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This paper adopts a real-time high-temperature triaxial seepage test system to study the permeability evolution of oil shale in the
Jimusar area, Xinjiang, with the temperature, pore pressure, and volumetric stress. The results indicate that (1) the variation
process of the oil shale permeability with the temperature can be divided into three stages: slow growth stage from 20 to
350°C, rapid growth stage from 350 to 500°C with a threshold temperature of 400°C, and growth deceleration stage from 500
to 600°C. (2) With increasing pore pressure, the permeability gradually decreases. Under a volumetric stress of 17MPa, the
permeability decreases the most rapidly from 1 to 2MPa, and under a volumetric stress of 34MPa, the permeability decreases
the fastest from 1 to 3MPa. (3) The oil shale permeability decreases with increasing volumetric stress. At room temperature,
the decrease magnitude of the permeability is small and increases with increasing temperature. The results can provide a
theoretical reference for the analysis of the seepage process of thermal fluids and pyrolysis oil and gas in oil shale.

1. Introduction

Oil shale is a kind of sedimentary rock containing organic
matter (kerogen) with a low permeability. After heating, ker-
ogen can be converted into shale oil and gas and can be used
as fuel and chemical raw materials. The proven oil shale
reserves in China reach approximately 719.9 billion tons,
which can be converted into 47.6 billion tons of shale oil
[1–3], which is much higher than the recoverable oil
resources of 26.8 billion tons. Oil shale is mainly located in
Liaoning, Jilin, Xinjiang, Guangdong, and other areas [4].
As a very large proportion of unconventional oil and gas
resources, the efficient and green development and utiliza-
tion of oil shale could be of great importance to improve
the energy security in China and the strategic reserves of
oil and gas resources.

The utilization of oil shale can be divided into two types:
ground dry distillation furnace pyrolysis and in situ thermal
injection pyrolysis. Among these methods, ground dry distil-
lation faces the environmental problems involving the three
waste materials, including wastewater, waste gas and waste

residue, and the economic problem of a low mining effi-
ciency [5]. In situ thermal injection oil shale mining can
effectively solve the above environmental problems [6],
which have attracted the attention of a large number of
scholars in China and abroad. Among these scholars, Zhao
et al. of the Taiyuan University of Technology proposed
the method of in situ steam injection for oil shale production
[7]; the core of which entails the efficient injection of high-
temperature superheated steam via thermal injection wells
into oil shale layers. Then, the oil and gas fluids produced
by pyrolysis in the oil shale layers are produced with extrac-
tion wells. The evolution of the oil shale permeability at high
temperatures can affect the flow of superheated water vapor
and pyrolytic oil and gas in oil shale layers and can thus
affect the efficiency of in situ pyrolysis. Therefore, studying
the evolution law of the oil shale permeability under real-
time high-temperature conditions is helpful to determine
how to efficiently inject high-temperature steam into oil
shale layers.

Under the action of a high temperature, organic matter
pyrolysis in oil shale and heterogeneous expansion of
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inorganic minerals generate a large number of pores and
fracture structures in oil shale. Pore fracture structures are
the flow channels of high-temperature fluids, and new pore
fractures at high temperatures can affect the oil shale perme-
ability. Thus, a large number of scholars have performed
much research on the change in the pore fracture structure
and permeability of oil shale at high temperatures. Kang
et al. [8] carried out scanning experiments and permeability
tests of oil shale after dry distillation with computed tomog-
raphy (CT) and triaxial percolation equipment, respectively.
A large number of cracks along the parallel bedding direc-
tion occurred beyond 400°C, and the oil shale permeability
sharply increased at 400°C. Tiwari et al. [9] conducted a
scanning experiment of the fracture structure in the Green
River basin, United States, at high temperatures with CT
equipment and obtained the variation law of the permeabil-
ity with the temperature by analyzing the collected pore
fracture structure data. It was found that with increasing
temperature, the number of pore fracture structures in oil
shale greatly increased, and the permeability increased from
173 to 2199D. Rabbani et al. [10] calculated the permeability
of connected seepage channels in an oil shale digital core at
different temperatures with CT scanning technology and
digital core technology. Beyond 400°C, the oil shale perme-
ability increased sharply to 1D. The change in oil shale per-
meability was slightly related with the pore size but attained
a notable relationship with the pore connectivity. Yang et al.
[11, 12] studied the change law of the oil shale permeability
under the action of high-temperature steam and found that
the increase in oil shale permeability was closely related to
the change in fracture structures under the action of high-
temperature steam. Geng et al. [13] examined the change
law of the permeability along the vertical bedding direction
of Fushun oil shale after high-temperature treatment. The
permeability rapidly increased from 300 to 400°C, and the
increase declined from 400 to 600°C. Zhao and Kang [14]
investigated the permeability change law of Fushun oil shale
at a 200m buried depth under real-time high-temperature
conditions and found that the oil shale permeability contin-
ued to increase from 350 to 600°C.

