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As shale gas reservoirs have low porosity and low permeability, hydraulic fracturing is a necessary means for industrial
exploitation of shale gas. In this study, aiming at the problem of reservoir damage in the process of hydraulic fracturing of
shale gas reservoir, a physical simulation method of slickwater fracturing fluid flow in shale core has been established. The
change laws of physical parameters of the shale were quantified after slickwater fracturing fluid filtrating into it. The main
factors affecting physical parameters of shale matrix around fractures were found out in the process of fracturing, shut-in, and
flowback of slickwater fracturing fluid. The results show that after treated by slickwater fracturing fluid, the wettability of shale
becomes more uniform in distribution (the water contact angles from 43° to 48°). In the fracturing filtration zone, the damage
rate of fracturing fluid to shale porosity is 6.4%-42.0%. Low differential pressure flowback can reduce the damage of the shale,
and prolonging the time of shut-in has no obvious effect on the damage to porosity. After 0.3 d (imbibition stability time), the
damage of fracturing fluid to shale permeability is basically stable (55.9%). Permeability damage is mainly caused by residue of
the fracturing fluid in large pores and bound water in small pores. Analysis of weights of all fracturing parameters shows that
flowback differential pressure has the largest influence weight on shale porosity (51.4%), and well shut-in time has the largest
influence weight on shale permeability (62.7%). Therefore, in the production process, it is suggested to properly reduce the
backflow differential pressure and moderately shorten the well shut-in time.

1. Introduction

Shale gas is growing rapidly in production and has gradually
become a major contributor to natural gas production in the
world. In 2021, the global shale gas production was about
8000 × 108m3, accounting for more than 20% of the total
natural gas production. As a principal type of unconven-
tional oil and gas resources, the economically viable develop-
ment of shale gas at large scale is an important revolution in
the global energy field, which has far-reaching significance
for the sustainable development of clean energy.

Shale gas in China is bounty and has broad prospects.
But most of shale gas fields in China are distributed in
mountainous areas, making them difficult to exploit and
high in investment costs. At present, China’s shale gas
industrial development adopts the approach of “horizontal

well + large-scale hydraulic fracturing” [1, 2]. After the com-
pletion of hydraulic fracturing, shale gas wells are usually
shut-in, and after shut-in for some time, the wells are
opened to allow the fracturing fluid in the formation to flow
back. However, in the process of fracturing, a large amount
of fracturing fluid is often lost and retained in the shale
formations, resulting in very low flowback rates. The flow-
back efficiency of Barnett and Eagle Ford is 20%, while the
flowback efficiency of Haynesville shale in Pennsylvania is
5%-45%, respectively [3]. The fracturing fluid retained in
the pores under the effect of filtration would have an impact
on the physical properties of shale reservoir matrix and
further affects the productivity [4, 5] of gas wells. On the
one hand, fracturing fluid residues may block the pore
throats, which has a negative impact on the porosity and
permeability of shale matrix; on the other hand, shale would
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swell and has microfractures induced when contacting with
foreign fluids with large salinity differences, which has a
positive impact on the porosity and permeability of shale
gas reservoir [6–8]. In conventional sandstone gas reservoirs,
the entry of fracturing fluid can cause reservoir damage, and
the backflow of fracturing fluid should be accelerated as
much as possible to achieve a higher backflow rate. The field
results of shale gas reservoir show that the production effect
is better by means of shut-in the well for a period of time
and pressure control at the wellhead [9, 10]. The relevant
research results indicate that due to the high content of clay
minerals in shale, microfractures will occur in the shale after
the invasion of fracturing fluid. At the same time, the entry
of the liquid phase will change the occurrence environment
of shale gas, which will accelerate the desorption and flow
of shale gas [11, 12]. The relevant molecular simulation
results show that invading water will merge with shale gas
to form water-soluble gas, which promotes shale gas migra-
tion and leads to a decrease in flowback rate [13, 14]. Lin
et al.’s research shows that the increase in pore area after
hydration is related to the type of clay contained in shale.
There is a strong correlation between the content of illite
montmorillonite in the mixed layer and the increase in small
and mesoporous volume. And the increase in illite content
and micropore volume is the same [15]. The research results
of rock mechanics show that fracturing fluid causes shale
hydration and rock strength reduction, and the proppant is
more likely to be embedded, resulting in a decrease in con-
ductivity of artificial fracture [16]. Zolfaghari et al.’s research
shows that the higher the clay content, the greater the cation
exchange capacity, which will lead to an increase in the imbi-
bition amount of the fracturing fluid. The dissolution of
minerals in shale and the microcracks caused by hydration
can lead to an increase of permeability in the early stage of
hydration [17]. Roshan et al.’s research shows that mineral
dissolution and particle detachment result in mass loss and
an increase in porosity during the self-absorption process
of shale. The main reasons for quality loss are shale self-
absorption rate and temperature [18]. The research of shale
hydration on the embedding of proppants and fracture con-
ductivity indicates that shale hydration will reduce elastic
modulus of shale. The embedding depth of proppant in
shale increases after the action of slippery water without
antiswelling agent under the same closure stress conditions.
The embedding depth of proppant is linearly related to the
closure stress of shale reservoirs [19, 20]. To date, the under-
standing of the influence of slickwater fracturing fluid on the
porosity and permeability of shale reservoir is still limited,
and it is necessary to further explore the influence of slick-
water fracturing fluid on the physical parameters of shale
around fractures in different processes.

