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Formation pressure gradually decreases with fracturing fluid flowback and gas production. Due to the stress sensitivity of the
fractures, the permeability of the artificial fractures after fracturing becomes lower, which significantly affects gas well
productivity. This paper focuses on two questions: (1) the stress sensitivity of proppant-containing fractures with different
roughness and (2) tight gas well productivity considering stress sensitivity. Two types of artificial fracture samples, smooth and
rough, are prepared and filled with different proppant concentrations. Then, the changing confining pressure method is used
to quantify sample stress sensitivity. On this basis, the productivity equation for the fractured well with finite conductivity that
considers fracture and matrix stress sensitivity is derived, and the influence of stress sensitivity on productivity is discussed.
The results show that proppant concentration and fracture surface roughness will significantly affect fracture permeability and
stress sensitivity; with increasing proppant concentration, fracture permeability increases, stress sensitivity decreases, and well
productivity increases; under the same proppant concentration, the stress sensitivity is lower and the gas production is higher
for smooth fracture; and when the artificial fracture changes from no proppant to proppant, the productivity of the fracturing
well is improved the most.

1. Introduction

Since global oil and gas consumption grows continuously,
conventional oil and gas development alone cannot meet
social needs [1]. Therefore, unconventional oil and gas
reservoirs, which cannot be developed conventionally, are
receiving more and more attention [2, 3]. In China, uncon-
ventional oil and gas resources are widely distributed in
Sichuan, Songliao, Ordos Junggar, and other basins, offering
considerable development potential and broad prospects
[4–7]. However, unconventional reservoirs have extremely
low porosity and permeability, which requires massive
hydraulic fracturing for effective development [8, 9]. During
hydraulic fracturing, artificial fractures are formed as large-
scale fracturing fluid enters the formation. Oil and gas well

production is strongly affected by these fractures since they
are the main channels for reservoir fluid to enter the well-
bore after fracturing [10]. With the fracturing fluid flowback
and well production, the formation pressure gradually
decreases, and the effective stress of the reservoir increases.
Due to the stress sensitivity of fractures and reservoir matrix,
permeability and fracture conductivity are drastically
reduced, resulting in irreversible permeability loss and seri-
ously affecting well productivity [11, 12].

Many researchers have studied reservoir stress sensitivity
and oil and gas well productivity, establishing power law,
and exponential and polynomial relationships between per-
meability and stress sensitivity [13–16]. Zhang et al. investi-
gated the influencing factors and control mechanisms of
shale stress sensitivity through permeability testing, rock
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physical property analysis, and the dual pore medium stress
sensitivity model [17, 18]. Rahman and Rahman investigated
the interaction between induced and preexisting fractures in
naturally fractured reservoirs by a numerical model using
finite element analysis [19]. Sun et al. and Liu et al. studied
volcanic rocks with different pore types and concluded that
fractured volcanic gas reservoir rocks have strong stress-
sensitive characteristics [20, 21]. Dong et al. examined the
porosity and permeability of shale and sandstone, and the
results showed that shale has stronger stress sensitivity than
sandstone [22]. Xiao et al. studied the stress sensitivity of
coal permeability and indicated that the coal shows signifi-
cant anisotropic permeability and stress sensitivity due to
the complex heterogeneity of the natural fracture system
[23]. Yang et al. investigated the stress sensitivity of naturally
fractured shale, and the results showed that the permeability
evolution is consistent with the fracture aperture change
during loading [24]. The above studies are focused on reser-
voir matrix and natural fractures, and there are fewer studies
on artificial fracture permeability stress sensitivity.

