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Abstract: High-temperature treatment significantly impacts the permeability of mudstone. The per-
meability of mudstone after exposure to high temperatures is closely influenced by the temperature
it experiences and the stress state it is subjected to. This study examines the change in macroscopic
physico-mechanical properties of mudstone with temperature following high-temperature treat-
ment. Additionally, we conducted experimental research on the gas and water seepage behavior of
mudstone specimens from the top of the coal seam of Taiyuan Group–Shanxi Group in the Ordos
Basin. The coal-rock mechanics-permeability test system TAWD-2000 was employed for this purpose.
Subsequently, we analyzed the evolution of mudstone permeability after high-temperature treatment
with consideration to temperature, axial pressure, and other influencing factors. The findings reveal
that gas permeability of mudstone gradually increases with increasing temperature, while water
permeability initially decreases and subsequently increases. Furthermore, both gas and water perme-
ability of mudstone exhibit a trend of decreasing and then increasing with rising stress levels after
undergoing the same high-temperature treatment. We constructed a quadratic mathematical model
with a goodness of fit of 99.4% and 89.2% to describe the relationship between temperature–stress
coupling and mudstone gas and water permeability. This model underscores the significance of
temperature–stress coupling on mudstone permeability and provides valuable guidance for numeri-
cally calculating the gas–water transport law of peripheral rock in the underground coal gasification
process and its practical application in engineering.

Keywords: mudstone caprock; permeation rate; underground coal gasification; fluid–solid-heat
coupling

1. Introduction

Underground coal gasification technology is a comprehensive and environmentally
friendly method for utilizing coal resources. It involves the in situ conversion of under-
ground coal into combustible gas through thermochemical reactions. During the process
of underground coal gasification, a key scientific concern revolves around the evolution
of permeability in the surrounding rock under conditions of high temperature and stress.
This is crucial for preventing gas leaks or spills to the surface. The study of mudstone
permeability characteristics under high-temperature overburden conditions holds great
significance in ensuring the stability and safety of underground coal gasification operations.

With the rapid advancement of human exploration in the deep earth, particularly
in the area of underground coal gasification, there has been significant interest in under-
standing the evolution of permeability characteristics of rocks following high-temperature
treatment [1–4]. Saik et al. [5] established a heat transfer model for underground coal
gasification based on the Newton Raphson method. This model will reveal the relationship
between thermal conductivity, specific heat capacity, and the calorific value of bulk density
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meters. A method has been developed to determine the placement length of the phase
transition boundary of a “generator gas—coal” heterogeneous system and its relationship
between the time and temperature of gasification process. This makes it possible to predict
in the future the change in the active zones of the underground gas generator along the
length of the gas column. Based on this, many scholars have conducted research on the
permeability of high-temperature rocks, the permeability of rock is primarily determined by
its internal structure, stress state, temperature, and other factors [6,7]. Numerous scholars,
both domestically and internationally, have conducted a series of experimental studies
and explorations on the permeability characteristics of rocks following high-temperature
treatment. Liang et al. [8] investigated the influence of temperature on rock permeability
from both theoretical and experimental perspectives. They concluded that there is a positive
exponential relationship between rock permeability and temperature after reaching high
temperatures (B.L.). Avanthi Isaka et al. [9] utilized CT scanning technology to reconstruct
a granite model and conducted a comprehensive investigation into the microstructure
changes of granite after exposure to high temperatures. Chen et al. [10] used the electron
microscope scanning technique to study the internal fissure development law of granite
after high temperature, and proposed that 573 ◦C (quartz phase transition) is the inflection
point of the qualitative change in the number of fissures in granite, and at the same time pro-
cessing the specimen’s temperature of the increase in the time of the peak stress is gradually
reduced. S. Chaki et al. [11] investigated the microscopic characteristics of a rock mass after
exposure to high temperatures and found that thermal damage leads to changes in the inter-
nal microstructure. These changes, in turn, affect the permeability characteristics of the rock.
Jiang et al. [12,13] studied the permeability characteristics of rocks after high temperatures
and developed a mathematical model to describe the relationship between permeability
and porosity. The aforementioned scholars individually investigated the evolution of the
internal structure and fracture of rock after exposure to high temperatures. They examined
various factors such as permeability, microstructure using CT and electron microscope
scanning, and porosity. Ali LAKIROUHANI et al. [14] investigated the microstructural
characteristics and physico-mechanical properties of dolomite at different grain size scales,
and demonstrated that there is a strong correlation between microscopic grain size scales
and macroscopic physico-mechanical properties. Zhang et al. [12] conducted a study on
the pore structure of shale under thermal coupling. They also examined the relationship
between permeability and pore pressure and effective stress, and analyzed the conditions
under which gas slip affects permeability. Gao et al. [15] studied the effect of temperature
and circumferential pressure on the permeability of granite after high temperature, and the
results showed that the permeability of granite is mainly affected by temperature and pres-
sure; Hu et al. [16,17] investigated the permeability evolution law of post-high-temperature
rocks under different stress conditions based on different engineering backgrounds.

