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a b s t r a c t

The casing deformation prevention technology based on the optimization of cement slurry is proposed to
reduce the casing deformation of shale oil and gas wells during hydraulic fracturing. In this paper, the
fracture mechanism of hollow particles in cement sheath was firstly analyzed by discrete element
method, and the effect of hollow particles in cement on casing deformation was investigated by labo-
ratory experiment method. Finally, field test was carried out to verify the improvement effect of the
casing deformation based on cement slurry modification. The results show that the formation
displacement can be absorbed effectively by hollow particles inside the cement transferring the exces-
sive deformation away from casing. The particles in the uncemented state provide deformation space
during formation slipping. The casing with diameter of 139.7 mm could be passed through by bridge plug
with the diameter of 99 mm when the mass ratio of particle/cement reaches 1:4. According to the field
test feedback, the method based on optimization of cement slurry can effectively reduce the risk of
casing deformation, and the recommended range of hollow microbeads content in the cement slurry is
between 15% and 25%.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Hydraulic fracturing has been widely used in shale oil/gas
around the world. During fracturing, casing diameter need be
maintained large enough to ensure tools passing through the
wellbore (Lian et al., 2015; Yu et al., 2016, 2022). Casing deforma-
tion in the horizontal section severely restricts fracturing opera-
tions, resulting in fracturing failure and lower oil/gas recovery.
Scholars have carried out a lot of studies on the casing deformation
analysis (Yan et al., 2017; Yin et al., 2018a; Li H.T. et al., 2020; Zhang
et al., 2020a, b; Li et al., 2021a). It is generally approved that the
formation slip and local high pressure are main reasons for casing
deformation. Especially, natural fractures or artificial fracture
network will lead to uneven stress distribution near the wellbore,
).

y Elsevier B.V. on behalf of KeAi Co
and the casing-cement will be sheared or extruded by formation
slip, which cause casing deformation and even damage (Xi et al.,
2018, 2020; Liu et al., 2019b; Meng et al., 2020), resulting in eco-
nomic losses (Furui et al., 2012; Peng et al., 2007; Guo et al., 2020).
Therefore, it is significant to investigate the influence of formation
slip on wellbore deformation and recommend the appropriate
prevention measures for casing deformation.

A lot of research has been carried out about the optimization of
cement slurry, but most of them focus on the mechanical perfor-
mance to improve the cement integrity such as strength, elasto-
plasticity and so on (Wei et al., 2022; Cheng et al., 2023). Guo et al.
(2020) and Teodoriu (2019) respectively developed composite
cement suitable for high temperature environment in geothermal
wells, and verified its mechanical properties through a series of
experiments. Hudson et al. (2017), Santos et al. (2021), Jafariesfad
et al. (2017a, b) developed ductile cement slurry with different
formulations to improve the cementing strength of interface and
enhance their deformability. Adjei et al. (2021) proposed to use
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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bentonite instead of fly ash to develop a newweighted cement and
tested its performance. The results showed that this slurry short-
ened the thickening time and improved cement compressive
strength. In addition, Jafariesfad et al. (2020) summarized the
challenges encountered in the cementing process after the addition
of nano-scale additives in cement, including expansion nano-scale
additives for shrinkage reduction, nano-rubber/flexible particles for
modification, and charged nano-particles for cement hardening.
The role of nano-material additives is to enhance the sealing and
durability of cement (Salehi et al., 2018; Quercia et al., 2016). To
sum up, there are many researches on cement additives, but their
aim is to improve the cementing interface bonding quality and
lower its own damage. The addition of the above additives can only
improve the mechanical properties of cement itself, but they will
not provide additional protection for casing under the condition of
formation slip (Fig. 1).

