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In order to study the thermal deformation of the rock that surrounds underground engineering projects with elevated tem-
peratures (e.g., underground coal gasification, coal in situ pyrolysis, in situ oil and gas extraction from oil shale, geothermal energy
extraction from rock, among others), a servocontrolled machine (model IMT-HTP 100F) was used to examine the thermal
expansion of triaxially stressed mudstone at temperature up to 400°C. Two distinct stages of thermal expansion were found at
temperatures up to 400°C: very small thermal expansion below 50°C, followed by almost constant thermal expansion at 50–400°C.
,is linear thermal expansion coefficient of triaxially stressed mudstone did not increase in the range 50–400°C. ,e effect of the
applied triaxial stress was on both close cracks and impeded grain expansion and the swelling of the rock. Mudstone had a larger
linear thermal expansion coefficient than either sandstone or limestone, in that order. ,e potential energy theory was used to
explain the intrinsic variation of thermal expansion of the different rock types.

1. Introduction

,e mudstone stratum is typical of geological strata con-
taining oil, gas, coal, and other hydrocarbon resources. ,e
variation in the thermal properties of mudstone is of im-
portance for safe mining in underground coal gasification,
coal in situ pyrolysis, and in situ oil and gas extraction from
oil shale. ,e mudstone stratum is generally located at the
top and/or bottom of these reservoirs. Hence, in such un-
derground engineering projects, high temperature and high
heating rate may lead to thermal damage of the reservoir
rocks [1–8]. In addition, the mudstone stratum is subjected
to high temperatures and triaxial ground stresses. ,e
thermal deformation of mudstone strata has a significant
impact on the movement of the whole geological formation
[2, 9, 10] and is likely to cause inflows of water from upper
aquifers in a high-temperature work face [11].

Early studies of thermal expansion of rock were per-
formed on rock specimens (mainly lunar rock and igneous

rocks) in unconstrained conditions. To determine the effect
of the lunar environment on damage to lunar rock, an
experimental study [12] investigated the effect of reduced
pressure on the thermal expansion of simulated lunar
materials. ,ey found that thermal expansion and the re-
sponse of simulated lunar rock material to induced thermal
stresses were independent of environmental pressure [12].
Subsequent experiments on thermal expansion of several
igneous rocks found that it was a function of crack porosity,
heating rate, maximum temperature, mineralogical com-
position, and preferred crystal orientation [13–19].

,e thermal expansion coefficient of bulk rock at at-
mospheric pressure and temperatures up to 400°C increased
more rapidly as temperature increased than the average
thermal expansion coefficient of the constituent minerals.
For example, the volumetric coefficient of thermal expansion
of Graniteville granite (Missouri, USA) increased from
10−5°C−1 at room temperature to about 7.8×10−5°C−1 at
400°C, whereas the value for constituent minerals such as

Hindawi
Advances in Materials Science and Engineering
Volume 2020, Article ID 8140739, 8 pages
https://doi.org/10.1155/2020/8140739

mailto:fengzijun@tyut.edu.cn
https://orcid.org/0000-0002-3258-0818
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/8140739


plagioclase increased from 1.3×10−5°C−1 at room temper-
ature to approximately 1.8×10−5°C−1 at 400°C. ,e “extra”
expansion was attributed to thermally induced cracks due to
the differential expansion of mineral grains [12–14]. High
heating rates of 5°C·min−1 resulted in higher thermal ex-
pansion than lower heating rates of 2°C·min−1. ,e most
important conclusion was that a low heating rate (no greater
than 2°C·min−1) avoids thermal gradient cracking in rock
[12, 13, 16–18, 20–23]. ,e coefficient of thermal expansion
was a function of both temperature and the maximum
temperature to which the rock had been exposed. Permanent
thermal strain was associated with maximum temperatures
of cycling [14, 15, 20].

