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ARTICLE INFO ABSTRACT

Handling Editor: Wojciech Stanek As the extensive application of reservoir stimulation technologies such as hydraulic fracturing (including CO,
fracturing) and in-situ conversion, identifying the developing rules of the pore structure in shale formations rocks
after compression becomes all the more important. Here we carry out experimental studies to reveal the evo-
lution mechanism of pore structure of oil shale formation rocks after compression primarily via adsorption-
desorption isotherms. The results show that the BET specific surface area of the oil shale rocks first increases
and then decreases after the confined compression, while the second dominant peak of pore size distribution
shows the opposite behaviors. The pore volume experiences the stage of decrease, increase and continuous
decrease with the increasing applied stress, and at last decreases by ~30% under 700 MPa compression. The
increase of fractal dimension of shale formation rocks after compression indicates that the pore structure gets
rougher and more heterogeneous. It reveals that the pore structure and pore-system of shale rock experience a
very complexed evolution during the compression, including compressing, cementing, splitting and vanishing.
This work provides some guidelines for the rational design of stimulation technologies to improve shale oil and
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gas recovery, and the carbon sequestration in deep earth formations.

1. Introduction

In recent years, with the breakthrough of hydraulic fracturing and in-
situ conversion technologies [1,2], the successful exploitation of hy-
drocarbons from shale reservoirs has become the most important growth
point of global oil and gas [3,4]. Currently the hydrocarbon content per
unit volume of shale produced to the ground is estimated to be only
about 5-15% [1], which remains a big challenge to the urgent demand
for the enhanced oil and gas recovery. Various methods such as
advancing CO5 enhanced oil recovery, artificial heating, etc. have been
developed to improve the oil and gas production [5-7]. The difficulty of
shale oil and gas extraction comes from its occurrence characteristics,
such as deep stratum (usually below 3 km), complex crustal stress,
extremely low permeability (10™°-10~7 darcy), and low porosity
(2-10%), etc. [8-11] Most of shale oil or gas occurs in the pore structure
of kerogen (organic matter) with diameter of 0.5 nm-100 nm in the form
of adsorption [12-15], which makes it one of the most important topics
to improve hydrocarbon production.

Despite the critical importance of shale pore system as the space and
channel for hydrocarbon generation, adsorption, migration and storage of

shale oil and gas, its evolution with the action of stress remains unexplored.
It is generally believed that the pore system of source rocks is formed and
evolves gradually in the long geological history under the action of in-situ
stress and geothermal energy, and is linked to maturity of kerogen [16].
In addition to geological evolution, artificial stimulation technologies such
as hydraulic fracturing or in-situ conversion can also greatly change the pore
structure in the kerogen or shale [17-20]. Hydraulic fracturing, or frac-
turing of hydrocarbon bearing rocks is an established technology for the
development of shale oil and gas [21]. Fig. 1 shows a multiscale view of
fracturing process. Powerful pumps on the fracturing truck or dill platform
inject the high-energy pressurized fracturing fluid into tight shale forma-
tions. The fluid, whether water base (99% water and other additives) or
waterless (also known as “COj fracturing”), usually was consumed volume
of (1~8) x 10*m® for a single well [22,23]. Such a huge amount of fluid
fractures the formation rocks in favor of even advancing of injected fluid. At
the same time, the proppants contained in the fluid is transported to the
crack tips and settled down after the fluid flowback (~15%), keeping the
rock cracks open [24]. It is naturally that in the process of pumping fluid
into the formation to promote the initiation, propagation and long-term
opening of rock cracks, the mechanical behavior of the shale stratum is

* Corresponding author. State Key Laboratory of Nonlinear Mechanics, Institute of Mechanics, Chinese Academy of Sciences, Beijing, 100190, China.

