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Abstract: During the development of shale gas, one of the major challenges is the casing deformation
(CD) in the horizontal section due to the geological activity. Recently, the casing deformation before
hydraulic fracturing (CDBF) occurred in multiple shale gas wells in L block in China. In this paper,
based on the theory of tubular mechanics, the relationship between casing buckling and CDBF
caused by casing running in is analyzed qualitatively and quantitatively. It is found that the buckling
deformation caused by running the casing string process is not sufficient to prevent the tool (Φ99 mm
bridge plug). On the other hand, the mechanism of CDBF is systematically analyzed based on the
actual field data and finite element (FE) method. In order to analyze the CDBF mechanism, the
comparison between the actual casing trajectory and the reservoir rock (S#1, S#2, S#3 and M#1) in
horizontal section in H2 platform is carried out, and the preliminary CDBF mechanism is proposed.
Then, two groups of FE models are established to reduce the CD process to verify the preliminary
mechanism. It is found that the numerical simulation results (high stress section length from FE
model) are in good agreement with the actual CD logging results. Based on the analytical results, the
corresponding mitigation measures are proposed based on the analysis of the CDBF mechanism. Our
work could offer a detailed theoretical basis and reference of CDBF for shale gas well application.

Keywords: casing deformation; casing string; tubular mechanics; shale gas well; fracturing

1. Introduction

Currently, the provision of conventional oil and gas resources cannot meet the rapid
growth of energy consumption [1]. Hence, the development of unconventional reservoirs
has drawn growing attention from energy companies [2]. As a high-quality, efficient and
clean low-carbon primary energy source, shale gas has been increasingly favored and
valued by all countries in the world [3–5]. In order to effectively increase production and
efficiency, large-scale and high-pump pressure fracturing technology has been applied to
the development of deep shale gas reservoirs and achieved considerable results [6].

It is worth noting that although fracturing technology has improved the efficiency of
shale gas production, problems such as high construction pressure and asymmetric trans-
formation area in the fracturing process frequently lead to wellbore structural damage and
destruction. The non-uniform fracture expansion after fracturing will seriously interfere
with the stress state of casing and lead to casing deformation (CD) [7]. According to statis-
tics, 32 wells of the Marcellus shale gas field in the United States suffered from CD under
fracturing, while 28 wells of the Quebec shale gas field in Canada suffered from different
types of casing damage and failure deformation during large-scale fracturing [8]. In China,
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the CD of shale gas wells is even worse. Among 141 wells fractured in Changning-Weiyuan,
36 wells have casing damage with 48 deformation points [9]. CD seriously affects the safety
of shale gas wells and even leads to the abandonment of wells in advance.

