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Abstract: Casing deformation is a common but serious problem experienced during hydraulic frac-
turing operations in shale reservoirs. The Multi-Finger Imaging Tool is used to measure the casing
deformation where the casing inner diameter is the only parameter used to characterize the deforma-
tion. Many deformed casing geometric details are often ignored, and these geometric characteristics
are helpful for revealing the casing deformation mechanism. In this study, we established a quantita-
tive method to describe the casing deformation using methods of judging the similarity of curves.
By comparing the field casing deformation sections and the initial casing section, we categorized
the casing deformation sections into concave and elliptical types. Furthermore, using the centroid
calculation, elliptical type was sub-divided into symmetric ellipse type and eccentric ellipse type.
On the basis of the Weiyuan and Guandong oil field’s fault distribution maps, we demonstrated
that the fault slip could be the main cause of concave type and eccentric ellipse type. A numerical
study was then carried out to ascertain whether fault slip can cause concave type and eccentric
ellipse type casing deformations and to establish the relationship between fault slip magnitude and
casing deformation. The results support the idea that concave type and eccentric ellipse type casing
deformation are caused by the fault slip. Sensitivity analysis showed that the shape of the casing
section was largely influenced by the dip angle, while the change of the casing inner diameter was
largely influenced by the strike angle. The method proposed herein presents a useful step towards
the prediction of the causes of casing deformation and provides a relationship between casing inner
diameter change and fault slip.

Keywords: shale; casing deformation; geometric characteristics; quantitative analysis description

1. Introduction

During oil and gas development stages, the casing is subjected to extremely harsh en-
vironmental conditions for a long time, which could lead to deformation. It has previously
been observed that casing deformation falls into four categories, namely, buckling, shear,
extrusion, and pitting [1,2]. Typically, in most oil and gas formations, there is a presence of
corrosive gas, and thus due to pitting corrosion and hydrogen embrittlement, the casing is
likely to experience tensile and perforation damage [3–5]. Moreover, during the production
process, the casing is subjected to complex loading due to temperature changes, creep
of salt gypsum rock, or mudstone hydration, which causes buckling and extrusion [6–8].
Unconventional oil and gas resources are characterized by extremely low permeability and
thus require hydraulic fracturing stimulation. Casing deformation, and in particular shear
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deformation [9,10], is one of the main problems experienced during the hydraulic fracture
process [11].

A considerable amount of literature has been published on casing deformation during
hydraulic fracturing. These studies indicate that the potential causes of casing damage
are asymmetry of fracture propagation, stress concentration, temperature changes, and
poor cementing quality [12–15]. In Weiyuan and Guandong blocks, out of 133 casing shear
deformation cases 61 casing deformations had occurred near the fault plane. This implies
that the fault slip is the main cause of shear deformation [16]. In addition, studies have
explored the relationships between large-scale fluid injection and the seismic activity near
the faults [17,18]. The fault slip can be estimated by using the fault geological parameters
and seismic data [19,20]. However, the relationship between the fault slip and the casing
inner diameter change is not clear. Finite element modeling studies show that fault slips
induce shear deformation on casing [21]. Nevertheless, due to numerical convergence
problems, the casing is modeled as an elastic material, and also the effects of both fault strike
and dip angle are rarely considered. Modeling the casing based on plastic parameters and
considering both strike and dip angles can improve the accuracy of the simulation results.

In this paper, we establish a quantitative method to describe the casing deformation
using methods of judging the similarity of curves. Using the Multi-Finger Imaging Tool
data from Weiyuang and Guandong blocks, the characteristics of the initial casing section
were compared with the casing deformation section observed during hydraulic fracturing
and classified. A numerical study was carried out to ascertain whether fault slip can cause
observed casing deformations and to investigate the impact of strike and dip angles. Finally,
the relationship between fault slip and casing inner diameter change was established.

2. Quantitative Analysis of Casing Deformation
2.1. Geological Characteristics of the Formation

The average Young’s modulus of Weiyuan block formation is 22.5 GPa, Poisson’s ratio
is in the range of 0.115–0.258, the average pore size of the reservoir is 200 nm, the porosity
is about 3%, and the permeability is 2.4 × 10−4 md. The faults are sporadically distributed
and are less than 1 km in length with varying fault strikes. At about 3600 m, the max and
min horizontal geo-stress gradients are 0.0243 MPa/m and 0.0201 MPa/m.