In this work, in light of reservoir damage caused by
hydraulic fracturing development in Longmaxi shale gas
reservoir in Sichuan Basin, a physical simulation method
of slickwater fracturing flow in shale core was worked out.
Different fracturing processes and production regimes were
simulated to find out the influence of fracturing fluid filtrat-
ing into formation on shale reservoir physical properties.
The multiple linear regression method was used to systema-

tically analyze the main factors affecting the physical parame-
ters of near-fracture shale matrix in the process of fracturing-
shut in-flowback. The results of this study can provide an
important theoretical basis for the hydraulic fracturing devel-
opment of shale gas reservoirs.

2. Experiments

2.1. Experimental Materials. Shale samples in the experi-
ments were taken from Longmaxi Formation in YC area,
Sichuan Basin. At a burial depth of 4300-4550m and a tem-
perature of 96°C, the reservoir was fractured at the pressure
of 62.1-73.5MPa. The porosity and permeability of a large
number of core samples were measured with helium porosi-
meter (PMI-100, Yineng, Beijing, China) and pulse decay
permeameter (Smart-Perm II, Tal-Rocky Tech System Ltd.,
Canada), and the specific values are shown in Table 1.

The river water near the well site used to prepare the
fracturing fluid has a salinity of 256.8mg/L and a pH value
of 7.2-7.5. The fracturing fluid used in the experiments was
the same slickwater fracturing fluid used in the field, and
its formula is 0.025% drag reducer CT 5-12, 0.26% cleanup
additive CT 1-20 B, and 99.71% river water.

2.2. Tests of Basic Properties of the Slickwater Fracturing
Fluid and Shale. The rheological properties and surface
tension of the slickwater fracturing fluid were evaluated by
HAAKE MARS 60 Rheometer and Teclis Tracker HTHP
interfacial rheometer, respectively.

Wettability test of the shale samples followed the steps as
follows: the shale core was cut into 5mm thick slices and
dried in an oven at 100°C for 24 h. Visual contact angle mea-
suring instrument (SDC-350, Sindin, China) was used to
measure the contact angles of the shale slices. After the shale
slices were soaked in the slickwater fracturing fluid for 24 h,
the contact angles of them were measured again. The micro-
morphology and mineral composition of the shale slices
were tested by SEM-XRD (Sig300, ZEISS, Germany) after
thin sections were obtained by wire cutting.

2.3. Modeling and Evaluation of Fracturing Fluid Flow in
Shale Core. The modeling of the slickwater fracturing fluid
flow in the shale core followed the steps as follows: (1) The
modeling experimental apparatus of fracturing fluid flow in
shale core as shown in Figure 1 was built and checked for
air tightness. (2) The shale core was put into the core holder
under the confining pressure of 9.895MPa, according to the
relevant requirements in the evaluation standard of Chinese
water-based fracturing fluid (NB/T 14003.3-2017). (3) The
temperature of the experimental apparatus was raised to
96°C, the injection pressure was set at 6.895MPa according
to the relevant requirements in the evaluation standard of
Chinese water-based fracturing fluid, and the slickwater
fracturing fluid was injected into the shale core in static fil-
tration mode. (4) CH4 was pumped into the intermediate
container by a gas booster pump, and after the well was
shut-in for a period of time, the flowback process of fractur-
ing fluid in the field was modeled by reverse CH4 flooding.
(5) After the experiment, the core was dried in an oven at
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100°C for 24 h. (6) The porosity and permeability of the
shale sample after reaction with slickwater fracturing fluid
were measured by a porosimeter and a pulse permeameter.