Rock plate conductivity experiments are the primary
method for studying the effects of closure pressure, proppant
concentration, and proppant embedding on the permeability
of artificial fractures [25–28]. Shaibu et al. conducted frac-
ture conductivity experiments on saw-cut shale core, and
the results showed that the main driver of fracture conduc-
tivity was induced fractures. However, permeability data
were not obtained for this study, and large-scale cores could
not be tested by a conventional permeameter [29] However,
the method has several drawbacks, including experimental
complexity, large sample size, and preparation difficulties.
Therefore, developing a more straightforward experimental
method for studying artificial fractures is necessary.
Wuguang et al. studied the effect of proppant on stress sen-
sitivity by splitting shale cores and filling the fractures with
proppant. This study concluded that proppant filling can
effectively enhance the permeability of artificial fractures
and reduce stress sensitivity, but this study did not quantify
the proppant concentration [10]. Dong et al. and Lei et al.
conducted experimental and theoretical research to investi-
gate the effects of stress on fracture width and particle plug-
ging in porous media. The study found that high stress
causes increased pore blockage, and larger pores are less
likely to experience particle plugging. Closure pressure
reduction increases fracture width, as it decreases the contact
force between fractured surfaces [30, 31]. Chen et al. used
the Brazilian splitting method to create rough fractures and
quantified the effect of proppant concentration on the stress
sensitivity of artificial fractures by changing gas flow
pressure and confining pressure, respectively. It concluded
that the stress sensitivity of fractures obtained by the above
two methods is not much different at low proppant concen-
trations, and the test methods significantly affect stress
sensitivity at high proppant concentrations [32]. Neverthe-
less, it did not study the effect of fracture roughness on stress
sensitivity.

The effect of stress sensitivity on production has been
studied in depth by many scholars. Bo et al. derived a pro-
duction prediction method considering stress sensitivity

and threshold pressure gradient based on the dual-porosity
theory model, and the results show that two parameters
must be considered in tight gas reservoirs [33]. Jiang et al.
established a coupled matrix-fracture fluid flow model and
investigated different stress-sensitive effects in different sub-
systems. This study concluded that the influence of stress
sensitivity in fractures depends on the properties and loca-
tion of the fractures [34]. Xinli conducted stress sensitivity
experiments on sandstone containing microfractures and
further investigated its effect on productivity, which indi-
cated that the stress sensitivity of sandstone containing
microfractures had little effect on oil production [35]. Liu
et al. studied the stress sensitivity of low permeability reser-
voirs and its impact on oil and gas development through
experiments and theoretical derivations and concluded that
the lower the permeability and the faster the loading rate,
the higher the permanent damage rate; the stronger the het-
erogeneity, the greater the productivity is affected by stress
sensitivity [36]. The above studies of well production either
did not conduct stress sensitivity experiments or only con-
sidered matrix stress sensitivity.

In this research, core-scale smooth and rough artificial
fracture samples were prepared by wire cutting and splitting,
respectively. Then, the samples were filled with different
proppant concentrations. The influence of proppant concen-
tration and fracture surface roughness on permeability and
stress sensitivity was investigated by a conventional gas-
measured permeability apparatus. Furthermore, the produc-
tivity equation of fractured gas wells considering matrix and
artificial fracture stress sensitivity is derived to study the
effect of stress sensitivity on well productivity. The objective
of this study is to introduce a practical approach to
conducting core-scale fracturing experiments, examine the
stress sensitivity of fractures containing proppant, and eval-
uate the production capacity of gas wells in various types of
fractures. This study helps to understand the flow of geo-
fluids in fractures after fracturing and provides a basis for
optimizing hydraulic fracture design and fracture fluid flow-
back procedures.

2. Experimental Method

2.1. Sample Preparation. In this study, samples were col-
lected from the sedimentary pyroclastic rock of the Lower
Cretaceous Yingcheng Formation in Songliao Basin, north-
eastern China. The logging data indicates that the porosity
of this formation is 10.78% and the permeability is 0:19 ×
10−3 μm2. In order to study the fracture surface with differ-
ent roughness, wire cutting and splitting methods were used
to make artificial fractures. Artificial fractures with smooth
surfaces can be obtained by wire cutting, as shown in
Figure 1(a), and artificial fractures with rough surfaces can
be obtained by splitting, as shown in Figure 1(b).

The proppant used in this experiment was ceramic gran-
ules with a mesh size of 40/70 and an apparent density of
1570 kg/m3. According to the designed proppant concentra-
tion, the theoretical fracture width and proppant mass were
calculated. The cores were prepped with theoretical fracture
widths, the sample side was taped tightly, and then one side
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end face was sealed with gauze. After that, the proppant was
placed in fracture, and another side end face was sealed with
gauze. At last, the actual width and proppant concentration
were calculated by the actual proppant addition mass by the
following formulas:

cp =
mprop
dL

, ð1Þ

w =
cp

ρprop
, ð2Þ

where cp is proppant concentration, kg/m2; mprop is prop-
pant mass, kg; d and L are the diameter and length of the
sample, m; w is fracture width, m; and ρprop is proppant
apparent density, kg/m3.