Geology slip has been treated as the main cause of casing
deformation (Xi et al., 2019; Yin et al., 2018b; Dong et al., 2019; Li
et al., 2021b). Xi et al. (2021) indicated the casing deformation
prevention could not only rely on casing steel grade and thickness,
but also optimizing the stage spacing, perforation density or
temporarily block. Zhao et al. (2021) believed that casing defor-
mation is caused by the geological migration during fracturing, so
the propagation of geological fractures should be traced and mea-
sures should be taken such as enhancing cement strength and
eliminating micro-annulus in wellbore. Liu et al. (2019a) investi-
gated the influence of thickness and ovality of cement sheath on
casing deformation. Guo et al. (2019) and Wang et al. (2021)
considered that the casing deformation was comprehensively
related to the non-uniform mechanics around the wellbore, poor
cementing quality, and geological fractures. To sum up, the scholars
have done a lot of theoretical analysis, however, the research on
methods for controlling casing deformation is relatively few.
Therefore, on the basis of hollowing cement, the effective casing
deformation prevention method should be formed, which has
reference value for preventing casing deformation under the con-
dition of formation slip.

2. Discrete element model

2.1. Geometric model

According to the conventional well structure of shale gas in
southwestern China, the outer diameter of production casing is
139.7 mm, the thickness of casing and cement sheath is 10.5 and
38.1 mm. The commercial software PFC2D was used to establish the
numerical model under extrusion condition. In order to improve
Fig. 1. Casing deformation mitigation by cement sheath.
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the calculation speed, the cement length in the model is 20 mm.
The size of the model is shown in Fig. 2. According to the logging
data and previous research (Yang et al., 2023), the order of mag-
nitudes is centimeter for shale slippage, thus the displacement
boundary was set as 20mm in this model. The end face of cement is
the boundary of constant pressure and the subface of cement is
fixed. Mechanical parameters should be defined in PFC2D according
to the actual physical parameters of cement and ceramite. The
micro-mechanical parameters of these two materials are shown in
Table 1.
2.2. Governing equation

Based on particle flow theory in PFC2D, the parallel bonding
model was used for contact between particles in order to get closer
mechanical properties of cement particles and hollow particles.

The parallel bondingmodel provides themechanical behavior of
cement-based material between two contact slices (Li H. et al.,
2020). The parallel bonded component interacts elastically be-
tween the slices. The parallel bonds does not exclude the possibility
of slipping. They can transfer the forces and torques between the
blocks and should be treated as a set of uniform elastic springs with
constant normal and shear stiffness.

The contact force Fc and the contact torque Mc in parallel
bonding model are:

Fc ¼ F1 þ Fd þ F (1)

Mc ¼ M (2)

where Fl is the linear force; Fd is the damping force; F is the parallel
bonding force; M is the parallel bonding torque.

The parallel bonding force can be decomposed into normal force
and shear force, and the parallel bonding torque can be decom-
posed into torsional torque and bending torque:

F ¼ � Fnn
∧
c þ Fs (3)

M¼Mb (4)

where Fn is the normal parallel bonding force; F is the parallel

bonding force; n
∧
c is unit normal vector in the contact surface; Fs is

shear force; Mb is the bending torque.
The parallel bonding shear force Fs and bonding torque Mb are

acted on the contact surface when the normal parallel bonding
force Fn >0. They can be represented by the contact surface coor-
dinate system:

Fs ¼ Fstt
∧
c (5)

Mb ¼Mbss
∧
c (6)

where Fst is the parallel bonded shear stiffness; Mbs is the parallel

bonded bending stiffness; t
∧
c is the unit direction vector in the

tension state; s
∧
c is the unit tangent vector of the contact surface.

An interface is set up between these two conceptual surfaces
when a parallel bond is established and the parallel bond forces and
torques are zeroed out. The parallel bond provides the elastic
interaction between two conceptual surfaces, this interaction is
invalid when the bonding is broken (Li H. et al., 2020). Each con-
ceptual surface is rigidly attached to the component. The gap gs of



Fig. 2. Discrete element model of cement sheath with hollow particles.

Table 1
Microscopic parameters of cement and particle.