Experimental rock thermal expansion has been per-
formed under uniaxial stress. In order to reflect the actual in
situ stress state to which rocks are subjected, tests were
carried out on granite, sandstone, and limestone. Uniaxial
compression tests conducted on granite under real-time
high temperature found an exponential relationship between
the thermal expansion coefficient and temperature [24]. A
study of the thermal expansion behavior of granite and
sandstone under uniaxial stress conditions [25] found that
the thermal expansion coefficient of all granite samples was
quite similar during heating up to 1000°C. It was also similar
for sandstone samples [25, 26], although the α/β transition of
quartz had a significant effect on thermal cracking [27]. A
study of the variation of thermal expansion coefficient of
sandstone at different high temperatures [28] found that the
sandstone exhibited four stages of thermal expansion. A
study of mudstone [29] found that the thermal strain and
expansion coefficient increased with increasing temperature.
,ey explained that the main reason for the thermal ex-
pansion was the variation of internal pores and cracks as well
as the thermochemical effects of mineral components.
Measurement of the thermal expansion of oil shale under
various compressive loads showed that increasing the
compressive load reduced the maximum expansion [30, 31].

Very few studies have focused on the thermal expansion
of triaxially compressed rock due to the limitations of ex-
perimental technology. Our previous works have studied the
thermal expansion of coal and granite subjected to triaxial
compression. ,e thermal deformation of coal occurs in
three phases: thermal expansion from room temperature
(RT) to 200°C, slight compression (bulk strain 1.1× 10−3) at
200–400°C, and strong compression (bulk strain 50×10−3)
at 400–600°C. ,e critical temperature of transition from
thermal expansion to compression is 200°C due to the start
of pyrolysis [32, 33]. ,ermal deformation of granite occurs
in three stages: slight deformation at low temperatures (RT
to 120°C) with a relatively low thermal expansion coefficient;
a rapid deformation period at medium-high temperatures
(120–450°C), during which the thermal expansion coefficient
increases nonlinearly with increasing temperature; and
slight deformation at high temperatures (450–600°C), dur-
ing which time the thermal expansion coefficient decreases
dramatically with increasing temperature. ,e thermal ex-
pansion coefficient is approximately 20 times less than the
coefficient without confinement [34, 35]. ,e coefficient of
thermal expansion of water-saturated igneous rocks and

limestone were also observed to increase with increasing
temperature at all pressures [36, 37]. Very significant
thermal expansion anisotropy was found in quartz at
temperatures up to 180°C [20]. Obvious anisotropy of
thermal expansion has also been reported for coarse-grained
marble at 20–200°C [38].

Extensive work has focused on the thermal expansion of
unconstrained and uniaxially compressed granite, sand-
stone, limestone, and marble, generally subjected to three-
dimensional ground stresses in underground high-tem-
perature engineering cases such as underground coal gasi-
fication, coal in situ pyrolysis, and in situ extraction of oil
and gas from oil shale. Because mudstone is also commonly
found in geo-energy and geo-resources geological forma-
tions, in this study, we performed a series of experiments on
mudstone overlying oil shale to measure the thermal ex-
pansion when triaxially confined and at temperatures up to
400°C.

2. Experimental Procedures

2.1. Samples. Mudstone blocks were collected from the roof
strata of an oil shale deposit in an open pit mine in Jimsar,
Xinjiang. All weathered material to ensure that fresh
mudstone blocks were used. Standard-size samples 50mm
diameter and 100mm long, shown in Figure 1, were pre-
pared in the laboratory.,e constituent minerals as obtained
by X-ray diffraction were quartz (57%), plagioclase (10%),
siderite (4%), and clay minerals (29%). ,e clay minerals
were mainly illite/smectite (82%), illite (9%), kaolinite (8%),
and chlorite (1%).