With the emergence of CD in early shale gas wells, many scholars have carried out
analysis and research on the CD of shale gas. Daneshy et al. [10] analyzed the geological
factors in the fracturing process of shale gas by means of numerical simulation, and believed
that the formation shear failure and unbalanced deformation were the main reasons leading
to CD. Sugden et al. [11] concluded that CD failure in shale gas wells is the result of various
comprehensive factors such as complex borehole trajectory, multi-stage high-displacement
fracturing and temperature variation. Lian et al. [12] established the finite element model of
CD failure during multi-stage hydraulic fracturing based on the micro-seismic surveillance
data, theories of fracture mechanics, rock damage mechanics and rock failure criterion,
and studied the influence of in-situ stress deficit on CD. Li et al. [13] used 3D imaging
analysis software and diameter measurement data to conduct 3D imaging modeling for
severe CD of two shale gas horizontal wells, and obtained morphological characteristics
of deformed casing. Yan et al. [14] established the physical model and finite element
model of fracturing CD for high in-situ stress shale gas. The influences of pore angle,
temperature variation, internal pressure and ground stress on CD have been studied. Fei
et al. [15] carried out quantitative research on hydraulic fracturing induced fracture slip
and CD in shale gas wells, finding that hydraulic fracturing could cause fracture slip
and casing shear deformation, and suggested that the perforation should be far away
from the weak interface. Xi et al. [16] proposed a new investigation on casing shear
deformation during multistage fracturing in shale gas wells based on microseism data,
and established a mathematical model of the relationship between microseismic moment
magnitude and slip distance, which was verified by physical model experiments. Guo
et al. [17] studied the volumetric fracturing CD of horizontal shale gas wells by numerical
simulation, discussed the influences of fault slippage on casing stress and displacement and
found that fault slippage is an important mechanism of CD near the heel. Holt et al. [18]
carried out the triaxial failure tests, creep tests and tests tailored to follow the failure
envelope under simulated borehole conditions, and found that the stress history and
possibly cementation are keys in determining the failure mode. Li et al. [19] studied the CD
mechanisms of horizontal wells in shale gas fields during multistage hydraulic fracturing by
numerical simulations, discussing the influence of different factors such as shale expansion,
injection pressure and formation mechanical properties on CD. Ajayi et al. [20] used derived
equations to conduct parametric studies of specific transport conditions to understand the
influence of stratum geology, fracture lengths, and the leaked gas properties on subsurface
transport, and found that the prediction that the subsurface gas flux decreases with an
increase in fracture length is specifically for a non-gassy stratum. Yang et al. [21] studied the
failure mode and mechanism of casing in shale gas wells of Sichuan-Chongqing, designed
and developed a set of experimental equipment for testing CD and failure of different casing
materials under different loads, and put forward a model for predicting the maximum
allowable stress of casing. Mohammed et al. [22] proposed an application of FE analysis and
machine learning for the prediction and optimization of casing buckling and deformation
responses in shale gas wells in an in-situ operation, and studied the effects of combined
loading using multiple parameters on stress, displacement and final casing safety factors,
as well as the relationship between each parameter. Lu et al. [23] established a prediction
model for hydraulic fracturing induced casing shear deformation and CD based complex
function, and discussed the factors affecting wellbore shear stress and CD.

Despite some valuable work on CD in shale gas wells, most previous studies focus
on establishing a model of CD using numerical simulation methods; meanwhile, there are
few reports on the phenomenon of casing deformation before hydraulic fracturing (CDBF).
In this paper, based on the theory of tubular mechanics, the relationship between casing
buckling and CDBF caused by casing running is analyzed qualitatively and quantitatively.
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Moreover, the mechanism of CDBF is systematically analyzed based on the actual field
data and FE method.

2. Case Introduction

According to the time stage of CD, two forms of CD are distinguished: (i) CDBF,
(ii) casing deformation after hydraulic fracturing (CDAF). Compared to CDAF, CDBF has a
more negative impact on oil and gas production, because it directly caused the perforation
procedure to fail, which severely affected engineering performance. Figure 1 illustrates the
schematic of the general process of CDBF in M block: (i) casing rotation is widely used to
reduce friction in horizontal wells (Figure 1a); the casing is rotated and run into the well
bottom in drilling mud, rotation speed is 10~30 rpm, and running speed is 10~25 m/min.
(ii) when the casing is run into the designed well depth, the known points A and B are
determined in horizontal section of wells, as can be seen in Figure 1b, (iii) Figure 1c shows
the process of cementing, (iv) after waiting for cement setting, the downhole tool (e.g.,
bridge plug and perforating gun) is run into the well but, unfortunately, the tool cannot
pass through the casing because of CDBF, as shown in Figure 1d.
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Figure 1. The schematic diagram of the CDBF process: (a) Casing run process, (b) A-B section is
determined, (c) cementing, (d) tool is blocked.

Recently, CD occurred in multiple shale gas wells in L block in China; it is worth
noting that CDBF has become a new problem. Figure 2 illustrates the statistics on the
number of CD wells and the types of CD positions. Significantly, the percentage of CD
wells (CDBF and CDAF) has reached 62.51%; meanwhile, the percentage of wells with
CDBF is already high, at 34.38%. Moreover, shear deformation is the predominant type
among CDBF wells (shear type is 72.22%, flattening type is 23.53%, complex type is 4.25%).

In this work, to further study the mechanism of CDBF, the H2 platform is used as a
case study because of the typical CDBF phenomenon in its four wells. Figure 3 presents the
distribution of the natural fractures/faults and borehole trajectories near the H2 platform.
These fractures/faults formed naturally before the drilling process, and they are measured
using a downhole micro-seismic method. Meanwhile, Table 1 illustrates the information
statistics for four wells in the H2 platform.
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Figure 2. The statistics on the number of CD wells and the types of CD positions in L block.

