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Abstract: The problem of casing deformation caused by large-scale hydraulic fracturing in shale oil
wells severely restricts the efficient development of Gulong shale oil. In order to clarify the mechanism
of casing deformation in shale oil wells, comprehensive analysis was conducted on engineering
factors, multi-arm caliper logging, seismic attributes, and the distribution characteristics of casing
deformations. This study shows that casing strength, cementing quality, and wellbore curvature
are not the main controlling factors for casing deformation. Casing deformation is caused by the
communication between hydraulic fractures and natural fractures during the fracturing process,
which increases the fluid pressure in the natural fracture and induces shear slip, resulting in casing
deformation due to shear stress. Based on the understanding of the mechanism of casing deformation
in shale oil wells, two targeted casing deformation prevention and control methods are proposed.
First, temporary plugging was implemented during the hydraulic fracturing process when the fluid
volume reached 1000 m?, and the pumping rate was reduced to below 16 m?/min to reduce the
internal fluid pressure of the fractures and control fracture slip, thereby minimizing the risk of casing
deformation. Second, hollow particles were added to the cement to enhance the consolidation effect
of the cement sheath and mitigate casing deformation caused by fracture slip. Research indicates
that a hollow particle content of 15% can meet the requirements for casing deformation control in
Gulong shale oil. These research results can provide important references for the prediction and
prevention of casing deformation risks in shale oil and similar unconventional reservoirs during

hydraulic fracturing.
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1. Introduction

Shale oil and other unconventional oil and gas resources are an important area for
the strategic replacement of oil and gas resources in China. Major domestic oilfields have
gradually expanded their shale oil and gas development. However, due to the tightness
of shale reservoirs, massive fracturing transformation is required to achieve effective
utilization. Deformation of the casing often occurs during the large-scale fracturing process
of shale oil and gas wells. In the Changning and Weiyuan blocks of the Southwest oil
and gas fields, the casing deformation rate in shale gas wells reached 35.6%, and serious
casing deformation issues also existed in the development process of shale reservoirs, such
as the Jimusaer shale oil in Xinjiang [1,2]. Casing deformation results in the inability to
position subsequent bridge plugs accurately during construction and causes blockages
during subsequent drilling. Severe casing deformations in some sections lead to the
abandonment of layers. The deformation of the casing not only directly leads to a decrease
in the number of fracturing stages and a decline in production but also causes integrity
issues in the wellbore, thereby shortening the life of the well and significantly reducing the
ultimate recovery rate, which severely restricts the efficient and economical development
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of shale oil and gas. In recent years, the exploration and development of shale oil in
the Gulong area of Daqing have also entered the exploration and development stage.
However, the problem of casing deformations causing blockages during the fracturing
process has been observed; in the test area, the casing deformation rate in the horizontal
wells reached 16.7%, which severely affected the development efficiency of the shale oil.
Some domestic and foreign scholars have conducted research on casing deformation in
horizontal wellbore shale reservoirs. Shen, Jiang Ke, and others have proposed that the
casing stress concentration caused by uneven fracturing transformation and poor cementing
quality is the main factor leading to casing deformation [3,4]. Yu Hao and others believe that
the asymmetric fracturing transformation and changes in near-wellbore stress increase the
uneven distribution of casing stress, leading to casing deformation [5,6]. Fan Mingtao and
others believe that the injection of a large amount of fracturing fluid during the fracturing
process can cause significant temperature differences, which is an important factor in casing
deformation [7-9]. In recent years, Chen Chaowei, Li Liuwei, and others have proposed
that casing deformation in shale gas wells is caused by the initiation of pre-existing fractures
during the fracturing process, resulting in a shear slip of the formation on both sides of
the fracture and casing deformation [10-17]. Based on the above analyses, it is clear that
there is still no unified understanding of the mechanism of casing deformation during
large-scale hydraulic fracturing in shale reservoirs. Therefore, further in-depth research
is needed to understand the mechanism and control measures for casing deformation in
shale oil wells, taking into account the geological and engineering parameters related to
casing deformation in the field.