Material parameter Cement Hollow particle

Cement particle density rs, kg$m�3 3150 1430
Radius of particle Rs, mm 50 100
Effective modulus with linear contact Emod, GPa 0.5 0.81
Effective modulus of parallel bonding Pb_emod, GPa 0.5 0.81
Stiffness ratio k* 1.0 1.0
Friction coefficient u 0.2 0.557
Tensile strength between particles pb_ten, MPa 6 8.2
Cohesion between particles pb_coh, MPa 26.7 6.56
Internal friction angle qb_fa, � 17.797 30

Fig. 3. Schematic diagram of parallel contact model.
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the parallel bonding surface is defined as the cumulative relative
normal displacement of the particle surface

gs ¼
Xn

1

D&n (7)

where gs is the relative normal displacement increment of the
contact between particles; It is indicated that the parallel bonding
contact is not destroyedwhen gs >0. Contact is divided into ball-to-
ball contact and ball-to-surface contact, which is shown in Fig. 3.

2.3. Calculation results

Fig. 4 shows the particle geometry under the confining pressure
of 30 MPa. As can be seen from Fig. 4, 8% high-strength hollow
microbeads in cement has been broken before formation slippage
due to the downhole hydrostatic pressure. The compressed hollow
microbeads are squeezed circumferentially by the cement particles
and the adjacent microbeads. The broken form of hollow
microbeads is multi-segment strip. It is worth noting that tensile
stress is distributed near the broken hollow beads caused by the
compressed space. The high strength hollow microbeads randomly
distributed in the solidified cement in the form of single broken
particles and large pores composed of adjacent microbeads, as
shown in Fig. 4. These pores will be collapsed firstly in the process
1233
of compression due to the lower strength.
A displacement loading of 20 mmwas applied on the cement to

simulate shale extrusion. The broken morphology under the slip-
page of 5, 10, 15 and 20 mm was shown in Fig. 5. All the hollow
beads have been deformed when the formation slides down 5 mm,
including the elastoplastic unbroken deformation, the broken
uncompaction and the broken compaction. The unbroken hollow
beads with elastoplastic deformation are usually elliptical or
irregular. The broken hollow microbeads have lost their original
supporting function, providing space for the formation slip. When
the formation slides down from 5 to 10 mm, more hollow
microbeads will be broken and further compactified. Because there
are still a large number of unbroken microbeads in cement under
the slippage of 5 mm. The characteristics of broken particles are
shown in Fig. 5(c) when the formation slides down from 10 to
15 mm. The hollow beads are basically broken and compacted in
this stage. It can be inferred that there is only compaction effect in
cement sheath if the formation continues to slip downward. The
cement with hollow beads is completely compacted when the



Fig. 4. Geometry of hollow microbeads in cement sheath under confining pressure.

Fig. 5. Compression process of high-strength hollow microbeads in cement sheath.
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formation slip is 20 mm, and the cement shows the characteristics
of axial compression and transverse extension due to the limit of
constant confining pressure boundary.

Fig. 6 shows the displacement distribution in cement with
different hollow beads contents after formation slip. As can be seen
from Fig. 6, the radial displacement becomes more uniform with
higher particle content. This means the displacement transposition
effect is better. Fig. 7 shows the adhesion distribution of com-
pressed particles with the slippage of 20 mm. There are mainly two
forms in cement: block and dispersion. As can be seen from Fig. 7,
The gray zone is in the uncemented state between particles, which
accounts for about 60%. The cemented particles (blue zone) are
evenly dispersed in the cement, the supporting and protecting
performance of cement is weakened.
3. Extrusion test of casing-cement system

3.1. Experimental device

The device for casing deformation simulation in Fig. 8 is mainly
composed of host frame, mechanical loading system, temperature
1234
control system, strain measurement system, data acquisition sys-
tem. It can realize the axial tension/compression, shear, external
extrusion under different temperature (Yang et al., 2023). A simu-
lated wellbore was prepared before extrusion. The steel grade of
casing is 110 ICY, 125 SG and 140 V, the outer diameter is 139.7 and
128.1 mm, the thickness is 10.54 and 9.17 mm. The cement thick-
ness is 38.1 mm. The water/cement ratio is 0.44. The mixed cement
slurry of class G was poured into the annular space between the
casing and the iron ring. The curing time was 15 days under the
temperature of 80 �C. The wellbore was placed on the fixture after
preparation, and the extrusion force was applied to the wellbore by
the loading system. The outer ring of simulated wellbore was
removed to observe deformed casing and broken cement.
3.2. Experimental scheme

According to the statistical data in southwestern China, about
77% of casing was damaged by extrusion and 23% was damaged by
shear. The casing deformation caused by external extrusion is the
main failure mode during hydraulic fracturing. Therefore, the
wellbore was extruded under non-uniform loading. The casing



Fig. 6. Displacement distribution of cement with different contents of hollow microbeads after formation slip.

