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Abstract
The evaluation of physico-mechanical characteristics of rocks after thermal treatment is 
a key issue in underground rock engineering projects such as exploitation of geothermal 
resources and geological disposal of nuclear waste. In this research, the lengths of cylin-
drical Nanan granite specimens were obtained before, during and after thermal treatment 
(up to 1000 °C) to investigate their linear thermal expansion coefficients, and the variation 
mechanisms were revealed by optical microscopic observations. According to the experi-
mental results collected from the extensive corresponding literature, the relationships 
between the linear thermal expansion coefficients of various granites were also elaborated. 
The experimental results demonstrated that the linear thermal expansion coefficients of 
the granite in this study both under and after thermal treatment increase with temperature. 
Meanwhile, the linear thermal expansion coefficients increase rapidly above 500 °C, which 
is because of the quartz phase transition from α–phase to β–phase. The increase of linear 
thermal expansion coefficients of granite under and after thermal treatment closely relates 
to the thermal expansion of mineral crystals and the development and coalescence of inter-
granular and transgranular microcracks. The experimental results are expected to provide a 
reference to analytical calculations of thermophysical processes in granite.
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1  Introduction

With economic development and population growth, more underground rock engineering 
projects involve high temperatures, such as exploitation of geothermal resources (Kumari 
et al. 2017; White et al 2018), deep geological disposal of radioactive wastes (Abootalebi 
and Siemens 2018; Miao et  al. 2021), underground tunnel fires (Wasantha et  al. 2021), 
thermal effect in building stones (Ozguven and Ozcelik 2014; Vasanelli et al. 2021) and 
underground coal gasification (Wang et al. 2021a, b). The physico-mechanical characteris-
tics of rock after thermal treatment are usually different from those at normal temperature. 
All of the above engineering applications are impacted by these variations. Therefore, the 
effect of thermal treatment on the physico-mechanical characteristics has become a popular 
topic of study in the field of rock mechanics.

In recent years, numerous laboratory tests have been carried out to study these effects. 
Studies of the physical properties of granite have shown that, with the increase of tempera-
ture, porosity, permeability and electronic conductivity increase, while bulk density, wave 
velocity and thermal conductivity degrade (David et al. 1999; Chaki et al. 2008; Yang et al. 
2020). Studies on the mechanical characteristics of granite have focused on its strength 
and deformation characteristics. Generally, tensile strength (Roy et  al. 2016; Zhao et  al. 
2018), compressive strength and elastic modulus (Shao et al. 2014; Fan et al. 2018; Zhang 
et  al. 2018) deteriorate with temperature. With increasing temperature, a transformation 
for granite specimens from brittle characteristic to ductile plastic characteristic can be 
recognize from stress–strain curves because of the increase of microcrack density (Chen 
et al. 2012; Yang et al. 2017). Scanning electron microscopy (SEM) systems (Rathnaweera 
et al. 2018; Kumari et al. 2019), X-ray computed tomography (XCT) (Yang et al. 2017; Fan 
et al. 2018) and optical microscopy (Shao et al. 2014) are used to observe and discover the 
microscopic change mechanisms of the physico-mechanical characteristics of granite sam-
ples under/after thermal treatment.

Although the effects of thermal treatment on the physico-mechanical characteristics 
of granite specimens were comprehensively studied in the above reports, limited research 
is available on the effects of different temperatures on the linear expansion coefficient of 
granite specimens. Consequently, this work investigates the linear thermal expansion coef-
ficients of granite specimens under/after thermal treatment over the range of 20 to 1000 °C, 
and the change mechanisms are revealed using optical microscope images of specimens 
after thermal treatment. The experimental data presented here are expected to support ana-
lytical calculations and numerical simulations (Tang et al. 2020) of thermos-physical pro-
cesses in granites.