The Gulong shale oil reserves are enormous and are an important replacement re-
source for the Daqging Oilfield. Improving the effectiveness of fracturing through casing
deformation prevention and control not only has practical economic benefits but also
holds significant strategic importance. This article analyzes the deformation mechanism of
casings in the Daqing Gulong shale oil fracturing test area based on data such as casing
strength, cementing quality, multi-arm caliper diameter logging, and seismic attributes.
It proposes targeted measures for casing deformation prevention and control, providing
theoretical guidance for risk prediction and prevention of casing deformation.

2. Analysis of the Casing Deformation Mechanism
2.1. Analysis of the Impact of Casing Strength on Casing Deformation

Shale oil well fracturing operations involve large volumes and high pressures. When
the pressure exceeds the strength of the casing, it can cause deformation. For the Gulong
shale oil horizontal wells, Q125-grade steel with a wall thickness of 10.54 mm is used for the
casing. Through the mechanical analysis of the pipe string, the stress of the casing under
different fracturing rates was analyzed. The results showed that at a pumping pressure of
75MPa and a rate of 18 m®/min, the casing had a safety factor of 1.6 or greater. Additionally,
fatigue experiments were conducted on the casing under cyclic loads to analyze the impact
on strength reduction caused by multistage fracturing. The experiments showed that the
strength of the Q125 casing only decreased by 7% after 50 cycles of internal pressure of
100 MPa. Under the conditions of fracturing, the casing still maintained a safety factor of
1.5 or greater, as shown in Figure 1. Therefore, from the analysis of casing strength, casing
deformation does not occur during fracturing.

2.2. Analysis of the Impact of Cementing Quality on Casing Deformation

During the cementing process of a horizontal well, the cement slurry is prone to
segregation in the vertical direction due to the influence of gravity, resulting in local voids
in the cement sheath after solidification, which leads to stress concentration in the casing
and causes casing deformation during fracturing. The casing-cement sheath-formation
static mechanical coupling model was established using ABAQUS finite element simulation
software to analyze the stress state of a casing of Q125-grade steel, with a 139.7 mm diameter
and 10.54 mm wall thickness, under the condition of a missing angle of 30° in the cement
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annulus. The model was divided by hexahedral meshes, adopting the Von Mises yield
criterion and simplifying the casing, cement sheath, and formation as homogeneous and

isotropic materials. Other parameters of the model are shown in Table 1.

0
Rate 14m3/min

Rate 16m3/min
Rate 18m3/min
Rate 20m3/min

400

800

- s < +

1200

1600

2000

2400

2800+

MD (m)

3200+

3600

4000

4400

4800

5200+

5600

6000 i i i i i i i i i i i
1570 1576 1581 1.587 1.593 1599 1.604 1610 1.616 1.621 1.627 1.633
Absolute Triaxial Safety Factor

1639 1.644

Figure 1. Analysis of the triaxial safety factor of casing under different rates of fracturing.

Table 1. The parameters of the simulation model of casing stress analysis.

1.650

Parameters of Casing

Young’s modulus 210 GPa
Poisson’s ratio 0.3
Outside diameter 139.7

Thickness 10.54
Parameters of cement sheath
Young’s modulus 7 GPa
Poisson’s ratio 0.2
Thickness 38.1 mm
Parameters of rock
Young’s modulus 20 GPa
Poisson’s ratio 0.2

The results show that when the cement sheath has voids, the increase in differential
stress leads to a significant increase in the equivalent stress on the casing. The maximum
equivalent stresses on the casing were 425 MPa, 559 MPa, 694 MPa, and 818 MPa, respec-
tively, for differential stresses of 0 MPa, 10 MPa, 20 MPa, and 30 MPa, as shown in Figure 2.
However, it still did not reach the rated yield strength of the casing, which was 864 MPa.
Meanwhile, analysis of the relationship between bridge plugging points and cementing
quality in the Gulong shale oil test area showed that the cementing quality was mainly good
when encountering bridge plugging points, with 61 out of 74 bridge plugs having good
cementing quality, accounting for 82.4%. Therefore, it is concluded that poor cementing

quality is not the primary controlling factor for casing deformation.
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Figure 2. Variation in casing stress under different ground stress differences: (a) differential stress
of 0 MPa; (b) differential stress of 10 MPa; (c) differential stress of 20 MPa; (d) differential stress of
30 MPa.