3. Results and Discussion

3.1. Basic Properties of the Slickwater Fracturing Fluid. The
test results of rheological properties of the slickwater fractur-
ing fluid are shown in Figure 2. Slickwater fracturing fluid is
a kind of viscoelastic fluid, which shows thinning character-
istic under shear and decreases in viscosity with the increase
of shear rate. The viscosity of the slickwater fracturing fluid
in this study was 1.9mPa·s at 170 s-1, which meets the oil
industry standard of less than 5mPa·s.

In the hydraulic fracturing process, the cleanup additive
concentration in the fracturing fluid is often fine-tuned
according to the needs on site. In this work, based on the
0.025% concentration of drag reducer in the slickwater frac-
turing fluid, the surface tension of slickwater fracturing fluid

with different concentration of cleanup additive was exam-
ined. The experimental results are shown in Figure 3. The
gas-liquid surface tension of the slickwater fracturing fluid
decreases with the increase of the concentration of the
cleanup additive. When the concentration of cleanup addi-
tive is 0.26%, the gas-liquid surface tension reduced to
27.57mN/m, which met the field requirements [21]. There-
fore, the optimal concentration of cleanup additive was
0.26%, which was used in the subsequent experiments.

3.2. Effect of Slickwater Fracturing Fluid on Core Wettability.
The wettability of the shale cores before and after treated by
the slickwater fracturing fluid was evaluated by a visual con-
tact angle measuring instrument, and the experimental
results are shown in Figure 4. The shale cores had a wide
range of original wettability, with wetting angles between
22° and 42°. The microscopic morphology and mineral anal-
ysis of the shale samples of two lithologies (Figure 5) show
that the shale samples before/after imbibition have a certain

Table 1: Core parameters.

Core no. Length (mm) Diameter (mm) Permeability (10-3mD) Porosity (%)

1 25.03 24.98 3.769 4.338

2 24.64 25.10 3.681 5.095

3 24.66 25.05 4.242 4.882

4 24.27 25.11 3.799 4.372

5 25.00 25.01 4.034 4.643

6 24.80 24.97 4.811 5.523

7 25.21 25.04 3.273 4.102

8 24.67 25.09 3.463 4.039

9 25.93 25.20 4.319 6.711

10 25.02 24.98 3.522 4.269

11 24.67 25.09 3.463 3.823

12 24.81 24.95 3.035 6.164

13 25.22 25.17 4.098 6.401

14 25.29 25.22 3.715 3.162

15 25.35 25.01 3.643 4.795
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Figure 1: Experimental apparatus modeling fracturing fluid flow.
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degree of local heterogeneity and have stronger hydrophilic-
ity in parts with concentrated quartz, calcite, and dolomite.
After treated by the slickwater fracturing fluid, the shale
cores became relatively uniform in wettability, with wetting
angles from 43° to 48°. Related literature shows that small
molecule or polymer in fracturing fluids can adsorb on the
surface of shale pore throats, especially the small molecule
with cationic structure. The surface wettability of shale after
contact fracturing fluids is basically consistent, which is also
very consistent with our experimental results [22]. The
experimental results show that the slickwater fracturing fluid
can change the wettability of shale surface effectively, and
shale samples swept by the fracturing fluid will reduce in
wettability difference.

3.3. Effects of Slickwater Fracturing Fluid on Porosity and
Permeability of Shale Cores

3.3.1. Shut-In Time. Five core samples with similar physical
properties and the same slickwater fracturing fluid were
selected to carry out flow modeling experiments to find out
the effects of different well shut-in time (0, 0.1 d, 0.3 d,
0.5 d, and 1.0 d) on the physical parameters of shale matrix.

