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In order to prevent leakage of pyrolysed oil and gas and the release of contaminants from the top and 
bottom strata, it is essential to carry out a comprehensive study of the seepage behaviour of these 
strata under high temperature triaxial stress conditions. The findings of this study will contribute to 
the development of effective strategies for the containment and integrity monitoring of subsurface 
reservoirs and storage environments. Mudstone, serving as both the upper and lower strata, offers an 
effective barrier due to its inherently low permeability. In order to explore the change rule of mudstone 
sealing performance under high temperature triaxial stress, an air-heated low permeability rock mass 
air permeability measurement system is used to measure the ground stress buried 500 m deep and 
the temperature variation characteristics of mudstone permeability on the roof and floor of Jimsar 
oil shale in Xinjiang under 100 °C. It was found that the permeability of stressed mudstone decreased 
with the temperature rising up to 100 °C. The primary factor influencing the outcome was the thermal 
expansion of the mudstone. The magnitude of the drop value was contingent upon the triaxial stresses 
that could potentially be induced by the application of significant tensile forces, resulting in a relatively 
minor drop value. The average hydraulic radius of pore in the mudstone was also calculated, which also 
exhibited continuous reduction as heating up to 100 °C and the degree of reduction could reach 68%. 
The capacity, that prevent oil & gas and contaminant from moving cross strata as a barrier, would be 
strengthened when the mudstone strata from roof and floor experienced the temperature low than 
100 °C. The barrier performance of mudstone as a pollutant migration barrier layer to gas pollutant 
migration during in-situ heat injection mining of oil shale was further evaluated.
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Mudstone typically forms the upper and lower layers in sedimentary deposits, and it is characterized by its low 
permeability. In projects such as geological deep burial disposal of nuclear waste, geo-logical storage of CO2, high 
temperature to reduce viscous oil extraction, and underground gasification/pyrolysis mining of coal, mudstone 
can be used as a containment layer to stop the migration of nuclides, oil and gas leakage, and contaminants1–3. 
The permeability of mudstone stands as a critical parameter for governing fluid transport within these projects. 
It serves as a pivotal indicator of the long-term safety and stability of such endeavors.

Studies have shown that the permeability of mudstone at room temperature is affected by triaxial stress 
and pore pressure, that is, it decreases with the increase of effective stress4–9. Temperature also has a significant 
effect on the permeability of rocks. Related studies can be categorized into two primary aspects: Firstly, rock 
specimens are subjected to heating at various temperatures, followed by cooling to room temperature, after 
which permeability measurements are conducted. This type of permeability measurement is referred to as post-
high-temperature permeability. Secondly, permeability measurements are carried out on rock specimens while 
they are exposed to high temperatures and maintained under a triaxial stress state. This type of permeability 
measurement is referred to as real-time high-temperature permeability. Rock permeability is of great importance 
to the development of geological resources and energy and geological environmental protection. For example, 
in high temperature viscosity reduction oil development, coal underground gasification/pyrolysis, geothermal 
resources development and other projects, the thermal rupture caused by high temperature can improve coal 
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rock permeability, which is beneficial to improve the recovery rate of oil and gas and geothermal resources. In 
terms of deep geological disposal of nuclear waste, deep geological storage of CO2, construction of gas storage 
and sealing of cap rock in high temperature resource exploitation projects, the increase of permeability induced 
by thermal fracture of rock will cause risks such as radionuclide and oil and gas leakage. The utilization of 
permeability assessment is essential for evaluating the long-term safety of these projects.

Considerable research has been dedicated to the permeability of rocks following exposure to high 
temperatures. Zhang et al.10 concluded that the permeability increased by three orders of magnitude by heating 
granite to 900 °C and then cooling it in water. Jin et al.11 measured the permeability of granite after heating 
to 800 °C and then cooling it naturally and found that the permeability continued to increase with increasing 
heating temperature. He et al.12 concluded by measuring the permeability of granite after high temperature 
that that permeability is exponentially related to temperature. Chen et al.13 investigated the characteristics of 
permeability changes of granite in Beishan after high temperature and also obtained that permeability increases 
exponentially with temperature. The permeability change of sandstone after high temperature is similar to that 
of granite, which increases exponentially with temperatures14.