2.3. Analysis of the Impact of Wellbore Curvature on Casing Deformation

When the local curvature of the wellbore trajectory in a horizontal well is high, bending
of the casing can lead to stress concentration and increase the risk of casing deformation.
However, statistical analysis of the wellbore curvature at the points where bridge plugs
encounter resistance showed that the wellbore trajectory at these points was generally low.
In fact, 83.8% of these points had a curvature of less than 2° /30 m, as shown in Figure 3.
This indicates that there is not a close relationship between the bridge plugs’ resistance and
casing deformation. The risk of casing deformation caused by stress concentration due to
bending is relatively low. Therefore, the wellbore curvature is not the main factor affecting
casing deformation.
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Figure 3. Wellbore curvature statistics of drilling plugs in shale oil wells.
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2.4. Analysis of the Morphological Characteristics of Casing Deformation

Multi-arm caliper logging can directly reflect the characteristics of casing deformation
through changes in the casing’s inner diameter. It is the most direct and accurate method
to analyze casing deformation morphology. The analysis of multi-arm caliper logging in
the Gulong shale oil test area indicated that the morphology of casing deformations at the
deformation zone often exhibited an S-shaped feature, indicating asymmetric compression
caused by shear deformation. Taking the casing deformation location of well SY2-3 as an
example, the interpretation of the cross-section using multi-arm caliper logging showed
an eccentric elliptical shape, and the casing had obvious S-shaped shear displacement
features in the three-dimensional image, as shown in Figure 4. Additionally, the analysis of
lead molds after casing transformation in well A34 in the test area also showed a crescent-
shaped cutting on one side and no change on the other side, indicating shear deformation,
as shown in Figure 5. Therefore, the analysis of the deformation features of the casings
in the Gulong shale oil wells indicated that the deformation of the casings was a shear
deformation caused by shear forces. Generally speaking, the shear deformation of the
casing is related to sliding along weak planes in the formation. In the test area of the
Gulong shale oil, the fractures were well-developed. Based on the deformation features of
the casing, it was preliminarily analyzed that the deformation of the casings was caused by
the shear and slip of the casing due to fractures. To validate this analysis, a finite element
model of casing-cement-formation with pre-existing fractures was established to simulate
the effect of fracture slip on casing deformation. The model set the fracture inclination
angle to 75°. The casing, cement sheath, and formation were simplified as homogeneous
and isotropic materials, and the model used hexahedral mesh division. Other parameters
of the model are shown in Table 2. The analysis showed that when there was a fracture slip,
the casing underwent shear deformation, and the deformation features were consistent
with the deformation features observed in well logging, as shown in Figure 6. This also
provides preliminary confirmation of the analysis of the casing deformation mechanism.

o e S s g B
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Figure 4. Multi-arm caliper logging interpretation of SY(Q2-3.
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Figure 5. Lead seal morphology features of A34.

Table 2. The parameters of the simulation model of casing shear deformation.

Parameters of casing

Young’s modulus 210 GPa
Poisson’s ratio 0.3
Outside diameter 139.7
Thickness 10.54
Parameters of cement sheath
Young’s modulus 7 GPa
Poisson’s ratio 0.2
Thickness 38.1 mm
Parameters of rock
Young’s modulus 20 GPa
Poisson’s ratio 0.2

Parameters of fracture

Dip 75°

Fault-fracture

Cement sheath

efore shear
deformation

deformation

Cross section of casing before
and after shear deformation

Figure 6. Finite element simulation results of fracture shear slip leading to casing deformation.

2.5. Fracture Stability Analysis

Natural fractures are mechanical weak planes in the formations, where they are more
prone to failure compared to the surrounding rock under the same stress conditions. In



Processes 2023, 11, 2437

7 of 18

order to assess the activity of pre-existing fractures during hydraulic fracturing processes,
previous studies have further developed a generalized shear activity criterion based on the
classical Mohr—Coulomb failure criterion [18,19]. This criterion quantitatively evaluates the
possibility of fracture activity under different geostress fields, fluid pressures, and fracture
attitudes [20]. A schematic diagram of the generalized shear activity criterion is shown
in Figure 7, and its mathematical expression is shown in Equation (1) [21], where f; is the
fracture activity coefficient, which represents the ratio of the actual shear stress acting on
the fracture surface to the critical shear stress required for a fracture to occur. When f; < 1.0,
the fracture is in a stable state; when f; = 1.0, the fracture is in a critical active state; when
fa > 1.0, the fracture will experience shear activity; and a higher value of f, indicates a higher
risk of fracture activity.