2.2. Methods of Describing Casing Deformation Sections

In the field report, the casing deformation is described by the length of the casing
deformation section, the well depth at the max deformation position, and the max and min
inner diameter of the casing. The multi-finger imaging tool is used to measure the inner
diameter of the casing with a precision of ±0.5 mm. Generally, small casing deformations
are usually described by ovality, as shown in Equation (1), which is defined as the difference
between the maximum inner diameter and the minimum inner diameter of the casing.
Definition of casing deformation sections by using Equation (1) does not describe the local
deformation characteristics. For instance, it would be difficult to distinguish between an
elliptical casing section (max and min inner diameter 124.3 mm and 104.3 mm) and a
concave casing section (max and min inner diameter 114.3 mm and 94.3 mm) by using
ovality Equation (1).

ϕ =
(Dmax − Dmin)

D
× 100% (1)

where ϕ is ovality; D is the diameter of the initial casing, mm; Dmax is the maximum
diameter of casing section after deformation, mm; and Dmin is the minimum diameter of
casing section after deformation, mm.

Most of the casings in Weiyuan oil field are made of P125 steel with an outer diameter
of 139.7 mm and thickness of 12.7 mm. More than 80% of the 144 casing deformation
sections examined from Weiyuan block show that the casing inner diameter change is
within the range of 8–30 mm, that is, the ovality range is 7–26% (Figure 1). A total of



Energies 2022, 15, 2280 3 of 14

107 cases of casing deformation from Weiyuan and Guandong blocks are mainly located
within 0–1000 m from the landing point, and 61 casing deformations are related to faults.

Figure 1. Casing inner diameter change of 144 casing deformations at Weiyuan block.

Casing deformation during hydraulic fracturing can be quite large and irregular. Thus,
Equation (1) is not suitable for describing such deformations. A new method needs to be
established for characterizing these large and irregular deformation types and quantifying
the influence of the overall size change and local deformation. In the oil field, the Multi-
Finger Imaging Tool is used to measure and record the casing deformation by finger length
(Figure 2).

Figure 2. The Multi-Finger Imaging Tool (left), and schematic diagram of typical results (right).

Usually, the minimum inner diameter is used to quantify the magnitude of casing
deformation. However, some casing sections have the same magnitude, but their profiles
are quite different. The deformation sections as shown in Figure 3 have the same magnitude
of deformation (18 mm), but their profiles have different characteristics. Essentially, the
causes of these two types of deformation may be different. Therefore, it is important to have
a method that can accurately characterize the casing deformation profile to help predict the
possible causes of deformation.

Several methods currently exist for describing the similarity of curves, such as Eu-
clidean distance similarity and Fréchet distance [22,23]. In this study, we used these
methods to describe the casing deformation profile by comparing the initial casing section
and deformed casing sections. We used the Euclidean distance similarity (ES) method
to judge the overall size difference and the Fréchet distance (FD) to define the change in
local deformation.
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Figure 3. Casing deformation section G1701 (left) from Guandong Block and W12-3 (right) from
Weiyuan block with the same minimum inner diameter but the different profiles.

Several methods currently exist for describing the similarity of curves, such as Eu-
clidean distance similarity and Fréchet distance [22,23]. In this study, we used these
methods to describe the casing deformation profile by comparing the initial casing section
and deformed casing sections. We used the Euclidean distance similarity (ES) method to
judge the overall size difference and the Fréchet distance (FD) to define the change in local
deformation.

On the basis of casing deformation data obtained by Multi-Finger Imaging Tool, we
can calculate the xn and yn coordinate for each finger. Similarly, we can calculate the Xn and
Yn coordinate of the initial casing section along the same radius. The Euclidean distance
between these two profiles (Figure 4) is then estimated, as shown in Equation (2) and
Equation (3):

dn =

√
(xn − Xn)

2 + (yn −Yn)
2 (2)

ES =
rs − d

rs
=

rs − 1
n

n
∑
1

√
(xn − Xn)

2 + (yn −Yn)
2

rs
(3)

where dn is the Euclidean distance, mm; xn, yn are the coordinates for each finger; Xn, Yn
are the coordinates of the initial casing section along the same radius; rs is the initial casing
section radius, mm; and d is the average Euclidean distance of all the fingers, mm.

Figure 4. A schematic of the Euclidean distance between the initial casing section and the elliptical
casing section.

