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Abstract: Hydraulic fracturing is an important means of developing unconventional oil and gas
layers. The fracture conductivity of tight sandstone reservoirs after fracture is affected by many
factors, such as the interaction between the fracturing fluid, water, and rocks; the fracturing materials;
and the construction parameters. This paper improves the experimental process of the long-term
conductivity test and provides insight into conductivity prediction and optimization based on the
response surface test method. The test process is conducted in the following manner: (1) inject
nitrogen to evaluate the fracture conductivity before fracturing fluid damage; (2) inject fracturing
fluid to simulate shut-in; and (3) inject nitrogen again to evaluate fracture conductivity after the
damage ability of the fracturing fluid. The single factor test results show that the lower the sand
concentration is, the higher the fracturing fluid viscosity will be, and the longer the fracturing fluid
retention time is, the greater the damage to the conductivity of the fracturing fluid will be. The
response surface test results show that the order of factors affecting the retention of conductivity is
fracturing fluid viscosity > sand concentration > fracturing fluid retention time. There is a certain
interaction between sand concentration and fluid viscosity, and there is also a certain interaction
between fluid viscosity and fluid retention time, but these interactions are not significant; when the
fracturing fluid retention time is longer, there will be an interaction between the sand concentration
and the fracturing fluid retention time. In addition, based on the model used to optimize the
fracturing construction parameters from the perspective of proppant conductivity damage, the
optimal solution is when the viscosity of the fracturing fluid is 1 mPa.s, the paved-sand content is
8.49 kg/m2, and the retention time of the fracturing fluid is 10 h. The maximum retention rate of the
flow conductivity is 63.19%.

Keywords: sandstone reservoir; hydraulic fracturing; conductivity damage; laboratory test

1. Background

Horizontal well fracturing technology has been widely used in tight gas reservoirs and has
achieved good results. The question of how to obtain artificial fractures with long-term high-
efficiency conductivity is a key issue in fracturing design [1]. Sandstone reservoir conditions
are complex, and fracture conductivity after fracturing begins is affected by many factors [2].
Therefore, it is necessary to conduct a systematic study of the conductivity damage test.

There are many factors that affect the conductivity of hydraulic fractures, including the
properties of the fracturing fluid [3], the proppant [4], and its interaction with the reservoir
rocks [5]. Jansen et al. [6] studied the characteristics of rocks and fractures. The influence of
conductivity indicates that proppant embedding is more likely to occur under low-density
proppant placement; the research results of Abhinav Mittal et al. [7] revealed that proppant
fragmentation and migration are the main reasons for the decline in conductivity. The
study of J. Zhang et al. [8] showed that, as rock softens after being exposed to water and
the proppant embedment becomes serious, up to 88% of conductivity may be lost.

The response surface method is an alternative to the traditional sensitivity analysis.
The basic idea behind this methodology is to vary multiple parameters at the same time so
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that maximum inference can be attained with minimum cost [9]. This method can simul-
taneously explain the influence of multiple factors and their interactions with nonlinear
equations, so it is widely used in the petroleum field [10–12]. Current long-term conductiv-
ity tests, rarely consider the effect of fluids, and due to the limitations of conventional test
methods, the accurate prediction and optimization of conductivity cannot be performed.
Experiments can be difficult to conduct when the interactions between factors are unclear.
These situations provide opportunities for the application of response surface methods.

This study was based on the reservoir conditions of the Linxing block in China. First,
single-factor tests were used to investigate the degree of damage caused by different pa-
rameters to the proppant conductivity. On this basis, the Box–Behnken design was used
to create a three-factor three-level test plan and apply it. The Design-Expert software was
used to process the test data; analyze the significance ranking of the damage caused to the
conductivity of factors such as sand concentration, fracturing fluid viscosity, and fractur-
ing fluid retention time and their pairwise interactions; and establish related regression
equations. The research results can provide guidance for the design and optimization of
the fracturing parameters of sandstone reservoirs.

2. Test Equipment and Methods
2.1. Test Experimental Procedure
2.1.1. Test Material

The test rock slab was processed from the collected Linxing sandstone outcrop, which
meets the API diversion chamber standard. The rock slab was 17.78 cm long, 3.81 cm
wide, and 1.5 cm high. The test fluid was clean water, the fracturing fluids had different
viscosities, and the test gas was dry nitrogen. The proppant used in the experiment was
low-density 30/50 mesh ceramsite.