E-mail address: yzhao@imech.ac.cn (Y.-P. Zhao).

https://doi.org/10.1016/j.energy.2023.127913

Received 20 March 2022; Received in revised form 19 May 2023; Accepted 21 May 2023

Available online 24 May 2023
0360-5442/© 2023 Published by Elsevier Ltd.


mailto:yzhao@imech.ac.cn
www.sciencedirect.com/science/journal/03605442
https://www.elsevier.com/locate/energy
https://doi.org/10.1016/j.energy.2023.127913
https://doi.org/10.1016/j.energy.2023.127913
https://doi.org/10.1016/j.energy.2023.127913
http://crossmark.crossref.org/dialog/?doi=10.1016/j.energy.2023.127913&domain=pdf

X. Huang and Y.-P. Zhao

(@)

1 km

2 km

Energy 278 (2023) 127913

Molecular scale

Free molecular flow

Nanoscale

Microscale

Mesoscale

Macroscale

Fig. 1. Multiscale view of hydrocarbon recovery from shale formations. (a) Hydraulic fracturing. (b) Coupling effects of fracturing stress and crustal stress on the

pore structure and adsorption-desorption. (c) Topics from nanoscale to macroscale.

directly dominated by the hydraulic pressure and the crustal stress. With the
further injection of fracturing fluid, the rocks on both sides of the crack are
compressed and deformed. As shown in Fig. 1(b), when the nanoporous
shale subjects to a changing stress field (primarily compressive), its pore
system evolves, resulting an inseparable varying in adsorption-desorption of
oil and gas. On larger scales, the flow of oil and gas from molecular to
continuum, well-logging and even seismic tomograph may also make a big
difference, as illustrated in Fig. 1(c). Similarly, in the process of CO- storage
(carbon sequestration), the injected gas and the pressure generated will
compress the rock reservoir, thereby causing the pore system to evolve. In
this respect, it is quite important to reveal the evolution mechanism of pore
structure of shale formation rocks, which may affect the recovery to a great
extent.

Liang et al. [25] studied the evolution of pore structure in gas shale from the
detachment deformation belt by mercury injection capillary pressure and
low-pressure gas adsorption, and found that the structural deformation affected
the evolution of pore size distribution. Ibanez and Kronenberg [26] investigated
the mechanical properties and deformation mechanism of shale from micro-
structural indicators in triaxial compression experiments. Pan et al. [27]
revealed that coalbed methane sorption is related to coal deformation structures
at different pressures. Ismail and Zoback [28] found that the clay-rich shale has a
higher pore throat compressibility and result in higher permeability reduction at
increasing effective stress. Zhang et al. [29] revealed the relationship between
the stress sensitivity and pore structure of shale. Several previous studies have

been conducted to reveal the impact of stress or adsorption on the porosity
and/or permeability of shale rocks [30-33], which also provide important
reference to study the evolution of pore structures of shale. Generally, previous
studies mainly focused on the relationships between the shale porosity and
permeability and the effective stress, and the evaluation of micro-cracks and
well performance in shale from stress sensitivity. All these studies show that, on
the one hand, stress sensitivity is extremely important to the development of
shale oil and gas. On the other hand, there are also some shortcomings in the
current studies of stress sensitivity, such as it is still not clear that how the BET
specific surface area, the pore size distribution, the pore volume, and the fractal
dimension of shale rocks change with the compressive stress.

In this study, we carry out confined compression tests on oil shale
formation rocks with varied terminal stresses. Then, low temperature
nitrogen adsorption measurements and scanning electron microscopy
are employed to analyze the adsorption-desorption process and pore
structure evolution, including BET specific surface area, pore size dis-
tribution, total pore volume and fractal dimension.

2. Materials and methods
2.1. Preparation of shale samples

The shale formation rock used in this study is from shale oil fields of
the Songliao Basin (Northeast China), which is characterized by high
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Fig. 2. Experimental preparation process for shale samples.

organic matter content and rich minerals [34]. Considering that the large
modulus of shale and the small diameter (~10 mm) of the sample tube of
the physical adsorption apparatus (standard instrument), firstly we
crushed the rock into particles because of the sample requirements for
testing the adsorption-desorption isotherms. After that the shale particles
were compressed by a tablet press machine. Due to the underground
stress field is quite complex, and in many cases the tectonic stress will
involve large pressures, the applied stresses were set in the range of 50
MPa-700 MPa. The purpose of applying stresses is to study the corre-
sponding changes of the pore structure of shale particles. Finally, the
evolution of adsorption-desorption and pore structure of shale samples
was tested. The sample preparation steps are shown in Fig. 2 and as
follows.