From the borehole trajectory perspective, it can be seen that: (i) the measured depth of
the four wells are 5944.85 m, 5920.00 m, 5954.61 m and 6051.67 m respectively, (ii) the max
dogleg severity of the four wells are 7.50◦/30 m, 7.07◦/30 m, 7.89◦/30 m and 6.93◦/30 m
respectively, (iii) the horizontal section lengths of the four wells are 1735 m, 1759 m, 1785 m
and 1780 m, respectively (the starting position of the horizontal section is defined as
A location, the end of the horizontal section is defined as B location), (iv) the borehole
trajectory of the horizontal section of each well traverses at least 5 fractures/faults (5 times
in H2-1, 5 times in H2-2, 6 times in H2-3 and 8 times in H2-4).

Moreover, from the production casing perspective, it can be seen that: (i) the casing size
in each well is Φ139.7 × T12.7—steel degree 140 ksi (965 MPa), with the casing centralizer
scheme as presented in Table 1; (ii) the running method of each well is casing rotating
(20 rpm, 11 m/min), the mud density is 2.09 g/cm3, the temperature gradient of the stratum
is 2.73 ◦C/100 m, and the pore pressure gradient of the stratum is 0.997 MPa/100 m;
(iii) according to the logging results, CDBF occurred in H2-1, H2-3 and H2-4, and the
locations of CD position are shown in Table 1.

In the geology perspective, adjacent to H2 platform are H1 platform and H3 platform,
both of which have been fractured.
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H2 platform.
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Table 1. The information statistics for four wells in the H2 platform.

No. CD Mold Measure
Depth (m)

Max Dogleg
Severity
(◦/30 m)

Horizontal
Section

Length (m)

Running
Method

Casing
Centralizer

Scheme
CD Posion (m)

H2-1 CDBF 5944.85 7.50 1735

Casing rotating
20 rpm

11 m/min

spaced 11 m
apart Rigid
Φ205 mm

4309.32–4314.76

4356.01–4356.49

4377.48–4378.79

H2-2 / 5920.00 7.07 1759 /

H2-3 CDBF 5954.61 7.89 1785

4146.36–4149.07

4269.99–4273.49

4373.04–4377.96

4399.85–4401.99

4605.50–4606.37

H2-4 CDBF 6051.67 6.93 1780

4263.40–4265.00

4340.60–4343.60

4481.50–4483.50

4552.30–4553.30

3. Casing String Buckling and Passability
3.1. Buckling

It is well known that the running process of the tool inside the string could be blocked
if the degree of the string buckling exceeds a certain level. Meanwhile, the casing string
buckling is easily caused during running the string in the borehole because of the large
friction resistance in shale gas horizontal wells. According to the actual operating param-
eters (Table 1) and the theory of tubular mechanics, the present study on the buckling
deformation of the four wells of H2 platform is carried out as follows.

From the mechanical perspective, during running the string process in, the accumula-
tion of the total internal forces ∆Fall in the structure could be mainly caused by the effect of
the large friction force ∆F1 due to well trajectory and string effective weight. Meanwhile,
the internal force of the casing string is also affected by the buckling effect ∆F2, the friction
effect due to fluid flow ∆F3, the ballooning effect ∆F4, and the piston effect ∆F5 in horizontal
wells. The total internal forces ∆Fall of the casing string could be calculated by different
effects, as shown in Equation (1) [24]. In our work, these effects are taken into account to
calculate the mechanical behavior of the whole section casing string.

∆Fall = ∆F1 + ∆F2 + ∆F3 + ∆F4 + ∆F5 (1)

When the total internal forces ∆Fall exceeds the critical load of string buckling, the
buckling of the string could be caused. Figure 4 presents the lateral deformation displace-
ment of casing strings in four wells vs. measured depth: (a) H2-1, (b) H2-2, (c) H2-3,
(d) H2-4. In the figure, 0~180◦ is the high position of the wellbore, which indicates the
casing position relative to the high or low side of the bore,; meanwhile, 90~270◦ is the right
position of the wellbore, which indicates the casing position relative to the left or right
side of the bore, and wellbore is the wellbore boundary, which limits the degree of lateral
deformation of the casing. It can be seen from Figure 4 that the buckling casing has a high
frequency of deformation along measured depth, but little horizontal displacement (the
horizontal displacement of the buckling casing is only ±5.5 mm) along the borehole trajec-
tory. The use of centralizer plays an active role in reducing the buckling deformation of
casing. Therefore, the passability of the bridge plug must be negatively affected according
to the buckling deformation of casing.
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3.2. Passability