This experiment consisted of 4 smooth fracture samples
and 2 rough fracture samples, with 1 nonfractured matrix
sample used as a comparison. The basic parameters of the
samples are shown in Table 1.

2.2. Experimental Method and Procedure. In this study, a
gas-measured permeability apparatus was employed to
investigate the stress sensitivity of artificial fracture. The test
is conducted by changing confining pressure, and the test
fluid is nitrogen with 99.9% purity. Following the require-
ments of SY/T 5358-2010 Formation damage evaluation by
flow test, the specific experimental procedure is as follows:

(1) Basic Parameter Testing. Dry the cores and measure
the length, diameter, and mass of the samples

(2) Artificial Fracture Preparing. Smooth surfaces can be
obtained by wire cutting, and rough fractures are
prepared by the splitting method. Dry and weigh
the samples again

(3) Proppant Filling. Fill the fractures with proppant as
designed and then calculate the proppant concentra-
tion based on the actual mass

(4) Permeability Testing. The permeability tests are
performed with a constant gas flow pressure of

0.05MPa and confining pressure of 2, 5, 9, 15, 20,
25, and 30MPa. During the test, each designed con-
fining pressure is maintained for more than 30min,
waiting for the flow to stabilize before metering
begins. The following equation can calculate the gas
permeability of the samples:

kg =
2q0p0μL
A p21 − p22
À Á , ð3Þ

where kg is gas permeability, m2; q0 is gas flow rate, m3/s; μ
is nitrogen viscosity, Pa·s; A is the cross-sectional area of the
sample, m2; and p1 and p2 are the pressures at the inlet and
outlet of the sample, respectively, Pa.

The effective stress of the sample was calculated by Ter-
zaghi’s effective stress equation:

pe = pc − pf , ð4Þ

where pe is effective stress, MPa; pc is confining pressure,
MPa; and pf is gas flow pressure, MPa.

3. Experimental Results and Discussions

3.1. Permeability Variation Rules with Effective Stress. The
permeability test results of the samples are shown in
Table 2. By normalizing the permeability based on the per-
meability at effective stress of 2MPa, the variation of nor-
malized permeability with effective stress can be obtained
(Figure 2). As can be seen in the figure, the permeability of
the sample gradually decreases with increasing effective
stress. As effective stress increases, the reduction rate of per-
meability decreases.

When effective stress was increased from 2MPa to
15MPa, samples 1#-7# lost 74.47%, 36.37%, 22.48%,
12.18%, 84.18%, 66.52%, and 55.61% of their permeability.
Comparatively, only 17.28%, 22.50%, 22.29%, 9.67%,
14.40%, 26.67%, and 21.93% of permeability were lost in
15-30MPa loading intervals for samples 1#-7#. This is
because the initial proppant is loosely arranged and more
easily compressed, leading to a reduction in fracture width

(a) (b)

Figure 1: Experimental materials: (a) smooth fracture sample; (b) rough fracture sample.

3Geofluids



and a decrease in permeability. As the effective stress
increases, the proppant arrangement becomes tighter and
more difficult to compress, the fracture structure does not
easily change, and the permeability decreases slower.

This result is similar in trend to those researches of
Wuguang et al. and Chen et al. on shale [10, 32], but with
a more significant permeability loss in the rough fracture
samples of the same proppant concentration compared to
Chen et al. There are two possible reasons for this: One is

that the sedimentary pyroclastic rock used in this experi-
ment has a relatively low hardness compared to shale, which
is more likely to deform when the effective stress is changed.
Another is that laminae are developed in shale, and fractures
are easily generated along the surface of laminates when the
shale is split. The fracture surfaces of shale are smoother,
and the proppant distribution will be relatively uniform,
reducing the likelihood of permeability reduction caused
by partial low proppant concentration.