Due to technical limitations of high-temperature and high-pressure percolation test equipment, not many 
real-time permeability measurements under high-temperature tri-axial stress have been carried out. Summer et 
al.15 measured the permeability change of Westerly granite under triaxial stress and high temperature at 400 °C 
and concluded that the permeability at 400 °C is 1–2 orders of magnitude higher than that at room temperature. 
Darot et al.16 also measured the permeability of granite under high-temperature triaxial stress permeability 
and found that permeability decreased with increasing temperature from room temperature to 125  °C and 
increased with increasing temperature above 125 °C. Feng et al. measured the variation of permeability of Lu 
ash granite up to 500 °C using a self-developed large-size high-temperature and high-pressure rock mechanics 
test system and found low values of permeability below 300 °C despite varying trends of elevation and elevation, 
and above 300 °C, the permeability appeared to increase more than 10 times, and 300 °C was considered as the 
critical temperature for the sudden change of granite permeability17. Sun et al.18 studied the effects of coupled 
temperature and pressure changes on the porosity, permeability and rock mechanical characteristics of deep 
shale, and found that high temperature has a significant influence on the sensitivity of porosity and permeability 
stress compared with the experiment of normal temperature and high confining pressure. Lv19 found that when 
the temperature is high and the confining pressure is large, the shear effect has a certain effect on the increase of 
permeability. When the confining pressure is large, the heat transfer coefficient of shear fracture is more sensitive 
to the confining pressure. Li et al.20 found that the high pressure pulse permeability is closer to the actual rock 
permeability under high temperature and high pressure formation environment than other permeability. 
Liu et al.21 studied the effects of surfactant mass fraction, displacement rate, injection amount, boring time, 
permeability and fracture on dynamic imbibition effect. It is found that permeability, fracture and dynamic 
imbibition efficiency are positively correlated. Large-scale volumetric fracturing and acidizing are important 
factors to improve dynamic imbibition efficiency. Zhao22,23 found that the hydrostatic stress has an obvious 
inhibitory effect on the permeability and thermal deformation of granite, and the greater the hydrostatic stress, 
the more obvious the inhibitory effect. Under triaxial hydrostatic pressure, there is a linear relationship between 
injection pressure and injection flow in granite fracture, and the equivalent opening and permeability of fracture 
decrease exponentially with the increase of normal stress. Wu et al.24 adopted the pressure pulse method and took 
granite parent rock and backfill as the research object to study the effect of effective stress on the permeability of 
granite parent rock and backfill under two paths of changing confining pressure or pore pressure. Fazio et al.25 
conducted a simulation study on sandstone permeability at different depths and found that the complex changes 
among stress, pore pressure and temperature were the main reasons affecting permeabilityYin et al.26 believe that 
reservoir construction carried out in granite filling at the later stage of fracture will greatly reduce construction 
cost, increase reservoir water-rock heat exchange area and improve heat exchange efficiency, providing new 
technology and theoretical thinking for geothermal exploitation of deep dry hot rock. Compared with normal 
temperature water fracturing, Wu et al.27, low-rate steam injection failure is a slow ductile tensile failure process, 
and the fracture is asymmetrically expanded relative to the drilling hole, and its width is smaller than that of 
hydraulic fracturing. Payton et al.28 studied the relationship of pore permeability in geological materials by 
digital method, and found that grain sphericity was positively correlated with permeability. Li et al.29 studied the 
permeability water transport by using nuclear magnetic resonance method. It was found that the water phase 
mainly distributed in the macropore and mesoppore.

