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The investigation of changes in physical properties, mechanical properties, and microscopic pore structure characteristics of tight
sandstone after high-temperature heat treatment provides a theoretical basis for plugging removal and stimulation techniques, such
as high energy gas fracturing and explosive fracturing. In this study, core samples, taken from tight sandstone reservoirs of the
Yanchang Formation in the Ordos Basin, were first heated to different temperatures (25-800°C) and then cooled separately by
two distinct cooling methods—synthetic formation water cooling and natural cooling. The variations of wave velocity,
permeability, tensile strength, uniaxial compressive strength, and microscopic pore structure of the core samples were analyzed.
Experimental results demonstrate that, with the rise of heat treatment temperature, the wave velocity and tensile strength of
tight sandstone decrease nonlinearly, yet its permeability increases nonlinearly. The tight sandstone’s peak strength and elastic
modulus exhibit a trend of the first climbing and then declining sharply with increasing temperature. After being treated by heat
at different temperatures, the number of small pores varies little, but the number of large pores increases obviously. Compared
to natural cooling, the values of physical and mechanical properties of core samples treated by synthetic formation water cooling
are apparently smaller, whereas the size and number of pores are greater. It can be explained that water cooling brings about a
dramatic reduction of tight sandstone’s surface temperature, generating additional thermal stress and intensifying internal
damage to the core. For different cooling methods, the higher the core temperature before cooling, the greater the thermal stress
and the degree of damage caused during the cooling process. By taking into consideration of changes in physical properties,
mechanical properties, and microscopic pore structure characteristics, the threshold temperature of tight sandstone is estimated
in the range of 400-600°C.

1. Introduction

With the further exploitation of oilfields, coal mines, and
geothermal energy and the increasing operations under the
deep geological conditions, the research on change in rock
properties after high-temperature heat treatment attracts

great attention [1]. While drilling in deep and high-
temperature reservoirs, the surrounding rock of the wellbore
is subject to a rapid temperature decrease after contacting
with drilling fluid andmechanical properties of the rock alter,
resulting in a favorable condition for breaking the rock but
undermining the stability of surrounding rock. In the course
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of hydraulic fracturing in high-temperature reservoirs, there
is a significant temperature difference between reservoir rock
and fracturing fluid. In this case, the mechanism of fracturing
involves both thermal fracturing and hydraulic pressure.
During the long-term extraction of geothermal energy, the
rock temperature gradually declines with the injection of cir-
culation water. Under the combined actions of in situ stress,
thermal stress, and hydraulic pressure, the reservoir rock
may rupture twice or more times, further enhancing reser-
voir permeability and heat exchange efficiency. Moreover,
as the development techniques advance, the phenomenon
that the formation is first heated up and then cooled down
in a quick manner takes place in the processes of the com-
bined perforation and hydraulic fracturing and the high
energy gas fracturing and plugging removal followed by
water injection. For this reason, it is of great importance to
study the changes in pores and permeability of high-
temperature rock after water cooling [2].

Sandstone is one of the most common types of sedimen-
tary rock and has been widely used in geological engineering
research, such as the evolution of the earth’s crust, oil and gas
migration and accumulation, geological CO2 storage, geo-
thermal exploitation, and nuclear waste storage [3]. Many
scholars [4–21] studied the physical and mechanical proper-
ties of sandstone under high temperatures. Of those studies,
experiments for the investigation of mechanical properties
of the rock under thermal treatment included the compres-
sion test under and after high temperature, the tensile test
under and after high temperature, creep test under high tem-
perature, and wave velocity measurements of the rock before
and after high temperature; constitutive models were estab-
lished for investigating the transient mechanical properties
of the rock under and after high temperature; numerical sim-
ulations were performed for the understanding of the rock’s
thermodynamic properties under high temperature [22].
Specifically, those studies evaluated the changes in elastic
modulus, uniaxial and triaxial compressive strength, tensile
strength, deformation characteristics, wave velocity, and
permeability of the sandstone after thermal treatment.