2.2. Experimental Setup and Procedures. A servocontrolled
high temperature test machine for rock mechanics (IMT-
HTP 100F), developed by the authors, was used to measure
the thermal expansion of the mudstone (Figure 2(a)). ,is
was designed to measure the real-time physical and me-
chanical properties of rock subjected to triaxial stresses and
high temperature up to 600°C.

Inert gas or heat-transfer oil may be used in this ap-
paratus as the confining medium around the sample. In
these experiments, heat-transfer oil was used. Each sample
was jacketed in a red copper sleeve designed by the authors.
Heat-transfer oil confining pressure up to 70MPa was ap-
plied to the sample by a pump. Axial pressure up to 500MPa
was applied to the sample by a piston.,e sample was heated
to 600°C by electrically heated rods. ,e controlled heating
rate could be varied from 0.04 to 10°C·min−1. ,e granite
sample was calibrated, giving a thermal gradient of ap-
proximately 0.167°C·mm−1 throughout the sample at a
heating rate of about 10°C·hr−1. ,erefore, this rate was
adopted to obtain a relatively equilibrated temperature
distribution inside the test specimen during heating. ,e
displacement rate of the axial piston was variable from 10−2

to 104 μm·s−1. ,e maximum duration of maintaining a
constant high temperature was more than 720 h.

In this experiment, the mudstone specimens were
encased in the red copper jackets and placed in the vessel
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(Figure 2(b)). Quartz cylinders (very low thermal expansion,
∼10−7·°C−1) were positioned between each end of the test
specimen and the platen and piston of the testing machine.
,e piston was cooled by cycling water.

In the experiment, two groups of stress state were
simulated. In the first group, axial stress of 5MPa and
confining pressure of 6MPa were applied to the specimen
(considering 1.2 as lateral coefficient). ,is stress state is
equivalent to an in situ rock stress at 200m depth.

,e second group, with a high ratio of axial-to-confining
stress, was designed to study the stress effect on thermal
expansion. ,is group had two subgroups: (1) axial stress
12MPa and confining pressure 6MPa; (2) axial stress 8MPa
and confining pressure 4MPa. A low heating rate of
10°C·hr−1, shown in Figure 3, was used to eliminate thermal
shock in the test specimens. ,e target temperature was
400°C, except for sample 2#, which was heated only to 300°C
due to a power outage in the laboratory. ,e detailed testing
conditions for all samples are listed in Table 1.

3. Results and Discussion

3.1. Effect of Temperature on 6ermal Deformation of Triax-
ially Stressed Mudstone. ,e sign convention in rock me-
chanics is that compressive deformation is positive, and
expansive (tensile) deformation is negative. Figure 4 shows
the measured axial strain of mudstone samples from room
temperature to 400°C. ,e compressive axial strain in
samples under triaxial stresses in Figure 4 is, therefore,
negative. ,e thermal strain in sample 1# from zero at room
temperature (∼10°C) to 4×10−5 at 21°C was followed by a
linear increase to 0.01 at 395°C. ,e same trend was evident
in sample 2#. ,ermal strain of sample 2# increased from
zero at room temperature to 6×10−5 at 50°C, then increased
linearly to 0.00885 at 300°C.

,ermal strain in samples 4# and 5# was zero before 40°C
then reached approximately 6×10−5 at 50°C, followed by an
almost linear increase to 0.01 and 0.009 at 400°C. Samples 1#
and 2# showed a slightly different change in thermal strain
when subjected to identical temperature and triaxial stresses.
,ese differences may be attributable to the different interior
structure or intrinsic properties rather than stress; for ex-
ample, rocks typically show some differences in axial
compressive strength even if they are taken from the same
block of rock. With these considerations, all the mudstone
samples exhibited thermal expansion and showed almost the
same change within 400°C.

Two stages of thermal deformation were evident: first,
very little thermal expansion RT–50°C; second, high thermal
expansion at 50–400°C. All samples except sample 2#
exhibited stepwise thermal strain at temperatures up to
400°C: steps at 50–65°C and at 100–135°C in sample 1#; at
150–175°C in sample 3#; and at 300–320°C in sample 4#. ,is
may be attributed to the equilibration of the closure of
microcracks and/or the generation of new microcracks.

