Hindawi
Geoﬂuids
Volume 2021, Article ID 6637955, 11 pages
https://doi.org/10.1155/2021/6637955

Research Article
Experimental Investigation into the Effects of Fracturing
Fluid-Shale Interaction on Pore Structure and Wettability
Yan Zhang,1,2 Zhiping Li ,1,2 Fengpeng Lai,1,2 Hao Wu,1 Gangtao Mao,1,2
and Caspar Daniel Adenutsi3
1

School of Energy Resources, China University of Geosciences, Beijing 100083, China
Beijing Key Laboratory of Unconventional Natural Gas Geological Evaluation and Development Engineering, China University
of Geosciences, Beijing 100083, China
3
Core and Rock Properties Laboratory, Department of Petroleum Engineering, Faculty of Civil and Geo-Engineering,
Kwame Nkrumah University of Science and Technology, Kumasi, Ghana
2

Correspondence should be addressed to Zhiping Li; 2002011671@cugb.edu.cn
Received 15 October 2020; Revised 5 December 2020; Accepted 27 March 2021; Published 14 April 2021
Academic Editor: Ruud Weijermars
Copyright © 2021 Yan Zhang et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
One of the main techniques for the exploitation of shale oil and gas is hydraulic fracturing, and the fracturing ﬂuid (slick water) may
interact with minerals during the fracturing process, which has a signiﬁcant eﬀect on the shale pore structure. In this study, the pore
structure and ﬂuid distribution of shale samples were analyzed by utilizing low-pressure liquid nitrogen adsorption (LP-N2GA) and
nuclear magnetic resonance (NMR). The fractal analysis showed that the pore structure of the sample was strongly heterogeneous.
It was also found that the eﬀect of slick water on pore structure can be attributed to two phenomena: the swelling of clay minerals
and the dissolution of carbonate minerals. The swelling and dissolution of minerals can exist at the same time, and the strength of
them at diﬀerent soaking times is diﬀerent, leading to the changes in speciﬁc surface area and pore size. After the samples were
soaked in the slick water for two days, the contact angle reached the minimum value (below 8°), which means the sample is
strongly hydrophilic; then the contact angle increased to above 38° with longer soaking times. The connected pore space in the
shale matrix is enlarged by the soaking processing. Therefore, an in-depth understanding of the interaction between the fracking
ﬂuid and shale is essential to deepen our understanding of changes in the pore structure in the reservoir and the long-term
productivity of shale gas.

1. Introduction
In recent years, the relative lack of conventional gas resources
has made shale gas popular and the exploitation of shale gas
resources has become essential to meet demand. The shale
gas resources in China are abundant, and the recoverable volume is estimated to be about 261012 cubic meters [1–3].
Shale gas refers to the gas in shale pores and adsorbed in
the matrix [4–6]; thus, understanding the characteristics of
shale gas reservoirs is very important for eﬃcient exploitation. Pores in shale gas reservoirs are dominated by nanopores, resulting in lower porosity and permeability [7–9],
which necessitates the use of advanced fracturing technology
during the exploitation. The hydraulic fracturing of the
reservoir forms more connecting fracture networks which

