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After large-scale sand fracturing of horizontal wells in shale gas reservoir, fracturing
fractures will deform in the production process. However, fracture deformation will lead
to the decrease in fracture conductivity and then cause the decrease of gas well
productivity. Therefore, in order to evaluate the fracturing fracture deformation
mechanism of shale reservoirs, the shale proppant-supported fracture deformation
evaluation experiments were carried out under different proppant types, particle sizes,
sanding concentrations, and closure pressure conditions, respectively, and the variation
curves of fracture width was calculated by a stereomicroscope under different
experimental conditions. Then based on the experimental results, the fracture
sensitivity factors and fracture deformation mechanism were analyzed, and the
deformation mechanisms of fracturing fractures affected by proppant embedding and
crushing were studied emphatically. The analysis results of fracture sensitivity factors
indicate that the larger the particle size and hardness of proppant, the lower the sand
concentration, proppant embedded on the shale rock surface. Moreover, the deeper the
proppant is embedded, the faster the fracture conductivity decreases. In addition, the
greater the closure pressure, the more serious is the proppant embedment, and the faster
the fracture width decreases. The analysis results of fracture deformation mechanism
show that, on the on hand, under variable closure pressure, the proppant with larger
hardness and larger particle size is used for fracturing, and the proppant embedded in the
fracture surface is the main cause of fracture deformation. However, if only the sand
concentration of the proppant in the fracture is changed, the fracture deformation is jointly
dominated by the embedding and crushing of the proppant. On the other hand, under
constant closure pressure, the main mechanism of fracture deformation is that the
proppant is embedded into the fracture surface when the closure pressure is low, but
if the closure pressure is high, the main mechanism of fracture deformation is the crushing
and compaction of proppant.
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1 INTRODUCTION

As one of the unconventional oil and gas resources, shale gas
reservoir has the characteristics of low porosity, low permeability,
high stress, and so on (Tan et al., 2017; Lei et al., 2018; Zeng 2020;
Ao et al., 2021), so the natural productivity of shale gas reservoir is
very low. Horizontal well fracturing technology is an important
and effective method to improve unconventional oil and gas
productivity (Lei et al., 2020). However, in the production process
of shale reservoir after sand fracturing, the fracturing fracture will
produce a certain deformation and leads to the decrease in
fracture conductivity (Sun et al., 2019), thereby affecting the
productivity of shale gas wells. Consequently, it is necessary to
study the deformation mechanism of shale fracturing support
fracture in the production process.

There are many factors that cause shale reservoir fracturing
fracture deformation, and many scholars at home and abroad
(Boyer et al., 2014; Li et al., 2016; Liu et al., 2019; Ao et al.,
2020) have carried out related research. In 2009, H. Abass et al.
(2009) simulated the effect of small particle size proppant on
fracture conductivity and optimized the number of fractures.
Yang et al. (2021) derived the mathematical expressions of
fracture conductivity and fracture width, and then studied the
influence of proppant type, particle size, and sanding
concentration on fracture conductivity. In 2017, Deng et al.,
2017 studied the influence of proppant embedment in rocks
with different particle sizes and same in situ stress on fracture
permeability by numerical simulation. The numerical
simulation method has strong nonlinearity and is relatively
difficult to solve when considering many factors. However, the
experimental method can intuitively observe the changes in
fractures under different conditions and obtain more
fracturing parameters, which is relatively easy. Therefore,
most scholars still study the deformation mechanism of
fractures by experimental methods. In 2012, Rivers M. et al.
compared and analyzed the fracture width and fracture
conductivity under different conditions by experimental
methods. They found that the fracture width decreases with
the increase in effective closure pressure and time, and the
fracture conductivity and width will further degrade when
cyclic loading is applied to the proppant. Guo and Zhang.
(2011) believed that the degree of proppant embedding on the
fracture surface increased with the increase of proppant
particle size and closure pressure, while Xu et al. (2011)
believed that the particle size of proppant had little effect
on the conductivity of the fracture, which was obviously
inconsistent. In 2018, based on the research by Guo and
Zhang (2011), He et al. (2018) also used experimental
methods to study the effects of closure pressure, proppant
particle size and sand laying method on the fracture
conductivity of tight sandstone, and the conclusions are
consistent. In 2020, in order to study the stress sensitivity
of artificial fractures and natural fractures under different sand
concentration, Chen et al. (2020) carried out the stress
sensitivity test of shale artificial fractures under variable
confining pressure and variable flow pressure. The
experimental results show that the proppant cannot only