Figure 5 illustrates the schematic diagram of the tool passability calculation. In
Figure 5, the radius of the borehole curvature is defined as R1, the diameter of the borehole
is defined as D, the maximum outer diameter of the rigid downhole tool is defined as d1,
the outer diameter of the pipe is defined as d2, and the minimum bending radius of the
pipe is defined as R2. K1 is the steel flexural safety factor, the parameter is set as 1.8 in API
(American Petroleum Institute) regulations; K2 is the stress concentration coefficient of the
tool, the parameter is set as 3.0 in API.
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The minimum bending radius of the pipe R2 can be calculated as follows:

R2 =
DEK1K2[

(σθ + σr) +
√

4σ2
s − 3(σθ + σr)

2
] (2)
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In Figure 5, O1 J is X axis, O1 I is Y axis, the geometric relationship can be expressed as:∣∣O1 A
∣∣ = R1 − D/2 + d1/2 (3)

The coordinates of O2 are
(

L
2 ,
∣∣O1 I

∣∣− R2

)
, the geometric relation of tangent between

the casing string and the downhole tool can be illustrated as:

∣∣O1O2
∣∣ =

√(
L
2

)2
+
(∣∣O1 I

∣∣− R2
)2 (4)

∣∣O1O2
∣∣+ R2 +

d2

2
= R1 +

D
2

(5)

Substituting Equations (3) and (4) into Equation (5), the geometric relationship can be
expressed as: 

L2 = 8R1(m + n)− 4m2 + 4n2

m = D/2 − d1/2 + R2
n = D/2 − R2 − d2/2

(6)

The minimum length of the rigid downhole tool can be calculated as:

L = 2
√

2R1(m + n)− m2 + n2 (7)

Meanwhile, the minimum radius of borehole curvature that the rigid downhole tool
with a length L could pass is expressed as:

R1 =
L2 + 4m2 − 4n2

8(m + n)
(8)

The above formulas could be used when the pipe is tangent to the borehole. If the
rigid downhole tool is tangent to the borehole, the formula for calculating the minimum
radius of the borehole curvature can be expressed as follows: R1 = L2+4m2−4n2

8(m+n) ,
∣∣O1H

∣∣+ d1
2 ≤ R1 +

D
2

R1 = L2+4d1
2−4Dd1

8(D−d1)
,
∣∣O1H

∣∣+ d1
2 > R1 +

D
2

(9)

Based on the theory of tool passability in a bending borehole (described in Figure 5),
the passability of the downhole tool in the buckling casing could be obtained. Figure 6
illustrates the maximum allowable length of downhole tool in H2 platform (in this case,
the passability test tool is the Φ 99 cylinder), and the test tool is run from the wellhead to
the bottom. It can be seen that the maximum allowable lengths of test tool in four wells are
5.2 m, 5.7 m, 4.8 m and 6.1 m, respectively. Significantly, according to the calculation results,
it can be analyzed that: (i) the buckling deformation caused by running the casing string
process is not sufficient to prevent the tool, (ii) there is no obvious relationship between
casing buckling and CDBF, e.g., in the perspective of tool passability, the buckling degree
of casing in the H2-2 well (un-CD) is not the lowest, but there is no CD phenomenon.
Meanwhile, the degree of casing in the H2-4 well (CD) is the least. In conclusion, according
to the tubular mechanical calculation of casing string, due to the action of centralizers,
the buckling deformation of casing string is acceptable for tool passage (only ±5.5 mm
along lateral direction), and the bridge plug with conventional size (Φ99 mm) could not be
obstructed in the buckling casing string during the running in process.
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Figure 6. The maximum allowable length of downhole tool in the H2 platform.