\/Glzsin 20 + 02208 20 cos 2« + 032c0s 20 sin 200 — (078in 26 + 0708 26 cos 2o + 0308 26 sin 20c)2

)

fa=

C + u(012sin 20 + 0,2c0s 20 cos 20 + 032c0s 20 sin 20c — P)

Maximum principal stress G

A
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fracture surface and G, /
&
/ )
J ok
// 1-
/ '?, Angle between the
// : fracture surface and G,
} y E
/ ) / C
/ " alt= Mmimfun principal stress G;
/ . - 3
/ e
|
/ —

[

Intermediate principal stress G,

Figure 7. Diagram of generalized shear failure criteria.

In the formula:

01 is the maximum principal stress, MPa;

07 is the intermediate principal stress, MPa;

03 is the minimum principal stress, MPa;

0 is the angle between the fracture surface and o1, °;

« is the angle between the fracture surface 03, °;

C is the cohesion of the fracture surface, MPa;

u is the friction coefficient of the fracture, dimensionless;

P is the fluid pressure, MPa.

From the analysis of the expression of the generalized shear activity criterion, it can
be seen that the occurrence of fracture activity is mainly controlled by the geostress field,
fracture attitude, cohesive strength, and fluid pressure within the fracture plane. The first
three parameters can generally be considered constant under specific geological conditions.
Therefore, the fluid pressure within the fracture plane is the main controlling factor affecting
fracture activity. When hydraulic fracturing creates a connection between artificial fractures
and pre-existing fractures, it increases the fluid pressure within the fracture plane, thereby
inducing fracture activity.

In addition, the generalized shear activity theory can also be visually expressed using
Mohr circles; the abscissa represents the normal stress acting on the fracture plane, the
ordinate represents the shear stress acting on the fracture plane, and the inclined line
represents the critical activity line for a fracture. When hydraulic fractures communicate
with pre-existing fractures and cause an increase in fluid pressure within the fracture plane,
the normal stress on the fracture plane decreases, and the Mohr circle moves to the left.
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When it crosses the critical activity line (i.e., when f; > 1.0 in Equation (1)), the fracture
undergoes shear sliding. Based on the generalized shear activity criterion and the geostress
field data of the SY shale oil test area, the activity of 32 identified fractures was analyzed.
The analysis results indicated that the fractures were in a stable state under the original
fluid pressure conditions. However, during hydraulic fracturing, when the fluid pressure
within the fracture plane increased to the minimum principal stress level, the fracture
activity coefficient f, was greater than 1 for most fractures, indicating that the fractures
would be activated and undergo shear sliding, as shown in Figure 8.

T/MP RN
* /MPa a o

\
28 0 /MPa

(a) (b)

Figure 8. Fracture activity analysis before and after fracturing in SY test area: (a) analysis of fracture
activity before fracturing; (b) analysis of fracture activity after fracturing.

2.6. The Correlation between the Distribution of Casing Deformation Points and Fractures

To further verify the casing deformation mechanism induced by hydraulic fracturing,
the relationship between the distribution of casing deformation points and the location
of the fractures was analyzed. Generally, the combination of seismic and amplitude
attributes can better reflect the location of a fracture. According to the analysis of the
distribution characteristics of the fractures in the SY test area identified through geological
identification and the bridge plug resistance points of horizontal wells in this area, it was
concluded that the bridge plug resistance points were closely related to the location of the
fractures; most of the bridge plug resistance points were distributed near the predicted
fractures, accounting for 71.9%, as shown in Figure 9. This further confirms that the casing
deformation mechanism is caused by the fracture sliding and the shearing of the casing
which are induced by hydraulic fracturing.

Based on the analysis of various factors mentioned above, it is believed that the
casing deformation mechanism in the Gulong shale oil formation is the communication
between hydraulic fractures and pre-existing fractures during the fracturing process. After
the fracturing fluid enters the fracture surface, it induces fracture sliding, resulting in
deformation of the casing.