However, it is noted that the research on tight sandstone
is lacking as compared with that on conventional sandstone.
Tight sandstone reservoir is the key area of unconventional
resource development in the world [23, 24]. Due to the
complex mineral components and diverse depositional envi-
ronments, tight sandstones have various pore types and intri-
cate fractures, joints, and bedding planes. In the course of
high-temperature heat treatment or cooling of tight sand-
stone, physicochemical changes occur to some extent, giving
rise to a dramatic change in the internal structure of the
sandstone and sophisticating its physical and mechanical
properties [25]. Another point that lacks discussion is the
effect of high-temperature heat treatment on the microscopic
pore structure characteristics of tight sandstone. The
influencing mechanism of thermal treatment on the micro-
scopic pore structure and the corresponding mechanisms of
plugging removal and stimulation are vital for the selection
and optimization of techniques, such as high energy gas
fracturing, explosive fracturing, and unconventional air
oxidation thermal cracking.

In this work, the authors adopt tight sandstones taken
from tight sandstone reservoirs of the Yanchang Formation
in the Ordos Basin and investigate the variations of physical
and mechanical properties of tight sandstone after heat
treatment, especially the change in the microscopic pore
structure characteristics. Additionally, the changes and evo-
lution characteristics of microscopic structures at different
scales are identified with different cooling methods and at
various temperatures, aiming at providing a theoretical basis
for the high energy gas or explosive fracturing and the
combined perforation and hydraulic fracturing technique
in tight sandstone reservoirs.

2. Experimental Section

2.1. Core Samples. The core samples used in the experiments
were taken from tight sandstone reservoirs of the Yanchang
Formation in the Ordos Basin, which is located in northwest
China. The location and distribution of the studied tight
sandstone are displayed in Figure 1. During the early Paleo-
zoic, the Ordos Basin evolved from the continental margin
ocean basin to the coastal shallow ocean basin, the inland
basin, and the foreland basin and finally formed a basin
pattern with complete stratigraphic structure and simple
structure. In the Late Triassic, the Ordos Basin stretched
and subsided, forming a large freshwater lake inside the basin
and depositing a set of terrigenous clastic rock series domi-
nated by fluvial-lacustrine facies, which is the Yanchang
Formation. The Yanchang Formation is characterized by a
fluvial-lacustrine facies sedimentary system formed during
the continuous depression and stable sedimentation in the
Ordos Basin, which experienced the whole process of gener-
ation, expandation, evolution, and subduction. According to
the characteristics of the reservoirs, the Yanchang Formation
can be divided into 10 sections. Chang 8 and Chang 6 are the
main oil-bearing layers with relatively stable distribution and
good oil-bearing properties. The buried depth of the
Yanchang Formation in the study area is between 1650 and
2150m with multiple overlapped oil layers. The distribution
of oil layers is scattered, and the argillaceous and calcareous
interlayer is relatively developed with different thicknesses
and shielding conditions.

According to the general requirements of the rock
mechanical test, cylindrical core samples were prepared with
a diameter of 25mm and a height of 50mm. The porosity
and permeability of the cores are low. Due to the limitations
of coring costs and core quality, only three core samples were
selected for testing for each well depth. The porosity and per-
meability were determined by the Core Measurement System
(CM300, USA). The measurement ranges of porosity and
permeability are 0.01-40% and 0.00005-15D, respectively.
The device is composed of an ISCO pump, vacuum pump,
confining pressure pump, core holder, transfer containers,
flow meters, nitrogen bottle, and thermostat. The specific
experiment method porosity and permeability are measured
according to the industrial standard SY/T 5336-2006–
Practices for Core Analysis. The contents of minerals in
the core were measured with the X-ray diffractometer
(XRD-6000, Japan). The measurement method followed
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the industrial standard SY/T 5163-2010–Analysis Method
for Clay Minerals and Ordinary Non-Clay Minerals in
Sedimentary Rocks by the X-Ray Diffraction. Table 1 sum-
marizes the physical properties and mineral compositions
of the studied tight sandstones.

The cores used in this study were taken from the Chang 7
Member of the Yanchang Formation. The green contour line
in Figure 1 shows the thickness contour and sedimentary
facies of the Chang 7 tight sandstone, which has the charac-
teristics of large-scale distribution, good lateral continuity,
and large thickness variation. The maximum thickness is
130m, and the average thickness is above 10m.

