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Abstract: In the process of waterflooding technology in the Jilin oilfield, local radial compressive
stress caused by rock deformation results in local casing collapse. According to statistics regarding
casing-deformation characteristics, a certain number of these characteristics are approximately
parabola-shaped at the radial-deformation bottom, and the boundary of the whole deformation area
is approximately symmetrical and double-parabola-shaped. The main work of this article focused
on occurrences of such casing deformation. Assuming that, in the process of casing deformation,
external work is totally converted into energy consumption due to the deformation, the variation
regularity of bearing capacity under local radial load was obtained. In the Qing-1 stratum of the
Jilin oilfield, by selecting casing with radial collapse deformation parameters of 41/2”]s5, 51/2”]55,
41/2”Ngp, and 51/2”Ngp, radial bearing capacity was calculated. Study results showed that the
casing bearing-capacity value was reduced by 39.69% compared with the current API 5C3 standard
when under the action of a local radial load. The casing collapsed due to the impact of local radial
loads produced by mudstone creep. A series of relationships between radial bearing strength and
casing parameters were also obtained. The research results are of significant academic value for the
compilation of casing design codes or standards under local radial loading.

Keywords: casing collapse; local radial load; bearing capacity; Fresnel integral

1. Introduction

After a period of waterflood development in oil fields, a variety of casing damage will occur, such
as squashing, diameter reduction and staggered sections. However, in some oilfields, such as Daging,
Jilin, Xinjiang, Belridge, Lost Hills, and Samotlor, casing collapse caused by water injection accounts
for about 70% of the all casing collapses [1-7]. The causes of casing damage are very complicated,
but the root cause is that the external load on the casing under the action of crustal stress exceeds
the external load strength of the casing. Due to water-flooding penetration into the mudstone layer,
rock-caused creep under the action of overlying strata leads to the occurrence of local radial casing

Energies 2020, 13, 1769; doi:10.3390/en13071769 www.mdpi.com/journal/energies


http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0002-2640-8341
https://orcid.org/0000-0003-0094-7141
http://www.mdpi.com/1996-1073/13/7/1769?type=check_update&version=1
http://dx.doi.org/10.3390/en13071769
http://www.mdpi.com/journal/energies

Energies 2020, 13, 1769 2of 16

deformation. Therefore, casing strength design is an opportunity for researchers to prevent casing
failure. In the 1940s, scholars of the Soviet Union 'MTHU(Bysrakos, 1930) and I'.M.Capxkuco developed
a casing strength design; then, in the early 1980s, umernko established the mechanical model of the
casing wall under heterogeneous load. By means of stress superposition, the theoretical formula of
stress change in casing was obtained [8]. Since then, the strength-design standard represented by
the American Petroleum Association (API) has been widely used in many countries. At present, the
API 5C3 and ISO 10400 standards [9,10] are used as the design standards of casing strength in the
petroleum industry, but most of those standards are based on calculated results under uniform and
non-uniform loads [11-16]. By using the lead-mold method to determine the casing-deformation
characteristics of the Jilin oilfield, it was found that the casing deformation was due to local radial
deformation, as shown in Figure 1 [17]. Previous studies [18,19] have found that casing deformation is
mainly manifested as axial extrusion deformation and shear deformation. Axial compression failure
occurs at the production stage, while axial shear failure occurs at the edge of the collapse area. Many
scholars [20-27] have found that the main reason for local radial casing deformation is the lateral
extrusion formed by water-absorption mudstone expansion. The finite element analysis is applied to
establish the shape of casing deformation characteristics. Results showed that the bottom and side
boundaries of the casing deformation were approximately parabola-shaped (Figure 2).
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Figure 2. Simulation of casing deformation by the finite element method.
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Based on the principle of conservation of work and energy, the casing types 41/2"]s5, 51/2"]s55,
41/2”Ngp, and 51/2”Ngy in the Jilin oilfield were selected as examples. The mechanical model of the
bearing capacity of the casing under local radial load was established, and the relationship between the
radial bearing capacity of the casing and local radial load was obtained. In order to verify the casing
deformation, finite element simulation was carried out. The numerical simulation results were good.
The calculation results show that the casing radial bearing capacity was decreased under local radial
load, and the relationship between casing radial bearing capacity and casing wall thickness, yield
strength, and other parameters were obtained. This paper is an effective supplement to the API 5C3
and ISO 10400 standards, providing a scientific basis for casing and parameter design optimization of
future water-flooding reservoirs. It is of great significance to reduce casing-collapse rates and reduce
the cost of oilfield maintenance.