improve the fracture conductivity but also effectively reduce
the stress sensitivity of artificial fractures. In the same year, Liu
(2020) carried out a series of laboratory experiments to study
the effects of proppant type, particle size, and sand
concentration on fracture conductivity. The results indicate
that the larger the proppant particle size and sand
concentration, the greater is the fracture conductivity. From
the above studies, it can be found that the conductivity of shale
fracturing support fractures is affected by the type of proppant,
the particle size of proppant, the closure pressure, and the sand
concentration, which will further affect the deformation
mechanism of fractures. Consequently, in the production
process of shale gas wells, in order to make proppant-
supported fractures effectively maintain its high
conductivity, it is necessary to fully understand the
deformation mechanism of fracturing support fractures
under different conditions.

In this study, an experimental evaluation method of shale
fracturing fracture deformation mechanism was designed,
which is based on the three experiments including shale
rock plate embedding test, proppant embedding depth
calculation by stereomicroscope, and long-term fracture
conductivity test. Then the shale rock samples of Longmaxi
Formation in Sichuan Basin were taken as the study subjects
and through the designed evaluation method of fracture
deformation mechanism, a series of fracture conductivity
curves and fracture width curves were measured under the
conditions of proppant types, proppant particle size, sand
concentration, and closure pressure, respectively. Finally,
based on the experimental results, the fracture sensitivity
factors and fracture deformation mechanism were discussed.
The research results are expected to provide some theoretical
guidance for the optimization of fracturing parameters in shale
gas reservoirs.

2 EXPERIMENTAL EEQUIPMENT AND
SCHEME

2.1 Experimental Samples and Equipment
2.1.1 Experimental Sample
Shale rocks from Longmaxi Formation in Sichuan Basin were
used in the experiment, and then these shale rocks were processed
into rock plates with specific shape and size by shale wire-
electrode cutting equipment, as shown in Figure 1. Nitrogen
was used as test fluid, and ceramsite and quartz sand were used as
proppant materials.

2.1.2 Flow Conductivity Testing Facilities
The main device of the experimental equipment is the acid
corrosion fracture conductivity evaluation instrument, which is
produced in China. The model is DL-2000, the temperature test
range is room temperature to 180°C, the closure pressure test
range is 0.1–150 MPa, and the displacement pressure test range is
0.1–40 MPa. The diversion chamber is improved on the basis of
the API (American Petroleum Institute) standard diversion
chamber (Figures 2, 3). The length and width of the diversion
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chamber are 100 and 40 mm (Wen et al., 2005; Zeng et al., 2020),
respectively, and the depth adjustable range is 10–40 mm.

2.1.3 Embedding Depth Analysis Equipment
The pore diameter of proppant embedded in the core was
measured by a stereomicroscope (Xianlin Technology, China,
model EaScan-Q, accuracy: 25.0 μm) (Figure 4), and then the
embedded depth of proppant was calculated.

2.2 Experimental Scheme Design
In this study, in order to realize the research purpose, a series of
experimental schemes were designed as shown inTable 1, and the
specific experimental steps are as follows:

1) Shale rock samples are processed into rock plates with length,
width, and height of 100, 40, and 20mm by shale wire-electrode
cutting equipment, and then grind the two ports into smooth
arcs. The experiment is carried out using the same shape and size
of the steel plate as the contrast experiment sample.

2) First, the steel plate is put into the self-made diversion
chamber, and the proppant is loaded into it. Then different
closing pressures are applied to the test chamber with the
proppant by hydraulic press. After the pressure is stable,
nitrogen is used as the test fluid to test the permeability
and conductivity of the proppant layer fractures.

3) Then the prepared shale rock plate is substituted for the steel
plate, and the operation in step 2 is repeated to test the

FIGURE 1 | Processed shale rock plates and metal plates.

FIGURE 2 | Proppant embedding test device.
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conductivity of the proppant-supported fracture under the
same conditions.

4) After the embedding experiment, the rock plates for
embedding test are taken out, and the diameter of the
embedding section of the proppant is measured by
stereomicroscope and scanning electron microscope
equipment, and then the embedding depth of the proppant
is calculated.