4. Analysis of Geological Factors
4.1. Formation Fracture/Fault

Figure 7 illustrates the vertical fractures/faults distribution diagram of the H2 platform
in the shale reservoir. It can be seen that there are several CD positions coincident with the
vertical fractures/faults, e.g., F1 region in H2-1 well and F2 region in H2-3 well. However,
the correlation between CD positions and vertical fractures/faults is not high, according to
the statistical data in Figure 7. Significantly, there are 6 CD positions are not in the vertical
fractures/faults in H2-3 well and H2-4 well; among these CDs, the maximum CD degree
reaches 18%. Moreover, all CD points are positioned close to A location; correspondingly,
there is no CD positons near point B, although there are many formation fracture/faults in
the region near point B.

Processes 2022, 10, x FOR PEER REVIEW 9 of 17 
 

 

 

Figure 7. The vertical fractures/faults distribution diagram of H2 platform in the shale reservoir. 

4.2. Horizontal Formation Layer Slip 

Figure 8 shows the comparison diagram of actual casing trajectory and reservoir rock 

in the horizontal section in the H2 platform: (a) H2-1, (b) H2-2, (c) H2-3, (d) H2-4. The 

target reservoir is S#1 and its lithology is shale. Adjacent to S#1 are the formations S#2, 

S#3 and M#1, where S#2 and S#3 are shales (with different rock parameters from S#1, in-

cluding porosity, permeability and acoustic transmission rate, etc.) and M#1 comprises 

massive carbonate rocks. There are casings in the horizontal section of four wells through 

layers of different lithologies, back and forth. In the H2-1 well, all the CD positions are at 

the f vertical formation fracture/fault (Figure 8a). However, in the H2-3 well, horizontal 

formation layer slip is the main cause of CD, and the CD positions are mostly at the inter-

face between M#1 and S#1(Figure 8c). Meanwhile, in the H2-3 and H2-4, all CD positions 

are at the interface between M#1, S#1 and S#2 (Figure 8d). Through the comparison be-

tween the CD positions and the geological stratification (horizontal and vertical), a pre-

liminary analysis can be obtained: (ⅰ) the main cause of CD is geological activity, and (ⅱ) 

geological activity includes vertical formation fractures/faults and horizontal formation 

layer slip, in which the horizontal formation layer slip is more dominant. 

 

H1 H2

H3

drilling platform

A location

B location

formation fracture/fault

casing deformation

H2-1
H2-2

H2-3
H2-4

CD degree

2%

20%

F1

F2

S#3

S#2

S#1

M#1

CD position                                  casing trajectory                        formation fracture/fault

a b

dc

a1

a2

3893.75

3895.95

3898.15

3882.67

3878.98

TVD(m)

3893.75

3895.95

3898.15

3882.67

3878.98

TVD(m)

3893.75

3895.95

3898.15

3882.67

3878.98

3893.75

3895.95

3898.15

3882.67

3878.98

Figure 7. The vertical fractures/faults distribution diagram of H2 platform in the shale reservoir.

4.2. Horizontal Formation Layer Slip

Figure 8 shows the comparison diagram of actual casing trajectory and reservoir rock
in the horizontal section in the H2 platform: (a) H2-1, (b) H2-2, (c) H2-3, (d) H2-4. The
target reservoir is S#1 and its lithology is shale. Adjacent to S#1 are the formations S#2,
S#3 and M#1, where S#2 and S#3 are shales (with different rock parameters from S#1,
including porosity, permeability and acoustic transmission rate, etc.) and M#1 comprises
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massive carbonate rocks. There are casings in the horizontal section of four wells through
layers of different lithologies, back and forth. In the H2-1 well, all the CD positions are at
the f vertical formation fracture/fault (Figure 8a). However, in the H2-3 well, horizontal
formation layer slip is the main cause of CD, and the CD positions are mostly at the interface
between M#1 and S#1(Figure 8c). Meanwhile, in the H2-3 and H2-4, all CD positions are
at the interface between M#1, S#1 and S#2 (Figure 8d). Through the comparison between
the CD positions and the geological stratification (horizontal and vertical), a preliminary
analysis can be obtained: (i) the main cause of CD is geological activity, and (ii) geological
activity includes vertical formation fractures/faults and horizontal formation layer slip, in
which the horizontal formation layer slip is more dominant.
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Figure 8. The comparison diagram of actual casing trajectory and reservoir rock in a horizontal
section in the H2 platform: (a) H2-1, (b) H2-2, (c) H2-3, (d) H2-4.