(1) Crushing. Use geological hammer to break the whole shale rock
into small particles with a diameter of several millimeters. The
hammered particles or shale were not select for the experiment.
Therefore, the shale particles used in the later experiments did
not undergo compression during the crushing process. The
crushing process is the common process before the low-
temperature nitrogen test [35,36]. The hammered particles or
shale were not select for the experiment. Therefore, the shale
particles used in the later experiments did not undergo
compression during the crushing process.
Grinding. Grind the crushed particles by an agate mortar, and
then screened by a 50-target standard sieve to obtain particles
with 50~100 mesh. The selection of the particular particle size
was based on our preliminary experiments, which showed that
the optimal particle size for the low-temperature nitrogen
adsorption test is about 0.1 mm~0.3 mm (50~100 mesh).

(3) Drying and outgassing. Put the ground shale particles into sample
tube (be careful not to contaminate the tube mouth) and seal the
tube with a one-way plug. Install the tube to the degassing station
of an adsorption instrument to outgas the sample. The set tem-
perature and time are listed in Table 1.

(2

—

Table 1
The parameters of shale sample in the drying and outgassing experiments.

Evacution Phase Heating Phase

Temperature ramp rate 10.0 °C/min Ramp rate 10.0 °C/min
Target temperature 65 °C Hold temperature 65 °C
Evacution rate 5.0 mmHg/s Hold time 240 min
Unrestricted evac. From 5.0 mmHg - -

Vacuum level 500 pmHg Evacuation and Heating Phase
Evacuation time 30 min Hold pressure 100 mmHg

(4) Compressing. Take 0.5 g sample and put into a cylindrical steel
mold each time. Compress it with a triaxial apparatus (Jingtuo,
PC-12) with stress of 50 MPa, 100 MPa, 200 MPa, 300 MPa, 400
MPa, 500 MPa, 600 MPa and 700 MPa. The compressed samples
were labeled as #2~#9, and the uncompressed sample was #1.
Subsequently, use a vernier caliper to measure the length of
compression, so as to calculate the strain of the samples under
different loads. We have weighed at least 5 groups of each shale
sample #1~#9 and placed them into the same mold, respec-
tively, with an initial height error <0.5%. Since the shale is rich
in organic matters, clays (mainly illite and chlorite), carbonates
(calcite and dolomite), etc., the shale particles were cemented
together to form core-like samples under triaxial compressions.

(5) Drying and outgassing. Dry and outgas the above nine shale
samples once more as Step (3).

2.2. Low temperature nitrogen adsorption test

In this work, we adopt the low-temperature nitrogen adsorption to
study the evolution of pore structure of compressed shale samples. The
low temperature nitrogen adsorption test is a standard method recom-
mended by International Union of Pure and Applied Chemistry (IUPAQC),
which used adsorption-desorption isotherms to reveal the quantitative
BET specific surface area, the pore size distribution and pore volume. It
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uses nitrogen as the adsorbent molecule to adsorb on the surface and
pores of adsorbent, and measures the adsorption amount according to
the relationship between volume and pressure before and after gas
adsorption (i.e., volumetric method) [37]. The specific surface area,
pore size distribution, pore volume and fractal dimension of the samples
can be evaluated according to the adsorption isotherms combined with
specific models.

The physical adsorption apparatus (ASAP 2020 Plus, Micromeritics)
was used to conduct the low-temperature nitrogen adsorption experi-
ment, which includes a molecular pump, low-pressure sensors and other
systems, as shown in Fig. 3. The fluids used in the tests were high-purity
nitrogen and high-purity helium (both purity >99.999%), liquid nitro-
gen (77 K), etc. Nitrogen has a series of advantages in the test, such as
chemical inactivity, difficult to react with other substances at low/
normal temperature, safety, non-toxicity and easy to obtain [33]. Most
importantly, its molecular diameter is 0.37 nm, making it an ideal mo-
lecular probe to study micropores mesopores of porous media. Accord-
ing to our previous studies [12,33], pores in shale are mainly mesopores
(2-50 nm). Therefore, we adopted the mesopores method to measure the
specific surface area and pore size distribution of the nine shale samples
obtained in subsection 2.1. The core-like samples were break into pieces
before the low temperature nitrogen adsorption-desorption experi-
ments. The experimental preparation and procedure for the low tem-
perature nitrogen adsorption test are listed as follows.