increase the production of shale gas [10]. Slick water fracturing ﬂuid (commonly called slick water) is mainly used
for hydraulic fracturing of shales because it is eﬃcient
and cheap [11–13].
Commonly, large volumes of water-based fracturing
ﬂuids are injected into the reservoir during the fracturing
process. However, there is a large diﬀerence between the volume of slick water injected and ﬂowback, which means a lot
of slick water remains trapped in the reservoir and will react
with the shale matrix [14–16]. The interaction between slick
water and shale may have a great impact on the storage and
ﬂow of shale gas [15, 17–19]. Therefore, an in-depth understanding of the interaction between the fracking ﬂuid and
shale is essential to deepen our understanding of changes in
the pore structure in the reservoir and the long-term
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productivity of shale gas [17, 19, 20]. In addition to organic
matter, shale also contains clay minerals, carbonate, and
brittle minerals [21]. The clay content in shale is often an
important factor aﬀecting shale gas ﬂow capacity, which is
due to the swelling of clay when exposed to water [22–25].
The study of Pedlow and Sharma [23] indicated that the high
clay content (over 20%) in shale can reduce the fracture conductivity in 3.5% salty water. Wu and Sharma [26] studied
the eﬀects of acid fracturing on carbonate-rich shale; they
reported that acid fracturing will increase the fracture conductivity. Besides, the wettability of shale is also critical to
shale gas production, which is related to the imbibition of
fracturing ﬂuid and the possible water blocking eﬀect, which
has an important eﬀect on the ﬂuid transport process
[16, 27]. Prior researches have been done on the reaction
principles of slick water and shale matrix, and it was found
that the swelling of clay minerals and dissolution of carbonate minerals cause changes in pore structures of shale reservoirs [14, 23, 24]. Understanding how slick water changes
pore structure and physical properties is essential for the
design and application of fracturing [26], and the eﬀects of
slick water-shale interaction on pore structure and physical
properties need further discussion [28].
There are many common techniques for studying pore
structure, such as low pressure nitrogen gas adsorption
(LP-N2GA) [4, 29, 30], mercury injection capillary pressure
(MICP) [31, 32], computed tomography (CT) [33–35],
scanning electron microscope (SEM) [36, 37], small-angle
neutron scattering (SANS) [38], and nuclear magnetic resonance (NMR) [30, 39, 40]. All of these techniques have their
advantages and disadvantages. Among them, LP-N2GA and
NMR have been widely applied to the study of unconventional reservoir rocks to characterize the nanopores. A fractal
theory was applied to study the extremely complex shale pore
structure, while the fractal characteristics of the pore structure are believed to be related to the adsorption and seepage
capacity [21–24]. Fractal theory can be combined with a variety of experimental methods for data processing, such as the
thermodynamic model, the model based on MICP, and the
Frenkel-Halsey-Hill (FHH) model based on the LP-N2GA
experiment [30, 41], which is a simple and fast method used
to obtain the fractal dimension of shale [42].
In this work, the LP-N2GA, NMR, wettability, and X-ray
diﬀraction (XRD) experiments were utilized to analyze the
dynamic inﬂuence of slick water on shale pore structure in
this study. This paper can be divided into three sections.
Firstly, experimental design including a description of
samples as well as experimental procedures was introduced.
Secondly, the fractal theory model was established. Finally,
the inﬂuence of slick water on pore structure and wettability
was discussed. Especially, the dynamic change of wettability
and pore structure with the reaction time of slick water was
explored, which is believed to be meaningful for shale gas
exploitation.

2. Method
2.1. Samples. The shale samples were collected from the
Youke Well located in Chongqing, China. The average per-
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meability and porosity were 0.0046 mD and 4.5%, respectively. Four core samples (Nos. 1-4) were drilled from the
same large block of shale for the NMR experiment and wettability test. Crushed samples were taken from the places
where the four core samples were drilled for LP-N2GA experiments. A total of 15 mixed crushed samples were obtained
for LP-N2GA analysis; 4 core plugs were used for wettability
and NMR experiments. The composition of the slick water
used in experiments was 0.05% thickener, 1% KCl, 0.8%
pH < 3 cross-linking agent (containing HCl), and 0.1%
clean-up additive.
2.2. Experiments
2.2.1. LP-N2GA Experiment. The LP-N2GA experiment was
carried out using the 3H-200PS1 analyzer. The details about
these instruments can be found in the previous study [30].
The speciﬁc experimental procedures are as follows: (1) 8
crushed samples weighing 5 g each were soaked in slick water
for 0 h, 6 h, 12 h, 1 day, 2 days, 4 days, 6 days, and 8 days at
30°C and atmospheric pressure; (2) the crushed samples were
dried and sieved with 40-mesh size; and (3) 1.85 g of each
powder sample was taken for LP-N2GA experiments. The
LP-N2GA experiment measurement method was mainly
used for studying the speciﬁc surface area (SSA) and pore
volume (PV) of the sample.
The SSA was determined by linear regression using
the multipoint Brunauer-Emmett-Teller (BET) method
(Equation (1)), while the pore size distribution (PSD) was
obtained by the Barrett-Joyner-Halenda (BJH) desorption
method [43, 44].
V
C×P
,
=
V m ðP0 − PÞ½1 + ðC − 1ÞðP/P0 Þ