5) According to the experimental schemes, under different
experimental conditions, steps 2 to 4 are repeated. When
the closure pressure increases from 0 to 70 MPa (the pressure
gradient is 5 MPa), the width, conductivity, and permeability
of shale proppant-supported fracture after proppant
embedding and crushing are tested and calculated,
respectively (the test temperature is 24°C).

3 ANALYSIS ON INFLUENCING FACTORS
OF FRACTURE CONDUCTIVITY AND
FRACTUREWIDTH IN SHALE FRACTURING
PROPPANT-SUPPORTED FRACTURE

3.1 Proppant Types
At present, ceramsite and quartz sand are widely used as
fracturing proppant materials. Therefore, in this work, these
two kinds of proppants were used to study the variation law
of conductivity and fracture width of shale fracturing support
fractures under different proppant types. Based on experimental
schemes 1 and 2, the closing pressure is gradually increased in the
range of 0–70 MPa and the gradient is 5 MPa, and then test the
conductivity of shale rock and calculate the proppant embedding
depth. The conductivity test results are shown in Figure 5, and
the embedding depth calculation results are shown in Figures 6
and 7.

Figure 5 shows that the conductivity and permeability of the
supporting fractures under the two types of proppants decrease

with the increase in the closure pressure, but they do not change
when they are reduced to a certain extent, and the permeability
and conductivity of the fractures supported by quartz sand are
always lower than those of the ceramsite.

Under different closure pressures, different types of proppants
were embedded into the shale rock plates, and the shale rock
plates were removed. The microscopic surface morphology of the
rock after proppant embedding was observed under
stereomicroscope (Figure 6), and then the embedding depth
of the proppant was calculated (Figure 7). It can be seen in
Figure 6 that the number of ceramisite proppant embedded on
the fracture surface was significantly more than that of quartz
sand proppant. Moreover, as can be seen in Figure 7, with the
increase in closure pressure, the embedding depth of the two
types of proppants increases continuously, and the embedded
depth of ceramsite in fractures is significantly higher than that of
quartz sand. At the same time, the difference in embedded depth
increases with the increase of closure pressure.

When the closure pressure is less than 50 MPa, with the
increase in the closure pressure, the ceramic proppant with
higher hardness is more easily embedded in the fracture with
the increase in the closure pressure, resulting in fracture
deformation. The quartz sand proppant with low hardness is
not easy to be embedded with the increase in closure pressure in
fracturing fractures, but it is more likely to be broken and
compacted. However, the decrease rate of fracture conductivity
caused by proppant crushing is higher than that caused by
embedding. Therefore, the fracture conductivity and
permeability of quartz sand support decrease faster with the
increase in closure pressure. In addition, when the closure
pressure is higher than 50 MPa, the effect of proppant

FIGURE 3 | Shale rock plates in embedded test slot.

FIGURE 4 | EaScan-Q stereomicroscope.
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embedding, crushing, and compacting on the fracture width is
small. Therefore, as the closure pressure continues to increase, the
fracture conductivity under the two types of proppants almost no
longer changes.

3.2 Particle size of proppant
Provided that the particle size of the proppant is different, the
effect and the main position of the proppant in the fracturing
process are different too. The proppant with large particle size is
mainly used to support the main fractures and branch fractures,
while the proppant with small particle size is mainly used to grind
the pores, support micro fractures, and reduce the loss of
fracturing fluid (Guo et al., 2008). However, the conductivity
of fractures supported by proppants with different particle sizes is
different, and the influence on fracture deformation is also

different with the production. Consequently, based on the
experimental schemes 3 and 4, in the closed pressure range of
5–70 MPa with 5 MPa as the gradient, the closed pressure test
shale rock plate conductivity is gradually increased, and the
proppant embedding depth is calculated. The conductivity test
results are shown in Figure 8, and the embedded depth
calculation results are shown in Table 2.

In Figure 8, it can be seen that with the increase in closure
pressure, the conductivity and permeability of the fracture
supported by these two kinds of particle size proppants
decrease continuously, and the permeability and conductivity
of 20/40 mesh ceramics are always higher than those of 40/70
mesh ceramics, but the conductivity of the fractures supported by
larger particle size proppant decreases faster. However, when the
closure pressure increases to a certain extent, the fracture

TABLE 1 | Parameter design of experimental schemes.