In the experiments, the pressure at the outlet was the atmo-
spheric pressure, and the differential pressure was fixed at
3.0MPa. The experimental results are shown in Figures 6
and 7. According to the previous study [23, 24], the imbibi-
tion stability time of the shale is about 8 h, and the imbibi-
tion stability time of the core is “d.” With the increase of
well shut-in time, the decline rate of porosity hardly changed,
and the decline range of core porosity was 35.2%-42.0%.
After shale samples are treated by slickwater fracturing fluid,
some residue in the slickwater fracturing fluid is retained in
the pore throats of the shale samples and occupies a propor-
tion of the pore throat volume, resulting in a decrease of
porosity. Under different well shut-in durations, the decline
rate of core porosity hardly changed. This is because the
slickwater fracturing fluid migrates to the porous medium
under the action of capillary force during the well shut-in,
and the retained residue volume is relatively stable, so the
porosity does not change much.

Figure 7 shows that the decline rate of permeability
changes from 25.1% to 61.8% before 0.3 d and then became
stable after 0.3 d. When the well shut-in time is short
(<0.3 d), the core rapidly absorbs water and expands and
cracks, so fracturing fluid has a positive impact on shale per-
meability, resulting in a small decline rate of permeability.
With the increase of shut-in time, on the one hand, the more
fully the fracturing fluid filtrates into the core, the more
bound water exists in the core matrix, which leads to the
decrease of permeability; on the other hand, the hydration
and swelling of clay minerals in shale become more signifi-
cant, which leads to the decrease of matrix pore throat size,
thus the increase of permeability reduction rate. After 0.3 d,
the bound water content and clay hydration tend to be
stable, and the decline rate of permeability tends stable.

3.3.2. Backflow Differential Pressure. Four cores with similar
physical properties and the same slickwater fracturing fluid
were taken to do modeling experiments, respectively. Under
the same filtration and well shut-in conditions (well shut-in
for 8 h), the effects of different pressure differentials
(1.0MPa, 3.0MPa, 5.0MPa, and 7.0MPa) on shale porosity
were investigated by fixing the outlet pressure at atmo-
spheric pressure during backflow. The experimental results
are shown in Figure 8. With the increase of backflow differ-
ential pressure, the decline rate of shale porosity gradually
changes significantly, and decrease rate remains stable at
32.8% after 3.0MPa. When the backflow differential pres-
sure is low, the gas flow is small, and the fingering phenom-
enon is not significant, so the liquid is easier to flow back,
and the amount of slickwater fracturing fluid left in the res-
ervoir is smaller. In contrast, at higher backflow differential
pressure, the gas fingering phenomenon is significant, and
gas is more likely to break through from the connected large
pores, resulting in drop of sweep efficiency of the gas to the
slickwater fracturing fluid. At the same time, the gas flow is
larger, and the vapor pressure of the liquid reduces, so the
water evaporates more quickly [25, 26], and the polymer in
the slickwater fracturing fluid would lose the water environ-
ment (Figure 9), adsorb on pore walls, and block throats,
thus making the porosity loss increase.
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Figure 2: Relationship between viscosity of the slickwater
fracturing fluid and shear rate.
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Figure 10 shows that with the increase of the backflow
differential pressure, the shale matrix permeability decreases
by 70.6%-80.1%, the permeability decrease rate hardly
changes, and the backflow pressure has little effect on the
shale permeability. The decrease rate of shale permeability
is mainly affected by the shut-in time, but the flowback pres-
sure difference has little effect. The main reason is that before
backflow, shale has reached the imbibition stability time, and
the bound water in shale has become stable. In the backflow
process, only the movable water in the flow channel can be
returned, and the bound water cannot be returned, so the
decline rate of shale permeability is almost unchanged.