2 � Experimental design

2.1 � Specimen preparation

Granite used in this research is well-crystallized and reddish-brown, which was collected 
from Nanan county, Quanzhou city, China. According to ISRM (Franklin et al. 1979) sug-
gested method, all specimens were cored from an intact block into cylinders with the height 
of 100 mm and diameter of 50 mm. The P-wave velocity and density of the specimens were 
4167 ± 200 m/s and 2.596 ± 0.01 g/cm3, respectively. Based on the X-ray diffraction (XRD) 
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analysis results, the granite specimens were mainly composed of orthoclase (41.42%), plagio-
clase (30.79%), biotite (15.90%) and quartz (11.89%).

2.2 � Experimental equipment and procedure

The granite samples were first placed in an oven for drying at 105 °C for 12 h to remove the 
effect of the original water (Meng et al. 2020). Next, the P-wave velocity, mass and size of the 
samples were measured using an ultrasonic concrete tester (RSM-SY5), an electronic balance 
and a Vernier caliper, respectively. More details about these experimental equipments can be 
found in our previous study (Zhu et al. 2021). The density was calculated through the weight 
and the volume (diameter and length) of the samples based on the methods recommended 
by ISRM (Franklin et al. 1979). After eliminating the specimens with an abnormal density 
or P-wave velocity, the left samples were separated into 6 groups, including a set of speci-
mens without experiencing heating treatment. The temperature of wall rock in underground 
rock engineering may reach more than 1000 °C. For example, Ocampo et al. (2013) found 
out that the maximal temperature of upper rock layers can reach 1300 °C during coal gasifica-
tion, and Gibb. (2000) pointed out that the temperature of the surrounding rock caused by the 
decomposition of radioactive nuclear wastes can even be up to 1500 °C. The maximum heat-
ing temperature of the furnace used in this study is 1100 °C. Therefore, the specimens were 
heated to the target test temperature (200, 400, 600, 800 and 1000 °C) using a muffle furnace 
(SG-XL1200). 5 °C/min was chosen as the heating rate to minimize thermal gradient in the 
heated specimens, since this heating rate might be a critical heating rate for reducing the effect 
of thermal gradient (or thermal shock) in granite (Chen et al. 2017; Wang et al. 2021a, b). In 
a recent study, 1 h has been verified to be enough for even heating in a rock specimen accord-
ing to the results calculated by the numerical simulation (Wang et al. 2020). Therefore, the 
target temperatures of the heated samples were remained for 2 h in this study to avoid uneven 
heating of the interior of the specimens. When the constant temperature was over, the heated 
specimens were taken from the furnace, and the dimensions of each specimen were immedi-
ately measured under high-temperature condition by the Vernier caliper. We have tried our 
best to measure the dimensions of each specimen as quickly as possible to reduce the effect of 
heat loss of the specimens after exposure to air condition. Then, the granite samples were put 
back to the muffle furnace to cool naturally. Afterwards, the size and mass of each specimen 
were measured at normal temperature once again. Finally, the optical microscope was applied 
to observe the microstructural characteristics of granite exposed to different temperatures, and 
the experimental results are presented in Table 1.

3 � Experimental results

3.1 � Effects of temperature on linear thermal expansion coefficient

According to the definition of linear expansion coefficient, the thermal expansion coefficient 
under thermal treatment ( �u ) and after thermal treatment ( �a ) can be expressed as

(1)�i =
Hi − H0

H0Δt
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where i = u or a; H0, Hu and Ha are the average lengths of a specimen measured before, 
under and after thermal treatment; ∆t is the change in temperature.

As Fig.  1 indicates, with the increase of temperature, the average values of �u and 
�a gradually increase, and the differences between the values of �u and �a is relatively 
larger between 500 and 600 °C than that below 500 °C. The values of �u and �a increase 
by 95.11 and 80.19% at 500 °C, respectively, compared to 200 °C, while they increase 
by 174.79% and 110.17% at 600 °C compared to 200 °C. At the same time, the average 
values of �a after high temperature are always smaller than those values of �u under in-
situ high temperature.