At present, the study of post-high temperature and real-time high temperature rock permeability mainly 
focuses on granite and sandstone. In projects like coal underground gasification/pyrolysis, oil sands/thick oil 
injection thermal mining, and oil shale in-situ injection thermal mining, where mudstone serves as both the 
upper and lower barriers, it plays a vital role in effectively impeding the inter-layer transport of oil, gas, and 
pollutants. This preventive measure ensures that these substances do not escape into the atmosphere, thereby 
averting potential environmental pollution issues. Therefore, the study of permeability of mudstone under high 
temperature triaxial stress is very important. However, very little research has been conducted in this area. In 
this paper, the self-built air-heated low-permeability rock mass gas permeability measurement system was used 
to study the evolution of permeability with temperature in the mudstone of the top and bottom plates of Jimsar 
oil shale in Xinjiang within 500 m buried depth and 100 °C. It provides a basis for the feasibility evaluation of 
mudstone as an oil-gas and pollutant barrier layer in the in-situ heat injection mining of oil shale.

Test methods and procedures
Test methods and procedures
The mudstone specimens were collected from the bottom slab of an oil shale open pit in Jimsar, Xinjiang, and 
preserved in the field by sealing wax and oxygen isolation. The specimens were processed into cylindrical 
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specimens with a diameter of 50 mm by a sand line cutting machine in the laboratory, and a total of four pieces, 
all of which were vertically laminated specimens. The rock samples used in the test are shown in Fig. 1.

Due to the extremely low permeability of the mudstone, the specimen length was averaged to 20 mm in order 
to shorten the seepage measurement time. The specimens were gray in their natural state with no cracks visible 
to the naked eye, and the mineral composition is shown in Table 1.

Test equipment
The very low permeability measuring instrument was designed based on the pressure pulse decay method of 
Brace (1968)30 and the published algorithm of SPE (1997)31. Mudstones are categorized as highly impermeable 
rock formations, and as a result, the pressure pulse method is employed for assessing their permeability.

Fig. 1.  Mudstone specimen.
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The pressure pulse method for measuring permeability is calculated by Eq. (1).

	
k = µαβLV1V2

A(V1 + V2) � (1)

Where, k is the specimen permeability, m2; µ is the seepage medium dynamic viscosity, Pa s; β is the pore fluid 
compressibility coefficient, Pa− 1; A is the specimen cross-sectional area, m2; L is the specimen length, m; V1 
is the upstream volume, m3; V2 is the downstream volume, m3; α is the pressure decay coefficient, which is 
obtained from Eq. (2) by actual measurement.

	
ln

(
p1(t) − p2(t)

p1 − p2

)
= −αt� (2)

Where P1(t) is the upstream chamber pressure at any moment, Pa; P2(t) is the down-stream chamber pressure at 
any moment, Pa; P1 is the initial upstream chamber pressure, Pa; P2 is the initial downstream chamber pressure, 
Pa; t is the pressure decay time, s.

Figure 2 shows the structure of the test equipment for measuring the permeability of very low permeability 
rocks by the pressure pulse method, and the whole test system is placed in a constant temperature chamber. 
During the experiment, after loading the specimen into the rubber sleeve, in order to prevent the rubber sleeve 
from being sheared by the circumferential pressure, the axial pressure is loaded first, and then the circumferential 
pressure is loaded, both of which are loaded by liquid pressure transfer, and the high temperature resistant rubber 
sleeve is used to isolate the pore pressure from the circumferential pressure, and the heating method is thermostat 
air bath heating, and the temperature data of the specimen are measured and collected by thermocouples. Its 
pressure sensor model is PT124B-210 4-20MA, its reaction speed can reach 0.1s, accuracy can reach 0.01 kPa. 
The electric thermostat is YD-II, and the temperature range is 5 °C~200 °C.

Test procedure
The buried depth of oil shale in Jimsar, Xinjiang is less than 200 m. According to the average formation rock 
density of 2.5t / m3, the axial pressure is set to 5 MPa in the test. Considering 1.2 times of the lateral pressure 
coefficient, the confining pressure is set to 6 MPa. The specific steps are as follows:

(1) After the specimens are prepared, measure the diameter and length of multiple groups, load the specimens 
into the test equipment shown in Fig. 1 according to the operation procedures, and connect the relevant pipelines.

(2) The specimens were loaded with an axial pressure of 5 MPa and a circumferential pressure of 6 MPa. The 
pressure was maintained and the permeability at different pore pressures was measured at room temperature 
with helium as the pore medium.