(1) Experimental preparation

1) Washing: Wash and clean the sample test tube and filler rod
with distilled water and ethanol, then dry them in an oven,
and then cool them naturally;

2) Degassing: Install the empty sample tube to the degassing
station of the adsorption instrument, then perform degassing,
and then backfill the gas;

3) Weighing 1: Take the sample tube from the degassing station,
use an analytical balance to weigh the mass of the sample test
tube + one-way plug (accurate to 0.0001 g), and record it as
My;

4) Sample setting: Put the shale sample prepared in subsection
2.1 into the sample test tube, and plug the tube mouth with a
one-way plug;

5) Weighing 2: Weigh the mass of the sample test tube + one-way
plug + sample, record it as My;

6) Degassing: Install the sample test tube to the degassing station
of the adsorption instrument, put on a heating mantle, and
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-
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5
S >
D
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then degas and backfill the shale sample with gas. The
degassing parameters are consistent with Table 1;

7) Weighing 3: Remove the sample test tube from the degassing
station, and weigh the total mass of the degassed sample test
tube + one-way plug + and sample again, record it as Ms;

8) Inserting the filler rod: Remove the one-way plug, insert the
filler rod, and then seal the sample test tube with the one-way
plug. The filler rod can reduce only space volume of the test
tube, thereby improving the test accuracy of low specific
surface adsorbents;

9) Sleeve: Place the sample test tube in the heating mantle.

(2) Experimental procedure

1) Transfer the sample test tube to the analytical station of the
adsorption instrument, install the connector and the sealing
ring at the head of the tube and tighten it;

2) Fit the white foam cap of the mouth of Dewar bottle onto the
sample tube, screw on the p, tube and move it right behind the
sample test tube;

3) Use a liquid nitrogen gun to fill the Dewar bottle with liquid
nitrogen, and place it on the lifting platform under the sample
test tube;

4) Analyze the sample and generate analysis reports.

2.3. SEM observation

The purpose of the SEM is to observe and verify the change of the
microstructure of the shale samples after applied compressed stress. The
microstructure of the 9 shale samples obtained in subsection 2.1 were
observed by the SEM (FESEM, G300; Carl Zeiss, Germany). The shale
samples for the SEM observation were adhered to a dual adhesive tape,
which was adhered to SEM sample stage. Because the shale rock is non-
conductive, the samples have been sprayed with platinum for 300 s
before being placed into the SEM scanning cavity.

3. Results and discussions
3.1. Stress-strain relation

In this study the “stress-strain” are not the true stress and strain of
shale rock, but a compaction process of shale particles, in which there
are a large number of voids. As the compressive stress increased, the
shale particles were cemented, deformed and even fractured. The shale
rock particles were compressed in the mold using a triaxial apparatus
with a set stress marked as o;. After that the stress was removed, and a
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port flow raté
control

€

inlet

outlet

thermal conductivity detector

cold trap

Fig. 3. The low temperature nitrogen adsorption experiments (Modified from Ref. [38]).
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Fig. 4. The stress-strain diagram of the shale samples. The diameter of the shale
samples was 10 mm. The pressures settled in the experiments were 50 MPa,
100 MPa, 200 MPa, 300 MPa, 400 MPa, 500 MPa, 600 MPa, and 700 MPa,
respectively.