3.3.3. Effect of the Backflow Outlet Pressure. Flow modeling
experiments were carried out on 5 cores with similar physi-
cal properties and the same slickwater fracturing fluid under
the same conditions of filtration, shut-in (8 h), and 3.0MPa
of flowback differential pressure to find out the effects of dif-
ferent outlet pressures (0MPa, 1.0MPa, 3.0MPa, 5.0MPa,
and 10.0MPa) on the physical parameters of shale matrix.
The experimental results are shown in Figure 11. With the
increase of back pressure, the porosity decrease rate drops
rapidly from 35.8% to 15.6% first and then tends stable. In
the backflow process, with the increase of environmental
pressure (the average of injection pressure and outlet pres-
sure), the stress on the core increases, and the internal struc-
ture of the core is prone to be damaged; the formation of
fractures makes the shale porosity increase; on the other
hand, the residual of slickwater fracturing fluid leads to the

decline of porosity. When the pressure at the outlet is low,
no fractures are formed in the core, and the residual hydrau-
lic fracturing fluid leads to a significant decrease in shale
porosity. With the increase of the pressure at the backflow
outlet, the shale structure is destroyed, resulting in a signifi-
cant decrease in core porosity. When the ambient pressure
rises to a certain degree, the volume of gas increases, the
stress acting on the core gradually stabilizes, and the porosity
decline rate tends stable.

Figure 12 shows that with the increase of the pressure at
the backflow outlet, the permeability shows a trend of rapid
increase and then decrease. In the backflow process, with the
increase of pressure at the backflow outlet, the stress acting
on the core increases, and the internal structure of the core
is prone to be damaged under the dual effects of hydration
and environmental pressure, and the formation of penetrat-
ing fractures can even make the permeability of shale matrix
increase by 1.58-2.97 times. When the outlet pressure
increases to a certain level, the density of the backflow gas
increases, and the stress on the core gradually stabilizes,
and the trend of hydration cracking can be inhibited under
stable environmental pressure, so that the internal structure
of the core is not prone to damage, and thus, the decline rate
of shale permeability is significant.

3.4. Analysis of Factors Affecting Shale Porosity and
Permeability. SPSS 26.0 was used as a data analysis tool to
conduct multiple linear regression analysis to find out the
effects of well shut-in time, backflow differential pressure,
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Figure 6: Influence of different well shut-in durations on shale matrix porosity.
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and backflow outlet pressure on shale porosity and perme-
ability and work out the weights of these factors [27].

3.4.1. Analysis of Factors Influencing Shale Porosity. Multiple
linear regression was used to process the data, and then, the
weights of different influencing factors were calculated

according to the proportion of each factor in the regression
equation to clarify the influence degrees of different factors
on shale porosity. The correlation coefficients of the factors
in the multiple linear regression equation of shale porosity
and the correlation analysis of the factors are shown in
Tables 2 and 3.

Figure 9: Microscopic morphology with different magnifications of shale after fracturing fluid imbibition.
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Figure 10: Effect of flowback differential pressure on shale permeability.
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Table 2: Correlation coefficients of the influencing factors with shale porosity.

Permeability decline
rate

Shut-in
time

Backflow outlet
pressures

Differential pressure
during backflow

Pearson
correlation

Rate of porosity decline 1.000 -0.069 -0.120 -0.242

Shut-in time -0.069 1.000 -0.152 -0.097

Backflow outlet pressure -0.120 -0.152 1.000 0.069

Differential pressure during
backflow

-0.242 -0.097 0.069 1.000

Significance
(single tail)

Rate of porosity decline / 0.365 0.275 0.112

Shut-in time 0.365 / 0.225 0.315

Backflow outlet pressure 0.275 0.225 / 0.366

Backflow differential pressure 0.112 0.315 0.366 /

Number of cases

Rate of porosity decline 27 27 27 27

Shut-in time 27 27 27 27

Backflow outlet pressure 27 27 27 27

Differential pressure during
backflow

27 27 27 27

Table 3: Regression coefficients of the factors influencing shale porosity.

Model
Non-normalized coefficient Normalized coefficient
B Standard error Beta t Significance

(Constant) 0.417 0.216 1.931 0.066

Shut-in time -0.057 0.153 -0.078 0.372 0.713

Backflow outlet pressure -0.012 0.017 -0.141 -0.688 0.498

Differential pressure during backflow -0.066 0.058 -0.232 -1.142 0.266
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Normalization is to remove the dimension, so the rela-
tive importance of the variables can be reflected. Here, the
goal of normalization is only to compare the relative effects
of multiple independent variables on the dependent variable,
so the normalized regression coefficient is used. Usually, the
significance value should be less than 0.05 to be called signif-
icant; that is, the linear regression is valid [28–30]. Because
of operation errors and uncontrollable physical and chemi-
cal factors in the actual operation process, it is difficult to
make the experimental results reach the ideal state. It can
be concluded that the factors in descending order of influ-
ence on porosity are differential pressure during backflow,
backflow outlet pressure, and shut-in time, and further, the
weights of the variable factors were calculated as follows:

