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ABSTRACT

A three-dimensional model for the numerical simulation of casing-cement behavior is used to investigate residual
strength in the perforated casing of ultra deep wells. The influence of the hole diameter, hole density and phase
angle on the residual strength of the casing under non-uniform stress and fracturing conditions is revealed
through the consideration of different perforation parameters. It is shown that the residual strength of the casing
increases with the hole diameter and periodically changes with the hole density; the phase angle is the main factor
that affects the residual strength of the perforated casing, and the perforation should be avoided in the direction of
the minimum principal stress to reduce stress concentration at the perforation hole. Moreover, as shown by a
companion orthogonal experiment, the descending order of influence of the different influential parameters is:
phase angle, hole diameter, hole density and the thickness of casing.

KEYWORDS

Perforated casing; non-uniform stress; residual strength; orthogonal experiment

1 Introduction

A high and nonuniform in situ stress exists in ultradeep wells. The influence of perforation and reservoir
stimulation on the residual strength of the casing is unclear. The optimization of perforation schemes lacks a
scientific basis. Therefore, one of the key issues is to optimize the perforation casing design of ultradeep
wells, which urgently needs to be solved in the development of ultradeep formations. Scholars at home
and abroad have studied the strength of perforated casings based on theoretical calculations, numerical
simulations, and laboratory experiments. Zong et al. [1] calculated the collapse pressure of a
nonperforated casing by Ilemenko’s method and deduced the reduction coefficient of the anti-collapse
capacity of a perforated casing, which is in good agreement with the calculated value of the experimental
research results. Somerville et al. [2] used numerical simulation and theoretical formulas to calculate and
analyze the factors affecting casing stability after perforation completion. Fereidoun et al. [3] analyzed the
stress concentration around the perforation hole of a spiral perforation casing. Li et al. [4] used ANSYS
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finite element software to analyze the impact of repeated perforation on casing strength. The maximum
strength reduction was 16.35%, and the average amplitude was 11.43%. Zachary et al. [5] proposed a
novel method for the acquisition of yield strength in the hoop direction and carried out an experimental
study through the determination of the tubular yield strength in the hoop direction. In addition, related
studies [6–8] have analyzed the strength of perforated casings under different working conditions.
However, due to different analysis objects, working conditions, experimental conditions and simulation
methods, they cannot be closely integrated with actual field data. Therefore, this paper establishes a three-
dimensional casing-cement-formation model based on actual high in situ stress and fracturing conditions
of ultradeep wells in the southern margin of the Junggar Basin, Xinjiang, which aims to comprehensively
study the influence law of perforation parameters on casing strength under a nonuniform in situ stress and
to put forward optimization suggestions to provide theoretical support for wellbore integrity protection in
this area.

2 Three-Dimensional Model of Perforated Casing-Cement-Formation under Heterogeneous in Situ-
Stress Conditions

Since casing-cement-formation under perforation conditions is not axisymmetric or centrally
symmetrical, only a three-dimensional model can be selected to analyze the overall stresses under a
nonuniform stress.

This model takes the 5-1/2” oil layer casing of Well G101 as the research object, which is at a depth of
6600 m, in a certain area of Xinjiang. Its basic perforation parameters are a diameter of 13 mm, 16 holes/m,
phase angle of 90°, and hole depth of 500 mm. The formation is simplified from inside to outside, and there
are four parts: perforated casing, perforated cement, perforated formation, and outer formation.

Certain assumptions are introduced into the model to lower the difficulty of modeling and calculation,
considering that the specific condition of a real perforated casing is more complicated in the formation. The
specific assumptions are as follows: there is no eccentricity of the perforation hole, and the central axis of
the hole is perpendicular to and intersects with the axis of the casing; the projection on the vertical plane
of the axis of the perforation is a circle and the burrs and cracks on the edge of the hole are not
considered; the ellipticity and wall of the casing are ignored. The thickness unevenness, casing, cement,
and formation are homogeneous elastomeric materials.

A three-dimensional model of casing-cement-formation is established based on the above assumptions.
The length, width, and height are 5 m, 5 m, and 0.7 m, respectively, as shown in Fig. 1, and the geometric
parameters of each part are shown in Table 1.

Figure 1: Casing-cement-formation model
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To prevent rigid body displacement of the model from causing nonconvergence in the calculation, the
author used heterogeneous ground stress data and fracturing construction data in the southern margin area to
set the boundary conditions, and the x and y directions in the outer boundary of the model are set
perpendicular to a single surface of the x- and y-axes. The displacement is fixed, minimum and maximum
horizontal ground stresses are applied to opposite surfaces, and the z-axis direction displacement of the
upper and lower surfaces is fixed. At the same time, pressure is applied to the inner wall of the casing
and perforation hole; the direct interface of the formation, casing, and cement is connected by binding.