(3) Keep the axial pressure and the surrounding pressure constant, unload the pore pressure, and evacuate. 
The specimens were warmed up to 40 °C according to the heating rate of 7 °C/h and held for 4 h. Then keep the 
axial pressure, surrounding pressure and temperature constant, evacuate again, and measure the permeability at 
different pore pressures (2 MPa, 3 MPa, 4 MPa, 5 MPa).

(4) Following step (3), the permeability measurement at this target temperature was carried out by heating 
to the next target temperature at a heating rate of 7 °C/h. The target temperatures were 40 °C, 60 °C, 80 °C, and 
100 °C, respectively.

Fig. 2.  This is a figure. Schemes follow the same formatting. (1. Circumferential pressure; 2. Specimen; 3. Axial 
pressure; 4. Pore pressure)

 

Quartz Plagioclase Siderite

Clay minerals

Ima/ mono layer Illite Kaolinite Turquoise

57% 10% 4% 23.78% 2.61% 2.32% 0.29%

Table 1.  Mineral composition of mudstone.
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In order to compare the effect of different ground stress conditions on permeability, a permeability 
measurement test was also conducted under ground stress conditions at 500  m burial depth, with the axial 
pressure set at 12.5 MPa and the surrounding pressure at 15 MPa. The target temperature was set as above and 
the measurement procedure was the same.

Test results and analysis
The permeability of a rock is a characterization of the ability of the rock to allow the passage of fluids and is an 
essential property of the rock, the magnitude of which is independent of the nature and type of fluid medium used 
for the measurement. However, extensive tests have found that for dense rocks, the permeability measured using 
a gas medium is significantly different from that measured using a liquid medium. The lower the permeability 
of the rock, the greater this discrepancy is due to the presence of the slip effect during gas measurements. The 
physical essence of the slip effect, also known as the Klinkenberg effect, is that when the average free range 
of the gas molecules is comparable to the pore size in the rock, the velocity of the gas movement on the pore 
wall is no longer zero, and therefore a slip flow is added to the measured gas flow rate, resulting in a higher gas 
measured permeability than the absolute permeability of the rock. In 19kg = bk 1

Pg
+ k41, Klinken-berg L.J 

gave a correction for equation for the gas-measured permeability, namely:

	
kg = k

(
1 + b

Pg

)
� (3)

Where: kg is the gas measured permeability, m2; k is the absolute permeability, m2; Pg is the average gas pressure, 
MPa; b is the Klinkenberg coefficient, which depends on temperature, gas type and pore structure and can be 
determined from Eq. (4)

	
b = 4c

r
λPg � (4)

Where: c is the scaling factor with a value of about 1; r is the average hydraulic radius of the pore, m; λ is the 
average free range of the gas molecules, m, which is calculated as follows:

	
λ = kBT√

2πd2P
� (5)

Where: kB is Boltzman constant, 1.380649 × 10− 23 J/K; T is temperature, K; d is molecular dynamics diameter of 
gas, 0.258 × 10− 9m for helium; P is gas pressure, MPa.

Rearranging Eq. (1), we can obtain Eq. (6) that:

	
kg = bk

1
Pg

+ k� (6)

It can be seen that the gas-measured permeability is linearly related to the inverse of the average gas pressure, 
and when the gas pressure is infinite, the gas-measured permeability is equal to the absolute permeability. By 
fitting the gas-measured permeability and the mean gas pressure inverse data, the intercept of the fitted line is 
the absolute permeability, and the Klinkenberg coefficient can be derived, and then the average hydraulic radius 
of the pore can be derived.

As shown in Fig. 3, the gas-measured permeability of the mudstone is extremely low in the order of 10–20 m2 
under both 200 m and 500 m ground stress conditions, and shows a significant linear relationship with the 
mean gas pressure inverse, indicating that the mudstone has a significant slip effect. By fitting the data in Fig. 4, 
the absolute permeability k and the Klinkenberg coefficient b of the mudstone at different temperatures can be 
obtained.

