulk 
density, porosity, or P-wave velocity can be described 
well using power law functions.

3. The deterioration of thermal conductivity of the rock is 
closely associated with the increase in thermally induced 
microcracks. When the thermal treatment temperature 
is increased from 105 to 200 °C, widths of pre-existing 
microcracks decrease slightly due to thermal expan-
sion of mineral grains. However, the slight microstruc-
tural alterations may have a negligible influence on the 
thermal conductivity. Between 300 and 400 °C, ther-
mally induced inter-granular and intra-granular micro-
cracks are observed. When the treatment temperature is 
increased up to 650 °C, thermally induced microcracks 
become more pronounced, and crack density and width 
increase significantly. When the treatment temperature 
is 800 °C, inter-granular, intra-granular, and trans-gran-
ular microcracks distribute on the specimen surface. The 
intersection and interconnection of microcracks cause 
severe damage to the rock, inducing a significant decay 
of its heat transfer capacity.

4. Water saturation plays an important role in increasing 
thermal conductivity of thermally treated specimens. As 
the thermal treatment temperature is increased from 105 
to 800 °C, the average increase in thermal conductivity 
of the water-saturated specimens versus dry conditions 
ranges from 8.4 to 84.9%. The effect of water saturation 
on thermal conductivity of thermally treated specimens 
increases approximately linearly with increasing rock 
porosity.

5. Thermal conductivity characteristics of thermally treated 
specimens are temperature and compression stress 
dependent. Within the ambient temperature range from 
room temperature to 150 °C, the influence of tempera-
ture on thermal conductivity of the thermally treated 
specimens is small. Meanwhile, thermally induced 
microcracks can restrain the decrease in the thermal 
conductivity decay rate with increasing temperature. 
A temperature-dependent thermal conductivity model 
considering rock porosity was proposed for specimens 
treated with temperatures ranging from 105 to 550 °C. In 
addition, thermal conductivity of the thermally treated 
specimens increases with increasing compression stress 
from 0 MPa to 45 MPa, and at a given compression 
stress, a higher treatment temperature results in lower 
thermal conductivity. Moreover, the increase rate of 
thermal conductivity increases nonlinearly with increas-
ing porosity. Based on experimental data, an empirical 
model was established for predicting thermal conduc-
tivity characteristics of thermally treated specimens 
under compression, and the predictions were found to 
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be in good agreement with experimental results. Further 
efforts are needed to reveal the influence of different 
confining stresses on thermal conductivity behaviors of 
thermally treated Beishan granite during triaxial com-
pression.
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