4.3. Modeling

In order to further verify the preliminary conclusion of the analysis, two sets of CD
positions are analyzed in detail: a1 (described in Figure 8a, 4356.01 m~4356.49 m, in vertical
fracture/fault) and a2 (described in Figure 8c, 4146.36 m~4149.07 m, in horizontal formation
layer slip).

An interesting phenomenon is that due to different geological migration mechanisms,
the length of the CD varies significantly. Figure 9 illustrates the casing inner diameter
logging results. It can be seen that: (i) the CD length in a2 is 5.64 times that of a1 (the CD
length in a1 is 0.48 m, the CD length in a2 is 2.71 m), (ii) the CD morphology in a1 and
a2 is typical shear deformation. The well logging results are obtained by a multi-finger
image tool (MIT), consisting of electronic circuit, electric motor, 24-arm borehole diameter
measuring probe and other components.

According to the logging results, it can be preliminarily analyzed that in a1, the
angle between the vertical fractures surface and the casing axial direction is almost 45◦

(as calculated through the actual casing trajectory and geological lithology) when the
formation slips, so the length of CD is relatively short. However, in a2, the angle between
the horizontal formation layer surface and the casing axial direction is only 3.73◦ (as
calculated through actual casing trajectory and geological lithology), so the length of CD is
relatively long.
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Figure 9. The casing inner diameter logging results: (a) CD position (well depth 4356.01 m~4356.49 m)
in H2-1 well, (b) CD position (well depth 4146.36 m~4149.07 m) in H2-3 well.

In order to verify the CD mechanism analyzed based on logging results, two groups
of FE models are established to reduce the CD process: CD mechanism in a1 and a2.
The CD FE model in a1 is shown in (: (i) modeling: the coupling FE model consists
of casing (Φ139.7 mm × wall 12.7 mm × 10 m, steel degree 140 ksi, elasticity modulus
210 GPa, poisson’s ratio 0.3), cement (Φ215.9 mm × wall 38.1 mm × 10 m, elasticity
modulus 20 GPa, poisson’s ratio 0.25), and rock (it is divided into two parts by the 45◦

formation fracture, and the size of the rock is 2 m × 2 m × 10 m when the two parts are
combined, elasticity modulus 43.5 GPa, poisson’s ratio 0.25), and contact relationships
between each component is established; (ii) initial geostress: the vertical geostress is 91 MPa,
the horizontal maximum geostress is 96 MPa, the horizontal minimum geostress is 87 MPa,
and the axial direction of the casing is along the direction of the minimum horizontal
principal geostress; (iii) displacement loading: one rock part is fixed, another rock part
slips along the 45◦ formation fracture, and the slip displacement is 40 mm.

Simultaneously, the CD FE model in a2 is shown in Figure 10b: (i) modeling: the
coupling FE model consists of casing (Φ139.7 mm × wall 12.7 mm × 45 m, 140 ksi steel
degree), cement (Φ215.9 mm × wall 38.1 mm × 45 m), and rock (it is divided into two
parts by the horizontal formation layer, and the size of the rock is 2 m × 2 m × 45 m
when the two parts are combined), and contact relationships between each component
is established; (ii) loading: one rock part is fixed, and another rock part slips along the
horizontal formation interface, and the slip displacement is 40 mm. The comparison
diagram shows the actual casing trajectory and reservoir rock in the horizontal section in
the H2 platform.