Fig. 7. Adhesion distribution of compressed particles.
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length was 0.8 m, and the clamps were squeezed 20 mm respec-
tively in experiment. The appearance, size and deformation of the
casing were measured and analyzed after extrusion. The specific
experimental scheme is shown in Table 2. Among them, elastic
cement slurry was used in No.1#, 6# and 11# experiment, cement
slurry with 10% high strength hollow microbeads was used in
No.2#, 7# and 12# experiment, and cement slurry with 20% high
strength hollow microbeads was used in the other experiments.
The properties of cement slurry are shown in Table 3. According to
the downhole performance requirements of hollow particles, the
compressive strength of hollow particle is selected as 52.7MPa, and
the density range is between 0.60 and 0.66 g/cm3. It can be seen
that the deformation degree is mainly distributed in the range of
10%e20%. Deformation degree increases with the increase of casing
Fig. 8. The experim
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diameter and thickness. Deformation degree is decreased with a
higher proportion of hollow microbeads. The reason is that the
broken hollow microbeads absorb part of formation displacement,
which greatly protects the casing string.
3.3. Numerical model

According to the non-uniform extrusion test, the casing-cement
model in Fig. 9 was set up. Based on experiment 3#, the Poisson's
ratio of casing is 0.24, its elastic modulus is 213 GPa, and its yield
strength is 836 MPa. The two clamps were squeezed 20 mm
respectively in the numerical model. The shape, deformation and
stress variation of the casing during extrusion were observed.

Fig. 10 shows the casing deformation degree and stress distri-
bution after extrusion. It can be seen from Fig. 10 that the casing is
reduced due to non-uniform extrusion. The calculation show that
the minimum diameter after extrusion is 117.8 mm, and the mini-
mum diameter measured after experiment is 118.3mm. The error is
only 2.3%. Compared with the morphology of the extruded cement
in Fig. 11, the wellbore is obviously compressed at the extruded
position, especially the cement sheath. The thickness of the
extruded area is significantly reduced with comminution failure of
cement sheath. The shape of cement sheath after extrusion is
shown in Fig. 11. There are local cracks in cement under the
extrusion force. According to the above numerical and experi-
mental results, the numerical model can effectively trace the
ental device.



Table 2
Thickness and outer diameter of casing-cement sheath with different specifications in experiment.

No Steel grade,
ksi

Thickness,
mm

Outer diameter,
mm

Inner diameter,
mm

Hollow particle
content, %

Minimum inner diameter after extrusion of
40 mm, mm

Value of
deformation, mm

Degree of
deformation, %

1 110 10.54 139.7 118.62 0 96.55668 22.06332 18.6
2 110 10.54 139.7 118.62 10 98.33598 20.28402 17.1
3 110 10.54 139.7 118.62 20 100.47114 18.14886 15.3
4 110 9.17 139.7 121.36 20 100.97152 20.38848 16.8
5 110 10.59 128.1 106.92 20 95.05188 11.86812 11.1
6 125 10.54 139.7 118.62 0 97.98012 20.63988 17.4
7 125 10.54 139.7 118.62 10 100.58976 18.03024 15.2
8 125 10.54 139.7 118.62 20 103.08078 15.53922 13.1
9 125 9.17 139.7 121.36 20 103.64144 17.71856 14.6
10 125 10.59 128.1 106.92 20 97.19028 9.72972 9.1
11 140 10.54 139.7 118.62 0 100.47114 18.14886 15.3
12 140 10.54 139.7 118.62 10 103.7925 14.8275 12.5
13 140 10.54 139.7 118.62 20 106.04628 12.57372 10.6
14 140 9.17 139.7 121.36 20 106.91816 14.44184 11.9
15 140 10.59 128.1 106.92 20 98.79408 8.12592 7.6

Table 3
Parameters of cement slurry.