2.1.2. Test Equipment

For the test, we used the self-developed HXDL-2C long-term conductivity evaluation
device, which can simulate the conductivity of fractures under the closing pressure of
10–150 MPa. Figure 1 shows the process used for conducting the damage test of the
proppant conductivity. The system used consisted of a diversion chamber, a hydraulic
press, a vacuum pump, and a constant-flow plunger pump, together with a pressure sensor,
a displacement sensor, and a balance to form a research and evaluation system. Both the
front and rear ends of the diversion chamber were connected with high-precision pressure
sensors and displacement sensors. During the test, data, such as the pressure, flow rate,
and dynamic fracture width, could be collected in real time so as to calculate the real-time
fracture conductivity.
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2.2. Test Methods
2.2.1. Calculation Method of Conductivity Damage

The calculation of conductivity was based on Darcy’s law. For the test, we adopted
the API standard diversion chamber. After conversion, the calculation formula of fluid
conductivity and gas conductivity can be expressed as follows:

FcDw = kww f =
5.555Qwµw

(p1 − p2)
(1)

FcDg = kgw f =
1.11 × 103Qgµg(

p2
1
− p2

2
) (2)

In order to characterize the influence of fracturing fluid damage on conductivity, the
conductivity retention rate was defined as the ratio of gas conductivity before and after the
fracturing fluid invaded:

R f g =
FcDg2

FcDg1
(3)

where FcDw is the conductivity of liquid measurements, FcDg is the conductivity of gas
measurements, Qw is the liquid flow, Qg is the gas flow, µw is the liquid viscosity, µg is the
gas viscosity, and p1 and p2 are the test point pressures.

2.2.2. Test of Proppant Conductivity Damage

The proppant conductivity damage test was divided into three stages. (1) In the initial
stage of gas supply, the long-term conductivity of the gas was tested with nitrogen. The
test time was 24 h, which indicates the fracture conductivity before the fracturing fluid
penetrated. (2) In the mid-term fluid supply stage, fracturing fluids of different viscosities
were injected to simulate the intrusion process of fracturing fluids. The test time of this
stage was 1–48 h, which represents the residence time of different fracturing fluids (time
of after-fracturing shut-in). (3) In the late stage of gas supply, nitrogen gas was supplied
again for the conductivity test to obtain the conductivity of the artificial fractures after the
penetration of the fracturing fluid [13].

During the test, the temperature was kept constant at 25 ◦C, the formation closing
pressure was 50 MPa, the liquid flow rate was 5 mL/min, and the gas flow rate was
300 mL/min. We used the factors shown in Table 1 to carry out a damage test of the
proppant conductivity. The ratio of the conductivity before and after the fracturing fluid
invasion (i.e., retention rate) was used as the evaluation index to investigate the influence of
the three factors on the diversion capacity. On this basis, we selected a reasonable variation
range value for each factor and used the conductivity retention rate as an evaluation index.
Based on the Box–Benhnken method, the response surface test was designed, and the test
data were processed and analyzed through the Design-Expert software to determine the
factors and differences. The significance of the combination of factors was determined so
as to systematically analyze the mechanism of influence of each factor on the damage of
the proppant conductivity.

Table 1. Design of the single factor test for the proppant conductivity damage.

Number Sand Concentration
(kg/m2)

Fracturing Fluid Viscosity
(mPa.s)

Fracturing Fluid Retention Time
(h)

1–5 2.5, 4, 5.5, 7, 8.5 1 12
6–10 5.5 1, 3, 5, 7, 9 12

10–15 5.5 1 1, 12, 24, 36, 48

At the same time, using the conductivity retention rate as the response variable, and the
sanding concentration, fracturing fluid viscosity, and fracturing fluid retention time as the
independent variables, a three-dimensional quadratic regression model was established and
variance analysis and regression fitting were performed to verify the regression. Parameter
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optimization was performed on the basis of the reliability of the model, and the model was
used to guide the optimal design of fracturing in the actual production.