ð1Þ

where V is the adsorption amount, P is the gas adsorption
equilibrium pressure, P0 is the saturated vapor pressure, V m
is the maximum monolayer adsorption capacity, and C is
the constant associated with adsorption heat.
Equation (1) can be changed into
P
V ðP 0 − P Þ

=

C−1
P
1
×
+
:
CV m P0 CV m

ð2Þ

By graphing P/ðVðP0 − PÞÞ and P/P0 , we can get a
straight line with a slope and intercept of C − 1/CV m
and 1/CV m , respectively, so that the values of the constants C and V m can be obtained.
The speciﬁc surface area can be calculated according to
the following equation:
SSA =

Vm
N σ ,
22400 A m

ð3Þ

where SSA is the speciﬁc surface area, σm is the crosssectional area of the adsorbed molecule, and N A is the Avogadro constant.
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Table 1: Change of composition after slick water soaking.
Quartz

Potash feldspar

Plagioclase

Calcite

Dolomite

Pyrite

Clay mineral

J-0
J-8

22.1%
22.1%

0.9%
0.9%

4.5%
4.5%

2.7%
2.5%

60.2%
58.4%

2.7%
2.7%

6.9%
7.3%

The basic principle of BJH is based on capillary condensation by combining the Kelvin equation (Equation (4)) with
experimental data.
ln

P
2γM
1
×+ ,
=
P0 RTρ
r

ð4Þ

where γ is surface tension, M is molar mass, ρ is liquid density, and r is the corresponding pore radius. However, the r is
not the real pore radius because the thickness of the adsorption layer is not taken into account. Therefore, according to
BJH theory, the thickness of the adsorption layer is considered, so that a more accurate PSD is obtained.
2.2.2. NMR Experiment. The NMR experiment was carried
out using SPEC-RC1. And the NMR experiments were
designed to investigate the inﬂuence of slicking water soaking
on the changes in the pore size of the sample. Thus, the NMR
T2 spectrum was measured after the samples were saturated
for a cumulative period of 1, 2, 4, and 8 days with slick water
at 30°C and 20 MPa. Before the NMR experiment, the four
core samples were dried at the temperature of 105°C, dried
for 24 h. The speciﬁc experimental procedures are as follows:
(1) measuring the contact angles of the samples at 30°C and
atmospheric pressure; (2) drying the samples at 105°C for
24 h; (3) vacuuming the samples for 12 h and then saturated
with slick water for 24 h at 30°C and 20 MPa; and (4) measuring the NMR T2 spectrum of all the fully saturated samples at
30°C and atmospheric pressure.
Low ﬁeld NMR technology can be used to analyze the
PSD of samples by detecting the amount of ﬂuid in pores
according to the following equation [32]:
1
S
= ρ2 ,
T2
V

ð5Þ

where T 2 is the surface transverse relaxation time (ms), ρ2 is
transverse relaxation strength, and S/V refers to the surfaceto-volume ratio. If the pore shapes are reduced to tube or
spherical balls, S/V can be reduced to parameters related to
the pore radius, so T 2 can be associated with PSD.
2.2.3. Contact Angle Measurement. In this study, the contact
angle was also measured by employing an instrument produced by USA KINO Industry Co., Ltd. The instrument
was mainly composed of an optical system including a
light-emitting diode (LED) light source, a high-speed camera, and a magnifying lens. The automatic injection pump
is used to inject the liquid onto the sample, and the contact
angle is measured by the tangent method. The wettability of
the sample can be then determined by measuring the contact
angle through the image. To reduce the eﬀects of heterogene-
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Figure 1: Classiﬁcation of adsorption isotherm [56].

ity, each sample was tested 20 times, averaging as the ﬁnal
contact angle. The whole experimental process was carried
out at 30°C and atmospheric pressure.