Figure 3. Casing deformation section G1701 (left) from Guandong Block and W12-3 (right) from
Weiyuan block with the same minimum inner diameter but the different profiles.

On the basis of casing deformation data obtained by Multi-Finger Imaging Tool, we
can calculate the xn and yn coordinate for each finger. Similarly, we can calculate the Xn and
Yn coordinate of the initial casing section along the same radius. The Euclidean distance
between these two profiles (Figure 4) is then estimated, as shown in Equations (2) and (3):

dn =

√
(xn − Xn)

2 + (yn −Yn)
2 (2)

ES =
rs − d

rs
=

rs − 1
n

n
∑
1

√
(xn − Xn)

2 + (yn −Yn)
2

rs
(3)

where dn is the Euclidean distance, mm; xn, yn are the coordinates for each finger; Xn, Yn
are the coordinates of the initial casing section along the same radius; rs is the initial casing
section radius, mm; and d is the average Euclidean distance of all the fingers, mm.

Figure 4. A schematic of the Euclidean distance between the initial casing section and the elliptical
casing section.

After obtaining the profile of the deformed section, Fréchet distance (FD) is used to
define the change in local deformation, as shown in Figure 5. Let M and N be the deformed
and initial (undeformed) casing sections. If set (a) contain points in M: a→M and set (b)
contains points in N:b→N, then the Euclidean distance between points a and b in the same
plane is d(a,b). If we let every point a(t) and b(t), 0 ≤ t ≤ 1. The minimum distance between
M and N is shown in Equation (4) and is the Fréchet distance [24].

FD = min
a[0,1]→M,b[0,1]→N

max
t

(d(a(t), b(t))) (4)
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where a(t) is a set of points on the deformed casing section M, and b(t) is a set of points on
the initial casing section N; d(a,b) is the Euclidean distance between M and N.

Figure 5. A schematic of the Fréchet distance between the initial casing section and concave
casing section.

2.3. Application of ES and FD in Casing Deformation

Using the data from Weiyuan and Guandong, oil field ES is calculated to judge the
overall size difference and the FD is calculated to define the change in local deformation.
After obtaining these two parameters, we take the ratio of FD and 1-ES to categorize the
casing deformation, as shown in Table 1. Similarly, the ovality of these casing sections is
calculated. However, by using ovality, it is difficult to describe the casing deformation
characteristics. The precision in calculating both ES and FD depends on the precision
accuracy of the Multi-Finger Imaging Tool (±0.5 mm).

Table 1. Geometric characterization of casing deformation in Weiyuan and Guandong oil fields.

Categories Well Ovality/% Euclidean Distance Similarity/% Fréchet Distance (mm) FD/(1-ES) Centroid (x,y)

Concave Section (Type 1)

G1701 22.6 95.8 18.1 430.5 -
W1706(1) 22.6 93.9 20.6 337.2 -
W18-1(1) 50.5 85.0 29.0 193.6 -
W18-1(2) 22.1 91.6 18.6 221.1 -

W51-7 46.2 84.0 30.2 191.6 -
G213 30.9 93.0 16.6 237.1

Symmetric ellipse section
(Type 2-1)

W1705 15.1 95.5 6.4 141.3 0.13, −0.39
W15-7 49.5 84.9 18.2 120.6 0.55, −0.21
W12-3 29.3 91.4 9.4 109.8 0.22, 0.15
W13-1 16.8 94.8 5.9 113.5 0, 0.53
W14-1 33.2 89.7 12.6 122.2 −0.2, −2.5
W14-3 11.3 89.6 11.9 114.6 0.4, −0.9
W18-3 31.3 90.3 11.8 122.1 0.19, 0.09

Eccentric ellipse section
(Type 2-2)

W12-2 3.0 92.7 9.5 130.2 3.5, −5
W1706(2) 11.9 92.7 8.4 114.5 −0.3, −6.2

The type 1 deformation has a concave section and type 2 deformation has an elliptical
section. As shown in Figure 3, the FD/(1-ES) ratio of well g1701 is 430.5, while that of well
w12-3 is 109.8, and the magnitude of inner diameter changes of the two wells is 18 mm. For
the same casing inner diameter change, the larger the magnitude of FD/(1-ES), the more
severe the local casing deformation.

Using the centroid calculation Equations (5)–(7) [25], type 2 can be subdivided into
two types, where type 2-1 (w1705) has a symmetric ellipse section, and type 2-2 (w1706 (2))
has an eccentric ellipse section, as shown in Figure 6.