3. Results and Discussion
3.1. Single Factor Test Results and Discussion
3.1.1. The Influence of Sand Concentration

Figure 2 shows the variation in fracture conductivity under different sanding concen-
trations when the fracturing fluid has a viscosity of 1 mPa.s and a retention time of 12 h. It
can be seen from Figure 2b that the conductivity of the two gas measurements gradually
increased with the increase in sanding concentration [14]. Taking the first measurement
as an example, when the sand concentration increased from 2.5 kg/m2 to 8.5 kg/m2, the
conductivity increased from 147 D.cm to 283 D.cm. This is because the sand concentration
will affect the crack width, which, in turn, affects the diversion capacity [15].
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Using Figure 2a to analyze the conductivity retention rate under different sanding
concentrations, the test results show that the intrusion of fracturing fluid damages the
proppant conductivity [16], and the conductivity gradually increases with the increase in
sanding concentration. When the sanding concentration is 2.5 kg/m2, the damage is the
most serious. At this time, the conductivity retention rate is 40.03%. This is because, when
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the sand concentration is low, the proppant particles are more likely to be embedded and
broken; thus, the effective heights of the proppant packing layer and the effective flow
pores are reduced, so the conductivity of the proppant is more damaged. In addition, it can
be seen from Figure 2a that, when the sand concentration is greater than 7 kg/m2, the curve
trend slows down. Therefore, the three levels of sand concentration in the Box–Benhnken
design of this study are 5.5, 7, and 8.5 kg/m2, respectively.

3.1.2. The Influence of Fracturing Fluid Viscosity

Figure 3 shows the change rule of fracture conductivity under different fracturing
fluid viscosities when the sanding concentration is 5.5 kg/m2 and the residence time is
12 h. It can be seen from Figure 2b that, as the viscosity of the fracturing fluid increases,
the conductivity value of the second gas measurement gradually decreases [17]. When the
viscosity of the fracturing fluid changes from 1 mPa.s (clear water) to 9 mPa.s, the second
measurement of the conductivity changes from 93 D.cm to 30 D.cm. This is because, after the
fracturing fluid penetrates the proppant packing layer, the residues in the fracturing fluid
system settle and accumulate in the supporting fractures and block the flow channels [18],
which reduces the fracture conductivity.
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It can also be seen from Figure 2a that, as the viscosity of the fracturing fluid increases,
the conductivity of the damage increases, and the relationship is almost linear. Considering
that the actual fracturing fluid is mostly slippery water with a low viscosity and less
residue, the three levels of fracturing fluid viscosity in the Box–Benhnken design are 1, 3,
and 5 mPa.s.

3.1.3. The Influence of Fracturing Fluid Retention Time

Figure 4 shows the change law of fracture conductivity under different fracturing fluid
retention times when the sand concentration is 5.5 kg/m2 and the fracturing fluid viscosity
is 1 mPa.s. It can be seen from Figure 4b that the proppant conductivity gradually decreases
with the increase in the fracturing fluid retention time. When the fracturing retention time is
48 h, the second measurement of conductivity is 63 D.cm, and only the initial measurement
of conductivity is 30.6% of the capacity, which is mainly due to proppant embedding [19]
and proppant fragmentation [20].
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Figure 5 shows a photo of the proppant crushing test. It can be seen from the figure
that the crushing rate of proppants of the same weight and the same type is different under
different residence times of fracturing fluid. The soaking of the fracturing fluid will reduce
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the compressive strength of the proppant and increase the crushing rate. At the same
time, the fine particles produced by the crushing of the proppant will further damage the
conductivity of the flow.
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It can be seen from Figure 4a that, as the retention time of fracturing fluid becomes
longer, the damage to the conductivity of the fracturing fluid gradually increases, and the
retention rate of the conductivity is gradually reduced, but the decrease becomes smaller
and smaller. This is because the proppant fracture mainly occurs in the early stage of the
test—that is, within 1–12 h of the beginning of the test—so the conductivity retention rate
during this period is significantly reduced; after a certain period of soaking, the proppant
fracture rate reaches its peak. Therefore, less proppant will be broken within 12–48 h, and
the conductivity damage during this period gradually stabilizes. In addition, it can be seen
from Figure 4a that, when the fracturing fluid retention time exceeds 12 h, the curve slows
down. Therefore, the three levels of fracturing fluid retention time in the Box–Benhnken
design of this study are 10, 12, and 14 h.

3.2. Response Surface Test Result and Discussion
3.2.1. Experimental Results and Analysis of Conductivity Damage Response Surface

The single-factor conductivity damage test shows that the sand concentration, frac-
turing fluid viscosity, and fracturing fluid retention time have different effects on fracture
conductivity. Based on the above test results, the conductivity retention rate (Y) was used as
the evaluation index to design a three-factor three-level response surface test. The levels of
sand concentration (A), fracturing fluid viscosity (B), and fracturing fluid retention time (C)
are shown in Table 2.

Table 2. Conductivity damage response surface factor level table.

