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This paper focuses on the inﬂuence of coupled thermo-hydromechanical processes on the permeability of quartz sandstone. The
permeability has been studied under ﬁve diﬀerent conﬁning pressures, three diﬀerent temperatures, and three ﬂuid pressures.
The experimental results exhibit that the permeability of quartz sandstone decreases with the increase of conﬁning pressure
while it increases with temperature and ﬂuid pressure. The identiﬁcation of permeability under fully coupled thermohydromechanical conditions is also studied via the realization of four coupled tests. One observes that the temperature plays a
more important role on the permeability with respect to the ﬂuid pressure. Moreover, the inﬂuence of ﬂuid pressure on the
permeability of studied sandstone has been ampliﬁed by the temperature. The obtained experimental results allow us to get a
good understanding of the permeability of quartz sandstone in petroleum engineering and can help us to guarantee the longterm structural stability.

1. Introduction
The permeability of sandstone, which depends on stress state,
temperature, and ﬂuid pressures, is a key issue in various
petroleum engineering applications, such as, natural gas
exploration, petroleum exploitation, and oil exploration
[1–3]. During the operation stage of underground reservoir,
the permeability of sandstone is aﬀected by the coupled thermal, hydraulic, and mechanical (THM) processes, such as the
temperature and stress change due to the oil extraction and
the movement of groundwater. Moreover, as the permeability increase is related to the opening/development of microcracks in materials as well as the connections of material
pores [4–6], the harmful eﬀect of the permeability increase
may create a reduction of mechanical strength of host rock
and even structural failure. Therefore, the long-term safety
of underground reservoir requires studying the eﬀect of

thermo-hydromechanical processes on the permeability of
sandstone [4, 7, 8].
In recent years, many experimental studies have been
performed to estimate the permeability of sandstone rocks
[9–14]. These research works exhibit that rock permeability
strongly depends on the loading conditions, for instance,
stress level, induced strain, and applied temperature [15,
16]. Moreover, the stress and strain ﬁelds in the rock depend
also on the ﬂuid pressure, which is controlled by its permeability. Therefore, it is necessary to take into account the
applied loading conditions (e.g., geo-stress, ﬂuid pressures,
and temperature) in the permeability estimation [3, 5, 7,
17–23]. However, to the best of the authors’ knowledge, most
of these studies focus on the identiﬁcation of permeability
under diﬀerent stress levels. The inﬂuence of temperature
and ﬂuid pressures on quartz sandstone remains poorly
understood on both experimental and theoretical scales,
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especially under coupled thermo-hydromechanical conditions with a temperature inferior to 100°C. In view of this,
the originality of the present study is paid on the inﬂuence
of coupled thermo-hydromechanical processes on the permeability of quartz sandstones.

2. Basic Physical Characteristics and
Experimental Procedures
2.1. Physical Properties of Studied Sandstone. The studied
sandstone is taken from a petroleum reservoir located in
northwestern China, with an extremely complicated microstructure (Figure 1). It is mainly composed of mineral debris
(50%-55%), ﬁlling materials (35%-40%), and sandstone fragment (5%-15%). The debris consists of quartz and plagioclase
with size ranging from 0.25 mm to 1.00 mm. The main ﬁlling
materials are calcite, clay minerals, and a small amount of
iron oxide. Therefore, at the sample scale, studied quartz
sandstone can be considered as a heterogeneous porous
medium with microcracks/micropores with an initial porosity of 7%.
2.2. Experimental Procedures. A servo-controlled rock testing
equipment [24, 25] is used for the realization of laboratory