A linear thermal expansion coefficient was obtained for
each sample at different temperatures by fitting the observed
axial thermal strain to temperature. For example, by fitting
the axial thermal strain data to temperature from 50°C to
100°C and obtaining the average linear thermal expansion
coefficient at 50–100°C. ,is was considered to be the linear
thermal expansion coefficient at 100°C. In this way, the linear
thermal expansion coefficient was obtained for increasing
temperature (Figure 5).

Figure 5 demonstrates that mudstone had a very low
linear thermal expansion coefficient at temperatures below
50°C. ,e values for samples 1#–4# at 50°C were
3.74×10−6·°C−1, 1.42×10−6·°C−1, 1.11× 10−6·°C−1, and
2.26×10−6·°C−1, respectively.,e coefficient fluctuated within
the range 2.6–4.3×10−5·°C−1 from 50°C to 400°C, as shown in
Figure 5. Sample 4# experienced a slight increase in thermal
expansion coefficient from 150 to 400°C, being
2.68×10−5·°C−1 at 150°C and 3.01× 10−5·°C−1 at 400°C. ,ere
was no significant increment with rising temperature. ,ese
results conflict with reports from previous studies, possibly
attributable to the stress effect.,is is discussed further below.
,e average values of the linear thermal expansion coefficient
(βav) of the four samples at 100–400°C are given in Figure 5.

3.2. Effect of Stress on 6ermal Deformation of Mudstone.
As seen in Figure 5, no significant increment in the linear
thermal expansion coefficient was observed between 50°C
and 400°C. Only sample 4# showed a slight increase above
150°C, but the coefficient was 3.01× 10−5·°C−1 at 400°C. ,e
value approached the value at 100°C. (2.96×10−5·°C−1) From
this, it was inferred that the thermal expansion coefficient of
triaxially stressed mudstone exhibited no increasing trend
from 100 to 400°C.

For specimens subjected to different stresses, the stress
has some impact on the linear thermal expansion coefficient.
,e coefficients at seven temperature points (100, 150, 200,
300, 350, 400°C) were averaged using equation (1) to obtain
the mean coefficient. ,e results are shown in Figure 5:

βav �
1
n
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n�1
βn, (1)

where βav is the average linear thermal expansion coefficient
from100 to 400°C; n is the number of temperature points (n� 7,
for the temperatures of 100°C, 150°C, . . . , 400°C); and βn is the
linear thermal expansion coefficient at each temperature point.

,e average coefficients for samples 1# and 2# were
3.19×10−5·°C−1 and 3.61× 10−5·°C−1.,e average coefficients
for samples 3# and 4# were 3.08×10−5·°C−1 and
2.83×10−5·°C−1, both less than for samples 1# and 2#. ,e

Figure 1: Mudstone test specimen.
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temperature of the rock has affected thermal expansion in
two ways: swelling of the rock matrix, and forming new
microcracks. However, stress inhibits thermal expansion
because of partial closure of newly formed microcracks and
constraining thermal swelling of the rock matrix. In par-
ticular, the applied stress restricts the opening of micro-
cracks at high temperature due to the softening of the rock
matrix; hence, a smaller thermal expansion coefficient oc-
curs in rock subjected to greater triaxial stress.

3.3. Comparative Analysis of 6ermal Expansion among
Different Sedimentary Rocks. Mudstone is a very common
sedimentary rock, which generally forms the roof and floor
of oil and gas reservoirs and coal seams. Similarly, sandstone
and limestone also overlie and underlie reservoirs of geo-
logical resources. All three types of rock may occur together
and in close proximity to each other at the top and bottom of
reservoirs. Hence, their different thermal expansions may be
significant.