Although there have been numerous studies on the gas permeability characteristics
of rocks after exposure to high temperatures and their influential mechanisms, limited
research has been conducted on the permeability of liquids in rocks under similar con-
ditions, particularly in high-temperature mudstone [18–24]. Samples of mudstone were
collected from the coal bed roof’s aquifer layer in the Taiyuan-Shanxi Formation of the
Ordos Basin. These samples underwent high-temperature pretreatment as part of the
Underground Coal Gasification (UCG) engineering project, and the resulting changes
in mudstone micromorphology were analyzed in response to thermal effects. Building
upon this foundation, this study comprehensively analyzes the permeability characteristics
of mudstone after exposure to high temperatures and examines the correlation between
mudstone permeability, temperature, and stress. The research enriches and advances the
field of high-temperature rock mechanics, providing a fundamental basis for numerical
simulations and UCG engineering practices.
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2. Overview of the Test
2.1. Preparation of Rock Samples and Specimens

The mudstone samples utilized in this test were obtained from the upper water sep-
arator of the coal beds in the Taiyuan Group-Shanxi Group formation within the Ordos
Basin. X-ray diffraction (XRD) analysis revealed that the primary mineral compositions
included 47.6% quartz, 15.8% potassium feldspar, 11.7% plagioclase feldspar, and 24.9%
clay minerals. The density of the mudstone samples was determined to be 2125 kg/m3. Fol-
lowing internationally recognized rock mechanics standards, the specimens were prepared
as standard cylindrical samples with dimensions of Φ50 mm × 100 mm. Core drilling rigs,
rock cutters, and end cutters, as depicted in Figure 1, were employed in the preparation
process. Subsequently, the specimens were divided into five groups, with each group
containing three specimens. One group served as the control group at ambient temperature,
without undergoing any treatment.

Figure 1. Processed rock sample.

2.2. Test Equipment and Principle

The mass of the specimen was determined using an electronic scale with an accuracy
of 0.01 g. Additionally, the height and diameter were measured using vernier calipers
with an accuracy of 0.02 mm. The heat treatment was conducted in an MXQ1700 type
programmable temperature-controlled heating chamber atmosphere furnace. This furnace
has a temperature control accuracy of±1 ◦C and can reach a maximum heating temperature
of 1700 ◦C. Permeability measurements were performed using the Smart perm III flow meter.
These tests were carried out at the Coal Rock Mechanics-Seepage Test System (TAWD-2000)
located at China University of Mining and Technology (CUMT). Nitrogen and water served
as the working mediums. The maximum working pressures for the enclosure and injection
were both 70 MPa, whereas the maximum working pressure for axial pressure was 800 MPa.
The pressure fluctuation remained within 0.5% over a 48 h period. The permeability of the
coal rock was measured using the test machine. The mudstone permeability measurement
test is depicted in Figure 2. The equations for calculating permeability for gas and water
seepage are as follows, respectively:

KG =
2P0QGµGL
A(P2

1 − P2
2 )

(1)

KW =
QWµW L

A(P′1 − P′2)
(2)

where: KG, KW for mudstone gas, water permeability, mDarcy; QG for the standard gas
transient flow rate, SmL/s; QW for the water flow rate, SmL/s; µG for the gas kinetic
viscosity, MPa·s; µW for the viscosity of water, MPa·s; L for the height of the specimen, cm;
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A for the specimen seepage cross-sectional area, cm2; P0 for the standard atmosphere, MPa;
P1 for the injection pressure, MPa, P2 for the outgoing pressure, MPa; P

′
1 for the injection

pressure, MPa, P
′
2 for the outgoing pressure, MPa.