4.4. Simulation Results

Figure 11 describes the von Mises stress contour of CD casings due to vertical formation
fractures/faults slip type and horizontal formation layer slip type. It can be seen that the
length of the high stress zone of the CD casing due to the horizontal formation layer slip (a1)
is significantly longer than that of the casing due to the vertical formation fractures/faults
slip (a2) (the length of CD casing in a1 is only 0.435 m, but the length of CD casing in a2
reaches 2.519 m). The results of this simulation are in good agreement with the logging
results in Figure 9 (the length of CD casing is 0.48 m in a1, and the length of CD casing is
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2.71 m in a2). Moreover, the distribution of plastic deformation regions (stress ≥ 965 MPa
(140 ksi)) is also different for the two types of CD.
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Figure 11. The von Mises stress contour of CD casing due to vertical formation fractures/faults slip
type and horizontal formation layer slip type.
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Table 2 presents the comparison of all the CD logging data and the FE simulation in
the H2-3 well. It can be seen that this is consistent with our hypothesis. The numerical
simulation results (high stress section length from FE model) are in good agreement
with the actual CD logging results in No. 1~No. 4 CD positions (logging results—FE
results: 2.71–2.51, 3.5–2.86, 4.92–4.68, 2.14–2.11). Moreover, the smaller the angle of casing-
formation layer, the longer the CD length. The calculated results (2.99 m) of CD length
of No. 5 position through the lateral formation slip model (Figure 10b) are not consistent
with the actual logging results (0.87 m). However, the calculated results (0.67 m) are
in good agreement with the actual logging results (0.87 m) when the vertical formation
fractures/faults slip model (Figure 10a), the angle between the vertical fracture surface
and the casing axial direction is 31◦) is used. Apparently, these results confirm well the
preliminary conclusion that lateral formation slip is the main cause of CD (Figure 11).

Table 2. The comparison of all the CD logging data and the FE simulation in the H2-3 well.

No. CD Section
Depth (m)

Angle of
Casing-

Formation
Layer (◦)

CD Section
Length from

Logging Results
(m)

High Stress
Section Length
from FE Model

(m)
1 4146.36–4149.07 3.73 2.71 2.51
2 4269.99–4273.49 3.42 3.5 2.86
3 4373.04–4377.96 1.72 4.92 4.68
4 4399.85–4401.99 3.99 2.14 2.11
5 4605.50–4606.37 3.27 0.87 0.67/2.99

Figure 12a illustrates the number of casing passes through the different horizontal
lithologic layers (TL). It can be found from the data that the number of TL of CD wells
is significantly higher (the casing in H2-1 well is 31 times, H2-3 is 31 times and H4-1 is
23 times); however, H2-2 is only 16 times. This phenomenon that CD wells have a higher
number of TL is also typical in other platforms. Figure 12b shows the number of CD position
in the H2 platform due to TL and TF (through the vertical formation fractures/faults); it
can be seen from the data that 66.67% of the CD positions in H2 platform are caused by
TL. In practice, based on the actual data, among the 85 CD positions in L oilfield, 60 CD
positions are caused by TL (70.58%), 8 CD positions are caused by TF (9.42%), and the cause
of 17 CD positions is unknown (20.00%). It can be analyzed that the greater the number of
TL, the greater the probability of CD. Moreover, according to the data of the relationship
between CD and TL, the TL is the main cause of CD. Through the above analysis, it can be
seen that both TL and TF could cause CD, and TL is the main reason for it. Therefore, in
the process of drilling, reducing the number of TL of the well trajectory could effectively
reduce the probability of CD.
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Figure 12. The statistics of CD positions: (a) the number of casing passes through the different
horizontal lithologic layers, (b) the number of CD positions in the H2 platform due to different
reasons (TL and TF).
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5. The Phenomenon of CD Positioning Close to a Point of Wells

Based on the statistical results of CD positions for 60 CD wells in the L field, more
than 90% of the CD positions are at a point on the A-C path (assume that the midpoint
between point A and point B is defined as point C). Apparently, the statistical results of CD
positions in the wells of H2 platform are also in good agreement with this phenomenon;
all CD positions are located in the A-C path. It is well known that when a string bends or
buckles, its residual strength could decrease to some extent; meanwhile, when a string is
subjected to axial force, its residual strength could also decrease. Correspondingly, it can
be seen from Figure 4 that casing buckling in sections A-C is more severe than that in C-B
sections. On the other hand, for the casing in a horizontal shale gas well, the axial force in
the horizontal section of the string is usually compressive axial force, and the axial force is
larger as it is closer to point A. Therefore, based on the calculation of the fourth strength
theory [25], it can be found on a preliminary basis that the residual strength of casing
could decrease when it is close to point A, and the casing with lower residual strength
could be more prone to deformation due to geological reasons. Figure 13 illustrates the
percentage of casing residual collapse resistance in four wells vs. measured depth (H2
platform, along A-B section). It can be seen from Figure 13 that: (i) in the A-B section, the
residual strength of the four casing strings increases nonlinearly along the measured depth,
(ii) the residual strength of the casing in the H2-2 well is significantly higher than that of
the other three wells, (iii) all CD positions are at faults (vertical fracture surface and the
horizontal formation layer surface) in dense region I. Therefore, it can be analyzed that
the phenomenon that many CD positions are close to point A of wells is caused by the
comprehensive influence of the tubular mechanical and geological factors.
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Figure 13. The percentage of casing residual collapse resistance in four wells vs. measured depth (H2
platform, along A-B section).