3.2. Effect of Proppant Concentration on Permeability and
Stress Sensitivity. The permeability is normalized based on
the fracture samples without proppant, and the normalized
permeability versus proppant concentration is represented in
Figure 3. The normalized permeability is defined as follows:

kNcp
= ki
ki,cp=0

, ð5Þ

where kNcp
is normalized permeability, dimensionless; ki is

permeability under i effective pressure, m2; and ki,cp = 0 is per-
meability of fracture samples without proppant under i effec-
tive pressure, m2.

The figure shows that with an increase in the proppant
concentration, whether in smooth or rough fracture sam-
ples, the permeability increases significantly under each
effective stress. It shows that the higher the effective stress,
the greater the normalized permeability. Taking the smooth
fracture samples as an example, when the effective stress is
2MPa, the permeability of the samples with sand concentra-
tions of 0.57, 1.04, and 1.75 kg/m2 is 7.96, 10.02, and 13.88

Table 1: Basic parameters of the samples.

Fracture type Sample number Length (mm) Diameter (mm) Fracture width (mm) Proppant concentration (kg/m2)

Smooth

1# 50.02 24.36 0 0

2# 48.24 24.34 0.36 0.57

3# 49.75 24.36 0.66 1.04

4 47.36 24.24 1.11 1.75

Rough
5# 49.68 24.32 0 0

6# 48.97 24.34 0.34 0.54

Nonfractured 7# 49.37 24.36 — —

Table 2: Permeability test results of samples.

pe (MPa)
Permeability (×10-3 μm2)

Smooth fracture Rough fracture Matrix
1# 2# 3# 4# 5# 6# 7#

2 241.42 1921.01 2418.00 3350.00 263.21 1413.00 0.187

5 180.62 1737.92 2290.00 3158.00 166.41 1181.25 0.165

9 148.06 1586.46 2032.00 3053.00 94.10 756.78 0.122

15 61.63 1222.27 1874.54 2942.00 41.63 473.13 0.083

20 35.41 999.94 1660.93 2805.00 12.00 283.69 0.062

25 23.04 876.56 1484.89 2681.00 6.20 201.61 0.051

30 19.91 790.13 1335.55 2618.00 3.74 96.26 0.042
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Figure 2: The relationship between normalized permeability and
effective stress.
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times greater than that of the sample without proppant.
Comparatively, the values at 30MPa are 39.69, 67.08, and
131.49 times. This is because as the effective stress increases,
the arrangement of the proppant becomes tighter and tigh-
ter, the support capacity gradually increases, and the perme-
ability increase multiplier becomes larger accordingly.

Based on Figure 3, a segmented linear fit is performed to
determine each stage’s slope separately. The slope is defined
as the proppant efficiency, as shown in the following equation:

Eprop =
ΔkNcp

Δcp
, ð6Þ

where Eprop is proppant efficiency, m2/kg; Δcp is the proppant
concentration change in a certain stage, kg/m2; and ΔkNcp is
normalized permeability change in the corresponding stage,
dimensionless. The physical meaning of proppant efficiency
is the multiple of the increase in permeability per unit prop-
pant concentration at this stage.

As shown in the proppant efficiency statistical graph
(Figure 4), the proppant efficiency is enhanced with
increased effective stress in the same proppant concentration
interval. Taking the proppant concentration interval of
0-0.57 kg/m2 as an example, the proppant efficiency of this
interval increased from 13.96m2/kg to 69.62m2/kg when the
effective stress increased from 2MPa to 30MPa.

The proppant efficiency decreases with increasing prop-
pant concentration under the same effective pressure. For
the same effective stress of 2MPa, the proppant efficiency
was 13.96, 2.68, and 1.95m2/kg for proppant concentration
intervals of 0-0.57, 0.57-1.04, and 1.04-1.75 kg/m2, respec-
tively. It indicates that the lower the proppant concentration,
the more effective it is to increase the proppant concentra-
tion in improving permeability.

During hydraulic fracturing, in addition to increasing
the proppant amount, a proper proppant-adding method
should be used to allow proppant to reach fractures with
low proppant concentrations, such as the deep portion of
the main fracture and the secondary fractures, as much as
possible. Thus, the average proppant concentration of frac-
tures is enhanced, and the permeability of fractures is greatly
improved. The proppant efficiency for rough fractures is
lower at 30MPa than 25MPa. This may be caused by the
proppant starting embedding in the fracture surface during
the effective stress interval between 25 and 30MPa.