Level Sand Concentration
(kg/m2)

Fluid Viscosity
(mPa.s)

Fluid Retention Time
(h)

−1 5.5 1 10
0 7 3 12
1 8.5 5 14

Table 3 shows the results of the response surface test. The greater the conductivity
retention rate, the greater the conductivity that is finally measured in this group of tests,
which guides the actual fracturing design. Using the Design-Expert software, the response
surface analysis was carried out with the conductivity retention rate as the response value,
and the regression equation was obtained as follows:
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Y = 41.83 + 7.09A − 10.96B − 2C
+ 0.2316AB + 0.0238AC + 0.2610BC
+ 0.5755A2 + 1.34B2 − 0.6028C2

(4)

where Y is the conductivity retention rate, A is the sand concentration, B is the fracturing
fluid viscosity, and C is the fracturing fluid retention time.

Table 3. Results of the response surface test.

Number Sand Concentration
(kg/m2)

Fluid Viscosity
(mPa.s)

Fluid Retention
Time (h)

Conductivity
Retention Rate (%)

1 7 3 12 43.03
2 7 3 12 39.96
3 5.5 1 12 47.61
4 7 3 12 42.38
5 8.5 3 14 47.43
6 7 1 10 56.53
7 7 5 10 32.89
8 7 1 14 51.71
9 8.5 1 12 60.59
10 8.5 3 10 51.08
11 5.5 5 12 26.43
12 7 3 12 41.85
13 5.5 3 14 32.46
14 7 3 12 41.88
15 8.5 5 12 40.34
16 7 5 14 29.11
17 5.5 3 10 36.21

Table 4 shows the results of the analysis of variance of the response surface test. The F
value is the significance of the effect of different factors on the conductivity retention rate. It
can be seen from the table that the significance order of the three factors on the conductivity
retention rate is as follows: fracturing fluid viscosity > sand concentration > fluid retention
time. The p-values of A and B are lower than 0.0001, indicating that the viscosity of the
fracturing fluid and the concentration of sand laying have a very significant effect on the
retention rate of conductivity. The p-value of C is 0.0018, which shows that the fracturing
fluid residence time is only significant.

Table 4. The results of the analysis of variance test.

Factor Sum of Squares Df Mean Square F-Value p-Value

Model 1405.98 9 156.22 116.31 <0.0001
A 402.26 1 402.26 299.50 <0.0001
B 960.89 1 960.89 715.43 <0.0001
C 31.94 1 31.94 23.78 0.0018

AB 0.2146 1 0.2146 0.1598 0.7013
AC 0.0023 1 0.0023 0.0017 0.9684
BC 0.2725 1 0.2725 0.2029 0.6660
A2 1.39 1 1.39 1.04 0.3422
B2 7.59 1 7.59 5.65 0.0490
C2 1.53 1 1.53 1.14 0.3213

Residual 9.40 7 1.34
Lack of Fit 4.17 3 1.39 1.06 0.4585

In addition, the F value of the regression model is 87.41, indicating that the equation is
extremely significant (p < 0.0001) and the lack-of-fit term is not significant (p = 0.4585), while
the coefficient of determination R2 = 0.9471. This shows that the model has a good fitting
degree; thus, the model can be used to predict the damage of the proppant conductivity.
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3.2.2. Contour and Response Surface Plots

The effect of the interactions among the sand laying concentration (A), fracturing fluid
viscosity (B), and fracturing fluid residence time (C) on the conductivity retention rate was
further studied. We set the value range of the commonly used parameters, and obtained
the response surface graph and contour graph of the equation simulation.

Figure 6 shows the effect of sand concentration (A) and fracturing fluid viscosity (B)
on conductivity retention. When the fracturing fluid viscosity is at any level, the proppant
conductivity retention rate increases with the increase in sand concentration. In addition,
taking a sand-laying concentration of 8.5 kg.m2 as an example in the contour map, when
the sand-laying concentration is at a higher level, the contour lines become denser as
the viscosity of the fracturing fluid decreases. This means that the rate of increase in the
conductivity retention rate is faster at this time. This may be due to the fact that, when the
viscosity of the fracturing fluid is low and the sand concentration is high, relatively less
fracturing fluid residue remains in the proppant pack, which increases the conductivity
retention rate. Additionally, the higher the sand concentration, the faster the conductivity
retention rate increases.
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From the overall view of the curved surface, the increase in the conductivity retention
rate along the B-axis is 22.32%, which is higher than the corresponding 14.67% of the A-axis.
This shows that the effect of fracturing fluid viscosity on the conductivity retention rate
is greater than that of the sand concentration. In general, the contour plot of the sand
concentration and fracturing fluid viscosity shows an elliptical trend, which indicates that
there is an interaction between the sand-laying concentration and fracturing fluid viscosity,
but this is not obvious.