Most of the above studies on the oil shale permeability
were carried out after high-temperature heating. Only the
study of Zhao and Kang [14] was executed under real-time
high-temperature conditions, but only the oil shale perme-
ability in the Fushun area was studied, while the influence
of the ground stress was not considered. However, the min-
eral composition of Fushun oil shale is obviously different
from that of Xinjiang oil shale, of which Liaoning Fushun
oil shale is mainly composed of clay mineral kaolinite, while
Jimusar oil shale largely consists of quartz and feldspar, with
few clay minerals. The variation in the oil shale permeability
with the temperature in Xinjiang is likely different due to the
difference in mineral composition. However, few scholars
have studied the oil shale permeability in the Jimusar area
of Xinjiang under real-time high-temperature conditions.

Therefore, this paper employs a real-time high-
temperature permeability testing system independently
developed by the Taiyuan Institute of Technology to deter-
mine the oil shale permeability in the Jimusar area of

Xinjiang under real-time high-temperature triaxial stress
conditions. The variation in the oil shale permeability at dif-
ferent temperatures, pore pressures, and volumetric stresses
was obtained. The evolution law of the oil shale permeability
under real-time high-temperature conditions determined in
this paper could provide a theoretical reference for the anal-
ysis of the flow behavior of heated fluids and pyrolytic oil
and gas in oil shale deposits.

2. Experimental Methods and Steps

2.1. Specimen Preparation. The test specimens in this paper
originate from the Jimusar area in Xinjiang, and all oil shale
specimens are sealed and transported to the laboratory for
sample processing. Oil shale is cut into Φ50mm × 100mm
cylindrical standard specimens with a CNC sand wire cut-
ting machine. As shown in Figure 1, the specimens are cut
parallel to the bedding direction. The parallelism and
smoothness of the samples meet the standards of the Inter-
national Society of Rock Mechanics. The color of the sample
is brown. The results of industrial and elemental analysis and
mineral analysis are listed in Tables 1 and 2, respectively.

2.2. Test Equipment and Test Process

(1) Determination of study temperature

According to the TG-DSC curve, the weight loss of oil
shale mainly occurs at 400-600°C, as shown in Figure 2.
Moreover, kerogen in oil shale begins to be pyrolyzed into
flowable oil and gas after 400°C, so the research temperature
selected in this paper is 20-600°C.

(2) Test equipment

The in situ high-temperature seepage test is carried out
with the real-time high-temperature triaxial stress seepage
system independently developed by the Taiyuan Institute
of Technology, as shown in Figure 3. The test system
includes a dynamic loading system, which can apply a pres-
sure up to 32MPa with an accuracy of ±0.1MPa, a temper-
ature control system, which can generate a temperature up

Figure 1: Oil shale specimen.
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to 700°C at a heating rate of 1°C/min, and a confining pres-
sure transmission device, which employs the solid pressure
transmission technique to convert axial pressure into lateral

pressure and further applies a confining pressure to the
specimen.