Figure 2. Mudstone permeability measurement test.

2.3. Test Procedure

The control targets for the perimeter pressure of the test were set at 8 MPa, with air or
water pressure set at 2 MPa, and temperatures ranging from room temperature to 600 ◦C
(specifically, 200 ◦C and 400 ◦C were included). The mudstone’s axial pressure was initially
loaded to attain the target perimeter pressure value of 8 MPa. Once stabilized, it was
further increased to 10 MPa, and subsequently loaded with a gradient of 5 MPa. In practice,
slight deviations may occur in some targets due to the instability of gas and water flow, as
well as the hysteresis of temperature changes. For more detailed information, please refer
to the test results. The specific steps of the test are as follows:

(1) Heat treatment: The specimen was placed into the muffle furnace, and the mouth
was sealed with asbestos. The furnace door was closed, and the heating rate was
set at 10 ◦C/min. The specimens were heated sequentially at temperatures of 20 ◦C
(room temperature), 200 ◦C, 400 ◦C, and 600 ◦C. For each temperature gradient, three
specimens were selected, and a constant temperature time of two hours was set. After
the heating process is complete, and the muffle furnace has automatically cooled
down to 50 ◦C, the furnace can be opened to remove the specimen, as depicted in
Figure 3.

Figure 3. Mudstone specimen heating curve.

(2) Physical measurements are conducted on the heated specimen, which is sealed after
the measurements are taken. The sealed specimen is then positioned in a pressure
chamber, which is subsequently placed on the platform of the testing machine. The
pressure chamber is connected to both the circumferential pressure line and the gas
(or liquid) line.

(3) Commence the testing machine and set the axial loading rate to 0.02 mm/s, with
a target value of 8 MPa. Once the axial pressure reaches the target value, open the
pressure loading device and adjust the pressure to 8 MPa.

(4) Gas permeation test: Open the gas cylinder and regulate the gas injection pressure to
a constant 2 MPa using the regulator. Then, open the gas relief valve located at the
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outlet of the pressure chamber. After the meter has stabilized, note the transient flow
rate value. This value will be used to calculate the gas permeability of the mudstone
specimen under this load.

Water Penetration Test: Use the gas cylinder to release gas into the water storage tank
at a constant pressure of 2 MPa. Open the valve at the outlet of the water storage tank
and wait for water to be discharged from the outlet of the pressure chamber. Then, use
a stopwatch to measure the mass of water discharged from the pressure chamber every
30 min. These data will be utilized to calculate the permeability of the specimen under
this load.

(5) Apply an initial axial pressure of 10 MPa. Gradually increase the axial pressure to the
next target value using a loading gradient of 5 MPa. Repeat step (4) until the specimen
is destroyed (Table 1).

Table 1. Physical parameters of rock samples.

Rock Temperature Number Calibre/mm Heights/mm
Mass/g

Porosity/%
Before Heating After Heating

Ordinary
temperatures

NG1-1 49.78 99.97 537.3 537.3 2.58
NG1-2 49.64 100.17 529.7 529.7 2.58
NG1-3 49.86 99.95 537.2 537.2 3.30

200 ◦C
NG2-1 49.73 99.82 529.4 519.8 4.39
NG2-2 49.79 100.16 530.3 520.4 4.34
NG2-3 50.19 99.83 536.1 523 4.34

400 ◦C
NG3-1 50.03 99.96 531.7 502.8 6.31
NG3-2 49.75 100.12 529.5 500.6 6.52
NG3-3 49.79 99.99 532.8 507.8 6.88

600 ◦C
NG4-1 49.72 100.30 532.9 495.2 7.24
NG4-2 49.93 100.18 531.3 493.5 7.45
NG4-3 50.24 99.70 529.7 491.3 7.81

3. Analysis of the Variation Rule of Mudstone Macroscopic Physical Properties
with Temperature
3.1. Macrophysical Characterization of Mudstone after High Temperature

The mudstone rock, when at room temperature, exhibits a consistent, muddy gray
color with no visible surface fissures. Figure 4 depicts the appearance and morphology of
the mudstone after being subjected to high temperatures. Furthermore, Figure 5 showcases
the temperature-dependent change curve of the mudstone’s physical properties, such as
the mass loss rate, elongation, and thermal expansion coefficient. These properties were
determined through experimental testing.