vernier caliper was employed to measure the height of compression,
which was used to calculate the strain ¢; of the samples after applied o;.
Accordingly, we obtain a data set of (; ¢;) with the applied compression
stress in the range of 50 MPa-700 MPa. Fig. 4 shows the stress-strain
diagram of shale samples under different effective stress. In fact, the
“strain” ¢; here is not the true strain of shale rock, but a compaction
process of shale particles, in which there are a large number of voids.
The compression of shale samples by the triaxial apparatus is a contin-
uous compaction process. As the compressive stress increased, the loose
shale particles were compacted, deformed, even fractured cemented. It
can be seen that in the early stage of the compression (0-200 MPa), the
strain of the shale sample increased sharply, which was the process of
shale particles from loose to compact. The main deformation of the shale
samples was the sharp decrease of the pores between the particles. In the
middle and late stages (200-700 MPa), the deformation became less
steep at the same load gradient, mainly because the gap between par-
ticles has almost disappeared after the early compressive. The defor-
mation of samples at late stages was primary the extrusion between
shale particles.

3.2. Adsorption-desorption isotherms

The adsorption-desorption isotherms of the shale samples subjected
to different compressive stresses are shown in Fig. 5. It can be seen that
the adsorption type of shale is physisorption, which is different from the
chemisorption or mechanisorption [39,40]. According to the classifi-
cation of adsorption-desorption isotherms given by the International
Union of Pure and Applied Chemistry (IUPAC), the isotherms of shale
samples are close to the type IV, indicating that there are a large number
of mesopores in the samples [41]. The adsorption process can be divided
into the following three stages based on the change of adsorption ca-
pacity versus relative pressure.

(1) The low-pressure adsorption stage (0< p/py < 0.42). The
adsorption capacity increases slowly when the relative pressure
increases, and the isotherm shows slow ascending, which corre-
sponds to the monolayer adsorption of nitrogen molecules on the
surface and pores of shale samples.

(2) The transition adsorption stage (0.42< p/po < 0.9). With the in-

crease of relative pressure, the adsorption capacity increases fast,
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Fig. 5. The adsorption-desorption isotherms of shale samples after compres-
sion. (ai) represent #1~#9 shale samples subject to different compressive
stresses, respectively.

resulting in the rapid rise of isotherm. It corresponds to the
multilayer adsorption of nitrogen molecules on the sample, and
the capillary condensation [40] occurs in the pores after the
relative pressure exceeded about 0.42.

(3) The high-pressure adsorption stage (p/po > 0.9). The adsorption
capacity of the sample increases rapidly when increasing the
relative pressure, owing to the gas pressure is close to the satu-
rated vapor pressure and there is no limited adsorption. In this
stage, the adsorbate molecules undergo significant capillary
condensation on the samples. The adsorption capacity becomes
smaller as the stress increases, indicating that the volume of
macropores decreases after compression.

Similarly, the desorption branch can also be divided into three stages
as following.

(1) The high-pressure desorption stage (p/po > 0.9). The trend is the
approximately inverse of the adsorption process. The desorption
isotherm drops sharply versus the relative pressure, indicating
the fast evaporation of the adsorbate condensate in the open
macropores of the samples.

(2) The transition desorption stage (0.42< p/po < 0.9). The desorp-
tion isotherm decreases fast when the relative pressure decreases
due primarily to the evaporation in the meso- or macro-porous.
The adsorption and desorption branches of isotherms do not
coincident: the former is below the latter, resulting in an obvious
hysteresis loop [42]. This is because the change of free energies of
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Fig. 6. (A) The BET plot and (b) The BET specific surface area of the nine shale
samples compressed with different stresses.

capillary condensation and evaporation is different under the
same pressure.

(3) The low-pressure desorption stage (0< p/po < 0.42). The
desorption branches show an obvious inflection point when the
relative pressure is about 0.42, and then the trend is almost
consistent with the adsorption one. It mainly represents the
monolayer desorption or desorption in micropores.

It can be seen from Fig. 5 that the adsorbed capacity of N, decreases
with the increasing compressive stresses, indicating that the applied
load has a negative effect on adsorption, which is opposite to the surface
stress induced by adsorption [43]. In the low-pressure adsorption-de-
sorption stage, although the two branches almost coincide, the desorp-
tion one is slightly higher than the adsorption one. It is generally
believed that this slight low-pressure hysteresis is related to the
expansion of non-rigid porous structures or irreversible
adsorption-desorption of pores. For example, when the adsorbent dif-
fuses into the adsorbate matrix, or the adsorbate molecule is equivalent
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to the pore in diameter, it cannot escape in the desorption process,
resulting in such hysteresis.