(3) Test process

The in situ high-temperature permeability testing pro-
cess is as follows: (1) different axial and confining pressures
are loaded according to the buried depth of oil shale in the
Jimusar area of Xinjiang (Table 3). (2) The permeability is
tested under different pore pressures (Table 3) at room tem-
perature, nitrogen is permeated under the different pres-
sures, each pore pressure test interval lasts 20min to
prevent the influence of the last pore pressure interval on
the test results, and the lower flow rate Q is recorded under
each pore pressure. (3) The heating system is activated, the
specimen is then heated to the preset temperature (100°C,
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Figure 3: Real-time high-temperature triaxial stress seepage
penetration testing system. (1) Pressure-reducing valve, (2)
cylinder, (3) loading system, (4) triaxial stress chamber, (5)
heating sleeve, (6) insulated box, (7) sealing packing, (8)
temperature control system, (9) hydraulic system, (10) sample,
(11) thermocouple, and (12) air flow measuring equipment.

Table 1: Elemental and industrial analysis.

Sample
Elemental analysis Industrial analysis

N% C% H% O% H/C O/C Moisture content Ash content Volatile matter Fixed carbon

Jimusar, Xinjiang 1.56 8.27 2.98 9.865 2.57 0.82 5.38 79.22 11.46 3.94

Table 2: Mineral composition of the oil shale.

Sample origin
Types and contents of minerals (%)

Quartz Pyrite Clay minerals Feldspar Plagioclase Calcite Dolomite Gypsum

Jimusar, Xinjiang 36.3 0.4 5.2 8.0 25.8 4.6 18.8 0.9

Table 3: Parameters of the axial, confining, and pore pressures.

Buried
depth

Axial
compression
(MPa), σx

Confining
pressure
(MPa), σy

Volumetric
stress (MPa),
σx + 2σy

Pore
pressure
(MPa), Pm

200m 5 6 17 1 2 3

400m 10 12 34 1 2 3 4 5

3Geofluids



200°C, 300°C, 350°C, 400°C, 450°C, 500°C, 550°C, or 600°C)
at a heating rate of 1°C/min, and finally, the oil shale perme-
ability is determined under the different pore pressures, as
indicated in Table 3, with the same method as that in step 2.

The permeating medium used in this paper is N2, which
conforms to Darcy’s law, so Equation (1) is applied to calcu-
late the permeability.

k = 2QPdownLμ

P2
up − P2

down

� �
A
, ð1Þ

where k is the permeability, m2; Q is the flow rate, m3/s; P0 is
the atmospheric pressure, at 0.1MPa; L is the specimen
length, m; μ is the gas dynamic viscosity, MPa·s; Pup is the
inlet pressure, MPa; Pdown is the outlet pressure, MPa; and
A is the cross-sectional area of the specimen, m2.

3. Test Results

3.1. Permeability Changes with the Temperature. Figure 4
shows the variation of oil shale permeability with the tem-
perature under the different volumetric stresses. The per-
meability is very low at room temperature and reaches
3:01 × 10−5 μm2 under a pressure of 2MPa. The perme-
ability gradually increases with increasing temperature.
Although different stresses are applied to the oil shale
specimen, the permeability exhibits a similar transforma-
tion pattern under the different volumetric stresses. There-
fore, according to Figure 3, the variation trend of the
permeability with the temperature is divided into three
stages, and these three stages are analyzed with the perme-
ability data obtained under a volumetric stress of 17MPa
and a pore pressure of 2MPa.

From 20 to 350°C, the permeability increases slowly. At
100°C, the permeability increases from 4:7 × 10−5 to 18:9 ×
10−5 μm2, which is 6.3 times higher than that at 100°C. This
occurs because the loss of free water at 100°C results in small
cracks [15] parallel to the bedding direction in the oil shale
specimen, causing an increase in permeability. Wang et al.
studied the thermal fracture evolution law of oil shale under
high temperature and found that there are connected frac-
tures in the direction parallel to bedding at 100°C, as shown
in Figure 5 [16], which verified the increase of oil shale per-
meability at 100°C. As the temperature is continuously
increased, the oil shale permeability continues to slowly
increase, which is attributed to the loss of the volatile oil
shale fraction at high temperatures.