Weight of differential pressure during backflow

= 0 232
0 078 + 0 141 + 0 232 × 100% = 51 4%,

Weight of backflow outlet pressure

= 0 141
0 078 + 0 141 + 0 232 × 100% = 31 3%,

Weight of shut‐in time

= 0 078
0 078 + 0 141 + 0 232 × 100% = 17 3%

1

3.4.2. Analysis of Factors Influencing Shale Permeability. By
the same method, the correlation of each factor and the coef-
ficient of each factor in the multiple regression equation of
permeability can be obtained, as shown in Tables 4 and 5.

Comprehensive analysis shows that the factors in
descending order of influence on permeability are shut-in
time, backflow outlet pressure, and differential pressure
during backflow. The weights of the variable factors were
further calculated as follows:

Weight of shut‐in time

= 0 148
0 148 + 0 047 + 0 041 × 100% = 62 7%,

Weight of backflow outlet pressure

= 0 047
0 148 + 0 047 + 0 041 × 100% = 19 9%,

Weight of differential pressure during backflow

= 0 041
0 148 + 0 047 + 0 041 × 100% = 17 4%

2

4. Conclusions

In this study, aiming at the shale gas reservoir damage
caused by hydraulic fracturing fluid, a physical simulation
method of fracturing fluid flow in shale core was worked

Table 4: Correlation coefficients of the influencing factors with shale permeability.

Permeability decline
rate

Shut-in
time

Backflow outlet
pressures

Backflow differential
pressure

Pearson
correlation

Permeability decline rate 1.000 -0.128 0.050 -0.019

Shut-in time -0.128 1.000 -0.152 -0.097

Backflow outlet pressure 0.050 -0.152 1.000 0.069

Differential pressure during
backflow

0.019 -0.097 0.069 1.000

Significance
(single tail)

Permeability decline rate / 0.262 0.402 0.463

Shut-in time 0.262 / 0.225 0.315

Backflow outlet pressure 0.402 0.225 / 0.366

Backflow differential pressure 0.463 0.315 0.366 /

Number of cases

Permeability decline rate 27 27 27 27

Shut-in time 27 27 27 27

Backflow outlet pressure 27 27 27 27

Backflow differential pressure 27 27 27 27

Table 5: Regression coefficients of factors influencing shale permeability.

Model
Non-normalized coefficient Normalized coefficient
B Standard error Beta t Significance

(Constant) 0.859 0.935 / 0.918 0.369

Shut-in time -0.451 0.660 -0.148 -0.683 0.502

Backflow outlet pressure 0.017 0.075 0.047 0.220 0.828

Differential pressure during backflow -0.049 0.250 -0.041 -0.195 0.847
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out to analyze the influence of slickwater hydraulic fractur-
ing fluid on the physical properties of near-fracture shale
matrix in the fracturing-shut-in-backflow process systemati-
cally. The following conclusions have been drawn:

(1) Slickwater fracturing fluid (0.025% CT 5-12 + 0 26%
CT 1-20 B) has a viscosity of 1.99mPa·s at the shear
rate of 170 s-1 and gas-liquid surface tension decreas-
ing to 27.57mN/m. After treated by the slickwater
fracturing fluid, the shale cores become more uni-
form in wettability, with contact angles between 43°

and 48°

(2) During the fracturing filtration period, the damage
of slickwater fracturing fluid to shale porosity is
between 6.4% and 42%. Low differential pressure
backflow can reduce the damage to shale porosity,
and prolonging the shut-in time has little effect on
porosity damage

(3) After shut-in of 0.3 d (stable imbibition time), the
damage of the slickwater fracturing fluid to the
permeability is basically stable (up to 55.9%). The
damage to permeability is mainly caused by residues
of slickwater fracturing fluid in large pores and irre-
ducible water in small pores

(4) The influence weight of backflow differential pres-
sure on shale porosity is the largest (51.4%), and
the influence weight of shut-in time on shale perme-
ability is the largest (62.7%), so the backflow differ-
ential pressure should be properly lowered and the
shut-in time should be moderately shortened during
shale gas production
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