As for the obvious hysteresis when the relative pressure exceeds
0.42, it is caused by the capillary condensation of adsorbent molecules in
the shale pores. The hysteresis loop of different types of pores are quite
different. According to the classification of hysteresis loops by IUPAC,
the loops in Fig. 5 are close to H3 type, indicating that the pore
morphology of shale samples is mainly slit-shaped or parallel plate-
shaped [41,44].

3.3. BET specific surface area

In order to obtain the specific surface area of the shale samples, the
multi-point BET method [45] was employed to analyze the isotherms in
Fig. 5. This method requires the value to be taken in adsorption branch
with the relative pressure of 0.05-0.3. Fig. 6(a) shows the BET plot of the
nine shale samples, all of which are linear.

Table 2 lists the adsorption capacity Qn (cm®/g) of the single mo-
lecular layer required to completely cover the sample surface, which
were obtained according to the slope and intercept of curves in Fig. 6(a).
It can be seen that Qn first increases and then decreases as the
compressive stress increases.

Based on Table 2, the specific surface area calculated by the BET
theory is plot in Fig. 6(b). As shown in the figure, the BET specific sur-
face area of the shale samples is between 7.5-9.3 mz/g, and evolves
consistently with the monolayer adsorption capacity Qp, that is, it first
increases and then decreases versus the compressive stress. In the first
stage (0-300 MPa), the BET specific surface area increases with the in-
crease of the compressive stress. While in the late stage (300-700 MPa),
the BET specific surface area decreases as the stress increasing. At last,
the BET specific surface area is ~6% smaller than that of the uncom-
pressed shale sample, and ~20% smaller than the peak BET specific
surface area. According to Zhan et al. concluded in their recently work
[36] that the BET specific surface area of shale is almost unaffected by
the particles’ size. Therefore, the prepared samples can be considered to
represent the behavior of actual case in most cases.

3.4. Pore size distribution and pore volume

As shown in Fig. 7, the classic Barrett-Joyner-Halenda (BJH) theory
was employed to evaluate the pore size distribution and the pore volume
based on the adsorption-desorption isotherms of the shale samples [46].
Fig. 7 (a) is an enlarged view of pore size distribution that below 1.5 nm
(micropores). It can be seen that after the compression, the pore size of
micropores in the shale samples first increases to a certain extent, and
then decreases gradually until it almost disappears.

As shown in Fig. 7 (b), the pore size distribution of the nine shale
samples is bimodal. The pores are mainly mesoporous, and also contain
a small amount of micropores. The peak position of all the samples did
not change significantly. It should be noted that the peak value directly
corresponds to the pore volume, and the peak width represents the
dispersion and concentration of the pore size distribution. The first
dominant peak of the nine shale samples is about 1.2 nm, indicating that
the micropores contribute a little to the total pore volume. The second
dominant peak value is about 2.0 nm, i.e., the critical point of micropore
and mesoporous. The pore volume at this peak value is the largest,
which the crest characteristics are obvious. There is no dominant peak
when the pore size is greater than 2.0 nm. And the distribution curve
decreases slowly, indicating that the overall distribution of mesoporous
is relatively uniform, and gradually decreases versus the pore size. For

Table 2

The adsorption capacity of the single monolayer on the shale samples.
Sample #1 #2 #3 #4 #5 #6 #7 #8 #9
Qm (cm®/g) 1.664 1.743 1.784 1.827 1.940 1.749 1.727 1.745 1.571
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Fig. 8. The total pore volume of the nine shale samples versus compres-
sive stress.

Table 3
The pore structure parameters of the shale samples.

Sample  Specific surface area Total pore volume Average pore size
(m?%/g) (em®/g) (nm)
#1 7.9823 0.02655 5.13
#2 8.27105 0.02398 4.42
#3 8.61815 0.02402 4.29
#4 8.88235 0.02603 4.27
#5 9.2702 0.02522 4.06
#6 8.36415 0.02235 3.74
#7 8.22333 0.02029 3.40
#8 8.32305 0.02002 3.30
#9 7.5143 0.01853 3.38

the shale samples subjected to increasing compressive stresses, the peak
value of the second dominant peaks decreases slightly at first and then
increases again, indicating that the pore size distribution around the

peaks has changed.