At 350 and 500°C, the permeability increases rapidly.
The oil shale permeability increases sharply at 400°C, which
is 23 times higher than that at room temperature. This
occurs due to the initiation of kerogen pyrolysis in the oil
shale specimen at 400°C [9, 10], resulting in the connection
of a large number of pores and cracks in the oil shale speci-
men, which leads to a sharp increase in the oil shale perme-
ability. It can be seen from Figure 5 that a large number of
oil shale fractures are developed after 400°C, which also
verifies that the permeability of oil shale will rise rapidly
after 400°C. Therefore, 400°C can be defined as the thresh-
old temperature in terms of the evolution of permeability of
Jimusar oil shale. With increasing temperature to 500°C,
kerogen pyrolysis continues, and the permeability continu-
ously increases.

At 500 and 600°C, the permeability stabilizes and then
increases, respectively. Kerogen pyrolysis in the oil shale
specimen is basically completed beyond 500°C, and the per-
meability increase rate of the oil shale specimen begins to
stabilize, but the permeability still increases because feldspar
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Figure 4: Variation in the permeability with the temperature.
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in the oil shale specimen begins to decompose at 500°C,
resulting in an increase in the permeability. It can also be
seen from Figure 5 that fractures will continue to increase
after 500°C, so the permeability at 500°C continues to
increase compared with that at 400°C. At 600°C, the fracture
growth rate slows down, so the permeability will not increase
at 600°C. In addition, it can be found that the permeability
rise rate at 600°C is smaller under 34MPa volumetric stress,
because the thermal fracture of oil shale will be closed under
high stress. Then, under the combined action of thermal
stress and high ground stress, the permeability of oil shale
will no longer increase.

3.2. Permeability Changes with the Pore Pressure. The varia-
tion trend of the oil shale permeability with the pore pres-

sure is shown in Figure 6. Regardless of the volumetric
stress or temperature, the oil shale permeability decreases
with increasing pore pressure, but the decrease in permeabil-
ity differs between the different volumetric stresses.

When the volumetric stress is 17MPa, the permeability
decreases greatly when the pore pressure ranges from 1 to
approximately 2MPa. This occurs because the Klinkenberg
effect is notable at the low pore pressure stage [17, 18],
which leads to the maximum oil shale permeability under
1MPa. With increasing pore pressure to 2MPa, the effective
stress on the oil shale specimen decreases obviously, which
leads to a decrease in the permeability, but the Klinkenberg
effect still plays a leading role.

Under a volumetric stress of 34MPa, the permeability
greatly decreases when the pore pressure ranges from 1 to

(a) 20°C (b) 100°C (c) 300°C

(d) 350°C (e) 400°C (f) 450°C

(g) 500°C (h) 550°C (i) 600°C

Figure 5: Anisotropic thermal cracking of oil shale [16].
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approximately 3MPa, which is still attributable to the obvi-
ous Klinkenberg effect at lower pore pressures, which leads
to a higher oil shale permeability under lower pore pressures
than that under higher pore pressures. However, when the
volumetric stress reaches 34MPa, the increase in pore pres-
sure to 3MPa is not enough to notably reduce the effective
stress, overcome the Klinkenberg effect, and constrain the
decrease in oil shale permeability.

3.3. Variation in the Permeability with the Volumetric Stress.
The permeability under pore pressures of 2 and 3MPa are
chosen as an example to study the influence of the cumu-
lative stress on the oil shale specimen at the different tem-
peratures on the change in permeability. Permeability
histograms under volumetric stresses of 17 and 34MPa
at the different temperatures are drawn based on the test
data, as shown in Figure 7.