An exponential fitting is performed on the effective
stress and permeability to obtain the sample’s stress sensitiv-
ity coefficient. The fitting equation is given by

k = k0e
−bpe , ð7Þ

where k and k0 are permeability and initial permeability,
respectively, 10-3μm2, and b is the stress sensitivity coeffi-
cient, MPa-1.

Since the permeability of the artificial fracture sample is
much larger than the matrix permeability, the matrix perme-
ability can be ignored for the artificial fracture sample.
Therefore, the permeability of the sample in the experiment
is regarded as the fracture permeability, and the stress sensi-
tivity coefficient of the sample is considered to be the stress
sensitivity coefficient of artificial fracture.

Figure 5 shows the stress sensitivity coefficient of each
sample. In this experiment, the smooth fracture sample
without proppant and the rough fracture samples reveal
strong stress sensitivity. The matrix sample presents
medium stress sensitivity, while the smooth fracture with
proppant shows moderately weak to weak stress sensitivity
with increasing proppant concentration. The stress sensitiv-
ity of rough and smooth fractures decreases with increasing
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Figure 3: The relationship between normalized permeability (kNcp
) and proppant concentration: (a) smooth fracture; (b) rough fracture.
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proppant concentration. This is because a higher proppant
concentration increases its ability to support fractures, mak-
ing them more difficult to close.

3.3. Effect of Fracture Surface Roughness on Permeability and
Stress Sensitivity. Figure 6 shows the variation curve of per-
meability with effective stress under differing fracture rough-
ness. For cracks without proppant, there is no significant
difference in permeability between smooth and rough frac-
tures at low effective stress (≤5MPa). As the effective stress
increases, the permeability of rough fractures decreases more
rapidly, and smooth fractures exhibit higher permeability
than rough fractures under the same effective stress. It is
possible that compared to the smooth fracture, the rough
fracture may have a lower fracture closure due to the self-
propping effect of rough surfaces under low pressure. Mean-
while, the rough fracture has a long infiltration length due to

its high tortuosity. At low pressure, rough fractures are
affected by the factors simultaneously, resulting in a perme-
ability similar to smooth fractures. As the effective stress
increases, the rough surfaces gradually compact, and the
permeability is primarily affected by tortuosity, resulting in
a lower permeability than the smooth fractures.

When proppant concentrations are about 0.55 kg/m2,
smooth fractures have higher permeability than rough frac-
tures. This trend gradually increases with the increase of
effective stress. It can be mainly attributed to the nonuni-
form distribution of proppant and relatively increased frac-
ture surface area caused by the irregular surface of the
rough fracture. The nonuniform distribution of proppant
leads to more partial fracture closures, resulting in a decrease
in overall permeability. The relatively increased surface of
the rough fracture causes the proppant concentration to be
lower than that of the smooth fracture, resulting in the
rough cracks being insufficiently propped, resulting in a
lower permeability. For the same reason, rough fracture
exhibits higher stress sensitivity than smooth fracture at
the same proppant concentration.

4. Fractured Well Productivity for Tight Gas
considering Fracture and Matrix
Stress Sensitivity

4.1. Derivation of the Fractured Gas Well Productivity
Equation. The production of the fractured tight gas well is
a coupled matrix and fracture flow process. Therefore, both
the matrix and fracture stress sensitivity need to be consid-
ered. In addition, considering the fracture’s flow resistance,
a productivity equation for fractured wells considering frac-
ture and matrix sensitivity is developed based on the formula
for the production productivity equation for fractured wells
with finite conductivity.
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The equivalent well radius of finite conductivity fractures
can be calculated as follows [37, 38]:

Rwe = 2xf e− 3/2+f CFDð Þ½ �, ð8Þ

where Rwe is the equivalent well radius, m; xf is fracture half-
length, m; and f ðCFDÞ is a function of the dimensionless frac-
ture conductivity, and it can be expressed as follows [39, 40]:

f CFDð Þ = 1:65 − 0:328μ + 0:116μ2
1 + 0:18μ + 0:064μ2 + 0:005μ3 ,

ð9Þ

μ = ln CFD, ð10Þ

CFD =
kf wf

kmxf
, ð11Þ

where CFD is dimensionless fracture conductivity and kf and
km are fracture and matrix permeability, respectively, m2.