As depicted in Figure 5, when exposed to temperatures within the range of 600 ◦C,
the specimen undergoes uniform expansion due to heat. Moreover, the mudstone exhibits
a mass loss rate and elongation rate that are approximately proportional to the tempera-
ture. Within this temperature range, the mineral particles within the mudstone display
varying coefficients of thermal expansion based on the thermal expansion coefficient and
temperature relationship curve. Consequently, the deformation of the mineral particles is
not synchronized after heating. When the thermal stresses between the mineral particles
exceed the adhesion, numerous microcracks form within the mudstone, resulting in an
increase in specimen elongation. Throughout the heating process, the water associated
with the mudstone specimen, including zeolite water, crystallization water, and structural
water, are successively released. This leads to a decline in the quality of the specimen.
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Figure 4. Appearance and morphology of mudstone after high temperature.

Figure 5. Curve of physical properties of mudstone versus temperature after high temperature.

3.2. Analysis of Microstructural Changes in Mudstone after High Temperature

SEM was used to observe and analyze the internal fine structure of the mudstone after
high temperature, as shown in Figure 6, with a magnification of 100–6000 times. Under the
action of room temperature, mudstone is dense, there are microporous, irregular shape,
microporous size distribution is not uniform, mudstone mineral particles have blocky,
flaky, particles rounding degree is good, some particles are even completely rounded to be
rounded. The minerals that make up a rock can be predominantly in face-to-face contact,
with tiny detrital mineral particles filling in between the larger particles and acting as
cementation. The mudstone at 200 ◦C has a compact structure, with undeveloped pores
and cracks, and it is difficult to find larger pores in the test, with good contact between
mineral particles. Air holes of different depths and sizes were found on the surface of the
mineral particles, which were generally round, partly elliptical or oblate. At 400 ◦C, under
the mudstone surface rock debris began to increase pore size, there are traces of ablation
scores (filler between the mineral particles to reduce), the structure is tight, pore cracks
are not developed, it is difficult to find a large pore in the test, and the mineral particles
between the contact are good. At 600 ◦C, obvious cracks appeared on the surface of the
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sample, the pores further increased, the ablation traces became more obvious, the number
of rock debris decreased, the inter-mineral filler was basically ablated, and the mineral
particles were bare, and the surface of the sample was in the form of grooves in the high
magnification image. More spore-like structures can be found on the mineral surface under
high magnification images.

Figure 6. Electron microscope scans of different high-temperature mudstones after natural cooling.

4. Evolutionary Pattern of Mudstone Permeability after High Temperature
4.1. Evolutionary Pattern of Gas Permeability in Mudstone after High Temperature
4.1.1. Changing Law of Gas Permeability of Mudstone under the Condition of
Temperature Change

Under initial stress conditions, with an axial pressure and peripheral pressure set at
8 MPa, Figure 7 illustrates the gas permeability evolution of mudstone with temperature.
When the temperature increases from ambient to 200 ◦C, the mudstone’s gas permeability
rises from 0.089 mDarcy to 0.134 mDarcy, representing a 50.6% increase. Subsequently,
as the temperature continues to rise beyond 200 ◦C, the gas permeability of the mud-
stone increases rapidly. At temperatures of 400 ◦C and 600 ◦C, the gas permeability of
the mudstone reaches 0.166 mDarcy and 0.191 mDarcy, respectively. Compared to the
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mudstone in its ambient state, these increases amount to 86.5% and 114.6%, respectively.
Upon analyzing the reasons for the permeability evolution with temperature, it is observed
that the permeability gradually increases between 20–200 ◦C. This is attributed to the loss
of water within the mudstone, resulting in an increase in pore volume. At temperatures
ranging from 200–600 ◦C, the elevated temperature induces continuous thermal damage
within the mudstone, leading to crack formation and further augmentation of permeability.

Figure 7. Variation curves of mudstone gas permeability with temperature.