At the same temperature, the oil shale permeability
decreases with increasing volumetric stress. However, the
oil shale permeability decrease amount varies between the
different temperatures. At 20°C, the pore pressure decreases
by 8% and 3% under 2 and 3MPa, respectively. As the tem-
perature continues to rise, the permeability increasingly
decreases with increasing volumetric stress, reaching 46%
and 51%, respectively, at 350°C, because solid organic matter
is first converted into fluid asphaltene [19] at 350°C. Oil
shale is more likely to deform when the volumetric stress is
higher, thus blocking seepage channels. At 400°C, a high
degree of organic matter pyrolysis occurs in the oil shale
specimen, resulting in more pyrolysis-induced pore fracture
structures. Under high volumetric stresses, the pore fracture
structures are closed, resulting in a larger decrease of 40%

and 39%, respectively. The oil shale strength is higher at
lower temperatures, and the permeability decreases little
with increasing volumetric stress. With increasing tempera-
ture, the pore fracture structures produced by oil shale soft-
ening and pyrolysis causes oil shale to deform more easily
under high volumetric stresses [20], and the internal pore
fissures in the oil shale specimen more readily collapse,
which leads to a decrease in permeability with increasing
volumetric stress, which is consistent with the variation in
the Fushun oil shale permeability with the volumetric stress
obtained by Geng [13].

4. Discussion

4.1. Mechanism of Permeability Evolution with the
Temperature. In Section 2.1, it was mentioned that the vari-
ation in the oil shale permeability with the temperature is
closely related to the decomposition of organic matter and
inorganic minerals in oil shale. In this section, a weight loss
curve of the oil shale specimen in the temperature range
from 20°C to 600°C is obtained in thermogravimetric exper-
iments. Figure 8 shows the curve of the weight loss and per-
meability of the oil shale specimen with the temperature.
The ratio of the oil shale permeability (K) at the different
temperatures to the oil shale permeability (K0) at room tem-
perature under a pressure of 2MPa is indicated on the left
axis, for theta = 17MPa. The diagram reveals that the weight
loss curve exhibits the first decrease point at 100°C, where
the oil shale specimen begins to lose its internal free water,
resulting in the first increase in the oil shale permeability.
The main stage of oil shale weight loss ranges from 400 to
500°C, which further suggests that a large amount of kerogen
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6 Geofluids



in the oil shale specimen is pyrolyzed at this temperature,
resulting in a sharp increase in the oil shale permeability
at this temperature. When the temperature is higher than
500°C, the weight loss rate begins to decrease, which is
the stage of growth rate deceleration of the oil shale
permeability.

The release of gas products indicates that there are con-
nected seepage channels in the oil shale specimen, which
causes these products to be released. Therefore, the variation
in gas products due to kerogen pyrolysis with the tempera-
ture can effectively explain the variation in the permeability
with the temperature. As can be seen in Figure 9, only a
small amount of gas products is produced from 100 to
350°C, mainly free water and volatile matter. When the tem-

perature rises to 400°C, a large number of gas products is
produced, which indicates that a large number of connected
pores and fracture channels are generated in the oil shale
specimen so that the gas products can be released from the
matrix. This temperature point indicates the threshold tem-
perature of oil shale permeability variation with the temper-
ature. Beyond 500°C, the gas products begin to decrease,
which indicates that the kerogen pyrolysis process in the
oil shale specimen is basically completed, while the con-
nected pores no longer increase, which is also the stage of
slow permeability growth.

4.2. Comparative Analysis of the Evolution of the Oil Shale
Permeability with the Temperature in the Different Areas.
As the evolution of the oil shale permeability with the tem-
perature plays a very important role in the in situ exploita-
tion process of oil shale, predecessors have assessed the oil
shale permeability in the Fushun area. Wang et al. [16]
and Zhao and Kang [14] both measured the oil shale perme-
ability at a depth of 200m and obtained the change rules of
the oil shale permeability with the temperature. The varia-
tion in permeability with the temperature under a pore pres-
sure of 2MPa obtained by predecessors and that determined
in this experiment are compared and analyzed in the same
diagram, as shown in Figure 10.