However, the linear expansion coefficient under high temperature has scarcely 
changed when the temperature is heated to over 600 °C, which is mainly caused by the 
test method. When the specimen is taken from the furnace at above 600 °C, due to huge 
difference in temperature between heated specimens and air environment, the specimen 
will suffer a greater heat loss and cold contraction, which definitely has a great influence 
on the measurement of the linear expansion coefficient.

3.2 � Effect of temperature on the microstructure

As Fig. 2 indicates, thin sections of specimens (enlarged 80 times) exposed to different 
temperatures were studied through the optical microscope. Microcrack density (ρf) is 
introduced to quantify the cracks in the rock specimens after high temperature (Fig. 2), 
which can be expressed as

where ρf is the microcrack density; L is the accumulative length of each microcrack; and S 
is total observed area in each sample.

(2)�f =
L

S

Fig. 1   Relationships between temperature and linear thermal expansion coefficients of granite
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In addition, the average width of microcracks was also calculated, and Table  1 and 
Fig. 3 present the details of microcracks (the average width and density). In the specimens 
without thermal treatment (Fig. 2a), the crystals are closely crystallized and very few inter-
granular microcracks are found, and the microcrack density is only 0.17  mm/mm−2. At 
200 °C, the microcrack density begins to increase and reaches 0.55 mm/mm−2. With the 
temperature increasing to 400 °C, the density of microcrack grows to 1.02 mm/mm−2 and 
transgranular microcracks are found inside feldspar crystals (Fig. 2(c)), and the microcrack 
width changes greatly to 16.93 μm from 6.61 μm at normal temperature. At 600 °C, many 
transgranular microcracks are found in quartz crystals (Fig. 2e), which is due to the phase 
transition of α–quartz to β–quartz at 573  °C. Transgranular microcracks are also found 
inside biotite crystals. Therefore, the microcrack density and width both grow rapidly and 
reach 1.97 mm/mm−2 and 25.16 μm from 1.70 mm/mm−2 to 19.86 μm at 500 °C. When the 
temperature further increases to 800 °C, larger microdefects are observed, and the micro-
crack density and width further grow to 2.53 mm/mm−2 and 32.55 μm. Many microcracks 
in 1000 °C specimen widen further (Wa = 38.49 μm), extend (ρf = 3.08 mm/mm−2) and coa-
lesced. Finally, a crack network appears in the observed thin section in the granite speci-
men (Fig. 2g).

4 � Discussion

The thermal expansion coefficient is a meaningful parameter of rock for underground 
engineering. Properties that have an influence on the thermal expansion of rock are min-
eral composition, porosity, properties of the fluid in pores and microcracks (Siegesmund 
et al. 2000). Of all these factors, thermal treatments do have a not negligible impact on the 
thermal expansion coefficient of rocks, especially in underground engineering. As Fig. 4 
indicates, there are great variations of thermal-expansion behaviors between feldspar and 
quartz. The linear expansion coefficient of feldspar and quartz (the major mineralogical 
composition of granite) increase with high temperature, which induce the increase of linear 

Fig. 3   Relations between microcrack density and width in observed thin section in specimens exposed to 
different temperatures
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expansion coefficients of granite under/after high-temperature treatment (Somerton 1992). 
Meanwhile, variations of expansion characteristics along various crystallographic axes of 
the same mineral (feldspar and quartz) are also presented in Fig. 4, where c, a, 001 and 
010 are crystallographic axes of quartz and feldspar. For example, with the increasing tem-
perature, the linear thermal expansion coefficient of quartz being perpendicular to c-axis is 
always larger than that being parallel to c-axis (Somerton 1992). As a result, these varia-
tions of expansion characteristics cause uneven expansion of mineral crystals upon heating 
and cause uneven deformation of granite minerals (Clark 1966). The uneven deformation 
induces thermal stress among granite minerals, and once the thermal stress concentration 
exceeds the yield strength of minerals, cracking begins to initiate (Yang et al. 2017). At the 
same time, the microcracks are widened and extended with the high temperature (Fig. 2). 
Thus, the increase of the linear thermal expansion coefficients of granite under and after 
thermal treatments is mainly caused by the thermal expansion of mineral crystals and the 
generation and development of numerous microcracks.