The X-ray diffraction analysis indicates that types of clay
minerals in the studied area are mainly kaolinite, chlorite,
illite, and mixed illite/smectite, and their contents are
17.0%, 41.3%, 21.3%, and 20.4%, respectively. The occur-
rence characteristics of clay minerals are analyzed and
verified by SEM, and results are shown in Figure 2.

To avoid the impact of laboratory water on the micro-
scopic pore throat structure of tight sandstone during water
cooling and core flooding (for NMR measurement), the
synthetic formation water from the target reservoir was used

in the experiments (the water type is CaCl2, and salinity is
approximately 18000mg/L; the viscosity and density at
50°C are 0.521mPa·s and 1.02 g/cm3, respectively [26]).

2.2. Experimental Setups. In the experiments, a servo control
rock mechanics triaxial experimental system (Model TAW-
1000) was applied for the uniaxial compression test. This
system was equipped with the Germany DOLI company’s
EDC full-digital servo control. The wave velocity test was
performed using the Panamerics Model 5058PR high voltage
pulse-receiver; the longitudinal wave velocity was measured
by the Vaseline coupling test. The SXW-1200 high-
temperature box-type resistance furnace (manufactured by
the Shanghai Shiyan Electric Furnace Co., Ltd., China, with
the highest stability of up to 1200°C) was adopted for the
high-temperature heat treatment of tight sandstones.

The nuclear magnetic resonance (NMR) setup (manufac-
tured by the Niumag Corporation, China) was used to mea-
sure the T2 spectrum of synthetic formation water under
various experimental conditions. The NMR instrument is
comprised of a magnetic body, a radio frequency emitter,
and a data collection system. The basic parameters for
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NMR measurements are configured with the waiting time of
5 s, the echo time of 0.25ms, the scanning number of 16, and
the echo number of 1024.

The NMR technique is a nondestructive detection
method. The T2 spectrum of the core sample saturated with
single-phase fluid can reflect the internal pore structure of
the core. In a uniform magnetic field, the transverse relaxa-
tion time T2 is expressed as

1
T2

= 1
T2B

+ 1
T2S

= 1
T2B

+ ρ
S
V
, ð1Þ

where ρ is the relaxation rate (μm/ms) and S/V is the specific
surface area (1/μm).

Since T2B is far greater than T2, 1/T2B can be neglected
(i.e., the T2 relaxation contribution is mainly from surface
relaxation). The following is given:

S
V

= FS

rc
, ð2Þ

where FS is the shaper factor of the single pore (FS = 3 for
spherical pore and FS = 2 for cylindrical pore) and rc is the
pore radius (μm).

By replacing Equation (2), Equation (1) can be rewritten as

T2 =
rc
ρFS

: ð3Þ

Table 1: Properties and mineral compositions of the studied tight sandstone core samples.

Sample no. Porosity (%) Permeability (mD) Density (g/cm3)
Type and content (%) of mineral

Quartz Feldspar Carbonate Total content of clay minerals

H27-1 6.52 0.10 2.43 64.9 15.6 3.1 16.4

H27-2 6.76 0.12 2.42 59.7 18.4 4.4 17.5

H27-3 6.61 0.11 2.43 61.7 17.5 4.2 16.6

H28-1 6.98 0.15 2.58 60.2 16.8 10.7 12.3

H28-2 7.10 0.16 2.58 62.1 16.2 9.8 11.9

H28-3 7.08 0.16 2.57 61.4 16.4 9.5 12.7

H29-1 5.90 0.06 2.52 60.4 20.3 4.0 15.3

H29-2 6.31 0.07 2.53 61.5 21.5 3.5 13.5

H29-3 6.42 0.08 2.51 60.3 22.1 3.1 14.5

H30-1 9.11 0.21 2.50 52.7 20.9 12.0 14.4

H30-2 8.41 0.18 2.49 50.4 22.3 13.3 14.0

H30-3 9.03 0.19 2.50 50.5 22.3 12.4 14.8

(a) H27, 2054.70m, chlorite (b) H28, 1934.50m, kaolinite

(c) H29, 2073.20m, illite (d) H30, 2016.46m, Needle-leaf chlorite

Figure 2: The occurrence characteristics of clay minerals of the Yanchang Formation in the Ordos Basin.
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Assuming C = ρFS, Equation (3) can be transformed to

T2 =
1
C

⋅ rc: ð4Þ

As seen from Equation (4), the transverse relaxation time
T2 is in a positive linear relationship with the pore radius rc.
Thus, the measurement of hydrogen signals can be used to
calculate the fluid distribution in different pores.