However, it should be noted that although the distribution of fractures and the casing
deformations predicted based on seismic data shows a high degree of agreement, it still
cannot accurately reflect all the locations of casing deformation. This analysis may be
related to the accuracy of seismic data. Therefore, it is recommended to conduct a fine
identification of fractures within the wellbore based on drilling and logging data to further
verify the casing deformation mechanism and improve the accuracy of casing deformation
risk prediction.
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Figure 9. Map of the distribution of casing deformations and fractures in the SY test area.

3. Risk Prevention and Control Measures for Casing Deformation

Based on the understanding of the casing deformation mechanism of Gulong shale
oil, the following two concepts for preventing and controlling casing deformation are
proposed to reduce the risk of casing deformation during fracturing process. First, the
fundamental measure for preventing and controlling casing deformation is to control
the fluid pressure within the fracture surface during the fracturing process, reducing the
risk of fracture slip. Second, a new type of cement system should be used to absorb the
displacement of the fracture slip when hydraulic fracturing induces fracture slip and shears
the wellbore, thereby reducing casing deformation. Based on the above analysis, a set of
casing deformation prevention and control methods were designed, focusing on optimizing
the timing of temporary plugging and pumping rates during fracturing, and optimizing
the cement system.

3.1. Casing Deformation Prevention and Control Method Based on Temporary Plugging and
Pumping Rate Optimization
3.1.1. Theoretical Analysis of Casing Deformation Prevention and Control through
Temporary Plugging

During hydraulic fracturing in shale oil, there are only two flow paths for fracturing
fluid: one is the flow along the hydraulic fracture, and the other is the flow along pre-
existing natural fractures. The goal of fracturing is to create fractures along the hydraulic
fracture, while if the fracturing fluid flows along the fracture, it not only reduces the
effectiveness of fracturing but also induces fracture slip, leading to casing deformation.
Previous studies have shown that the ability of fluids to flow along different types of
fractures is closely related to the scale of the fractures under the conditions of geostress,
which can be expressed by Equation (2) [22,23].

T L(l—VZ)(Pf—O'n) 3
Q=g E | AP @
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In the formula:

Q is flow rate due to the pressure gradient, m>/s;

7 is the fluid viscosity coefficient, Pa-s;

L is the length of the fracture perpendicular to the flow direction, m;

v is Poisson’s ratio;

Py is the fluid pressure on the fracture surface, Pa;

0, is the normal stress on the fracture surface, Pa;

E is the Young’s modulus of the rock, Pa;

A P is the pressure gradient, Pa/m.

From Equation (2), it can be seen that the fluid flow rate inside the fracture surface
is proportional to the cube of the fracture extension length. Since the natural fracture
length is generally greater than that of the hydraulic fracture, once the hydraulic fracture
communicates with the natural fracture during the fracturing process, the fracturing fluid
will first leak along the natural fracture and induce fracture slippage. Further analysis
shows that during the process of fluid leakage along the fracture, the fracturing fluid
gathers at the perforation interval, where it communicates with the fracture, forming a
pressure-drop funnel. If temporary plugging balls and temporary plugging agents are
injected into the wellbore at this time for temporary plugging, they will block the high-
permeability leakage channel of the fracturing fluid towards the fracture, reducing the risk
of fracture slippage and subsequently reducing the risk of casing deformation, as shown
in Figure 10.

(a)

Figure 10. Casing deformation control technology of a fracturing temporary plug: (a) fracture

activation for no fracturing temporary plug; (b) fracture stability for fracturing temporary plug.

3.1.2. Theory Analysis of Fracture Pumping Rate Optimization in Hydraulic Fracturing

From the analysis of Equation (1), it can be concluded that the risk of fracture slippage
is influenced by the fracture geometry, geostress field, and fluid pressure within the fracture
plane. The first two geological parameters remain constant in the short term, so the
risk of fracture slippage is primarily controlled by the fluid pressure within the fracture
plane. During the hydraulic fracturing process, the communication between the hydraulic
fracture and the natural fracture result in an increase in fluid pressure within the fracture
plane, thereby increasing the risk of fracture slippage. The pressure within the hydraulic
fracture is closely related to the fracturing pumping rate. Generally, the pressure within
the fracture increases with an increase in the pumping rate. Therefore, the risk of fracture
slippage is positively correlated with the pumping rate, providing a theoretical basis for
reducing the risk of casing deformation by reducing the pumping rate during the hydraulic
fracturing process.
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3.1.3. Fracturing Temporary Plugging Timing and Pumping Rate Optimization