3. Fractal Theory
Mandelbrot and Wheeler [45] proposed the fractal theory,
which has been widely applied in rock physics analysis.
Recent developments in fractal theory make it possible to
apply MICP, LP-N2GA, SEM, and XRD methods to conduct
in-depth studies of the fractal properties of rocks [30, 42, 46].
In this study, the Frenkel-Halsey-Hill (FHH) model was
utilized to analyze the and pore complexity and irregularity
based on LP-N2GA data [47]. Here is the mathematical
expression of the FHH model [42]:
  
P0
,
ln V = Const + K ⋅ ln ln
P

ð6Þ

where V represents the adsorption capacity of nitrogen
at equilibrium pressure P and P0 is the saturated vapor
pressure.
In the FHH model, parameter K is equal to ðD − 3Þ/3 or
D − 3 when van der Waals or surface tension dominates,
respectively [48, 49], where D is the fractal dimension. Zhang
et al. [50] reported that K = ðD − 3Þ/3 is only established if
capillary force can be completely ignored, and thus, K =
D − 3 should be used because capillary force played a signiﬁcant role during nitrogen adsorption. Besides, K = D − 3
has been successfully used to study the fractal characteristics of unconventional reservoir rocks [46, 51].
In general, the value of D is between 2 and 3, where the
pore surface is perfectly smooth if D = 2 and D = 3 represents
an extremely complex surface [52]. The increase in the
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Figure 2: IUPAC classiﬁcation of hysteresis loops [47].
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Figure 4: Change of nitrogen adsorption volume for diﬀerent
soaking times.

value of D from 2 to 3 represents an increase in the irregularity and complexity of the pores. K has diﬀerent values
when P/P0 < 0:5 and P/P0 > 0:5, corresponding to two different D values: D1 and D2 [46, 53]. According to previous
studies, P/P0 < 0:5 and P/P0 > 0:5 represent the adsorption
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Figure 3: Low-pressure nitrogen sorption isotherms of shale soaked in slick water for diﬀerent times.

0

Soaking time (h)
Average PD
BET SSA

Figure 5: Change in pore ratio SSA (m2/g) and average PD (nm) of
the sample after soaking in slick water.

process within the pores with PD < 4 nm and PD > 4 nm,
respectively [46, 54]. Therefore, D1 and D2 represent the
irregularity and complexity of the pores with PD < 4 nm
and PD > 4 nm, respectively [53].
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Figure 6: ln V vs. ln ðln ðP0 /PÞÞ from LP-N2GA analyses of samples soaked in slick water for diﬀerent times.

4. Results and Discussion
4.1. Inﬂuence of Slick Water on Composition. According to
the XRD analysis (Table 1), the rock sample (J-0) was composed of dolomite (60.2%), quartz (22.1%), clay minerals
(6.9%), plagioclase (4.5%), calcite (2.7%), pyrite (2.7%), and
potassium feldspar (0.9%). After 8 days of soaking, XRD results
showed that the proportion of clay minerals increased to 7.3%,
while the proportion of calcite and dolomite decreased to 2.5%

and 58.4%, respectively. Meanwhile, montmorillonite in shale
has a special structure of interlayer pairs, which will swell after
being exposed to water [23]. Thus, the clay content has
increased by 0.4% after being soaked in slick water.
The dolomite and calcite in the shale will have the following chemical reaction with acid fracturing ﬂuid:
CaCO3 + 2H+ ⟶ Ca2+ + CO2 + H2 O,

ð7Þ
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Table 2: Fractal dimensions of samples soaked in slick water for diﬀerent times.
Soaking time (h)