From Eq. (1), the permeability measurement results are related to the dynamic viscosity and compression 
coefficient of the pore fluid. In this paper, He is used as the pore fluid, which is considered to have no adsorption 
with the mudstone. By substituting the dynamic viscosity and compression coefficient of different temperatures 
and pressures into Eq. (1), the permeability of the mudstone at different temperatures and pore pressures can be 
obtained, i.e., the results in Fig. 2. Then the absolute permeability of mudstone after considering Klinkenberg 
effect is obtained by fitting the data in Fig. 3 according to Eq. (6), and its evolution law with temperature is shown 
in Fig. 4.

It can be seen from Fig.  3 that the permeability of the mudstone at room temperature is extremely low, 
18.6 × 10− 21 m2, or 18.6nD, for 200 m burial depth ground stress conditions (i.e., σa = 5 MPa and σc = 6 MPa), 
which is generally lower than 10− 15 m2 as low permeability. With the increase of temperature, the increment is 
only 2.6nD, which is about 14%, although it increases slightly at 40 °C, which is not a significant increase. When 
the temperature increases further, the permeability continues to decrease to 1.75nD at 100 °C, which is only 9.4% 
of that at room temperature, a decrease of 1 order of magnitude. Com-pared with the 200 m burial depth ground 
stress condition, the permeability of mudstone under 500  m burial depth ground stress (i.e., σa = 12.5  MPa, 
σc = 15 MPa) condition is about 6.7 nD at room temperature, which is the result of the influence of triaxial 
pressure. The larger the triaxial pressure is, the larger the mudstone compression and deformation is, the 
mudstone pore closure and permeability decrease, which is also consistent with the general conclusion. Under 
the 500 m ground stress condition, the mudstone permeability shows a monotonic decrease with increasing 
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temperature to 2.3 nD at 100 °C, which is about 34% of that at room temperature. The reasons are as follows: 
with the increase of triaxial pressure, the cracks inside the specimen are closed, and the gas flow per unit time 
through the specimen is reduced, and its permeability is reduced. The specimen buried 500 m deep is affected 
by ground stress, and its internal fracture closure is greater than that of the specimen buried 200 m deep, so the 
permeability is also small.

The two curves in Fig. 4 are fitted to a straight line, and the slope indicates the value of permeability reduction 
per unit of temperature increase. the slopes for 200 m and 500 m burial depth conditions are − 2.20 nD/10 °C 
and − 0.52 nD/10 °C, respectively, and the negative sign indicates the decrease of permeability with increasing 
temperature. The significant difference between the two is mainly affected by the ground stress, and from the 
results, the higher the ground stress, the smaller the absolute value of the slope, and the mechanism is the same 
as above.

The permeability of mudstone is influenced by temperature in two contrasting ways: On one hand, at lower 
temperatures, thermal cracking in mudstone tends to be relatively weak, resulting in an increase in permeability. 
On the other hand, as temperatures rise, mudstone undergoes continuous thermal expansion deformation. 

Fig. 4.  Curve of absolute permeability of mudstone with temperature.

 

Fig. 3.  Relationship between gas-measured permeability and the inverse of gas-averaged pressure.
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Under the influence of triaxial stress, microcracks and existing pores within the mudstone tend to close, leading 
to a reduction in permeability. In the low-temperature stage, the effect of permeability reduction induced by 
pore-fracture closure is significantly higher than that of permeability increase induced by thermal rupture; 
therefore, the mudstone integrally exhibits a permeability reduction.

Based on Eqs. (4) and (5), Eq. (7) is obtained as:

	
b = 4ckBT√

2πd2
·1
r

� (7)

Bringing in each known parameter in Eq. (7), the average hydraulic radius of the mudstone pore space at different 
temperatures can be obtained, as shown in Fig. 5.

As seen in Fig. 5, the pore hydraulic radius shows an overall decrease with in-creasing temperature, which 
is consistent with the trend of permeability change. The pore hydraulic radius of mudstone pore at room 
temperature was 72 nm (200 m burial depth ground stress condition specimen) and 74 nm (500 m burial depth 
ground stress condition specimen), which decreased to 57.5 nm and 23.7 nm at 100 ℃, with a decrease of about 
20% and 68%, respectively. The pore hydraulic radius represents the average pore radius, which shows that the 
average pore size of mudstone decreases overall with increasing temperature, and the greater the triaxial stress, 
the greater the decrease, which is the essence of the decrease of mudstone permeability.