tests (Figure 2). The test system is composed of a conventional triaxial cell which ensures the hydrostatic pressure
application and two ﬂuid reservoirs which generate the water
pressures, respectively, on the lower and upper sides of the
sample. A permeable panel, which is a steel plate with evenly
distributed holes, is installed, respectively, on the upper and
lower extremities of the sample. Furthermore, the temperature condition is controlled by a temperature control system,
where a thermocouple is used to control and measure the
sample’s temperature during laboratory test.
By using an automatic coring machine [26], the standard
cylindrical samples with a diameter of 50 mm and a height of
100 mm are taken from the core of a large rock block located
at the depth about 862 meters. Therefore, the samples can be
considered to be initially saturated/quasisaturated and possess the same characteristics of material. Several preliminary
permeability measurement tests have been ﬁrstly performed
by using these big samples. However, after a long period time,
almost no penetration of water ﬂow is observed at the bottom
of samples due to the low permeability of the studied material. As the emphasis of the present study is put on the permeability measure, the samples have been cut oﬀ. Finally,
the standard cylindrical samples with a diameter of 50 mm
and a height of 25 mm are used in the present study.
In order to ensure the total saturation of used samples,
they were saturated with water for minimum 48 hours before
the realization of laboratory tests [27]. After that, at the
beginning of laboratory tests, they are saturated again with
a stationary ﬂuid ﬂow. The ﬂuid pressures on two extremities
of the sample are applied by injection pumps and maintained
constant during the hydrostatic pressure test, where the conﬁning pressure is generated by the conﬁning pressure pump
P2 (Figure 2). On the other hand, during the laboratory test,
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the temperature of the sample is ﬁrstly increased to a desired
value and then kept constant by using the temperature control system. Axial strains are measured by using two displacement transducers (LVDT).
In this section, the experimental setup of a hydrostatic
compression test accompanied with permeability measurement phases is detailed in the following. This test is performed under the temperature 25°C and a ﬂuid pressure of
3 MPa:
(I) The sample is ﬁrstly subjected to a hydrostatic loading phase with a conﬁning pressure of 5 MPa
(II) While keeping stress magnitude, the permeability
measurement phase is performed on the sample.
At the beginning of the ﬁrst permeability measurement phase, the ﬂuid pressure in the upstream
up
reservoir plq increases from 0.1 MPa to 3 MPa
up
ðplq = 3 MPaÞ while the downstream pressure
dw
pdw
lq is always kept at 0.1 MPa ðplq = 0:1 MPaÞ. The
permeability is measured after getting a stable ﬂow,
i.e., about after a period of 10 hours
(III) The mechanical loading is then increased to 7 MPa.
The second permeability measurement phase is
performed with the same values of ﬂuid pressure
up
ðplq = 3 MPa ; pdw
lq = 0:1 MPaÞ while the mechanical stress is kept constant
(IV) After that, the mechanical loading continues to
increase with an increment of 2 MPa until the
conﬁning pressure reaches 13 MPa (Figure 3(a)).
Therefore, three other permeability measurement
phases are realized with conﬁning pressures 9 MPa,
11 MPa, and 13 MPa
The permeability is obtained by the application of
Darcy’s law. With the assumption of no physical or chemical
interaction supposed between the ﬂuid and solid phase of the
studied material, the permeability of the sample has been calculated by using the steady-state method [28–30]:

k=

Q L
μ:
A Δp

ð1Þ

In the previous equation, k is the permeability of rock
sample (m2), Q is ﬂow rate (m3/s), μ is the dynamic viscosity
of water (Pa·s), which is a function of temperature [31], L is
the length of the sample (m), A is the cross-sectional area
of the sample (m2), and Δp represents the pressure diﬀerence
between two extremities of sample (Pa).
In order to understand the inﬂuence of ﬂuid pressure and
temperature, the descried laboratory test is also performed
under two other temperatures (55°C and 85°C) and two other
ﬂuid pressures (2 MPa and 4 MPa). The applied conﬁning
pressure (σc ), ﬂuid pressure (plq ), and temperature (T) in
the laboratory tests are shown in Table 1.

3. Experimental Results
The permeability values obtained under diﬀerent loading
conditions are analyzed in this section. The laboratory test
performed under a temperature of 25°C (T = 25° C) and a
ﬂuid pressure of 3 MPa (Plq = 3 MPa), called the reference
case, is ﬁrstly presented.
3.1. Experimental Results in the Reference Case. The evolution
of axial strain and ﬂuid ﬂow is shown in Figure 3(b). At each
conﬁning stress level, two phases are generally observed in
the axial strain curve: just after the application of conﬁning
pressure, a rapid increase of axial strain is observed. After
that, the axial strain tends to stabilize. These phenomena
are due to the fact that when the hydrostatic stress reaches
a limit value, the plastic collapse of pore structure is produced and then induces an accelerated evolution of axial
train. Moreover, the plastic pore collapse induces an increase
of contact surface between grains, which leads to a plastic
hardening phase with a decreasing strain rate. Therefore,
the axial strain tends have to a constant value. This observation is similar to plastic consolidation in soil mechanics.
According to the cumulative water ﬂow, it increases progressively with time and tends to stabilize with the decrease of
permeability (Figure 3(c)).
The permeability variation obtained in the reference case
is given in Figure 3(c). One observes that the applied conﬁning stress plays an important role on the permeability of
quartz sandstone. The permeability decreases ﬁrstly with
the increase of conﬁning pressure and then tends to stabilize
at high stress levels. These phenomena can be explained by
the fact that at the beginning of test, the initial microcracks
and internal voids are compacted and then induce the progressive decrease of permeability. Afterward, as the sample
has been previously precompacted, the permeability tends
to be constant due to the decreasing of strain rate. These
observations are consistent with some previous researches
[10, 15, 32].
In general, the measured permeability is in the order of
10-20 m2. This low permeability can be explained by two phenomena: the pore collapse mechanism and the presence of
clay minerals. When the conﬁning pressure is greater than
a limit value, an important pore collapse occurs and then
induces a decrease of permeability. Moreover, the studied
sandstone processes a very important percentage (about
35%-40%) of calcite and clay minerals, which present an
important interaction with water, for instance, water swelling. Therefore, the measured rock permeability is very close
to that of claystone [33, 34].
3.2. Inﬂuence of Fluid Pressure. In order to illustrate the
inﬂuence of applied ﬂuid pressure on the permeability
measurement, three tests performed under diﬀerent ﬂuid
pressures are compared (Figure 4). By comparing the water
ﬂow curves, one observes that with the increase of plq , the
water ﬂow increases and the stabilization process of water
ﬂow is decelerated. For instance, the stabilization is
obtained after 390 hours in the case with plq = 2 MPa while
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Figure 3: Case 1: reference laboratory test under the temperature T = 25° C and the ﬂuid pressure plq = 3 MPa: (a) experimental program;
(b) axial strain and ﬂow curves; (c) permeability curve.
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Table 1: Test schemes for hydrostatic pressure tests.