K1

P/P0 < 0:5
D1 = K 1 + 3

R2

K2

P/P0 > 0:5
D2 = K 2 + 3

R2

J-0
J-6 h
J-12 h
J-1d
J-2 d
J-4 d
J-6 d
J-8 d

0
6
12
24
48
96
144
196

-0.4389
-0.4647
-0.4625
-0.4603
-0.436
-0.4908
-0.4758
-0.4895

2.5611
2.5353
2.5375
2.5397
2.564
2.5092
2.5242
2.5105

0.9881
0.9915
0.9946
0.9953
0.9944
0.9909
0.9959
0.9969

-0.1747
-0.2387
-0.2145
-0.1967
-0.2298
-0.1937
-0.2057
-0.2352

2.8253
2.7613
2.7855
2.8033
2.7702
2.8063
2.7943
2.7648

0.9592
0.9964
0.9893
0.9726
0.9942
0.9696
0.9739
0.9852

3

3

2.9

2.9

Fractal dimension value

Fractal dimension value

Sample

2.8
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R2 = 0.2314
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2.7
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Figure 9: Relationship between fractal dimensions and average PD.
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CaMgðCO3 Þ2 + 4H+ ⟶ Ca2+ + Mg2+ + 2CO2 + 2H2 O:
ð8Þ
Due to the reaction, the dolomite and calcite will be
dissolved and some small pores would be created.

Figure 10: Relationship between fractal dimensions and slick water
soaking time.

4.2. Inﬂuence of Slick Water on Pore Structure
4.2.1. Pore Morphology. In the LP-N2GA experiment, Y0
represents unsoaked samples; J-6 h, J-12 h, J-1 d, J-2 d, J-4 d,
and J-8 d represent samples that are soaked in slick water
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Y0
22.2°

Y1

Y2
14.3°

Y4
7.3°

Y8

20.4°

42.3°

Figure 11: Contact angle of sample N0. 1 saturated with slick water for 1, 2, 4, and 8 days.

for 6 hours, 12 hours, 1 day, 2 days, 4 days, and 8 days,
respectively. Three diﬀerent types of pores are classiﬁed by
combining the International Union of Theoretical and
Applied Chemistry (IUPAC) standard and the Hodote classiﬁcation method based on pore diameter (PD): micropores
(2 nm ≤ PD ≤ 10 nm), mesopores (10 nm ≤ PD ≤ 100 nm),
and macropores (PD > 100 nm) [9, 47, 55]. Sing proposed 6
diﬀerent types of nitrogen adsorption isotherms (Figure 1)
[56], and the IUPAC further classiﬁed hysteresis loops into
4 categories (Figure 2) [47]. According to the classiﬁcation,
type H1 represents cylindrical pores, and type H2 corresponds to “ink bottle” pores and interparticle pores, while
type H3 represents plate-shaped and slit-shaped pores [56]
and type H4 represents micropores with low adsorption
capacity [57].
According to the IUPAC classiﬁcation of hysteresis loops
(Figure 2), the pore type of the sample in this study is type
H3, which are plate-like and slit pores. The shape of the
adsorption/desorption curves after slick water soaking did
not change signiﬁcantly (Figure 3), which indicated that the
pore shape changes little before and after the shale samples
were soaked in slick water. Furthermore, from Figure 4, it
was observed that the nitrogen adsorption volume increased
when the sample was soaked in slick water for the ﬁrst 6
hours, after which the nitrogen adsorption volume continues
to decrease from 6 hours to 1 day of soaking. After that, the
nitrogen adsorption amount reaches its maximum on day 4
and minimum on day 6. Since the nitrogen adsorption capacity mainly depends on the volume of connected pores, the
change of the LP-N2GA volume was related to the change
in the volume of connected pores. Therefore, we can conclude that the maximum volume of connected pores is
reached in the sixth hour, which is the result of mineral dissolution. Subsequently, the volume of connected pores
decreased due to the swelling of clay minerals (6-24 hours).
Then, mineral dissolution dominated again, resulting in the
increase of connected pore volume (24-96 hours). The connected pore volume decreased due to mineral precipitation
(96-144 hours).