A =
1
2

N

∑
i=1

(xiyi+1 − xi+1yi) (5)
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Cx =
1

6A

N

∑
i=1

(xi + xi+1)(xiyi+1 − xi+1yi) (6)

Cy =
1

6A

N

∑
i=1

(yi + yi+1)(xiyi+1 − xi+1yi) (7)

where A is the area of casing section (polygon), mm2; Cx is X coordinate of the center point,
mm; Cy is Y coordinate of the center point, mm; and xi, yi is coordinates of each vertex of
the polygon, x1 = xn+1, and y1 = yn+1.

Figure 6. Sub-divisions of type 2 (ellipse casing deformation) sections from Weiyuan oil field: W1705
symmetric ellipse section (left) and W1706(2) eccentric ellipse section (right).

From the fault distribution map (Figure 7), it can be seen that well W1706(2) and well
W18-1 lie within the vicinity of the fault. The casing deformation position of these two wells
is precisely at the points where the fault crosses the well trajectory, which indicates that the
fault slip may be the main cause of type 1 and type 2-2 deformations.

Figure 7. Fault distribution map and trajectories of w1706 and w18-1.
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3. Numerical Model Formulation and Implementation

The goal of the numerical model is to ascertain whether the fault slip can cause type 1
and type 2-2 casing deformations and establish the relationship between the fault slip and
casing deformation. A horizontal well was modeled with its axial direction coinciding with
the X-axis. The wellbore system included a casing, cement, and formation (Figure 8). The
outer diameters of the cement sheath and casing were 215.9 and 139.7 mm, respectively,
and the casing thickness was 12.7 mm. The total size of the model was 10 × 1 × 1 m (XYZ)
and represented the formation, cement sheath, and casing system.

Figure 8. Schematic diagram of finite element model (formation–cement–casing).

3.1. Material Models and Material Properties

Under confining pressure, cement exhibits nonlinear behavior [26]; however, there
was little difference in the casing inner diameter change regardless of whether we modelled
cement as either plastic or elastic material. Therefore, to reduce the computational burden,
the formation and cement sheath were assumed to be linearly elastic. The casing was
considered as an elastoplastic material, and all the elastic material properties are as shown
in Table 2.

Table 2. Material elastic properties.

Material Elastic Properties Elastic Modulus (Gpa) Poisson’s Ratio

Formation 22 0.14
Cement 8 0.2

Casing (P125) 210 0.3

Abaqus provides an isotropic elastoplastic hardening model useful for steel analysis
involving gross plastic strain. The total strain is the sum of plastic strain and elastic
strain, which is the ratio of the real stress to the elastic modulus. Therefore, to obtain the
plastic strain, we only need to subtract the elastic strain from the total strain, as shown in
Equation (8).

εpl = εt − εel = εt − σ

E
(8)

where εpl is the true plastic strain; εt is the total plastic strain; εel is the true elastic strain;
σ is the true stress, MPa; and E is the modulus of elasticity, MPa.

To approximate the smooth stress–strain curve of the steel, Abaqus requires the tensile
test data. Several test samples were obtained from the P125 casing and tested according to
the testing standard (GB/T 228.1-2010), as demonstrated in Figure 9.
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Figure 9. Tensile test sample obtained from P125 casing (a) and sample dimension (b).

Figure 10 shows the true stress–strain curve from the test, and the casing plastic
parameters used in this study are shown in Table 3.

Figure 10. The stress and strain test results of the P125 casing.

Table 3. The plastic parameters of P125 casing steel.

True Stress (MPa) 988.23 1000.12 1050.08 1100.28 1150.48 1200.13 1204.95

True strain 0.00454 0.00573 0.0161 0.0266 0.0395 0.057 0.0604

Plastic strain 0 0.0012 0.0116 0.0221 0.0349 0.0525 0.0558

A fault plane was established across the system at strike and dip angles α and β,
respectively (Figure 11). For the first model, the initial strike and dip angles were 90◦/30◦.
In an attempt to investigate the influence of strike and dip angles on casing deformation,
25 simulation models were run by changing the strike and dip angles in steps of 15◦. The
displacement of the fault was limited in the horizontal plane, and the direction of the fault



Energies 2022, 15, 2280 9 of 14

slip was set along the fault strike, as shown in Figure 12. To compare the results in the same
stress conditions and reduce the computation burden of the 3D model, the simulations
were stopped when the casing reached its ultimate strength.