The permeability of fracture and matrix considering the
stress sensitivity is calculated by

kf = kf ie
−bf pe−pwð Þ, ð12Þ

km = kmie
−bm pe−pmð Þ, ð13Þ

where kf i is initial permeability of fracture, m2; bf is the
stress sensitivity coefficient of fracture, MPa-1; pe is original
formation pressure, MPa; pw is bottom hole pressure, MPa;
kmi is initial permeability of matrix, m2; bm is the stress sen-
sitivity coefficient of matrix, MPa-1; and �pm is the average
pressure of matrix, MPa. If the calculated fracture perme-
ability is lower than the matrix permeability, the fracture is
considered closed, and the fracture permeability is equal to
the matrix permeability.

During the gas well production, the reservoir pressure
distribution is given by the following equation:

dp
dr

= p2e − p2w
ln Re/Rwe

1
2rp : ð14Þ

And the average pressure of the matrix can be calcu-
lated by

pm =
Ð Re
Rwe

p ⋅ 2πrdr
π R2

e − R2
we

À Á =
2
Ð Re
Rwe

p2e − p2e − p2we/ln Re/Rwe ln Re/r
À Á0:5rdr

R2
e − R2

we
:

ð15Þ

As the average pressure of the matrix is also a function
of the equivalent well diameter, the two parameters cannot
be calculated directly, so the trial and error method is used
instead. The calculation flow chart of equivalent well
radius and average matrix pressure is shown in Figure 7.
When the relative error ε between the trial and calculated
values is less than 5‰, the calculation is stopped, and the
two parameters are output.

The fractured gas well productivity considering fracture
and matrix stress sensitivity is

Q = πkmh

�μ�Z

ZscTsc
pscT

p2e − p2w
ln Re/Rwe

, ð16Þ

where �μ is average gas viscosity, mPa·s; �Z is the average gas
deviation factor; Zsc is the gas deviation factor in standard
condition; Tsc is the gas temperature in standard condition,
K; psc is the gas pressure in standard condition, MPa; and T
is layer temperature, K.

4.2. Case Study. In the case analysis of this paper, the reservoir
parameters are collected fromwell logging and testing data of the
sampled well. The production layer properties of this well are as
follows: the overburden pressure is 94.2MPa, the formation
pressure is 40MPa, the initial permeability is 0:19 × 10−3 μm2,
the layer temperature is 120°C, and the reservoir effective thick-
ness is 17.13m. Based on the assumption that the supply radius
is 300 meters, the fracture width is 5 millimeters, and the frac-
ture half-length is 100 meters, the gas well production was cal-
culated at the bottom hole pressure range of 40 to 30MPa.

Table 3 shows the calculated productivity results of the
fractured gas well, where Q is gas well productivity consider-
ing stress sensitivity, m3/d; Q′ is gas well productivity
without considering stress sensitivity, m3/d; and η is the pro-
ductivity loss rate due to stress sensitivity, %. The defining
equation is as follows:

η = Q′ −Q

Q′ × 100%: ð17Þ

According to Table 3, stress sensitivity significantly
impacts fractured well productivity, and the productivity
loss rate due to stress sensitivity increases as bottom hole
pressure declines. For unpropped rough fractures, the stress
sensitivity can result in a productivity loss of more than 90%.
As the bottom hole pressure decreases, the productivity of
each fracture tends to increase gradually. Nevertheless, the
productivity of unpropped rough fractures (5#) decreases

Input kmi, kfi, pw, b, Re and other initial conditions

Input trial value of equivalent radius Rwe0

Calculate pm0 by numerical integration method

Calculate calculated value of equivalent radius Rwe1

Output Rwe1, pm0

N

Y

<(Rwe1 Rwe0) Rwe0
Rwe0

𝜀
Rwe0

Rwe1+ ‒⇒
1
2

Figure 7: The calculation flow chart of equivalent well radius and
matrix average pressure.
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when the bottom hole pressure is reduced from 32MPa to
30MPa. This is because the infiltration power increased by
the reduced bottom hole pressure is less than the resistance
caused by stress sensitivity.