According to the analysis of the casing deformation mechanism, the key to casing
deformation prevention and control is to control fracture slippage. However, it is difficult
to ensure that the fracture will not slip completely after communication with the hydraulic
fractures during the fracturing process. However, it is possible to control the amount of
slippage of the fracture by controlling the fluid volume entering the fracture. As long as
the minimum passable diameter of the casing can still allow the bridge plug to pass after
the deformation caused by fracture slippage, the safety of the fracturing operation can
be guaranteed.

From the analysis of well structure, it can be concluded that the shear force generated
by fracture slippage will first act on the cement sheath. The cement sheath will deform
under the shear, and when it reaches the limit of deformation, the shear force will further
transmit to the casing, causing its deformation. Therefore, in order to accurately control
the amount of fracture slippage through timely temporary plugging during fracturing,
it is necessary to determine the compressibility of the cement sheath and the minimum
passable diameter of the casing under different shear slippage conditions of the fracture. To
achieve this, a full-scale casing deformation simulation experiment was conducted, using
a casing with the same specifications as the field, with an outer diameter of 139.7 mm, a
wall thickness of 10.54 mm, and Q125-grade steel. The cement sheath had a thickness of
38 mm. A full-scale casing deformation simulation device was used to apply different shear
displacements to the wellbore, simulating the effects of fracture slippage on the deformation
of the cement sheath and casing. The experimental setup is shown in Figure 11.

(a) (b)

Figure 11. Test of full wellbore shear casing simulation: (a) simulation of casing under shearing;

(b) features of casing after shear deformation.

The experiment showed that the deformation of the casing was primarily controlled
by fracture slippage, and the absorption of the cement sheath was minimal. When shear
displacements of 20 mm, 30 mm, and 40 mm were applied, the minimum passable diameters
of the casing were 100.4 mm, 92.5 mm, and 84.4 mm, respectively, as shown in Figure 12.
For hydraulic fracturing, a minimum bridge plug outer diameter of 98 mm can be used to
ensure that the minimum passable diameter of the casing after deformation can meet the
boundary condition for bridge plug passage, and the minimum passable diameter should
not be less than 102 mm. Therefore, according to the simulated experiment analysis of the
shear deformation of the full-scale wellbore, the maximum allowable slippage induced by
fracturing should be around 18 mm. Taking a safety factor of 1.1 into consideration, it is
recommended that the maximum allowable slippage of the fracture should be 16 mm.

After defining the boundary conditions that allow for the maximum allowable fracture
slippage, a numerical simulation technique was utilized to establish a reservoir model
with pre-existing fractures. The study analyzed fracture slippage patterns under different
fracturing parameters, providing a basis for optimizing the timing of temporary plugging
and the pumping rate of fracturing. The model was divided into hexahedral grids, with
a fracture length of 800 m. The formation was simplified as homogeneous and isotropic,
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and the Von Mises yield criterion was adopted, as is shown in Figure 13, and the model
parameters are listed in Table 3. The simulation results are shown in Figures 14 and 15. The
simulation results indicated that the fracture slippage increased with an increase in the
fracturing fluid volume. Under the condition of a pumping rate of 16 m3/min, when the
injected fluid volume reached 1000 m3, the fracture slippage reached approximately 16 mm,
which is close to the maximum allowable fracture slippage. Theoretically, temporary
plugging at this point can control the fracture slippage within an acceptable range, ensuring
the smooth passage of the bridge plug during the fracturing operation. The analysis
also revealed a close relationship between fracture slippage and the pumping rate during
fracturing. With a fracturing injection volume of 1000 m? as an example, when the pumping
rate increased from 14 m3/min to 18 m®/min, the fracture slippage increased from 13.7 mm
to 20.0 mm, as shown in Figures 14 and 15. Therefore, based on the simulation analysis,
it is recommended to implement temporary plugging during fracturing, with a fluid
volume of 1000 m3, and reduce the pumping rate to below 16 m®/min. In the Gulong
shale oil test area, two wells reduced the pumping rate from 20 m3/min to 16 m®/min
in the risk section for predicting casing deformation, and temporary plugging measures
were implemented. There was no casing deformation observed after fracturing, thereby
verifying the effectiveness of the casing deformation prevention measures. However,
it should be noted that the numerical simulation of the fracture slippage induced by
hydraulic fracturing is still an idealized model which simplifies the complex geological
and engineering parameters underground. Therefore, the optimization of the temporary
plugging timing and pumping rate still requires validation through field experiments and
continuous improvement.
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Figure 12. Variation in the minimum passable diameter of the casing with shear displacement.
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Figure 13. Numerical simulation model of fracture slip induced by hydraulic fracturing: (a) global
model of fault and stratum; (b) partial amplification of fracture model.