Fig. 8 shows the total pore volume versus compressive stress by in-
tegral calculation of pore size distribution of Fig. 7(b), which reveals
that the total pore volume of the shale samples is greatly affected by the
compression. With the increase of the compressive stress, the total pore
volume mainly undergoes three stages of decrease, increase and
decrease. Under the stress of 0-100 MPa, it decreases by ~10%, and
then almost increases to the initial state at 200 MPa. Thenceforth, the
total pore volume decreases approximately linearly. At 700 MPa, it
decreases by ~30% compared with the initial state. We propose a
concept of “residual pore volume (RPV)” to describe the remaining pore
volume of samples after compression. RPV is the actual pore volume of
shale formations rocks in fracturing production, which is very important
for desorption, displacement and migration of shale oil and gas.

Table 3 lists the BET specific surface area, total pore volume and
average pore size of the nine shale samples. It can be seen that the BET
specific surface area and the total pore volume show opposite trends in
the initial stage (0-300 MPa), while are consistent in the middle and late
stage, i.e., both decrease with the increase of compressive stress. In
addition, the average pore size decreases when the applied stress
increases.

Recently both Han and co-workers [47], Zhan and co-workers [36]
both revealed that particle size has a considerable effect on pore volume
and pore size distribution measurement, with 120-160 mesh size sam-
ples may the optimum for the study of pore volume and pore size dis-
tribution using low temperature nitrogen adsorption test. Since our
shale sample (from Songliao Basin) is different from theirs (from
Southern Sichuan), based on our preliminary experiments, we selected
the optimal particle size to be 50-100 mesh. The sample selection and
preparation methods were similar to their study and can be considered
representative of actual case behavior.

3.5. Fractal dimension of shale samples

The fractal dimension reflects the effectiveness of space occupied by
complex objects, and is a measure of the irregularity. For shale forma-
tion rocks, the fractal dimension interprets the comprehensive pore
structure parameters including surface roughness, volume and pore size
[48], that is, revealing the complexity and heterogeneity of pore struc-
ture quantitatively. Generally, the fractal dimension is measured based
on the low-temperature nitrogen adsorption isotherms combined with
the Frenkel-Halsey-Hill (FHH) theory [49,50], which describes the
multilayer adsorption on solid surface as follows:
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Fig. 9. The linear fitting curves of In In (po/p) versus In (Q/Qy,) for calculating the fractal dimensions of shale samples after applied different compressive stresses.
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Table 4
The fractal dimension of shale samples subjected to compressive stresses.
Sample #1 #2 #3 #4 #5 #6 #7 #8 #9
D 2.543 2.552 2.553 2.527 2.560 2.560 2.557 2.562 2.561
Eq.  |y=a+bx b Eq.  [y=a+bx Table 5
2 (a) a 0.5258 = 0.00265 ( ) a 0.61769 + 0.02054 Segmental fractal dimensions of shale samples.
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RSS [2.97797E-4 RSS | 0.00219 Sample #1 #9
R 099982 R [0.99529
0.9998 0.99451 Dy 2.570 2.635
1.5 Dy 2.477 2.509
o interval of the segmentation, as shown in Fig. 10. The shale samples
§ 1.0 without compression and applied 700 MPa stress were taken as exam-
£ ples, the data points were divided into two parts for the linear fitting.
Therefore, four fractal dimensions of the two samples were calculated as
0.5+ listed in Table 5, where D, and D, respectively correspond to the me-
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Fig. 10. Segmental calculation of the fractal dimension of shale samples. (a)
Uncompressed; (b) 700 MPa.

5

Q/Qm ~ {RTln (po/p> } 1)

where Q is the adsorption volume; s is a parameter describing the shape
of an isotherm (s = 2.5-2.7).