Numbers Proppant types Particle size of
proppant (mesh)

Sanding concentration (kg/m2) Closure pressure (MPa)

1 Ceramsite 40/70 10 0–70
2 Quartz sand 40/70 10 0–70
3 Ceramsite 20/40 10 0–70
4 Ceramsite 40/70 10 0–70
5 Ceramsite 40/70 5 0–70
6 Ceramsite 40/70 7.5 0–70
7 Ceramsite 40/70 10 0–70
8 Ceramsite 40/70 15 0–70
9 Ceramsite 20/40 10 10
10 Ceramsite 20/40 10 20
11 Ceramsite 20/40 10 35
12 Ceramsite 20/40 10 50
13 Ceramsite 20/40 10 70

FIGURE 5 | Variation curves of fracture conductivity under different proppant types.
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conductivity does not change, and the fracture conductivity
under the two particle size proppants is almost the same. The
reason is that, when the closure pressure is lower than 55 MPa,
with the increase in the closure pressure, the proppant layer is
gradually compacted and embedded into the rock surface. Under
the same conditions, the proppant with larger particle size is more
likely to be embedded than the proppant with smaller particle
size, so the fracture conductivity and permeability decrease faster,
but with the increase in the deformation degree of the proppant,
the advantages of the larger particle size proppant gradually

disappear. When the pressure is higher than 55 MPa, the
advantage of the larger particle size proppant almost
completely disappears, so the conductivity of fracture
supported by ceramsite proppant with particle size of 20/40
mesh and 40/70 mesh is almost the same and unchanged.

It can be seen from Table 2 that the embedding depth of 20/40
mesh ceramics is slightly higher than that of 40/70mesh ceramics,
but the permeability and conductivity of the support fracture are
higher than those of 40/70 mesh ceramics. Thus, the larger the
particle size of the same type of proppant, the more serious the

FIGURE 6 | Surface morphology of shale rock plates embedded with different types of proppant. (A) 20/40mesh ceramsite proppant, (B) 20/40mesh quartz sand
proppant.

FIGURE 7 | Variation curves of proppant embedding depth under different proppant types.
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embedding is; this is consistent with the conclusions of Xu et al.
(2019) and Wang et al. (2020). Under the same sand
concentration, the larger the particle size of the same proppant

is, the smaller the number of proppant particles in the unit area of
fracturing fractures is, and the greater the closure pressure of each
proppant is, the easier it is to embed into the fracture surface.

FIGURE 8 | Variation curves of fracture conductivity under different proppant particle sizes.

TABLE 2 | Embedding results of ceramsite proppants with different particle sizes at 55 MPa.

Schemes Closure
pressure (MPa)

Proppant
types

Particle size
of

proppant
(mesh)

Sanding concentration
(kg/m2)

Proppants
embedment (μm)

Fracture
permeability (μm2)

Fracture
conductivity
(μm2·cm)

3 55 Ceramsite 20/40 10 289 88 127
4 55 Ceramsite 40/70 10 207 75 107

FIGURE 9 | Surface morphology of shale rock plates embedded with proppant under different sanding concentrations. (A) The sanding concentration is 5 kg/m2.
(B) The sanding concentration is 10 kg/m2.
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However, fractures with larger particle size proppants have wider
initial width, resulting in greater conductivity and permeability.

3.3 Sand Concentration
Based on the experimental schemes 5, 6, 7, and 8, in the closed
pressure range of 5–70, 5 MPa was used as the gradient to
gradually increase the closed pressure to test the conductivity
of shale rock plate and calculate the proppant embedding depth.
The embedded depth calculation results are shown in Figure 9
and Table 3, and the conductivity test results are shown in
Figure 10.

Figure 9 and Table 3 show that the embedded depth of
proppant at sand concentration of 5 kg/m2 is slightly higher
than that at sand concentration of 10 kg/m2, but the
permeability and conductivity at sand concentration of
10 kg/m2 are higher than those at sand concentration of
5 kg/m2.

Figure 10 shows that with the increase in closure pressure,
the conductivity and permeability of fracturing fractures
decrease under different sand concentrations, and the
diversion capacity of fractures under higher sanding
concentration is always higher than those under low sand

TABLE 3 | Embedding results under different paved-sand content.