Table 3. The parameters of the simulation model.

Parameters of Rock

Young’s modulus 20 GPa
Poisson’s ratio 0.2
Parameters of fracture surface
Length 800 m
Dip 75°
Cohesion 1 MPa
Parameters of hydraulic fracturing
Pumping rate 14~18 m3/min
Injection volume 250~2000 m?
Viscosity 2mPs

Size fracture slip(mm)

—
o
T

3]
S
T

(3]
wn
T

(o]
(=1
T

—
wn
I

—&— Rate 14m°/min
—#— Rate 16m*/min
—A— Rate 18m°/min

| " 1 " 1 L 1

500 1000 1500 2000

Fracturing fluid volume(m®)

Figure 14. Variation in fracture shear slip under different fracturing parameters.
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Figure 15. Numerical simulations of fracture shear slip under different fracturing parameters:
(a) pumping rate 14 m?/min, injected volume 500 m3; (b) pumping rate 16 m3/min, injected volume
500 m3; (c) pumping rate 18 m?/min, injected volume 500m?; (d) pumping rate 14 m®/min, injected
volume 1000 m3; (e) pumping rate 16 m3/min, injected volume 1000 m3; (f) pumping rate 18 m3/min,
injected volume 1000 m3; (g) pumping rate 14 m3/min, injected volume 1500 m3; (h) pumping
rate 16 m®/min, injected volume 1500 m?; (i) pumping rate 18 m®/min, injected volume 1500 m?;
(j) pumping rate 14 m3/min, injected volume 2000 m?; (k) pumping rate 16 m3/min, injected volume
2000 m3; (I) pumping rate 18 m3/min, injected volume 2000 m?>.

3.2. Casing Deformation Prevention Based on Cement System Optimization

According to the analysis of the mechanism of shale oil casing deformation, it is known
that while controlling fracture slippage, if the compressibility of the cement sheath is high,
it can effectively absorb the shear displacement caused by fracture slipping, reduce casing
deformations, and ensure that the minimum remaining diameter of the casing meets the
requirements for the bridge plug to pass. Based on the analysis of the multi-arm caliper
logging and bridge plug resistance data, the deformations of the casings in the Gulong
shale oil wells were mainly less than 25 mm, accounting for 88.6%, as shown in Figure 16.



Processes 2023, 11, 2437

150f18

Casing deformation size(mm)

50

S~
(=]

(%)
(=]

[
(=]

—
(=]

Combining the results of the full wellbore shear casing deformation simulation experiment
and Formula (3), it can be concluded that the induced fracture slippage in the Gulong
shale o0il wells was mainly less than 30 mm. Taking a fracture slippage of 30 mm, a casing
outer diameter of 139.7 mm, and a wall thickness of 10.54 mm as the analysis conditions,
in order to ensure the passage of a bridge plug with a diameter of 98 mm, which leaves a
minimum remaining diameter of 102 mm for the casing, the amount of fracture slippage
absorbed by the cement sheath should be no less than 17 mm after the optimization of the
cementing system.
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Figure 16. Size of casing deformations of Gulong shale oil wells.

In the formula:

Chnin is the minimum passable diameter of the casing, mm;

D. is the inner diameter of the casing, mm;

St is the displacement of the fracture slip, mm;

A, is the absorption of the cement sheath to the fracture slip, mm.