Studied phenomena
Reference case
Fluid pressure
Temperature

Coupled THM

Test number

Fluid pressure (MPa)

Temperature (°C)

Hydrostatic stress (MPa)

1
2
3
4
5
6
7
8
9

3
2
4
3
3

25
25
25
55
85
55
85
55
85

5 → 7 → 9 → 11 → 13

2
4

it takes more than 650 hours in two tests with plq = 3 MPa
and plq = 4 MPa.
According to the permeability, the obtained values
increase slightly with the applied ﬂuid pressure under lowest
conﬁning stress (σc = 5 MPa) while they are quasiindependent on the ﬂuid pressure under the highest conﬁning pressure (σc = 13 MPa). For instance, under σc = 5 MPa,
the obtained values of permeability are 4:23 ∗ 10−20 m2
(T = 25° C), 4:79 ∗ 10−20 m2 (T = 55° C), and 5:36 ∗ 10−20 m2
(T = 25° C) while under σc = 13 MPa they are very close to
each other. These observations are related to the change of
eﬀective stress, which is clearly observed under low conﬁning
pressures and is largely reduced under high conﬁning pressure due to the pore collapse. Therefore, one observes that
the permeability tends toward a constant under high eﬀective
stress in Figure 4(c). In general, the similar tendency is
observed in all the tests: water ﬂow increases with ﬂuid pressure (Figure 4(a)) and permeability decreases with conﬁning
pressure (Figure 4(b)).
3.3. Inﬂuence of Temperature. The inﬂuence of temperature
on the permeability of the studied material is analyzed by
comparing the permeability curves obtained under diﬀerent
temperatures with the same ﬂuid pressure plq = 3 MPa. The
water ﬂow curves are given in Figure 5(a). One observes that
the water ﬂow increases with the temperature. For instance, a
water ﬂow of order 13.9 ml is obtained under T = 25° C while
42.8 ml and 209.1 ml are, respectively, got under T = 55° C
and T = 85° C. According to the permeability, under the lowest conﬁning pressure σc = 5 MPa, the permeability increases
strongly from 4:79 ∗ 10−20 m2 (T = 25° C) to 60:81 ∗ 10−20 m2
(T = 85° C) while under the highest conﬁning pressure σc =
13 MPa the permeability increases slightly from 0:68 ∗
10−20 m2 (T = 25° C) to 15:36 ∗ 10−20 m2 (T = 85° C). In general, one observes that the permeability increases with the
temperature (Figure 5(a)) and the inﬂuence of temperature
on the permeability decreases with the conﬁning pressure
(Figure 5(b)).
These phenomena can be explained by the creation/development of microcracks due to the temperature increase,
called thermal damage. According to the mineralogical analysis (Figure 1), diﬀerent grains (for instance, clastic quartz