Evaluation of the effect of mudstone on the migration barrier of oil shale pyrolysis 
products
The conceptual model of oil shale formation is shown in Fig.  5, and the permeability of mudstone at high 
temperature is used to evaluate the effect of mudstone on the migration barrier of oil shale pyrolysis products. In 

Fig. 5.  Variation of pore hydraulic radius of mudstone at different temperatures.
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this model, the oil shale formation is 10 m thick, and above it is the mudstone formation and muddy sandstone 
formation with thicknesses of 15  m and 20  m. In the oil shale in-situ heat injection mining project, the oil 
shale formation is subjected to high temperature (600 °C), and heat conduction occurs between the top plate 
of the mudstone and the oil shale formation, and heat conduction is dominant in the mudstone formation, and 
the temperature distribution in the mudstone formation is calculated according to the one-dimensional heat 
conduction.

The physical parameters of each layer are summarized according to the previous study, as shown in Table 232. 
It shows basic parameters, the initial formation temperature is 20 °C, and the horizontal dimension 500 m in the 
model indicates the distance between the heat injection well and the production well. The temperature variation 
with time at four location points 3 m (monitoring point 1), 5 m (monitoring point 2), 6 m (monitoring point 3), 
7 m (monitoring point 4), 10 m (monitoring point 5) and 15 m (monitoring point 6) from the top surface of the 
oil shale formation is shown in Fig. 6.

It can be seen from Fig. 7 that the temperature of the mudstone layer 3 m away from the oil shale layer 
(monitoring point 1) continues to increase with the increase of heat injection mining time, reaching 100 ° C on 
the 55th day and 335 ° C on the 300th day. The change trend of mudstone temperature at 5 m away from oil shale 
layer (monitoring point 2) with heat injection mining time is the same as that at 3 m. By the 150th day of heat 
injection mining, the temperature has reached 100 °C, and it further escalates to 193 °C by the 300th day. On 
the 300th day following heat injection mining, the temperature at monitoring point 4 precisely reaches 100 °C. 
Meanwhile, at monitoring points 5 (10 m depth) and 6 (15 m depth), the temperatures do not exceed 50 °C. 
Specifically, the temperature at monitoring point 5 is recorded at 39.6 °C, while the temperature at monitoring 
point 6 remains nearly at its initial temperature.

According to the permeability values of mudstone at different temperatures obtained in Fig. 4, the barrier 
characteristics of caprock mudstone on the migration of pollutants after pyrolysis of oil shale formation are 
calculated and evaluated. There are two kinds of pollutants produced after pyrolysis of oil shale: gaseous (such 
as hydrocarbon gas produced by pyrolysis) and liquid (such as light oil). In terms of migration capacity, gas 
products are stronger than liquid products. Therefore, gas products are used to calculate the barrier capacity 
of mudstone. Assuming that the gas is CH4, the gas pressure is 5 MPa, the density at 100 °C is ρ = 26.64 kg / 
m3, and the dynamic viscosity is µ = 1.4 × 10− 5Pa · s. The permeability k of the mudstone obtained by the test is 
substituted into the Darcy ‘s law (Eq. 8), and the specific flow rate q of CH4 flowing in the mudstone formation 
is obtained.

	
q = Q

A
= k(P 2

1 − P 2
2 )

2µP0L
� (8)

In the formula, q is the specific flow, m/s; Q is gas flow, m3/s; A is the cross-sectional area of the rock stratum 
through which the fluid passes. Here, the unit volume is taken, that is, the cross-sectional area is 1 m2; L is the 
length of the rock layer through which the fluid passes, take 1 m, P1 is the gas pressure at the inlet end, here set 

Fig. 6.  The conceptual model of oil shale formation (numbers 1–6 represent temperature mon-itoring points, 
corresponding to 3 m, 5 m, 6 m, 7 m, 10 m and 15 m from the top surface of oil shale).