Pfeifer et al. further developed the application of FHH theory in
calculating the fractal dimension D of porous materials [50-52]:

In (Q/Qm> = constant + DT4 {lnln (po/p> } 2)

In (Q/Qm> = constant + (D — 3) {lnln (p(yp) } 3

Egs. (2) and (3) applies to the adsorption process dominated by the
van der Waals interaction and the solid-liquid interface tension,
respectively. In this study, Eq. (3) is suitable for calculating the fractal
dimension of shale samples. In combination with Eq. (3) and the
adsorption-desorption isotherms of the nine shale samples, we plotted
the linear fitting curves of Inln(py/p) versus In(Q/Qy,) used to calculate
the fractal dimensions of the nine shale samples after applied different
compressive stresses, as shown in Fig. 9. It can be seen that the linear
regression coefficient of the experimental results is very high (R? >
0.99), indicating that the pore structure of the shale samples has obvious
fractal characteristics. Therefore, the fractal dimension of each shale
sample can be calculated by combined Fig. 9 and Eq. (3), as listed in
Table 4. It can be seen that the fractal dimension of the nine shale
samples ranged from 2.527 to 2.562, indicating that the compressive
stress improves some aspects of fractal dimension, but it is a small boost.
It should be noted that as the closer the fractal dimension approaches to
2, the pore surface becomes more regular (smooth). Otherwise, it be-
comes more irregular (rough) when the fractal dimension approaches to
3, i.e., that is, the pore structure is more complex and the pore con-
nectivity is worse, and the heterogeneity is stronger.

Although the coefficient of determination R? exceeds 0.99, it can be
further divided into two segments for linear fitting. Firstly, we roughly
divide the data points into two parts based on Fig. 9, and then perform
linear fitting on them. The intersection point of the two fitted lines is the

faces become more complex. The irregularity of pore shape is higher,
and the connectivity becomes worser.

3.6. Microstructure change

Fig. 11 shows the SEM micrograph of the shale samples. As the
compressive stress increased, the shale particles experiences processes of
loose — compact — deformed — fractured — cemented. Fig. 11(a) is the
uncompressed shale sample, which has small particles and is relatively
loose. Fig. 11(b and c) are the enlarged view of (a), showing that the
shale minerals have schistose appearance. It originated during the for-
mation of shale, when the minerals were oriented under sedimentation
and compaction to form bedding layers. Sub-micron slits or cracks and
pores of 10-100 nm can be seen between the layers, which are very
important for the adsorption and diffusion of oil and gas [53].

Fig. 11(d-i) show the SEM images of the shale samples after com-
pressed. As the applied stress increases, the shale particles become
closer, and the boundary between the particles becomes almost indis-
tinguishable. At the same time, the profile surfaces get rougher and more
irregular, which verifies the results of fractal dimension. As shown in
Fig. 11(g-i), two types of microcracks occurred in the compressed shale
sample: serrated and straight, both of which are hundreds of nanometers
in width. These two types of microcracks were produced in different
minerals caused by different forms of compression failure. In the shale
formation rocks, quartz, feldspar etc. Minerals have high strength,
usually form straight cracks. While the strength of carbonate and clay
minerals is relatively small, resulting in more complex cracks such as
serrated. The fracture of shale particles can also explain why at some
stage the BET specific surface area and the pore volume increase with
the increase of external stress, and then decrease when the particles
were cemented.

4. Conclusions

In this paper, we studied the pore structure evolution of shales
subjected to different compressive stresses using nitrogen adsorption
measurements and SEM. The experimental results show that BET surface
area, pore volume and fractal dimension of shale all changed with the
compressive stress. The BET specific surface area of shale samples in-
creases with the increase of applied stress when it less than 300 MPa.
When the applied stress exceeds 300 MPa, the BET specific surface area
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Fig. 11. The SEM micrographs of the shale samples.

decreases. In the process of shale compression, the pore volume goes
through the stages of decreasing, increasing and continuously
decreasing. The fractal dimension of the compressed shale rock is higher
than that of the uncompressed shale rock, which indicates that the pore
structure becomes more irregular under compressive stress. This work
may provide some guidance for ultra-deep underground engineering.
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