4.1.2. Changing Law of Mudstone Gas Permeability under Stress Change Condition

Keeping the circumferential pressure constant at 8 MPa, the axial pressure was grad-
ually increased from 8 MPa under axial loading conditions, as shown in Figure 8. The
strength of mudstone is less than 35 MPa after heat treatment at 200 ◦C and less than 30 MPa
after heat treatment at 400–600 ◦C. Prior to specimen destruction, the gas permeability
of the specimen remained essentially constant or slightly increased as the axial pressure
increased across the temperature gradient. For example, the permeability of mudstone
specimens heat-treated at 200 ◦C under axial pressures of 10 MPa, 20 MPa, and 30 MPa was
0.140 mDarcy, 0.134 mDarcy, and 0.242 mDarcy, respectively. The permeability of mudstone
specimens heat-treated at 400 ◦C under axial pressures of 10 MPa, 20 MPa, and 25 MPa was
0.166 mDarcy, 0.159 mDarcy, and 0.236 mDarcy, respectively. The permeability of mudstone
specimens heat-treated at 600 ◦C under axial pressures of 10 MPa, 20 MPa, and 25 MPa was
0.185 mDarcy, 0.185 mDarcy, and 0.306 mDarcy, respectively. The gas permeability of the
mudstone remained essentially unchanged across the temperature gradient prior to the
destruction of the specimens. The analysis suggests that the pores in the mudstone become
compacted after undergoing heat treatment at various temperatures while under initial
stress conditions. And when the rock is undergoing rapid damage due to the development
of fissures, it can lead to a significant increase in permeability.

4.2. Evolution of Water Permeability in Mudstone after High Temperature
4.2.1. Changing Law of Water Permeability of Mudstone under the Condition of
Temperature Change

Under the initial stress conditions (with an axial pressure of 8 MPa and peripheral
pressure of 8 MPa), Figure 9 demonstrates the water permeability evolution pattern of the
mudstone with temperature. When the temperature was increased from ambient to 200 ◦C,
the water permeability of the mudstone decreased from 0.0182 mDarcy to 0.0140 mDarcy,
indicating a 23.1% decrease. Subsequently, as the temperature continued to rise above
200 ◦C, the water permeability of the mudstone increased rapidly. At temperatures of
400 ◦C and 600 ◦C, the water permeability of the mudstone reached 0.0437 mDarcy and
0.0739 mDarcy, respectively. These values represent reductions of 140.1% and 306.0%
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compared to the water permeability of the mudstone at room temperature. Analyzing
the reasons for the permeability evolution with temperature, the following trends can
be observed: temperatures ranging from 20–200 ◦C result in the thermal expansion of
the mudstone, which leads to the compaction of larger pores and a consequent decrease
in water permeability. On the other hand, temperatures between 200–600 ◦C cause the
thermal degradation of the rock, leading to the formation of cracks and a rapid increase in
water permeability.

Figure 8. Variation curve of permeability of mudstone gas with axial pressure at different temperatures.

Figure 9. Variation curves of mudstone water permeability with temperature.

4.2.2. Changing Law of Mudstone Water Permeability under Stress Change Condition

Keeping the circumferential pressure constant at 8 MPa, the axial pressure was grad-
ually increased from 8 MPa under axial loading conditions, as shown in Figure 10. The
strength of mudstone is less than 30 MPa after heat treatment at 200 ◦C and less than
25 MPa after heat treatment at 400–600 ◦C. Revised 2: The permeability of the mudstone
specimens, which were heat-treated at 200 ◦C, at axial pressures of 10 MPa, 20 MPa, and
25 MPa, were 0.0137 mDarcy, 0.0286 mDarcy, and 0.0580 mDarcy, respectively. Similarly,
the permeability of the mudstone specimens, heat-treated at 400 ◦C, at axial pressures of
10 MPa, 15 MPa, and 20 MPa, were 0.0393 mDarcy, 0.0543 mDarcy, and 0.1170 mDarcy,
respectively. Finally, the permeability of the mudstone specimens, heat-treated at 600 ◦C,
at axial pressures of 10 MPa, 15 MPa, and 20 MPa, were 0.0659 mDarcy, 0.0749 mDarcy,
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and 0.1720 mDarcy, respectively. Reason 2: The original text lacked clarity and readability
due to the repetitive structure and lack of proper sentence structure. The revised version
separates the information into clear and concise sentences, making it easier to understand
the different heat treatment conditions and their corresponding permeability values. With
the increase in axial pressure, similar to the change in mudstone gas permeability, the water
permeability of the specimen at each temperature gradient remains basically unchanged or
slightly increases before the specimen is destroyed. This is because there is a lack of large
penetrating fissures. However, when the rock is rapidly destroyed, the permeability of the
rock drastically increases due to the creation of large penetrating fissures.