Slurry type Temperature, �C Density, g/cm3 Initial consistency, Bc Thickening time, min Compressive strength in 48 h, MPa

Ordinary cement 100 1.83 23 150 23.4
Cement with 10% particle 100 1.81 24 162 20.8
Cement with 20% particle 100 1.78 28 168 19.6

Fig. 9. Numerical model.
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casing-cement extrusion process. It shows that the modified
cement sheath has a certain protective effect on the casing by
comparing casing deformation degree with different hollow par-
ticle content.
3.4. Analysis of influencing factors

The steel grade, casing thickness, particle size and particle
content were varied in experiment to investigate the influence on
casing deformation degree after slippage. Fig. 12(a) shows the
relationship between casing deformation degree and formation
slippage under different casing steel grade. According to Fig. 12(a),
the deformation degree gradually decreases with the increase of
casing steel grade. The larger formation slip, the more obvious the
reduction degree. Fig. 12(b) shows the relationship between casing
deformation degree and formation slippage under different casing
thickness. According to Fig. 12(b), the deformation degree gradually
decreases with the increase of casing thickness. The larger forma-
tion slip, the more obvious the reduction degree. However,
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improving the steel grade and casing thickness will make the well
construction cost rise sharply on the field.

Fig. 12(c) shows the relationship between casing deformation
degree and formation slippage under different hollow particle
sizes. According to Fig. 12(c), the deformation degree gradually
decreases with the increase of particle size. The larger formation
slip, the more obvious the reduction degree. Fig. 12(d) shows the
relationship between casing deformation degree and formation
slippage under different hollow particle contents. According to
Fig. 12(d), the deformation degree gradually decreases with the
increase of particle content. The larger the formation slip, the more
obvious the reduction degree. The influence degree of the particle
size and content on the casing deformation degree is larger than
that of the casing steel grade and thickness. The addition of parti-
cles will not affect the drilling and fracturing process on the field,
and the prevention effect of casing deformation is more obvious.
4. Field test

The geostress is heterogeneous in Weiyuan Gas Field of Sichuan
Basin in China, and the casing string has been subjected to non-
uniform extrusions chronically. In addition, the propagation of
artificial fractures and the local pressure in the fracture will change
the stress distribution near the wellbore, thus aggravating the
extrusion load on the casing (Zhang et al., 2020b). The statistical
analysis of casing deformation locations for 20 platforms in Block
204 of Weiyuan area shows that the casing deformation is
concentrated near the inclined section at point A in Fig. 13, and the
proportion of deformation decreases from point A to point B. This
rule is also consistent with the engineering practice. Fracturing
procedure moves gradually from point B to point A in engineering,
and the deformation caused by each stage will gradually accumu-
late. The closer position is to point A, the larger deformation pos-
sibility will be.

In order to prove the effect of hollow particle on preventing
casing deformation, wells 18-5, 38-4 and 40-3 in Block 204 of
Weiyuan area were selected to use cement slurry with 15% hollow



Fig. 10. Comparison between numerical and experimental results.

Fig. 11. Failure pattern of modified cement sheath after extrusion.
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particle. Class G oil well cement was used in the other wells of the
three platforms. The cement slurry of the offset wells is the ordi-
nary cement system without hollow particles. The water-cement
ratio is 0.44, and the its density ranges from 1.80 to 1.82 g/cm3.
The hard trip of downhole tools in the test wells was compared
with the surrounding offset wells. Fig. 14 shows the fault numbers
encountered by 22 wells in the three platforms. The number of
faults mainly distributed in 3e6. Table 4 shows the statistical re-
sults of the casing deformation in these wells in Weiyuan block.
There is no downhole hard trip in W204H38e4 and W204H40-3,
while the surrounding wells all have. Besides that, the W204H18-
5 encountered downhole sticking three times, W204H18e4 and
W204H18-6 encountered sticking five and four times respectively.
The prevention effect of casing deformation in W204H18-5 cannot
be judged only by the sticking times. The reason is the fault zone at
Platform 18# is widely distributed and the fault is relatively active.
Logging data of MIT24 arm in well W204H18e5 and W204H18-6
show that the maximum casing deformation degree in well 5 is
8.7 mm. The maximum casing deformation degree of well 6 is
11.2 mm. Therefore, the modified cement slurry system can effec-
tively reduce the possibility of downhole hard trip in the fracturing
process, and effectively control the downhole casing deformation
degree.
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5. Discussion