2.3. Experimental Procedures. Four groups of cores (H27,
H28, H29, and H30) taken from the same well depth were
selected for experiments. The physical properties of each core
were measured at 25°C (i.e., the normal temperature). Each
group had three core samples: two of them were treated sep-
arately at 200, 400, 600, and 800°C, and another sample was
chosen as the blank case for comparison. The experimental
objective was to simulate the stimulation process of a tight
sandstone reservoir using high-energy gas or explosive frac-
turing followed by hydraulic fracturing and analyze the
microscopic pore structure and mechanical properties of
tight sandstone after water cooling and natural cooling. The
experimental procedures were summarized as follows:

(1) Core sample was put in an extraction container and
flushed with benzene and alcohol with a volume ratio
of 1 : 3 to remove residual oil. After that, the core was
placed in a thermostat and heated to a formation tem-
perature of 50°C; the temperature was remained
unchanged for 48h. Then the core was taken out to
measure the weight, dimensions, and gas permeability

(2) Given that the pore throat radius of tight sandstone
was small and the conventional vacuum saturation
was unable to fully saturate the pores of the core with
water, the core sample was placed in a core holder
and flushed with synthetic formation water using a
high-pressure displacement device. When the pro-
duced liquid was about 5 PV, the core was considered
fully saturated and the T2 spectrum was measured for
the first time. After that, the synthetic formation
water-saturated core was centrifuged by a PC-12B
centrifuge (the rotational speed was set at
11000 r/min), and the T2 spectrum was measured
again, as well as the permeability and longitudinal
wave velocity of the core

(3) After centrifugation, two cores chosen from the same
group were heated at a rate of 5°C/min. After reach-
ing the set temperature, it was kept for 2 h. Then
the cores were taken out and cooled by two methods,
i.e., natural cooling and synthetic formation water
cooling. After cooling, step (2) was repeated, and
the T2 spectrum and longitudinal wave velocity of
the core were measured

(4) At last, the uniaxial compression experiment was
performed for the core sample with a loading speed
of 0.02mm/min to obtain the stress-strain curve

3. Results and Discussion

3.1. Effect of High-Temperature Heat Treatment on Physical
Properties of Tight Sandstone

3.1.1. Variation of Acoustic Wave Velocity.When an acoustic
wave passes through different media, wave velocity varies. If
there are cracks, cavities, or other defects inside the media,
the acoustic wave velocity decreases. The wave velocity
reflects the matrix integrity and fracture development of the
rock. Due to the limited core samples, the normalization
method has been applied to exclude the influences of physical
properties and mineral compositions of different core
samples on acoustic wave velocity:

a = Si
So

× 100%, ð5Þ

where a is the variation of acoustic wave velocity, dimension-
less, and So and Si are the acoustic wave velocities of the core
before and after heat treatment, respectively (m/s).

Figure 3 displays variations of relative wave velocity of
core samples with temperature under different cooling
methods. It is observed that the declining amplitude of wave
velocity increases with temperature in the range of 25-800°C.
This is because core samples undergo heating and cooling
processes in the experiments. On the one hand, the degree
of damage in the core caused by heat treatment exacerbates
with the increment of temperature. On the other hand, the
temperature increase consequentially brings about a tem-
perature difference between the core and cooling fluid,
intensifying the effect of cold shock and aggravating the
cooling-induced damage [27]. These two factors contribute
to the decrease of wave velocity. At 600°C, the wave velocity
falls off markedly. In addition to thermal damage, it is also
attributed to the enlarged pores and newly formed micro-
cracks that are caused by the physicochemical changes of some
minerals due to heat adsorption during the high-temperature
heat treatment. For instance, as indicated in Table 1, the tight
sandstone contains a high content of quartz (the minimum
content is greater than 50%). At 573°C, the transition from α
-type to β-type quartz takes place. When the temperature
exceeds 400°C, the magnesium-illite and kaolinite begin
decomposition; when the temperature is beyond 500°C, the
dolomite, magnesium carbonate, and calcium montmorillon-
ite decompose [19, 28, 29]. The physicochemical changes of
these minerals significantly alter the microscopic pore struc-
ture of the core, increase the core volume, and further give rise
to a certain degree of spalling and fragmentation.