Table 3: Contact angle after slick water soaking for diﬀerent times.
Sample
Y0
Y1
Y2
Y4
Y8

No. 1

No. 2

°

°

22.2
14.3°
7.3°
20.4°
42.3°

19.3
15.7°
4.9°
24.5°
38.4°

No. 3
°

25
11.5°
4.9°
35.4°
45.6°

No. 4
21.4°
7.9°
2.4°
32.4°
51.5°

4.2.2. Speciﬁc Surface Area and Pore Size Distribution. From
Figure 5, we can ﬁnd that SSA decreased in the ﬁrst 6 hours
of slick water soaking, and then SSA increased from 6 hours
to 24 hours of soaking; SSA did not change from 24 hours to
96 hours, and then SSA decreased from 96 hours of soaking.
The SSA is related to the pore shape and pore size; we have
proved that the pore shape did not change after being soaked
in the slick water; therefore, the change of SSA is caused by
the change of pore size. The greater the pore size, the smaller
the SSA. Therefore, we can infer that the pore size reaches its
maximum due to mineral dissolution in the ﬁrst 6 hours,
followed by the decrease in pore size caused by clay minerals
swelling; then the pore size increased again due to the mineral dissolution. This is consistent with the previous analysis.
This also shows that mineral dissolution and swelling exist at
the same time; the strength of them at diﬀerent times is different, leading to the changes of SSA and PD.
4.2.3. Fractal Analysis. The FHH fractal model was used to
obtain the fractal dimension (D). From Figure 6, it can be
observed that two distinct linear sections were established
by P/P0 < 0:5 and P/P0 > 0:5. In this paper, K 1 and D1 as well
as K 2 and D2 were used to represent the slope and the corresponding fractal dimensions corresponding to P/P0 < 0:5 and
P/P0 > 0:5, respectively. Based on Equation (6) and the ﬁtted
linear equations in Figure 6, fractal dimensions of samples
soaked in slick water for diﬀerent times were obtained
(Table 2).
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Figure 12: NMR T2 spectrum of four samples saturated with slick water for 1, 2, 4, and 8 days.

The average value of D1 was about 2.53 while that of D2
was 2.85. According to a previous study, D1 and D2 represent
the irregularity and complexity of the pores with PD < 4 nm
and PD > 4 nm, respectively [42, 53]. This indicates that the
irregularity and complexity of the pores with PD > 4 nm are
greater than that of pores with PD < 4 nm.
By ﬁtting the D1 and D2 with PV, SSA, average PD, and
soaking time, the linear relationship between these parameters was obtained (Figures 7–10). It can be seen that D1 has
a better correlation with the average PD (Figure 9), R2 of
the trendline between D1 , D2 , and SSA are similar
(Figure 8), and there is no obvious linear relationship
between the PV and D (Figure 7). From Figure 10, it was
observed that the relationship between D1 and soaking time
was better than that of D2 .
4.3. Inﬂuence of Slick Water on Wettability. The changes in
the contact angles of the samples after being soaked in slick
water for diﬀerent times are given in Figure 11 (Sample 1 as
an example). The changes in the contact angle of all the
samples are given in Table 3, where Y0 refers to the original
sample and Y1, Y2, Y4, and Y8 represent shale samples after
being soaked in slick water for 1, 2, 4, and 8 days, respectively.