According to Section 3 and 4, the formation slip can be effec-
tively absorbed by adding hollow particles into the cement slurry
and the degree of casing deformation is reduced. The cement
breaking process and the stress-strain differences of casing was
briefly summarized before and after adding hollow particles in
Fig. 15. As the blue line in Fig. 15, the cement steps into the elastic
state firstly when the formation begins to extrude thewellbore. The
cement transits into the plastic state as the displacement loading
continues to increase. Because the particle is more brittle than
cement, the particles start breaking once the compressive strength
is reached. When the particle and cement damage to a certain
extent, the combination steps into a stable plastic stage until the
end of slip. Before adding the hollow particles, the radial
displacement will increase sharply when the load rises to a certain
value due to the poor cement compressibility, as the red line of
Fig.15. However, the loadwill be sharedwith the addition of hollow
particles due to the strong compressibility and the casing radial
displacement will be controlled.
6. Conclusion

The fracture mechanism of hollow particles in cement sheath
was analyzed by discrete element method in this paper, and the



Fig. 12. Influence of different factors on casing inner diameter after formation slip.

Fig. 13. Location statistics of casing deformation in Block 204 of Weiyuan Zone.
Fig. 14. Fault number encountered in each well.
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influence of hollow cement on casing deformation degree was
investigated by laboratory experiment. According to the experi-
mental results and field application, the casing deformation pre-
vention technology based on cement slurry modification was
summarized, and the conclusions were as follow.
1238
(1) The cement sheath has good compressibility by adding hol-
low particles into the cement slurry when the formation
slips. The particles can effectively absorb the formation
displacement and transfer the excessive casing deformation.

(2) The experimental results show that the larger the diameter
and content of hollow particles, the lower the casing defor-
mation degree after formation slip. Compared with



Table 4
Casing deformation statistics of test wells in Weiyuan block.

No Well number Number of designed segments Whether to use hollow cement Number of stages which the fracturing tool is blocked

1 W204H18-1 17 No 2
2 W204H18-2 18 No 4
3 W204H18-3 18 No 5
4 W204H18-4 18 No 5
5 W204H18-5 18 Yes 3
6 W204H18-6 18 No 4
7 W204H18-7 18 No 4
8 W204H38-1 17 No 0
9 W204H38-2 18 No 4
10 W204H38-3 17 No 15
11 W204H38-4 17 Yes 0
12 W204H38-5 17 No 6
13 W204H38-6 18 No 4
14 W204H38-7 17 No 0
15 W204H40-1 18 No 2
16 W204H40-2 18 No 0
17 W204H40-3 19 Yes 0
18 W204H40-4 18 No 2
19 W204H40-5 18 No 0
20 W204H40-6 18 No 2
21 W204H40-7 18 No 2
22 W204H40-8 18 No 2

Fig. 15. Illustration of deformation prevention technology based on cement slurry
modification.
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improving the steel grade and thickness of casing, the pa-
rameters of hollow particles in cement have a larger influ-
ence on the degree of casing deformation mitigation.

(3) Based on the serious casing deformation of shale gas well in
southwestern China, a casing deformation control method
based on modified cement slurry was set up by means of
numerical simulation and laboratory test. According to the
feedback of field tests, the modified cement slurry system
can decrease the casing deformation degree by 11.9% when
the proportion of hollow particles is 15%, ensuring the
smooth trip of fracturing tools.
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