Figure 7 shows the effect of sand concentration (A) and fracturing fluid retention
time (C) on conductivity retention. When the fracturing fluid retention time is at any
level, the conductivity retention rate will gradually increase with the increase in sand
concentration. The difference is that, when the fracturing fluid retention time is less than
12.3 h, the conductivity retention rate increases more greatly. This is because, when the
fracturing fluid retention time is short, the fracture rate of the proppant is low, meaning
that the damage to the conductivity is low.
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It can also be seen from the contour map that the contour lines are denser when the
fracturing fluid retention time and sand concentration are at higher levels, indicating that
the conductivity retention rate increases faster at this time. This also means that, when the
shut-in time is longer, a higher sand concentration can lead to a higher conductivity reten-
tion rate being retained, and the higher the sand concentration, the faster the conductivity
retention rate increases.

In addition, from the overall view of the curved surface, the conductivity retention
rate increases by 17.54% along the A-axis, which is greater than the value of 14.27% cor-
responding to the C-axis. This shows that the effect of the sand concentration on the
conductivity retention rate is greater than the effect of the fracturing fluid retention time on
the conductivity retention time. Despite the oval shape of the contour plot, this trend is less
pronounced when the fracturing fluid has a long residence time. This shows that the two
factors have a certain interaction at this time, which may be related to the type of proppant
and the type of fracturing fluid used.

Figure 8 shows the effects of fracturing fluid viscosity (B) and fracturing fluid retention
time (C) on conductivity retention. The contour map shows that, under a certain sand
concentration, with the increase in fracturing fluid retention time, the proppant conductivity
retention rate gradually decreases. This is caused by the adsorption of the fracturing fluid
residue on the proppant packing layer. When the fracturing fluid retention time is short,
less fracturing fluid residue remains in the proppant packing layer, meaning that the
conductivity retention rate is higher.

From the overall view of the curved surface, the conductivity retention rate increases
by 19.77% along the B-axis, which is greater than the 15.25% corresponding to the C-axis.
This shows that the influence of fracturing fluid viscosity on the conductivity retention rate
is greater than that of the fracturing fluid retention time. The contour line is a relatively
regular ellipse, indicating that the interaction between the two is not strong.
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3.3. Fracturing Parameter Optimization Analysis

The obtained response surface model was used to find the optimal parameter combina-
tion, and then the fracturing construction parameters were optimized from the perspective
of conductivity damage. The optimization results show that there are 73 groups of solu-
tions, of which the optimal solution is the fracturing fluid viscosity of 1 mPa.s, the sand
concentration of 8.49 kg/m2, and the fracturing fluid retention time of 10 h. At this time,
the corresponding conductivity retention rate is the largest, at 63.19%.

These optimal conditions were verified by three sets of parallel experiments, and the
retention rates of the conductivity were 59.21%, 60.45%, and 57.93%. This shows that the
model has a high precision and can be used for the optimal design of fracturing parameters.

4. Conclusions

(1) Based on the single factor test, the influence mechanism of different factors on the
conductivity damage was discussed. The results show that the lower the sand concentra-
tion, the higher the fracturing fluid viscosity; additionally, the longer the fracturing fluid
retention time, the greater the conductivity damage.

(2) After fracturing fluid soaking, the proppant is more likely to be broken, and this
likelihood increases with the soaking time, which also means that early well opening and
flowback are helpful for obtaining a higher conductivity.

(3) The ternary quadratic regression equation for predicting conductivity damage was
obtained by fitting the test results of the response surface. The regression model shows
extremely significant characteristics, the lack of fit is not significant, and the coefficient of
determination R2 = 0.9471, indicating that the model fits well to a good degree.

(4) The contour map of the response surface shows that the factors influencing
the conductivity retention rate are in the order of fracturing fluid viscosity > sand
concentration > fracturing fluid retention time. In addition, there is a certain interaction
between the sand concentration and fluid viscosity, and between the fluid viscosity and
fluid retention time, but these interactions are not significant; when the fracturing fluid
retention time is at a higher level, there is an interaction between the sand concentration
and the fracturing fluid retention time.

(5) The fracturing construction parameters were optimized from the perspective of
proppant conductivity damage. The optimal solution is when the fracturing fluid viscosity
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is 1 mPa.s, the sand-laying concentration is 8.49 kg/m2, and the fracturing fluid retention
time is 10 h. At this time, the corresponding maximum conductivity retention rate is 63.19%.
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