Figure 8 shows that the variation trend of the oil shale
permeability with the temperature is similar between the
Jimusar area of Xinjiang and the Fushun area of Liaoning
Province. However, the oil shale permeability in the Jimusar
area of Xinjiang is obviously higher than that in the Fushun
area of Liaoning Province. This occurs because the clay min-
eral content in the oil shale of the Fushun area reaches 42.6
[21] at room temperature, while the clay mineral content in
the oil shale of the Jimusar area reaches only 5%. As a result,
the oil shale in the Fushun area of Liaoning Province is
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denser at room temperature, and the permeability is lower.
With increasing temperature, the oil shale of the Jimusar
area is subject to not only internal kerogen pyrolysis but also
heterogeneous expansion deformation of minerals such as
quartz (36.3%) and plagioclase (25.8%). As a result, the oil
shale permeability in the Jimusar area of Xinjiang is rela-
tively high.

4.3. Practical Application. In the process of in situ heating
shale for oil production, high-temperature steam shall be
injected into the oil shale seam through the injection well,
as shown in Figure 11 [22]. In the process of injection, the

permeability evolution of oil shale will not only affect the
injection efficiency of high-temperature steam but also affect
the migration speed of oil and gas from oil shale to pumping
wells after pyrolysis. In this paper, the real-time seepage
experiment under high-temperature triaxial stress can truly
reflect the seepage evolution law of oil shale under the com-
bined action of in situ stress and temperature. It is found
that the permeability of oil shale increases obviously at
400°C, that is, the injection temperature should be higher
than 400°C in the process of injecting high-temperature
steam. The permeability of oil shale decreases with the
increase of in situ stress. The increase of in situ stress
weakens the permeability, but the permeability of oil shale
still increases at high temperature, indicating that the tem-
perature still strengthens the permeability of oil shale under
high ground stress. Therefore, the experimental results of
this paper can provide data and theoretical support for in
situ thermal injection and shale production.

5. Conclusion

In this paper, a real-time high-temperature triaxial per-
meability testing system independently developed by the
Taiyuan Institute of Technology is employed to simulate
the in situ high-temperature oil shale environment, and
the variation in the oil shale permeability with the tem-
perature in the Jimusar area of Xinjiang under real-time
high-temperature triaxial stress conditions is obtained.
The conclusions are as follows:

(1) The variation in the oil shale permeability with the
temperature can be divided into three stages: the
slow growth stage ranges from 20 to 350°C. This
stage of the permeability change process is mainly
caused by the loss of free water and volatiles. The
rapid growth stage occurs from 350 to 500°C. The
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growth at this stage is mainly caused by the pyrolysis
of oil shale kerogen, and 400°C is the threshold tem-
perature. From 500 to 600°C, the growth process
decelerates

(2) Under the same volumetric stress, with increasing
pore pressure, the oil shale permeability first rapidly
decreases and then slowly decreases. However, the
change trend differs between the different volumetric
stresses. Under the 17MPa volumetric stress, the
permeability decreases rapidly and then slowly from
1 to approximately 2MPa. Under the 34MPa volu-
metric stress, when the pore pressure ranges from 1
to approximately 3MPa, the permeability first rap-
idly decreases and then slowly decreases

(3) At the same temperature, the oil shale permeability
continuously decreases with increasing volumetric
stress. However, the decrease amount varies between
the different temperatures, the decrease amount is
the smallest at room temperature, and the perme-
ability decrease amount increases gradually with
increasing temperature, which is attributed to oil
shale softening and pyrolysis of the internal organic
matter, which results in easier oil shale deformation
under the action of external stress, resulting in pore
fissure closure

(4) The oil shale permeability in the Jimusar area is
obviously higher than that in the Fushun area
because the oil shale in the Jimusar area contains

Production well Production wellInjection well

(a)

Power station
Boiler

Oil tank

Production well

Oil shale

 Injection well

(b)

Figure 11: The oil shale in situ convection technology using injected superheated steam (MTI): (a) hydraulic fracturing and (b) schematic of
the MTI system [22].
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higher contents of quartz and feldspar and fewer clay
minerals, which makes it easier to produce more
thermal cracks at high temperatures to form more
seepage channels
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