Generally speaking, the lower the elastic modulus of the cement sheath, the better
the compressibility of the cement sheath. However, studies have shown that even with a
lower elastic modulus, the compressibility of the cement sheath is still relatively small [24].
Moreover, it is not possible to infinitely decrease the elastic modulus of the cement sheath.
Therefore, simply reducing the elastic modulus of the cement sheath is not enough to meet
the requirements of absorbing the fracture slip. In order to improve the compressibility
of the cement sheath, an innovative approach has been proposed to modify the cement
sheath by adding high-strength hollow particles to it, thereby enhancing the compaction
effect of the cement sheath. The high-strength hollow particles are composed of glass
material and have diameters of about 50 pm. They can ensure that the hollow particles do
not break during the expansion deformation of the casing during the fracturing process.
However, when fracture slip causes shear pressure on the cement sheath, the local hollow
particles will break, providing compressible space and effectively transferring excessive
deformation of the casing caused by fracture slip. Obviously, the content of hollow particles
in the cement sheath affects its compressibility, compressive strength, and other properties.
In order to determine the appropriate content of hollow particles in the cement sheath
for Gulong shale oil wells, full-scale shear simulation experiments were conducted to
analyze changes in the shear displacement absorption of the cement sheath under different
hollow particle content conditions. Scanning electron microscopy (SEM) analysis was also
conducted on the microstructure of the cement sheath before and after the experiment.
The experiment showed that the hollow particles added to the cement sheath before shear
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action were relatively intact, while a large number of hollow particles were broken at the
sheared area after the experiment, as shown in Figure 17.
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Figure 17. Morphology of hollow particles before and after the shear test of modified cementing

cement: (a) morphology of hollow particles before shear compression; (b) morphology of hollow
particles after shear compression.

The analysis of the experimental results showed that with the increase in the hollow
particle content in the cement sheath, the shear displacement absorption capacity of the
cement sheath gradually increased. When a shear displacement of 30 mm was applied, the
shear displacement absorption of the cement sheath increased from 3.9 mm to 20.9 mm as
the hollow particle mass ratio increased from 0 to 20%, as shown in Figure 18. When the
hollow particle mass ratio was 15%, the cement sheath was able to absorb up to 17.1 mm of
displacement. The minimum passable diameter of the casing was 105.7 mm, which met the
requirements for the passage of bridge plugs in the field. At the same time, the compressive
strength, fluid loss, and thickening time of the modified cement slurry were tested and
analyzed based on relevant standards. The test results showed that the modified cement
had all the required properties, including compressive strength, fluid loss, and thickening
time, which met the industry standards and were suitable for field application. Based on
the above analysis, it is recommended to use modified cement slurry with a hollow particle
mass ratio of 15% for cementing in the Gulong shale oil wells. This will enable the cement
sheath to absorb the fracture slippage caused by fracturing, transfer excessive deformation
of the casing, and reduce the risk of casing failure, thus ensuring the safety of the fracturing.
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Figure 18. Variation in the minimum passable diameters of the casing and the absorption of the
cement sheath with different hollow particle contents after shear tests.
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4. Conclusions

Factors such as casing strength, cementing quality, and wellbore curvature have a
relatively small impact on the casing deformation risk during shale oil well hydraulic
fracturing. The mechanism of casing deformation is that the fluid pressure in the fracture
plane increases after communication between the hydraulic fracture and pre-existing
fractures, which induces the formation to slip along the fracture and then causes casing
deformation under the shear action. Based on the understanding of the casing deformation
mechanism, controlling the fluid pressure within the pre-existing fracture plane to reduce
the slip risk is key to preventing casing deformation during shale oil well hydraulic
fracturing. Temporary blocking and reducing the pumping rate during the fracturing
process can block the communication pathway between hydraulic fractures and pre-existing
fractures, thus controlling the fluid pressure within the fracture plane and effectively
reducing the casing deformation risk. In the meantime, optimization of the cement system
by adding hollow particles can effectively improve the compressive effect of the cement
sheath, transfer excessive casing deformation caused by a fracture shear slip, and reduce
the casing deformation risk. This provides a new method for preventing and controlling
the casing deformation risk in shale oil wells. We suggest conducting on-site experiments
to further verify the effectiveness of modified cement in preventing casing deformations
during well cementing.

This article clarifies the mechanism of casing deformation in shale oil and proposes
targeted prevention and control measures. These research findings have important refer-
ence significance for the risk prediction and prevention of casing deformation in shale oil
and similar unconventional reservoirs during hydraulic fracturing.
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