According to field data, the maximum horizontal ground stress is 167.88 MPa, the minimum horizontal
ground stress is 144.51 MPa, and the internal pressure during fracturing is approximately 120 MPa.
According to the finite element calculation steps, four geometric model components—perforation casing,
perforated cement, perforated formation and external formation—are established in sequence; the actual
data are selected to set the material parameters of each part of the model (see Table 2); and the load and
constraints are set. To reduce the difficulty of model calculation, the researchers use tetrahedral mesh for
mesh division, refine the mesh density at the perforations (reducing the mesh size will no longer affect
the calculation results), adjust the boundary layout of each component to make the mesh transition
smoothly, and use static analysis and calculation to obtain nonuniform ground stress conditions. The
equivalent stress cloud diagram of the perforating casing is obtained.

To verify the accuracy of the model, the collapse strength of the N80 casing under different perforation
conditions was tested due to the limitation of the experimental conditions. The casing size parameters and
perforation parameters are shown in Table 3 below. The finite element model is verified by comparing the
yield load of the casing between the finite element model and the experiment.

Table 1: Model geometric parameter settings

Part Inner diameter/mm Outer diameter/mm Thickness/mm

Casing 111.16 139.70 14.27

Cement 139.70 215.90 38.10

Perforated formation 215.90 1215.9 500

Table 2: Model physical parameter settings

Part Elastic Modulus/GPa Poisson’s ratio

Casing 206.0 0.30

Cement 3.5 0.26

Formation 14.0 0.26

Table 3: Parameters of the casing

Number Length/m Thickness/mm Hole diameter/mm Hole density/(holes/m) Phase angle/°

1 0.2 8.05 12 16 90

2 0.2 9.19 — — —

3 0.2 9.19 12 10 90

4 0.2 9.19 12 16 90

5 0.2 9.19 12 20 60
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The results show that the simulated failure loads are higher than the experimental data, but the trend of
the load line is basically the same (Fig. 2). The maximum calculation error of the finite element model is no
more than 11%, which has a certain practical significance.

3 Analysis of the Influence of Perforation Parameters on Residual Strength of the Casing under
Nonuniform Ground Stress Conditions

According to field perforation plan data, the parameters of different hole diameters, hole densities, phase
angles, etc., were selected within a certain range, and the basic perforation parameters of the oil layer casing
of the G101 well were compared to analyze each perforation under nonuniform in situ stress conditions and
the influence of the parameters on the casing strength.

To visually characterize the change law of the perforating casing strength, the normal form equivalent
stress of the fourth strength theory (von Mises stress) is used as an evaluation index. The normal form
equivalent stress uses stress contours to represent the stress distribution inside the model. The most
dangerous area in the model can be quickly determined, and the specific expression is shown in Eq. (1).

re ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

2
½ðr1 � r2Þ2 þ ðr2 � r3Þ2 þ ðr3 � r1Þ2�

r
(1)

In the formula, re is the equivalent stress/MPa, r1 is the first principal stress/MPa, r2 is the second
principal stress/MPa, and r3 is the third principal stress/MPa.

The difference between the yield stress of the casing material and the maximum equivalent stress under
simulated conditions is regarded as the residual strength of the casing [5–7]. The oil layer casing steel grade
of Well G101 is TP140V, and the yield stress is 1040 MPa [9].

3.1 Hole Diameter
The researchers select diameters of 7, 10, 13, and 16 mm to establish the casing-cement-formation 3D

models, simulate and calculate the equivalent stress cloud diagram of the perforated casing (Fig. 3), obtain
the corresponding maximum equivalent stress according to the equivalent stress cloud diagram, calculate the
residual strength of the perforated casing under different hole diameters, and draw the curve of the influence
of the hole diameter on the maximum equivalent stress and residual strength of the perforated casing (Fig. 4).
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Fig. 3 shows that the maximum equivalent stress under nonuniform in situ stress conditions is generated
at perforation holes on the inner wall of the casing. Fig. 4 shows that the maximum equivalent stress of the
perforated casing under nonuniform in situ stress conditions increases with the diameter of the perforation. It
shows a decreasing trend, that is, the smaller the hole diameter is, the more serious the stress concentration is.
The residual strength of the casing increases with the diameter of the casing, with a small change of
approximately 75 MPa, and the equivalent stress in each area of the casing does not reach the yield stress
of 1040 MPa.