Figure 6 compares the thermal expansion of these three
rock types. ,e sandstone was subjected to axial stress of
6.4MPa [28]; the limestone was unconstrained [39] (see
Table 2). Sandstone and limestone also exhibited linear
thermal expansion from RTto 600°C with thermal expansion
coefficients of 1.84×10−5·°C−1 (sandstone) and
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Figure 2: (a) Servocontrolled high-temperature test machine IMT-HTP100F. (b) Sample assembly.
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Figure 3: Heating rate of sample 1# recorded in the experiment.

Table 1: Testing conditions of all samples.

No σa (MPa) σc (MPa) Tmax (°C) Heating rate (°C·hr−1)
1# 5 6 400 10
2# 5 6 300 10
3# 12 6 400 10
4# 8 4 400 10
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Figure 4: Axial thermal expansion of mudstone at 400°C vs.
temperature.
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1.43×10−6·°C−1 (limestone), both lower than 3.19×10−5·°C−1

of 1# mudstone. ,erefore, thermal expansion of these three
sedimentary rocks appears to follow a rule that greater
compressive strength (listed in Table 2) is related to less
thermal expansion. ,e mechanism is explained by fun-
damental physics theory, discussed in detail in the following.

Figure 7 shows a model explaining the physical mech-
anism of thermal expansion of a solid. In the model, the
position R0 is the equilibrium distance where two atoms in
the solid interact with each other. ,e initial position (R� 0)
is assumed to be the position where atom A is located. ,e
other atom B is located at position (R�R0). If we assume that
atom A is immobile in a solid material, atom B will always
vibrate with simple harmonic motion with a distance of δ
about R0:

U R0 + δ(  � U R0(  +
zU

zR
 

R0

· δ +
1
2!

z2U

zR2 
R0

· δ2 +
1
3!

z3U

zR3 
R0

· δ3 + · · · .

(2)

,e potential energy of the motion is given by equation
(2), generating the curve shown in Figure 8, which ap-
proximates a symmetrical curve about position R0. Since
R0 is usually constant at room temperature, the solid does
not exhibit thermal expansion. Upon heating, the motion
of atom B at R0 becomes nonharmonic and the equilibrium
position moves towards the right-hand side of Figure 7.
,e distance between atoms A and B exceeds R0—that is,
the solid expands. Generally, the interaction force between
atom A and atom B significantly dominates the distance
between the two atoms. ,e strong interactive force makes

the atoms move closer to each other; that is, the distance
between A and B is reduced. ,at means that atom B is
harder to move towards the right in a solid with a stronger
atomic interaction force: that is, solids with stronger
atomic interaction force display smaller thermal expansion
when heated.

,e atomic forces are difficult to measure in a strong,
brittle rock. However, it is positively related to the strength
of the solid (e.g., uniaxial compressive strength [41]). Al-
though mudstone, sandstone, and limestone are all sedi-
mentary rocks, the differences in their mineral compositions
are reflected in their different strengths, which are generally
in the order σmudstone< σsandstone< σlimestone. ,e potential
energy curves of adjacent atoms for the three types of rock
during heating are shown in Figure 8. It is seen that the offset
to the equilibrium position (R0) between two adjacent atoms
of limestone is the smallest and the offset in mudstone is the
largest. Hence, the linear thermal expansion coefficients of
the three types of rocks are in the order
βmudstone> βsandstone> βlimestone.