Schemes Closure
pressure (MPa)

Proppant
types

Particle size
of

proppant
(mesh)

Sanding concentration
(kg/m2)

Proppants
embedment (μm)

Fracture
permeability (μm2)

Fracture
conductivity
(μm2·cm)

5 70 Ceramsite 20/40 5 283 60 85
7 70 Ceramsite 20/40 10 218 75 107

FIGURE 10 | Variation curves of fracture conductivity under different sanding concentration.

TABLE 4 | Embedding results under different closure pressures.

Schemes Closure
pressure (MPa)

Proppant
types

Particle size
of

proppant
(mesh)

Sanding concentration
(kg/m2)

Proppant
embedment (μm)

Fracture
permeability (μm2)

Fracture
conductivity
(μm2·cm)

9 10 Ceramsite 20/40 10 103 357 510
10 20 Ceramsite 20/40 10 199 270 386
11 35 Ceramsite 20/40 10 274 77.6 120
12 55 Ceramsite 20/40 10 380 59.5 85
13 70 Ceramsite 20/40 10 401 23.9 34
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concentration. The analysis shows that the larger the sand
concentration, the more the proppant layers in the fracture,
the wider the initial fracture width, and the greater the
conductivity of the fracture. Nevertheless, when the closure
pressure is higher than 41.6 MPa, the proppant is crushed, the
debris plugs the pores, and then increasing the sand
concentration has little significance to improve the
conductivity of the proppant-supported fracture. The higher
the sand concentration is, the higher the requirements for the
fracturing equipment are, and the greater the construction cost

is. Therefore, it is necessary to optimize the sanding
concentration according to the actual construction
requirements and economic benefits.

3.4 Closure Pressure
Based on the experimental schemes 9 to 13, the long-term
conductivity and permeability of shale rock plate proppant-
supported fractures (48 h) were tested when the closure
pressures were 10, 20, 35, 55, and 70 MPa, respectively.
The test results are shown in Table 4, Figure 11, and
Figure 12.

Table 4 and Figure 11 show that the higher the closure
pressure, the deeper is the proppant embedding, and the
proppant embedding under high closure pressure is more
serious; this is consistent with the conclusions of Zhao et al.
(2017) and Chen et al. (2018). The embedding depth under
70 MPa is four times that under 10 MPa, and the fracture
permeability and conductivity are reduced by 14 times.
However, when the closure pressure is higher than a certain
degree, the proppant will no longer be embedded.

We can see from Figure 11 that with the increase in closure
pressure, the fracture conductivity gradually decreases. When
the test time is 24 h, under the low closure pressure, the
conductivity decreases rapidly with the increase in time.
When the closure pressure is higher than 55 MPa, the
conductivity decreases slowly with the increase in time
(Figure 12). In addition, When the test time was 48 h,
when the closure pressure increased from 35 to 70 MPa, the
diversion capacity decreased from 120 to 34 μm2 cm, which
decreased by 71.7%. It can be seen that when the closure
pressure increases by 1 MPa, the conductivity decreases by
an average of 0.97 μm2 cm.

FIGURE 11 | Variation curve of embedding depth of ceramsite proppant
under different closure pressures.

FIGURE 12 | Variation curves of fracture conductivity under different closure pressures.
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4 ANALYSIS OF SHALE FRACTURING
FRACTURE DEFORMATION MECHANISM
4.1 Fracture DeformationMechanismUnder
Variable Closure Pressure
Under different closure pressures, the degree of embedding and
crushing of proppant in fractures is different, and the degree of
fracture deformation is different too. Moreover, under different

sand concentrations, proppant particle size, and hardness
conditions, the degree of fracture deformation caused by
proppant embedding and crushing is also different. Based on
the experimental test results under different closure pressures, the
results are shown in Figures 13 and 14. It can be seen from
Figure 13 that with the increase in closure pressure, the fracture
width gradually decreases under different conditions. When the
closure pressure reaches a certain degree, the fracture width

FIGURE 13 | Variation curves of fracture width with closure pressure under different conditions.

FIGURE 14 | Accumulation diagram of percentage contribution of embedding and crushing to fracture deformation under different conditions.
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gradually tends to be flat. The influence of sand concentration on
fracture width is the most obvious, and the fracture width
increases with the increase of sand concentration.