6. Discussion

According to the tubular mechanical calculations for the casing string, due to the action
of centralizers, the buckling deformation of the casing string is acceptable for downhole tool
passage (only ±5.5 mm along lateral section), and the bridge plug with conventional size
(Φ99) could not be obstructed in the buckling casing string during running in. Moreover,
since the fracturing process has been completed on platforms H1 and H3, the formation
on H2 platform has the prerequisites to be activated. It can be analyzed that the working
fluid used in the fracturing process of the H1 and H3 platforms entered the formation of
the H2 platform, resulting in the decrease of the friction resistance between the interfaces of
vertical fractures and the horizontal layers of the formation in the H2 platform, and finally
causing the formation slip. The formation activation area is mainly distributed near the
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reservoir (S#1, S#2, S#3 and M#1) according to the research results. Further, according to
the statistics of field data and FE calculation results, geological factors are the main cause
of CD, among which the horizontal formation layer slip is the main factor and the vertical
fracture/fault slip is the secondary factor. However, according to the statistics of the CD
positions, most of the CD positions are distributed in the A-C section (66.67%). This is
because the residual strength of the casing in the A-C section is lower than that of the casing
in the C-B section. The difference in strength is due to various factors: (i) casing buckling in
sections A-C is more serious, and additional buckling stress reduces the residual strength of
casing; (ii) due to the wellbore trajectory of horizontal wells, the compressive axial force of
casing in sections A-C is significantly larger than that of casing in sections C-B. Obviously,
it is well known that vertical fractures/faults in shale reservoirs are very dense, based on
the density of fractures/faults distribution in the reservoir. Thus, vertical fractures/faults
are unavoidable in the wellbore trajectory when the target layer is determined. Fortunately,
vertical fractures are not the main factor of CD in L field. From the engineering perspective,
the number of CD positions could be reduced by: (i) avoiding frequent TL of the wellbore
trajectory, (ii) optimizing the casing running in process (rotational speed, sitting weight of
casing at wellhead) to reduce buckling and improve casing residual strength.

7. Conclusions

(1) According to the tubular mechanical calculation of casing string, due to the action of
centralizers, the buckling deformation of casing string is acceptable for tool passage
(only ±5.5 mm along lateral section), and the bridge plug with conventional size (Φ99)
could not be obstructed in the buckling casing string during string running in.

(2) According to the statistics of field data and FE calculation results, geological factors
are the main cause of CD, among which the horizontal formation layer slip is the main
factor and the vertical fracture/fault slip is the secondary factor.

(3) The phenomenon that many CD positions are close to point A of wells is caused by
the comprehensive influence of the tubular mechanical and geological factors.

(4) From the engineering perspective, the number of CD positions could be reduced by:
(i) avoiding frequent TL numbers in the wellbore trajectory, and (ii) optimizing the
casing running in process (rotational speed, sitting weight of casing at wellhead) to
reduce buckling and improve casing residual strength.
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Nomenclature

R1 radius of curvature of the well-hole m
D diameter of the well-hole m
d1 maximum outer diameter of the rigid downhole tool m
d2 outer diameter of the pipe m
R2 minimum bending radius of the pipe m
K1 steel flexural safety factor /
K2 stress concentration coefficient of the tool /
L rigid downhole tool length m
m process coefficient m
n process coefficient m
E elasticity modulus Pa
σθ hoop stress of tool Pa
σr radial stress of tool Pa
σs axial stress of tool Pa
∆Fall total change of internal force in tubing N
∆F1 force change from friction effect N
∆F2 force change from buckling effect N
∆F3 force change from friction effect due to fluid flow N
∆F4 force change from ballooning effect N
∆F5 force change from piston effect N
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