In the range of 25-800°C, comparing wave velocity
changes under two different cooling methods indicates that
the declining amplitude of wave velocity of the core under
synthetic formation cooling is 1.31%-10.12% higher than
that of the natural cooling. The possible reason for this
phenomenon can be explained that the surface temperature
of the core has a sharp decline during the water cooling;
hence, a higher temperature gradient is formed inside the
core, which brings about the secondary thermal stress, causes
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greater thermal damage, and accelerates the deterioration of
tight sandstone.

3.1.2. Variation of Permeability. Permeability change can be
used as an indicator to evaluate the degree of damage to the
core and the improvement of its physical properties under
the high-temperature heat treatment intuitively and quanti-
tatively. Figure 4 compares the permeability change of core
samples under synthetic formation water cooling and natural
cooling at 25-800°C (where Ko and Ki are the permeabilities
of the core before and after heat treatment, respectively). It is
noted that, under both cooling methods, the increasing
amplitude of permeability of the core goes up with tempera-
ture and there is a sudden change in permeability, implying
the existence of threshold temperature (i.e., the temperature
at which the physical properties of the core alter drastically).
Around the threshold temperature, the core’s permeability
undergoes a sudden change; below it, the permeability

increases slightly with temperature; above it, the permeability
increases rapidly with temperature. Accordingly, the results
from this figure imply that the threshold temperature of the
studied tight sandstone is between 400°C and 600°C. In this
range, the permeability of tight sandstone alters by orders
of magnitude, signifying that the internal structure of tight
sandstone has changed significantly. This change is consis-
tent with the variation of acoustic wave velocity, which can
be attributed to the chemical decomposition of some min-
erals (e.g., magnesium illite, kaolinite, dolomite, magnesium
carbonate, and calcium montmorillonite), the phase transi-
tion of some minerals (e.g., quartz), or the oxidation of some
rocks (such as siderite and pyrite).

Based on the permeability variations of core samples
under two different cooling methods, it is found that the
permeability of the synthetic formation water-cooled core is
increased by 3.34-29.45 times and that of the naturally cooled
core is risen by 2.08-25.45 times at 25-800°C. Considering
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thermal damages are almost the same at the identical temper-
ature under these two cooling methods, the effect of heating
is negligible. For the cores at the same temperature, the
effect of water cooling on the enhancement of permeability
is more significant than that of natural cooling. This is
because, compared to natural cooling, the temperature
difference between synthetic formation water and high-
temperature core is greater, leading to a stronger cold shock
and the propagation of original cracks in the core. This, in
turn, results in a higher increasing amplitude of permeabil-
ity under the water cooling.

As plotted in Figures 3 and 4, the biggest differences in
acoustic wave velocity and permeability emerge at 600°C,
but the differences become smaller at 800°C. The reason is
that the synthetic formation water cooling causes a more dra-
matic surface temperature drop of the core at 600°C, resulting
in a larger temperature gradient and greater thermal damage
which aggravates the degradation of the core. However, at
800°C, the minerals in tight sandstone are fully expanded
after high-temperature heat treatment. A large number of
micropores are formed, and the preexisting pores are further
enlarged and connected, which weaken the mechanical prop-
erties of the core. Although the water cooling could further
degrade mechanical properties, the effect is not significant
and thus the differences between these two cooling methods
are not obvious at 800°C.

3.2. Effect ofHigh-Temperature Treatment onRockMechanical
Properties of Tight Sandstone

3.2.1. Variation of Tensile Strength.Authors [30] have carried
out a series of the Brazilian splitting tests and longitudinal
wave velocity tests in tight sandstones of the Yanchang For-
mation in the Ordos Basin and established a tensile strength
prediction model for tight sandstone in terms of the longitu-
dinal wave velocity and density. The correlation coefficient of
the model is greater than 0.93, and the maximum error is
within 5% as compared to the measured field data.