3.2 Hole Density
Casing-cement-formation 3D models under different hole densities of 8, 12, 16, 20 24 holes/m are

established. The maximum equivalent stress of the casing under different hole densities is obtained
according to the equivalent stress cloud diagram, and the curves of the influence of the hole density on
the maximum equivalent stress and residual strength of the perforated casing are drawn (Fig. 5).

(a) 7 mm (b) 10 mm

(c) 13 mm (d) 16 mm

Figure 3: Stress cloud diagrams of casings with different bore diameters
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Fig. 5 shows that the maximum equivalent stress of the perforated casing and residual strength of the
casing under the condition of a nonuniform in situ stress show a nonmonotonic change trend with
increasing hole density, and the change range is approximately 20 MPa, which shows the selected hole
density. Under the parameter conditions, increasing the hole density will not have a monotonous
weakening effect on the casing strength. This phenomenon is explained as an increase in hole density to a
certain extent, which can be used to produce perforation on the inner wall of the casing with the help of
internal pressure under fracturing conditions. The support effect offsets the weakening of the strength of
the pipe after perforation, but if the hole density is increased blindly, the strength of the casing will still
be reduced.

3.3 Phase Angle
The perforation phase angles are 45°, 60°, 90°, 120°, and 180°, and the model building method and

curve drawing method are the same as those for the hole diameter and hole density. The influence of the
phase angle on the strength of the perforated casing is shown in Fig. 6.

Fig. 6 shows that when the phase angle is 180°, the maximum equivalent stress of the perforated casing
is the smallest, and the residual strength of the casing is the highest. The effects of 45° and 90° and 60° and
120° on the strength of the casing are basically the same. Under this condition, the perforation phase affects
the casing strength with a range of approximately 380 MPa, which indicates that the phase angle has a key
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Figure 5: The relationship between the maximum equivalent stress and residual strength of the casing and
the change in hole density
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influence on the casing strength. Therefore, perforating schemes under different phase angles are further
compared.

Under the condition of a certain hole diameter or hole density, 40 sets of perforation schemes are
designed to establish a three-dimensional model and calculate the maximum equivalent stress. According
to the equivalent stress cloud diagram under different phase angle conditions, the maximum equivalent
stress drawing curve is obtained (see Figs. 7 and 8).

It can be seen from the calculation results that the influence of the phase angle on the strength of the
casing will not change when the hole diameter or hole density is constant, the maximum equivalent stress
of the casing is the smallest at a phase angle of 180°, the remaining strength of the casing is the highest,
and the stress in each area of the casing under each scheme does not reach its material yield stress of
1040 MPa. Taking the perforation parameters of a diameter of 13 mm, 16 holes/m, and phase angle of
90° as an example, the stress cloud diagram shows that the stress concentration on the inner wall of the
casing is the most serious (see Fig. 9a for details). The stress concentration phenomenon of the borehole
toward the maximum horizontal ground stress mainly occurs on the outer wall of the casing, and its value
is less than 50% of the maximum equivalent stress (see Fig. 9b for details).
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Since the minimum principal stress direction of this model is the x-axis direction, there will be holes in
the direction of the minimum principal stress when the phase angle is 45° and 90°, resulting in a larger
equivalent stress. There is no perforation with a small principal stress direction in the perforation
direction when the phase angle is 60°, 120° and 180°, and perforations are perpendicular to the phase
angle when the phase angle is 180°. Therefore, in principle, no matter what phase angle is used, the
perforation direction toward the minimum principal stress direction should be avoided, which can greatly
improve the stress concentration phenomenon at the perforation.

4 Optimization of the Perforation Scheme Based on Orthogonal Experiments

To further quantify the influence of various factors on the strength of the perforated casing and to judge
the influence of each factor on the residual strength of the perforated casing, this paper chooses the method of
combining orthogonal experiments and range analysis. An orthogonal test is an efficient and concise test
method to explore optimal parameter combinations for multifactor tests. For most complicated tests with
more than 3 parameters that need to be optimized, if a comprehensive test is carried out, the test scale is
large, the implementation is difficult, and the analysis processes are very cumbersome [10,11].
Orthogonal experiments select the most representative combination from all combinations of test factors
to conduct the test, which greatly reduces the number of experiments.

Based on the aforementioned research and considering the influence of wall thickness on the strength of
the casing, the factors of the orthogonal experiment are determined as the casing wall thickness, hole
diameter, hole density, and phase angle. Four factors are selected for each factor. For the four-level
experiment, the specific factor level table is shown in Table 4. The L16 (45) orthogonal table is selected
for the experiment, and the calculated experimental results are shown in Table 5. In the table, K
represents the sum of experimental results of a certain level of experiment with a certain factor, k is the
arithmetic mean of K corresponding to a certain factor at a certain level, and R is the range of each factor.