grains, plagioclase, and feldspars) are presented in the sandstone matrix. These minerals possess diﬀerent thermal
expansion coeﬃcients, which may exhibit a dimensional
dependency. Thermal expansion of individual dual grains
results in an increase of volume of discontinuities, which
enhances the connectivity of the penetration system and
facilitates the channel ﬂow. Moreover, due to the discrepancy
between the thermal expansion coeﬃcients of the pore water
and of the pore space, the temperature increase in saturated
porous media under drained condition may facilitate the
water ﬂow out. Therefore, one observes that the most obvious
increase of permeability is obtained in the case performed at
85°C, in which the most important thermal damage is created. According to the thermal expansion of pore water and
minerals of studied sandstone, it may partially disappear
after cooling. As the emphasis of the present study is on the
inﬂuence of coupled thermo-hydromechanical processes on
the permeability of studied sandstone, the reversibility of
temperature-dependent permeability variations would not
be studied in the present work.
In general, it is observed that with increasing conﬁning
pressure, permeability tends toward a constant (Figure 5(b)).
These observations can be explained by the fact that conﬁning
pressure has a restraining eﬀect on the thermal damage developed in sandstone. On the other hand, the pore collapse
induced by high conﬁning pressure is partially oﬀset by the
expansion of microcracks created by the temperature increase.
As a result, the temperature dependence of permeability is
reduced by the conﬁning pressure.

4. Coupled Thermo-Hydromechanical Tests
Four coupled thermo-hydromechanical tests (Table 1) are
compared in Figure 6. By comparing the two tests obtained
under T = 25° C with two other tests realized under T = 85°
C, we observe that the permeability increase induced by the
ﬂuid pressure is ampliﬁed by the temperature. For instance,
a small increase of permeability is observed in two curves
with T = 25° C (i.e., curve plq = 2 MPa, T = 25° C and plq = 4
MPa, T = 25° C) while a more important increase of permeability is observed in two curves with T = 85° C. On the other
hand, by comparing two tests obtained with two diﬀerent
temperatures and ﬂuid pressures (i.e., curve plq = 2 MPa,
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Figure 4: (a) Fluid ﬂow evolution, (b) permeability values, and (c) eﬀective stress obtained under the temperature T = 25° C and diﬀerent ﬂuid
pressures.
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Figure 5: (a) Fluid ﬂow evolutions and (b) permeability values obtained under the ﬂuid pressure plq = 3 MPa and diﬀerent temperatures.

T = 25° C and plq = 4 MPa, T = 85° C), the bigger permeability decrease with conﬁning pressure is obviously observed
in the tests performed under the lower temperature and
ﬂuid pressure. For instance, 95% decrease of permeability
is observed in the test with plq = 2 MPa, T = 25° C while
only 59% decrease of permeability is noticed in the sample
with plq = 4 MPa, T = 85° C. Therefore, in coupled thermohydromechanical tests, the dependence of permeability on
the ﬂuid pressure is accentuated by the temperature
increase. Inversely, the inﬂuence of conﬁning pressure on
the permeability is also attenuated by the ﬂuid pressure
and temperature.
The ratio of actual permeability k to initial permeability
k0 under diﬀerent conﬁning stress σc is studied. The relationship between the value of permeability ratio k/k0 and the

applied stress σc can be described by a negative exponential
function (Figure 7):
k
= e−Mσc :
k0

ð2Þ

The parameter M controls the inﬂuence of applied stress
on the permeability evolution and can be identiﬁed by performing curve ﬁt. The evolutions of permeability ratio k/k0
under diﬀerent temperatures are given in Figure 7. In order
to quantify the inﬂuence of temperature, three “best-ﬁt”
values of M are identiﬁed by using three laboratory tests performed with the ﬂuid pressure 2 MPa: M = 0,106 (T = 25° C),
M = 0,096 (T = 55° C), and M = 0,084 (T = 85° C). One
observes that the values of parameter M decrease with
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temperature, indicating that the eﬀects of conﬁning pressure
on the permeability decrease with temperature. It conﬁrms
that the inﬂuence of conﬁning stress on the permeability of
the studied sandstone is condensed by high temperature.
Finally, the analysis of the obtained experimental results
exhibits that the experimental observation may be related to
pore network evolution of the studied material. Due to the
time limit and nonavailability of experimental equipment,
the pore network is not analyzed in the present study. However, an additional analysis of pore network of sandstone will
be performed in the near future.

5. Conclusions
In the present work, a series of experimental tests are performed
to study the eﬀects of coupled thermal-hydromechanical
processes on the permeability of quartz sandstone. The
coupling processes play an important role on the permeabil-

ity of quartz sandstone. Due to the high porosity of the
studied sandstone, the volumetric compaction is dominant
in hydrostatic pressure tests. The permeability is reduced
with increasing hydrostatic pressures and tends to stabilize
under high hydrostatic pressures. In general, we can conclude that under isothermal condition, the permeability of
quartz sandstone depends strongly on the stress state and is
slightly perturbed by the hydraulic condition; on the other
hand, under nonisothermal condition, the permeability of
quartz sandstone is strongly inﬂuenced by the temperature
variation while the inﬂuence of mechanical stress and ﬂuid
pressure on the permeability is also accentuated by high
temperature.

Data Availability
All data included in this study are available upon request by
contact with the corresponding author.
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