Smooth fractures have significantly higher productivity
than rough fractures when proppant concentrations are the
same. Unpropped smooth fracture is 3.44 times more pro-
ductive than unpropped rough fracture at 30MPa, and the
value is 1.77 at a proppant concentration of 0.55 kg/m2. In
the same fracture surface roughness, the gas well productiv-
ity increases with increasing proppant concentration;
especially when the fracture goes from unpropping to prop-
ping, the productivity increases the most. At the bottom hole
pressure of 30MPa, the productivity of the unpropped
smooth fracture (1#) is 9093m3/d. In comparison, the pro-
ductivity of the smooth fracture (2#) with a proppant
concentration of 0.57 kg/m2 is 28368m3/d, a 3.12 times
increase in productivity. And for rough fractures, productiv-
ity can increase by 6.08 times.

To summarize, during fracturing design, construction,
and the subsequent formulation of the flowback strategy,
as well as increasing the total proppant addition and increas-
ing the average proppant concentration in the fractures, it
will be important to target the fractures that cannot easily
be propped, such as secondary fractures and deep parts of
main fractures. With a certain proppant amount, the flow-
back pressure should be controlled, and the timing of flow-
back should be optimized to reduce the proppant backflow

to improve the overall proppant concentration in the frac-
ture. During hydraulic fracturing, the construction process
can be optimized by the sand slug addition method to make
the proppant enter the deep part of the fracture as much as
possible, and the proppant can be distributed more equally.

5. Conclusions

In this paper, the effects of proppant concentration and
fracture surface roughness on permeability and stress sensi-
tivity are investigated experimentally. The productivity
equation of fractured gas well is derived to study the effect
of stress sensitivity on productivity. The main conclusions
are obtained as follows:

(1) The proppant can effectively enhance permeability
and reduce the stress sensitivity of artificial fracture.
As proppant concentration increases, the fracture per-
meability increases, the fracture stress sensitivity
decreases, and the proppant efficiency decreases. For
the same increment in proppant concentration, the
artificial fracture has the most significant enhance-
ment in permeability from unpropped to propped

(2) The roughness of the fracture surface can signifi-
cantly affect fracture permeability and stress sensitiv-
ity. For unpropped fractures, the permeability of
smooth fracture and rough fracture is similar under

Table 3: The calculated productivity results of fractured gas well.

Fracture type Well productivity
pw (MPa)

40 38 36 34 32 30

1#
Q 0 2905 5271 7095 8373 9093

Q′ 0 6551 12632 18245 23389 28064

η — 55.66 58.27 61.11 64.20 67.60

2#
Q 0 6666 12816 18471 23649 28368

Q′ 0 9299 18041 26231 33873 40970

η — 28.31 28.96 29.58 30.18 30.76

3#
Q 0 7747 14945 21609 27754 33395

Q′ 0 9683 18819 27410 35460 42972

η — 20.00 20.59 21.17 21.73 22.29

4#
Q 0 9346 18135 26373 34066 41220

Q′ 0 10212 19880 29005 37589 45633

η — 8.48 8.78 9.07 9.37 9.67

5#
Q 0 1248 2190 2784 2970 2643

Q′ 0 6742 12889 18428 23337 27577

η — 81.49 83.01 84.89 87.27 90.42

6#
Q 0 4239 7962 11173 13876 16070

Q′ 0 9009 17326 24951 31881 38112

η — 52.94 54.05 55.22 56.48 57.83
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low effective stress (≤5MPa). For unpropped frac-
tures under high effective stress (≥10MPa) and
propped fractures, the rough fractures have lower
permeability and higher stress sensitivity than
smooth fractures

(3) The stress sensitivity dramatically impacts the pro-
ductivity of fractured wells. Under the same prop-
pant concentration, the stress sensitivity is lower,
and the gas production is higher for smooth frac-
tures. As proppant concentration increases, fracture
permeability increases, stress sensitivity decreases,
and gas well productivity increases. The most signif-
icant increase in fractured well productivity occurs
when the artificial fracture changes from no prop-
pant to proppant. During hydraulic fracturing, rea-
sonable measures should be taken to distribute the
proppant uniformly and to enhance the effective
propping of the deep parts of the fractures
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