The contact angles of the shale samples changed continuously when the samples were soaked in slick water. The contact angle appeared to be minimum when it was soaked in
slick water for two days. The contact angle reaches its minimum value on the second day because the reaction between
slick water and the minerals results in a change in the surface
properties. From the second day, the longer the samples are
socked, the more hydrophobic the samples will be.
4.4. Fluid Distribution. Four core samples (a, b, c, and d) are
used for the NMR experiment. The NMR T2 spectrum of a
saturated sample is classiﬁed according to the number of
peaks: unimodal, bimodal, and trimodal for one, two, and
three peaks, respectively. T2 is the transverse relaxation time
of 1H, which can be converted to pore size according to
Equation (5), so T2 spectrum can be regarded as the pore size
distribution. The abscissa of the T2 spectrum represents the
pore size, and the vertical axis represents the total pore volume. More details can be found in Coates et al.’s book [58].
As shown in Figure 12, the T2 spectrum showed that under
formation water saturation conditions, the original samples
a and c (Y0 in Figures 12(a) and 12(c)) displayed a unimodal
distribution. Meanwhile, the original samples b and d (Y0 in
Figures 12(b) and 12(d)) showed a bimodal distribution.
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Note that Y0 refers to the original sample and Y1, Y2, Y4, and
Y8 represent the samples soaked in slick water for 1, 2, 4, and
8 days, respectively.
Diﬀerent pore types have been classiﬁed by Wang et al.
[59] by utilizing NMR combined with centrifugation, while
according to the classiﬁcation method of Yao et al. [32, 60],
the left peak of the T2 spectrum corresponds to the adsorption pores, which are mainly micropores, and the right peak
corresponds to the seepage pores, which are mainly macropores and fractures. For the samples soaked in slick water,
the adsorption pores decreased continuously with time from
Y0 to Y2, and the spectrum area also decreased (Figures 12(a)
and 12(c)), which indicated that the number of pores
decreased after two days of soaking. The original saturated
sample (Y0 in Figures 12(b) and 12(d)) had a bimodal distribution, and the peak of the seepage pores was smaller than
the peak of the adsorption pores. The change of T2 spectrum
with saturation time in Figures 12(b) and 12(d) is similar to
that in Figures 12(a) and 12(c). However, the peak of the
seepage pores disappeared after the ﬁrst day of saturation in
Figures 12(b) and 12(d), which is due to the swelling of clay
minerals blocking the pores.
It was found that when samples were saturated with slick
water for the ﬁrst two days, the peak of the adsorption pores
in Figure 12 became smaller, and the bimodal structure disappeared in Figures 12(b) and 12(d). The reason is that the
slick water ﬁrst enters the micropores due to capillary force,
and the swelling of clay minerals then blocked the pores. As
a result, water cannot enter pores, causing the peak of the
seepage pores (macropores) to disappear. Samples were saturated in slick water for two to eight days; the adsorption pores
and the seepage pores both increased gradually with time,
which is because as the soaking time increased, the swelling
of clay minerals with water became stable, and the chemical
reaction between slick water and the minerals dominated
(Equations (7) and (8)).

5. Conclusions
We studied the inﬂuence of fracturing ﬂuid (slick water)
soaking on pore structure and wettability, and we focused
on the impacts of soaking time. Diﬀerent experimental
methods were used to observe the pore structure and wettability, including NMR, LP-N2GA, and contact angle measurement. The following practical conclusions can be drawn
from our study:
(1) According to the IUPAC classiﬁcation of pore types,
being soaked in slick water will not change the pore
shape of the shale sample. However, the irregularity
and complexity of the pores will be changed, especially the pores with PD > 4 nm. As the increase of
soaking time, the pore complexity and irregularity
will decrease, facilitating ﬂuid ﬂow
(2) The inﬂuence of slick water on pore structure mainly
includes mineral dissolution and swelling. And we
found that mineral dissolution and swelling exist at
the same time, and the strength of them at diﬀerent
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soaking times is diﬀerent, the mineral dissolution
dominates in the ﬁrst 6 hours, after that swelling
eﬀect dominates, and the mineral dissolution dominates again after the sample soaked for 96 hours. As
a result, SSA and PD will also change as soaking time
increases, leading to the change in the adsorption/
desorption capacity and ﬂow of shale gas
(3) The shale matrix is most hydrophilic on the second
day of being soaked in the slick water. From the second day, the longer the samples are socked, the more
hydrophobic the shale matrix will be, which means
that the ﬂow of gas within the pores will suﬀer less
resistance from the liquid after being soaked in the
slick water for a longer time
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