3.4. Effect of Porosity on 6ermal Expansion of Rock. In fact,
many factors have an influence on the thermal expansion of
rock. ,ese factors are the degree of bonding, the anisotropy
of the grains, the size of the grains, and other factors. Po-
rosity is an important parameter in rock. ,e previous study
has shown that there is no effect of porosity on thermal
expansion [42]. It can be explained by the physical model
and mathematical model which was presented by Turner
[43]. ,e physical model is seen in Figure 9. And the fol-
lowing equation can be used to describe the effect of different
phases on thermal expansion:

αr �
α1K1F1/ρ1(  + α2K2F2/ρ2( 

K1F1/ρ1(  + K2F2/ρ2( 
, (3)
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Figure 6: Comparison of axial thermal expansion for mudstone,
sandstone, and limestone.
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where αr was the coefficient of linear thermal expansion of
rock; α1 and α2 were the coefficients of linear thermal ex-
pansion of phase 1 and phase 2; K1 and K2 denoted bulk
modulus of phase 1 and phase 2; F1 and F2 represented mass
fraction of phase 1 and phase 2; ρ1 and ρ2 were the density of

phase 1 and phase 2. ,e parameters above the pores (phase
1) are far less than that of a solid matrix (phase 2). Equation
(3) can be rewritten as follows:

αr � α2. (4)

Hence, the thermal expansion of rock is exactly that of
the matrix material.

4. Conclusions

,e thermal expansion of mudstone was studied at tem-
peratures up to 400°C and total triaxial stresses up to 24MPa.
,e effect of temperature and stress on the linear thermal
expansion coefficient was discussed.,e differences between
mudstone, sandstone, and limestone were also analyzed.,e
following conclusions are drawn:

(1) ,e mudstone demonstrated two distinct stages of
thermal expansion when subjected to temperatures
up to 400°C. Very small thermal expansion with a
linear thermal expansion coefficient of 1.11 to
3.74×10−6·°C−1 occurred below 50°C, followed by an
almost constant thermal expansion with the coeffi-
cient of 2.5 to 4.5×10−5·°C−1 from 50°C to 400°C.
Hence, the linear thermal expansion coefficient of
triaxially stressedmudstone did not increase with the
temperature rising at 50°C to 400°C.

(2) ,e application of triaxial stresses has the impact of
both closing cracks and inhibiting grain expansion
and swelling of the rock. Mudstone subjected to high
triaxial stresses had a smaller linear thermal ex-
pansion coefficient than for low triaxial stresses.

(3) ,ermal expansion is also related to rock type. A
comparison with sandstone and limestone showed
that mudstone had the largest linear thermal expan-
sion coefficient (average 3.5×10−5·°C−1) and limestone
exhibited the smallest (1.43×10−5·°C−1), with sand-
stone having an intermediate value (1.84×10−5·°C−1).
Potential energy theory was used to explain the
thermal expansion of the different rock types.
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Table 2: Testing data for sandstone and limestone.

Sample σa (MPa) σc (MPa) Tmax (°C) D (m) H (mm) UCS (MPa) Porosity (%) Reference
Sandstone 6.4 0 800 20 50 56 4.4 [28]
Limestone 0 0 800 50 100 75 0.25 [39]
Sample 1# 5 6 400 50 100 43 2.1 ,is work
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Figure 7: Physical model of thermal expansion of a solid [40].
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[18] V. Gräf, M. Jamek, A. Rohatsch et al., “Effects of thermal-
heating cycle treatment on thermal expansion behavior of
different building stones,” International Journal of Rock
Mechanics and Mining Sciences, vol. 64, pp. 228–235, 2013.

[19] T. Tschegg and A. R. Mcbirney, “Properties of some common
igneous rocks and their melts at high temperatures,” Geo-
logical Society of America Bulletin, vol. 84, no. 11, pp. 3563–
3592, 1973.

[20] P. G. Meredith, K. S. Knight, S. A. Boon et al., “,e micro-
scopic origin of thermal cracking in rocks: an investigation by
simultaneous time-of-flight neutron diffraction and acoustic
emission monitoring,” Geophysical Research Letters, vol. 28,
no. 10, pp. 2105–2108, 2001.

[21] J. Wood, P. Meredith, and A. Gudmundsson, “Cooling-
dominated cracking in thermally stressed volcanic rocks,”
Geophysical Research Letters, vol. 43, no. 16, pp. 8417–8425,
2016.
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