The linear thermal expansion coefficients of granite under in-situ high temperature are 
greater than these after thermal treatment (Fig. 1). This is because the minerals contract 
and some microcracks close again after cooling down. Permanent deformation causes the 
increase of the linear thermal expansion coefficients of granite after thermal treatment.

Based on a comprehensive review of international literature, the relationships between 
temperature and the thermal expansion coefficients of various granites are plotted in Fig. 5. 
The test parameters of thermal treatment and the mineral compositions of the granites are 
presented in Table 2. The table shows that the linear thermal expansion coefficients of vari-
ous granites all increase with temperature to varying degrees. Above 500  °C, the linear 
thermal expansion coefficients abruptly increase. For example, the linear thermal expan-
sion coefficients of BjG* and SdG increase by 62.14% and 114.04%, respectively. The lin-
ear thermal expansion coefficient of quartz also increases sharply between 500 and 600 °C, 
while the value of feldspar shows little change (Figs. 1 and 4), which corresponds to many 
transgranular microcracks being observed in quartz crystals at 600  °C (Fig.  2e). The 

Fig. 4   Relationships between temperature and linear thermal expansion coefficients of granite main miner-
als (quoted from Somerton 1992)
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behavior of quartz may be because the transition of α-quartz to β-quartz at atmospheric 
pressure occurs at 573 °C, causing a linear expansion of 0.45% (Somerton et al. 1992).

The relationship between temperature and the thermal expansion coefficient can be esti-
mated using the equation:

where T represents temperature; αT is linear expansion coefficient of rock under in-situ 
high temperature of T; αT is the linear expansion coefficient of rock at normal temperature 
(20 °C); b is a constant determined by fitting experimental data.

The relationships between temperature and the thermal expansion coefficients of vari-
ous granites are concluded in Table 2. The correlation coefficients of the thermal expansion 
coefficient after exposure to high temperatures are all above 0.871, which indicates that 
there are strong links between the linear expansion coefficient and temperature. Correlation 
coefficients of the linear expansion coefficient after high temperature show an exponential 
relation with temperature. However, the measurement of the linear expansion coefficient 
of granite above 600 °C is influenced by the test method, as a result, the correlation coef-
ficient of the linear expansion coefficient under thermal treatment is only 0.768, which can-
not reflect the real relations between temperature and the thermal expansion coefficient of 
granite under heating treatment. In the near future, we will try our best to improve the 
method and test equipment to find out more accurate changes of the thermal expansion 
coefficient of granite under heating treatment above 600 °C.

5 � Conclusions

In this research, we investigate the linear thermal expansion coefficients of granite speci-
mens during/after thermal treatment over the range of 20 to 1000 °C, and reveal the change 
mechanisms of linear thermal expansion coefficients of granite using optical microscope 
images. Based on an extensive review of the corresponding international literature, the 

(3)�T = �0exp[b ∗ (T − 20)]

Fig. 5   Relationships between temperature and linear thermal expansion coefficients of various granites
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relations between thermal expansion coefficient of granite after thermal treatment and tem-
perature are drawn. The main conclusions can be briefly presented as follows:

1.	 The linear thermal expansion coefficients of Nanan granites after high temperature show 
an exponential relation with temperature; changes in the thermal expansion coefficients 
are more pronounced with increasing temperature. The values of �u at 400, 500, 600, 
800 and 1000 °C increase from those at 200 °C by 61.73%, 95.11%, 174.79%, 186.17 
and 191.71%, respectively. The values of �u at 400, 500, 600 and 800 °C are 121.9%, 
129.7%, 109.9% and 86.5% larger than those of �a.

2.	 The linear thermal expansion coefficients of granites rapidly increase above 500 °C, 
which is attributed to the quartz phase transition from the �-phase to β-phase. The 
increase in the linear expansion coefficient of granite under and after thermal treat-
ment is closely related to thermal expansion of mineral crystals and the generation and 
development of microcracks.
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