Figure 10. Variation curves of mudstone water permeability with axial pressure at different temperatures.

4.3. Mathematical Modeling of the Relationship between Temperature–Stress and
Mudstone Permeability
Gas Permeability–Temperature–Stress Model

According to the results of this test, the aim was to analyze the relationship between
the permeability of mudstone to gas and water and the changes in temperature and stress.
Various mathematical models were used to fit the test data, and the comparison showed
that higher degree binary polynomials provided a better fit. The equation fitted for the
permeability of mudstone to gas and water as a function of temperature and stress is

KG = 8.792× 10−2 − 5.039× 10−4x + 2.925× 10−4y + 2.236× 10−7xy− 2.035× 10−7y2 (3)

KW = 1.354× 10−1 − 1.932× 10−2x− 1.206× 10−4y + 6.799× 10−4x2

+1.304× 10−5xy + 1.548× 10−7y2 (4)

where x is the axial pressure, MPa; y is the temperature, ◦C.
The graphs in Figures 11 and 12, respectively, show the relationship between the per-

meability of mudstone to gas and water and the variations in temperature and stress during
the testing of rock samples. From the mathematical models of two types of mudstone, the
relationship between gas and water permeability and axial pressure and temperature under
changing temperature–stress conditions can be observed. It is evident that this relationship
follows a quadratic function, and the data show a high degree of fit, with R2 values of 99.4%
and 89.2% for gas and water permeability, respectively. The degree of thermal damage to
the specimen after high-temperature treatment is closely related to the temperature and
stress. The higher the temperature and the greater the stress experienced by the mudstone
specimen, the more severe the damage and destruction of the internal structure. This
leads to the development of more pores and fissures, resulting in a significant change in
permeability. The function fitting results can effectively predict the change of permeability
due to temperature–stress during underground coal mining. At the same time, combined
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with the results of Saik’s [5] study, it can be determined that the relationship between
temperature and time in the process of coal underground gasification project, based on
which the results of this paper can be linked with the coal underground gasification project,
in order to provide the necessary data support for subsequent numerical calculations on
the law of gas transport in the peripheral rock of the underground gasification cavity of the
coal and the analysis of the stability of the gas transport law.

Figure 11. Fitted surfaces for gas permeability of mudstone under temperature–stress coupling.

Figure 12. Fitted surfaces for water permeability of mudstone under temperature–stress coupling.

5. Conclusions and Recommendations

Temperature significantly influences the thermophysical properties of mudstone. The
rate of mudstone mass loss and elongation generally correlates with temperature. Moreover,
the coefficient of thermal expansion of mudstone specimens initially increases and then
decreases as temperature rises. Concurrently, temperature also impacts the microstructure
of mudstone. When the temperature reaches 400 ◦C, the mudstone’s surface begins to
accumulate rock debris, subsequently resulting in an increase in pores and signs of ablation.



Processes 2023, 11, 2828 12 of 13

At a temperature of 600 ◦C, the mudstone develops more fissures and pores, and the signs
of ablation become more pronounced.

Under initial stress conditions, the permeability of gas in mudstone increases with
temperature, albeit at a decreasing rate. However, the permeability of water in mudstone
initially decreases and then increases with temperature. Specifically, the water permeability
decreases up to 200 ◦C, but subsequently exhibits a significant increase from 200 ◦C to
600 ◦C. Additionally, at a given temperature, the permeability of gas in mudstone tends to
decrease initially and then increase with increasing stress.

Quadratic mathematical models were constructed to analyze the changes in gas per-
meability and water permeability in mudstone under temperature–stress coupling. The
models achieved a fit of 99.4% for gas permeability and 89.2% for water permeability. The
changes in permeability caused by variations in temperature and stress can be predicted
using the fitting function. This function provides the necessary data support for subsequent
numerical calculations of the gas–water transport law in the surrounding rock of coal
underground gasification cavities, as well as for practical engineering applications.

The high temperatures generated by coal combustion, pyrolysis, and gasification
affect the permeability of the overburden rock. The evolution of mudstone permeability
establishes a foundational dataset for permeable gasification technology, which is crucial
for successful industrial trials.
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