σt = a ln Vp

� �
+ b:ρ − c, ð6Þ

where σt is the uniaxial tensile strength (MPa); VP is the lon-
gitudinal wave velocity (m/s); ρ is the rock density (g/cm3);
and a, b, and c are dimensionless coefficients. Considering
the effect of heat-induced microcracks on wave velocity, the
recommended values for coefficients a, b, and c are 16.69,
9.36, and 136.12, respectively.

After the high-temperature heat treatment, the dimen-
sions of the core at each temperature were measured. Exper-
imental results show that the diameter of the core is slightly
reduced, its length is enlarged somewhat, and its total volume
is increased. Accordingly, the density of the core is slightly
increased with temperature.

Due to the limited number of core samples in this study,
the tensile strengths of tight sandstone samples after high-
temperature heat treatment were analyzed by adopting the
above model (Equation (6)). Likewise, the normalization
method was applied to eliminate the effects of physical prop-
erties and densities of different rocks on tensile strength.

Figure 5 presents the comparison of the tensile strength
of core samples under two different cooling methods. With
the rise of temperature, the tensile strength of the core after
being cooled exhibits a decreasing trend, indicating that the
damage caused by heating and cooling the core reduces the
tensile strength. The declining amplitude of tensile strength
enlarges with the increase of heating temperature. Compar-
ing Figures 3 and 5 indicates that the declining amplitude
of tensile strength is greater than that of the acoustic wave
velocity, signifying that the propagation of cracks in the tight
sandstone after the heating and cooling treatments reduces
wave velocity and density of the core concurrently.

The tensile strengths of the core treated by synthetic for-
mation water cooling are 2.97% and 5.61% lower than that
of the core under the natural cooling at 200°C and 400°C,
respectively. It indicates that the effect of different cooling
methods on the tensile strength is not significant in this tem-
perature range. At 600°C, compared to the natural cooling, the
tensile strength of the core under the water cooling is 14.21%
lower. In addition, the density change is taken into account.
The densities of the cores after the water cooling and natural
cooling are 2.45 g/cm3 and 2.47 g/cm3, respectively, which
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are slightly decreased as compared to the densities of the cores
before heat treatment (2.53 g/cm3 and 2.51 g/cm3, respec-
tively). By combining these findings, it can be concluded that
water cooling has a greater impact on the tensile strength of
tight sandstone than natural cooling. This is because the water
cooling can promote the propagation of original cracks in the
core and aggravate the degree of thermal damage to the core.
The higher the chance of water cooling-induced crack propa-
gation and connectivity, the more severe the thermal damage.

3.2.2. Stress-Strain Characteristics. The stress-strain curves of
tight sandstones after synthetic formation water cooling and
natural cooling are plotted in Figures 6 and 7. After high-
temperature heat treatment and under the uniaxial com-
pression test, it is found that the stress-strain curve of the
core samples generally includes four stages, i.e., densifica-
tion, elasticity, yielding, and failure. With increasing
temperature, the peak stress of the water-cooled tight sand-
stone shows a trend of first rising and then declining, same
as the change in axial strain. In comparison with natural
cooling, the peak stress of the core after water cooling is
lower at each temperature and the stress drops rapidly after
reaching the peak of the stress-strain curve, presenting
certain brittle failure characteristics.

As indicated in these two figures, when the heating tem-
perature is below 600°C, the densification stage is not notice-
able in the stress-strain curve of tight sandstone after water
cooling and natural cooling. As the temperature continues
to rise, the densification stage emerges. The reason for this
phenomenon is that when the temperature is not high, the
thermal expansion coefficients of different minerals lead to
a small extent of uneven thermal expansion and deformation
between mineral particles. The consequent result is to cause
thermal deformation of some fine sandstone particles, pro-
mote the gradual closure of some original microcracks, and
improve the compactness of the core. As the temperature
goes up, the uneven expansion between mineral particles
becomes more pronounced. When the resulting thermal
stress exceeds the tensile strength of the core, new cracks
are induced and the number of microcracks climbs. Besides,
the effusion of crystal water from the mineral destroys the
crystal lattice structure of the mineral, resulting in increased
internal cracks and enhanced connectivity and thus exhibit-
ing a more obvious densification stage.