Figure 11. Schematic diagram of fault slip.

3.2. Modeling Stages and Boundary Conditions

In this study, two analyses steps were run. In step 1, according to the geostress in the
Weiyaun field, the max horizontal stress applied in the Y direction was 91.5 MPa, the min
horizontal stress applied in the X direction was 68.4 MPa, and the vertical stress applied
in the Z direction was 78 MPa. The pressure at the casing inner surface was evenly set at
90 MPa, and then the model was run to equilibrium. In step 2, 40 mm displacement was
applied to the model to simulate the fault slip. Finally, the casing stress and displacement
output fields recorded were then analyzed to establish the relationship between fault slip
and casing deformation.

4. Results and Discussion

Using the finite-element model described above, the impact of fault slip on cas-
ing deformation was investigated for various combinations of strike and dip angles.
The simulated casing section was discretized, and the Euclidean distance, Fréchet dis-
tance, and FD/(1-ES) ratios were calculated. The following subsections summarize the
simulation results.

4.1. Calculation of ES and FD from Models Results

Our models are defined by the fault’s strike and dip angles, as shown in the first
column of Table 4. The Euclidean distance similarity, Fréchet distance, and the ratio
FD/(1-ES) for all the models’ deformation sections were calculated, and the results are
shown in Table 4. From these results, we can see that under the same strike angle condition,
increasing the dip angle in steps of 15◦, the changes of Euclidean distance similarity and
Fréchet distance were irregular, but the ratio of FD/(1-ES) was always decreasing. This
indicates that the larger the dip angle, the smaller the local deformation of the casing
section. When the casing reached the ultimate strength, the influence of fault slip on the
deformation characteristics of the casing gradually changed from local deformation to
overall deformation (from type 1 to type 2-2).

Table 4. Analyses of geometric characteristics of deformed casing sections from the models.

Model Fault Strike/Dip Euclidean Distance Similarity/% Fréchet Distance (Mm) FD/(1-ES)

9030 95.7 7.4 171.9
9045 94.9 8.4 163.8
9060 91.6 10.0 119.3
9075 91.7 10.1 121.3
9090 93.5 7.5 115.9

Model Fault Strike/Dip Euclidean Distance Similarity Fréchet Distance (Mm) FD/(1-ES)

7530 95.4 8.2 177.5
7545 94.3 9.7 170.5
7560 95.6 6.6 150.5
7575 95.6 6.4 144.9
7590 94.0 7.9 131.5
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Table 4. Cont.

Model Fault Strike/Dip Euclidean Distance Similarity Fréchet Distance (Mm) FD/(1-ES)

6030 93.1 9.9 143.4
6045 91.2 11.2 127.6
6060 93.5 8.4 129.2
6075 92.8 9.0 125.6
6090 93.3 8.4 126.1

Model Fault Strike/Dip Euclidean Distance Similarity Fréchet Distance (Mm) FD/(1-ES)

4530 96.6 6.3 184.3
4545 95.5 7.5 166.9
4560 94.3 8.2 143.8
4575 93.9 8.1 132.8
4590 94.9 6.8 133.5

Model Fault Strike/Dip Euclidean Distance Similarity Fréchet Distance (Mm) FD/(1-ES)

3030 96.5 6.3 180.4
3045 95.6 7.1 161.1
3060 94.8 7.2 137.9
3075 94.8 6.7 129.5
3090 94.6 7.5 138.3

4.2. Comparison between Simulation and Oil Field Casing Deformation Sections

From the previous geometric characterization of casing deformation in the Weiyuan
and Guandong oil fields, the concave casing deformation (type 1) had the most serious local
deformation (large value of FD/(1-ES)). From the analyses of deformed casing sections
from the models (Table 4), we can see that the concave casing deformation was most likely
to occur when the fault dip angle was 30◦. Figure 12 shows the comparison of oil field
casing sections and the simulation section. G1701 obtained from the oil field (left black
curve) had a large inward bend that made the section appear concave; furthermore, it had
a protruding part that overlapped the initial section (blue circle). This profile was similar to
that of model 9090 (right colored circle) when the fault slip was about 27.5 mm.

Figure 12. Concave deformation section of G1701 (black curve) and model 9030 (colored circle)
against the initial casing section (blue circles).