(a) Toward the minimum principal stress hole (b) Toward the maximum principal stress hole 

Figure 9: Stress concentration phenomenon of holes in different directions

Table 4: Factor level table

Level Experimental factors

Hole
diameter/mm

Hole density
(holes/m)

Phase/° Casing wall
thickness/mm

1 7 12 60 13.72

2 10 16 90 14.27

3 13 20 120 15.11

4 16 24 180 15.88
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This paper compares the magnitude of range R of different factors and judges the influence of each factor
on the residual strength. From the calculation results, it can be seen that RC > RA > RB > RD > RE, so the
influence on residual strength in descending order is the phase angle, hole diameter, hole density, and
wall thickness. At the same time, the higher the k value is, the better the level of a certain factor. The

Table 5: Test results range analysis table

Serial number A
Hole
diameter/
mm

B
Hole density
(holes/m)

C
Phase
angle/°

D
Casing wall
thickness/mm

E
Empty
column

X
Residual
strength/MPa

1 1 1 1 1 1 360.2

2 1 2 2 2 2 166.8

3 1 3 3 3 3 485.6

4 1 4 4 4 4 633.9

5 2 1 2 3 4 307.5

6 2 2 1 4 3 502.3

7 2 3 4 1 2 642.7

8 2 4 3 2 1 495.4

9 3 1 3 4 2 537.9

10 3 2 4 3 1 635.1

11 3 3 1 2 4 506.0

12 3 4 2 1 3 341.8

13 4 1 4 2 3 675.8

14 4 2 3 1 4 496.7

15 4 3 2 4 1 207.1

16 4 4 1 3 2 511.2

K1 1646.5 1881.4 1879.7 1841.4

K2 1947.9 1800.9 1023.2 1844.0

K3 2178.3 1841.4 2015.6 1939.4

K4 2311.1 1982.3 2587.5 1881.2

k1 411.6 470.4 469.9 460.4

k2 487.0 450.2 255.8 461.0

k3 544.6 460.4 503.9 484.9

k4 577.8 495.6 646.9 470.3

Range R 166.2 45.4 391.1 24.5

Primary and
secondary order

Phase angle > hole diameter > hole density >
wall thickness

Optimal level A4 B4 C4 D3

Optimal
combination

A4B4C4D3
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calculation results show that the initial hole diameter is 16 mm, the hole density is 24 holes/m, the phase
angle is 180°, and the casing wall thickness is 15.11 mm under the experimental conditions. This is a
combination of advantages. However, according to engineering experience, a phase angle of 180° is not
widely used, which may cause problems such as insufficient formation opening and streamline
concentration. It is recommended that the k value should be slightly lower than the phase angle of 180°,
and a perforation phase angle of 120° is used more commonly. In the end, the preferred exit perforation
scheme is a diameter of 16 mm, 24 holes/m, phase angle of 120°, and casing wall thickness of
15.11 mm. The final scheme calculates the residual strength to be 517.9 MPa, which can meet
engineering requirements.

5 Conclusion

(1) To study the influence of perforation parameters on casing strength under the condition of a
heterogeneous in situ stress in ultradeep wells, a three-dimensional model of casing-cement-formation
was established, and the stress distribution cloud map of the perforated casing was calculated and
analyzed based on this model. The model considers the effect of the combined action of the formation
and cement on the stress distribution of the casing.

(2) This paper analyzes the influence of perforation parameters on the casing strength, such as the hole
diameter, hole density, and phase angle. The study found that under high and nonuniform ground stress and
fracturing construction conditions, due to internal pressure, the increase in the large hole diameter and hole
density will not greatly reduce the strength of the casing, and the perforation phase angle is the main factor
affecting the strength of the casing. It is recommended that the direction of perforation toward the direction of
the minimum principal stress should be avoided to prevent stress concentration at the perforation.

(3) This paper quantitatively analyzes the influence of each perforation parameter and casing wall
thickness on the residual strength through orthogonal experiments and obtains the phase angle, hole
diameter, hole density, and casing wall thickness in descending order of influence. Combined with range
analysis, the final optimal plan is a hole diameter of 16 mm, hole density of 24 holes/m, phase angle of
120°, and casing wall thickness of 15.11 mm. The residual strength of the casing under this plan is
calculated as 522.1 MPa, which can meet engineering requirements.
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