3.2.3. Variations of Peak Strength and Elastic Modulus. The
peak strength of the core can directly reflect its ability to
resist compression failure. Figure 8 compares the peak
strengths of core samples under two cooling methods. The
peak strengths of tight sandstones treated by synthetic
formation water cooling and natural cooling increase first
and then decrease sharply. For water cooling, the peak
strength reaches the maximum at 200°C and decreases signif-
icantly when the temperature drops down to 600°C; however,
for natural cooling, the peak strength attains the maximum
value at 400°C and falls thereafter. When the temperature is
not high (i.e., below 400°C for water cooling and less than
600°C for natural cooling), the heat may cause the thermal
deformation of some fine sandstone particles, but the
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Figure 7: Stress-strain curves of tight sandstones after natural
cooling.
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Figure 6: Stress-strain curves of tight sandstones after synthetic
formation water cooling.
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expansion and deformation of the minerals are small, which
promotes the gradual closure of some original microcracks
and enhances the compactness and strength of the core.
Moreover, the damage caused by cooling after the high-
temperature heat treatment is less than the strengthening
effect of thermal action on the strength of the core. With
the further increment of temperature, the peak strengths
of the cores under two cooling methods drop significantly.
The peak strength of the water-cooled core is still lower
than that of the naturally cooled core, indicating that water
cooling has a greater impact on the peak strength of tight
sandstone after high-temperature heat treatment than
natural cooling.

Figure 9 shows the comparison of elastic modulus of core
samples under two different cooling methods, and a resemble
trend is observed like the peak strength. At 25-400°C, the
elastic moduli of core samples exhibit an overall increase with
temperature. When the cores are heated to 600°C, the elastic
moduli decline. The declining amplitude of elastic modulus
of the water-cooled core sample is larger than that of the nat-
urally cooled core, signifying that the significant deteriora-
tion has occurred to the mechanical properties of the core.
Compared to water cooling, the elastic moduli of the cores
under natural cooling are 8.41%, 15.32%, 34.93%, and
16.59% higher at four different temperatures (i.e., 25°C,
200°C, 400°C, and 600°C), respectively, which demonstrates
that the impact of water cooling on the elastic modulus of
the core is more obvious than that natural cooling.

3.3. Effect of High-Temperature Heat Treatment on Pore
Structure Characteristics of Tight Sandstone

3.3.1. Characteristics of NMR T2 Spectrum. The T2 spectrum
and pore size distributions of the tight sandstone samples
before and after natural cooling and water cooling at four dif-
ferent temperatures are plotted in Figures 10–13. Before heat
treatment, T2 values range from 0.1 to 1000.0ms and T2
spectrums present bimodal distribution. Most of the pore
diameters are less than 100.0ms, indicating that the original
core sample mainly contains micropore and mesopores and

has a small number of macropores. After cooling, T2 spec-
trums change significantly with temperature and exhibit
bimodal distribution generally. It is noticeable that, under
the water cooling, T2 spectrums display triple-modal distri-
bution at 600°C and 800°C.

In general, after heat treatment, the area enclosed by the
T2 spectrum of the tight sandstone enlarges with the incre-
ment of temperature. The synthetic formation water cooling
has a larger area of T2 spectrum than natural cooling. The
number of pores in the core sample before and after cooling
follows the sequence: original core sample < natural cooling
< water cooling.

3.3.2. Variation of Pore Structure. According to previous
studies on tight sandstone [26, 31], the pore sizes can be
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categorized into micropores (<10.0ms), mesopores
(10.0~100.0ms), and macropores (>100ms) in terms of the
NMR T2 value. As the temperature changes, pores with
different sizes exhibit different characteristics. As shown in
Figure 14, the number of micropores has little change at dif-
ferent temperatures under two different cooling methods. Yet

the number of mesopores goes up with temperature. When
the temperature reaches 800°C, the number of mesopores is
risen by 1.92 times under natural cooling and 2.14 times
under water cooling. It is worth noting that the number of
macropores varies most obviously; especially at 600°C, there
is a sudden increment of the number. At 800°C, the number
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of macropores is increased by 6.19 times under natural cool-
ing and 8.00 times under water cooling. The increment
amplitude of the overall pore volume is similar to that of
the number of mesopores.