In Figure 13, we can see that the deformation sections (left black curve and right
colored circle) had the same inward bend as casing sections in Figure 12 when the fault slip
was about 35.6 mm. However, these sections did not have protruding parts overlapping
the initial section (blue circles). The casing inner diameter change of model 9030 and model
3030 sections were 18.8 and 14.8 mm, respectively. Even though model 9030 had a smaller
fault slip, its inner casing diameter change was larger; this was because of the difference in
their t strike angles.
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Figure 13. Concave deformation section of W1706(1) (black curve) and model 3030 (colored circle)
against the initial casing section (blue circles).

Type 2-2 casing deformation (well 1706(2)) in Table 1 matched with the deformation
observed in model 6060. Furthermore, their Fréchet distances (8.357/8.399) and FD/(1-ED)
ratios (114.5/129.2) were almost the same. Figure 14 shows the deformation sections (left
black curve and right colored circle) when the fault slip was about 14.01 mm, wherein we
can see that unlike type1, these sections did not have the inward bend. The casing inner
diameter change for these sections was approximately 8.9 mm. It is also clear that the
deformed sections had eccentric ellipse characteristics. This was because of the differences
in both the fault strike and dip angles.

Figure 14. Eccentric deformation section of w1706(2) (black curve) and model 6060 (colored circle)
against the initial casing section (blue circles).

4.3. The Effect of Strike and Dip Angles on Casing Deformation

From the field casing deformation classification in Table 1, type 1 had the most severe
local deformation, as indicated by the ratio FD/(1-ES), and also it was the most common
type caused by fault slip. Thus, from the simulation results, we investigated the effect of
strike and dip angles and established the relationship between fault slip and type 1 casing
deformation (casing inner diameter change).

The larger the dip angle, the smaller the local deformation, indicating that the dip
angle largely dictated the shape of the casing section (Table 4). Under the same strike
conditions, the variation of the dip angle seemed to have little effect on the casing inner
diameter, as shown in Figure 15 (black and red line). In contrast, under the same dip angle
conditions, the strike angle had much larger effects on the casing inner diameter, as shown
in the black and green line. As the fault slip displacement increased, the difference in casing
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inner diameter of model 9030 (green) and 3030 (black) increased, while in model 3090 (red)
and 3030 (black), this was quite small. This indicates that the strike angle had more impact
on the change of the casing inner diameter.

Figure 15. The relationship between fault slip and casing inner diameter.

Initially the relationship between the fault slip and casing inner diameter change was
nonlinear. This was because the elastic modulus of the casing was 10 times larger than the
formation elastic modulus, and thus the fault displacement was not equivalent to the casing
inner diameter change. It can be seen that for every fault slip displacement, the green line
had the largest casing inner diameter change. Therefore, a conservative prediction of the
casing inner diameter change can be given by the equation of the green line as follows:

y = 0.0121x2 + 0.3563x− 0.097
(

R2 = 0.9985
)

(9)

where y the casing inner diameter change, mm; X is fault slip, mm; and R is correlation
coefficient.

5. Conclusions

In this study, a quantitative method to describe the casing deformation using methods
of judging the similarity of curves was established. By comparing the field casing deforma-
tion sections and the initial casing section, casing deformation sections were categorized
into two types. A 3D finite-element model was then developed to investigate the effect
of fault strike and dip angles on casing deformation. Finally, the relationship between
casing inner diameter change and fault slip was determined. The following conclusions
were drawn:

(1) On the basis of the curve similarity method, the casing deformation section of Weiyuan
and Guandong oil field can be categorized into two types: type 1, concave cas-
ing section, and type 2, elliptical casing section. The centroid calculation of type
2 showed that it can be subdivided into type 2-1, symmetric ellipse, and type 2-2
eccentric ellipse.

(2) From the fault distribution map, the casing deformation position is precisely at the
point where the fault crosses the well trajectory, which indicates that the fault slip
may be the main cause of type 1 and type 2-2 deformations.

(3) The numerical simulation ascertains that type 1 and type 2-2 casing deformations are
caused by the fault slip. The larger the dip angle, the smaller the local deformation.
The dip angle largely dictates the shape of the casing section, while the strike angle
has much larger effects on the casing inner diameter.
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(4) For every fault slip displacement, model 9030-type 1 shows the most severe casing
deformation. Therefore, a conservative prediction of the casing inner diameter change
can be given by the equation of model 9030-type 1.
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