It is assumed that the sum of the deformation variables of the
caused by the embedding depth and crushing of the proppant
under different conditions is 100%, the change values of fracture
conductivity caused by proppant embedment and proppant
breakage in the actual test are used to represent their
respective proportions in the total fracture deformation, as
shown in Figure 14. It can be seen in Figure 13 that under

the same closed pressure, the degree of fracture deformation
caused by the embedding and crushing of ceramsite and quartz
sand is compared. It is found that the embedding degree of
ceramsite proppant with higher hardness in rock fractures is
significantly higher than that of quartz sand with lower hardness,
but the crushing degree of quartz sand in the same rock fractures
is significantly higher than that of ceramsite. In addition, larger
particle size proppant is more likely to be embedded than smaller
particle size proppant. Moreover, when the large particle size
proppant is crushed, it has a greater impact on the fracture width.
Therefore, the embedding of proppant with high hardness and
large particle size is the main reason for shale rock proppant-
supported fracture deformation. Furthermore, under different
sand concentration, the change of fracture width caused by
proppant embedding and crushing is small, so the fracture
deformation is caused by proppant embedding and crushing.

4.2 Fracture DeformationMechanismUnder
Constant Closure Pressure
Based on the experimental test results, the variation law of
fracture conductivity and the deformation mechanism of
fracturing proppant-supported fracture under constant closure
pressure are analyzed, and the results are shown in Figures 15
and 16.

Figure 15 shows that under the same closed pressure
condition, with the experiment going on, the fracture width
decreases rapidly at first and then slowly. When the test time
exceeds 6 h, the fracture width changes slowly, and the greater the
closure pressure is, the greater is the decrease of fracture width in
the early experiment. Figure 15 also indicates that when the test
time exceeds 6 h, with the increase in test time, the fracture width

FIGURE 15 | Variation curves of fracture width with time under different
closure pressure.

FIGURE 16 | Accumulation diagram of percentage contribution of embedding and crushing to fracture deformation under different closure pressures.
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will further reduce and then tends to be stable. The reason is that
the proppant is crushed due to the long-term closing pressure,
resulting in the decrease in its supporting capacity, thereby
reducing the fracture width and aggravating the degree of
fracture deformation. Figure 16 indicates that under low
closure pressure, the fracture deformation caused by proppant
embedding is much larger than that caused by crushing.
However, with the increase in closure pressure, the proportion
of proppant crushing deformation increases gradually, and the
influence of crushing on fracture deformation is also increasing,
which is gradually higher than that of embedding. Figure 16 also
shows that when the closure pressure is greater than 55 MPa, the
influence of proppant embedding on fracture deformation is
greatly reduced, but the proppant is seriously crushed.
Therefore, the influence of crushing on fracture deformation
increases rapidly and gradually plays a major role in fracture
deformation. In summary, the fracture deformation of shale
fracturing is mainly affected by proppant embedding under
low closure pressure, and when the closure pressure is high,
the fracture of proppant gradually becomes the main cause of
fracture deformation.

CONCLUSION

In this work, by using the shale samples from the Longmaxi
formation in the Sichuan Basin, and utilizing the designed
experimental evaluation method of fracture deformation
mechanism, the curves of fracture conductivity and fracture
width of shale fracturing under different proppant types,
proppant particle sizes, sand concentration, and closure
pressure were measured. After that, based on the experimental
results, the fracture sensitivity factors and deformation
mechanism were studied. The main conclusions are as follows:

1) An experimental evaluation method for fracture deformation
mechanism of shale fracturing is designed based on shale rock
plate embedding test and stereomicroscope calculation of
embedding depth, and combined with long-term fracture
conductivity test, and the effective evaluation of
deformation mechanism of shale fracturing proppant-
supported fracture was realized.

2) The larger the proppant particle size, the greater the hardness,
and the lower the sand concentration, the greater the
embedded depth, which makes the fracture conductivity
decrease faster. Moreover, the greater the closure pressure
is, the deeper is the proppant embedding depth. However,

when the closure pressure increases to a certain extent, the
proppant embedding depth does not change.

3) Under variable closure pressure, the fracture deformation is
mainly affected by proppant embedding when using proppant
with larger hardness and larger particle size. In addition,
under different sand concentrations, the deformation of
fractures is affected by the embedding and crushing of
proppant.

4) Under constant closing pressure, when the closing pressure is
low, the fracture deformation of shale fracturing is mainly
affected by proppant embedding. Nevertheless, when the
closure pressure is high, the proppant crushed seriously,
and the fracture deformation is mainly affected by the
proppant crushing and compaction.
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