At 200°C, there is no evident change in the number of
pores; at 400°C, the change is still not obvious, except that
the number of macropores under water cooling increases.
However, at 600°C, the number of micropores and
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mesopores has a dramatic increase and this trend continues
up to 800°C. When the temperature is at a relatively high
value (e.g., 600°C or 800°C), the uneven thermal expansion
between minerals in the core becomes significant and the
ensuing temperature stress can exceed the strength limit of
the core, forming more pores than the original core sample.
Especially at 800°C, the pores in the core continue to grow
and connect to form large pores and more microcracks,
which leads to more severe damage to the core.

For the studied tight sandstone core samples, the varia-
tion of pore number measured by the NMR technique resem-
bles the change in mechanical characteristics. This similarity
explains to some extent the reason why the mechanical char-
acteristics of tight sandstone alter with temperature. The
permeability of the core primarily depends on the mesopores
and macropores.

Based on the variations of physical properties, mechani-
cal properties, and microscopic pore structure, the threshold
temperature of the tight sandstone is estimated between
400°C and 600°C. Above the threshold temperature, the main
characteristics of tight sandstone will change significantly.
Another finding from this study is that the cooling method
has no obvious impact on the threshold temperature.

In comparison with natural cooling, water cooling can
cause greater damage and more dramatic change in the phys-
ical properties of the core at a relatively lower temperature.
That explains why the threshold temperature under water
cooling is slightly lower than that under natural cooling.

4. Conclusions

In this paper, a series of tests have been carried out to study
the effect of high-temperature heat treatment on the physical
properties, mechanical properties, and microscopic pore
structure of tight sandstone under synthetic formation water
cooling and natural cooling. Based on the experimental
results, the following conclusions are obtained:

(1) Compared to natural cooling, the wave velocity of
tight sandstone cooled by synthetic formation water
is lower, but the permeability of the core is higher.
The maximum differences in wave velocity and per-
meability appear at 600°C

(2) With the increase of heating temperature, the tensile
strength of tight sandstone decreases, and the declin-
ing amplitude of tensile strength enlarges. The peak
strengths and elastic moduli of the tight sandstone
after water cooling or natural cooling show the trend
of first rising and then decreasing sharply. Under
water cooling, the peak strength and elastic modulus
reach the maximum values at 200°C; under natural
cooling, the maximum values are attained at 400°C.
When the core is heated up to 600°C, both peak
strength and elastic modulus fall dramatically

(3) The T2 spectrums of tight sandstone change signifi-
cantly with temperature and generally exhibit
bimodal distribution. At 600°C and 800°C under
water cooling, T2 spectrums present triple-modal

distribution. As the temperature goes up, the number
ofmicropores does not change evidently but the num-
ber of mesopores increases. When the temperature
reaches 800°C, the number of mesopores rises 1.92
times under natural cooling and 2.14 times under
water cooling. The number ofmacropores variesmost
obviously; especially at 600°C, there is a sudden incre-
ment of the number. The pore size and number of
pores of the tight sandstone sample after water-
cooling are higher than those after natural cooling

(4) Based on the variations of physical properties,
mechanical properties, and microscopic pore struc-
ture of tight sandstone, the threshold temperature is
estimated in the range of 400-600°C. Above the
threshold temperature, the main characteristics of
tight sandstone will change dramatically

In this paper, the impact of heat treatment time on the
physical and mechanical properties of tight sandstone is not
addressed (based on previous studies, the treatment time of
2 h was selected for the experiments). Besides, due to the
distinct mineral components of different tight sandstones,
the relationship between mineral components of tight sand-
stone and changes in the microscopic pore structure and
mechanical properties of the core during high-temperature
heat treatment is not identified. Hence, these problems will
be discussed in the next step.
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