 

Physical quantity Oil shale Mudstone Shaly sandstone

Density kg/m3 2400 2600 2700

Thermal conductivity W/(m K) 1.84 1.32 1.30

Specific heat capacity J/(kg K) 1500 1190 1010

Table 2.  The basic parameters of each stratum in temperature calculation.

 

Scientific Reports |        (2024) 14:28647 8| https://doi.org/10.1038/s41598-024-79761-w

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


to 5 MPa, that is, P1 = 5 MPa; P2 is the gas pressure at the outlet end. Assuming that there is no gas in the original 
formation, it is set to 1 atmospheric pressure, that is, 0.1 MPa, that is, P2 = 0.1 MPa; P0 is atmospheric pressure, 
which is 0.1 MPa. The specific flow rate of CH4 in mudstone at 200 m buried depth and different temperatures 
is calculated in Table 3.

According to the calculated specific flow rate, the time required to obtain the unit migration distance of CH4 
gas can be further calculated, as shown in Table 3. In the process of in-situ heat injection mining of oil shale, if 
the well spacing is 500 m, the mining time is calculated according to 300days. When the injection-production 
well is completed and the heat injection is stopped in this area, the temperature in the mudstone layer of the oil 
shale roof is 7 m away from the top of the oil shale layer. The temperature reaches 100 °C, and in the mudstone 
layer of more than 7 m, the temperature is less than 100 °C. According to Table 3, the unit migration distance 
of gaseous pollutants produced by pyrolysis of oil shale formation is time-consuming, and it takes 736days for 
gaseous pollutants to pass through 100 °C formation 1 m. Therefore, in the model mining process calculated in 
this paper, the pollutants almost do not pass through the mudstone formation. During the shutdown period, the 
pressure of gaseous pollutants in the oil shale formation decreases, the migration ability further decreases, and 
the possibility of crossing the mudstone layer is lower.

Temperature
/℃

Penetration rate
/10-21m2

Power Viscosity
/10− 5 Pa·s

specific flow
/10-8m·s-1

Time spent per unit migration distance
/day·m-1

20 18.64 1.19 19.58 59

40 21.25 1.24 21.42 54

60 12.60 1.30 12.16 95

80 9.29 1.35 8.60 134

100 1.76 1.40 1.57 736

Table 3.  Specific flow rate of methane transport in mudstone at different temperatures (200 m burial depth).

 

Fig. 7.  The change law of measuring point temperature with time.
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In summary, within 100  °C, the permeability of mudstone decreases with the increase of temperature, 
forming a barrier to block fluid migration, which has a good barrier effect on pollutant migration.

Conclusion
In order to investigate the real-time permeability evolution of mudstone, we employed our self-constructed air-
heated low-permeability rock gas permeability measurement system. This study was conducted under specific 
conditions, including a ground stress level corresponding to a burial depth of 500 m and a temperature of 100 °C. 
The primary conclusions drawn from this research are as follows:

(1) At room temperature, the permeability of mudstone is markedly low, with a magnitude of 10–20 m². 
There is an overall trend of continuous decrease with increasing temperature, reaching 10–21 m² at 100 °C. It 
was observed that as ground stress increased, the magnitude of the decrease diminished. The primary factor 
influencing the reduction in permeability with increasing temperature is the thermal expansion of mudstone.

(2) A substantial Klinkenberg effect is observed in mudstone. Through the application of correction and data 
fitting techniques, a further law governing the pore hydraulic radius of mudstone as a function of temperature 
was obtained. This law states that the pore hydraulic radius decreases continuously with increasing temperature, 
with a maximum drop of up to 68%. This phenomenon is the underlying cause of the reduction in permeability 
observed in mudstone.

(3) From an engineering standpoint, the application of mudstone as a cover or bottom barrier is enhanced 
when its temperature is below 100 °C. This can effectively impede the trans-layer migration of oil and gas and 
contaminants during the in-situ thermal injection extraction of oil shale.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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