2. Establishment of the Mechanical Casing Model

Through the analysis of casing collapse area and form, it is found that local radial load is the
main factor leading to casing deformation. Assuming that under the action of lateral uniform load,
the plastic deformation area of casing has two symmetrical parabolic shapes, a simplified casing
for a clamped—clamped thin-walled metal circular tube is the ideal rigid-plastic model, and the
incompressible material at the dent depth of the circular tube along the x-axis continuously varies in the
deformation zone. The local radial load experienced plastic deformation, as shown in Figures 3 and 4;
the —y is the direction of plastic-deformation projection. Assuming that the deflection of the circular
tube and the corner of the circular tube were zero, the cross-section curve part became arc-shaped
after plastic deformation occurred. There was a homolographic axis through the center of the then
non-deformable circular cross-section after plastic deformation occurred.
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Figure 3. Metal circular tube plastic-deformation mechanics model.
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Figure 4. Metal circular tube plastic-deformation zone in the —y direction projection.

—
—

[II




Energies 2020, 13, 1769 40f 16

This study regarded wellbore deration as the coordinate axis and established a Cartesian coordinate
system, assuming that the radius of the metal circular tube was R, and the plastic-deformation length
of the casing collapse was 2L. Through the geometric relation, the coordinates of each point at the
deformation boundary could be expressed as shown in Figure 3.

A(0,R,0)

B(2L,R,0)

E(L,R = Omax, & 1)
F(L, R = 6max, = %)

G(L,R — Omax, 0)

According to the correspondence relationship of the section in the II-II direction (Figure 5), it
could be obtained between the parameters in the figure:

ay = arccos(R_Témax) )
R — TR 3)
sin(a(’)) + (n — a(’))
R’ sin(a6> = Rag 4)
R’[cos(tx(’)) + 1] = 2R — Omax ©)
Rao
’ J—
tanaj = R-R -5 -~ 6)
e
G
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Figure 5. Section in the II-II direction.

Assuming that the deformed surface of the lateral deformation of the casing is parabolic, the
curve equation for establishing the deformation boundary is:

Omax 2 20max
y(x) = 2 ¥ ¥R @)

Rao ) 2R0z0
- X —X

z(x) = 5 T ®)

3. Calculation of Work and Energy for the Radial Load Deformation

3.1. Conservation of Work and Energy

According to the principle of conservation of work and energy, when the rock absorbs water and
creeps, the external forces acting on the casing in the form of local radial loads are all converted into
internal dissipated energy of various local deformations of the casing.
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According to the conservation of work and energy balance plastic deformation of the casing, the
following equation can be obtained:
Wexter = Winter 9

where Weyier is the work that the local radial load works on the casing.

When the rock absorbs water and creeps, the external force acting on the casing in the form of
local radial load does work. Wi, is the total dissipated energy of local radial deformation of casing,
mainly includes the following aspects:

(1) Wjy: Plastic work dissipated by the cylindrical surface of the plastic-deformation zone becoming a
curved surface.

(2)  Wa: Plastic work dissipated by surface curvature radius change of the plastic-deformation zone.

(3) Wis: Plastic work dissipated by axial stretching in the plastic-deformation zone.

(4) Wy Plastic work dissipated by rotation of the plastic hinge.

That is:
Winter = W1 + W + W3 + Wy (10)

where, Wi,y is the sum of internal dissipative work.
According to the relation of Equation (9), the calculation flow in this paper is shown in Figure 6.

Conservation of work and energy
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Figure 6. Flowchart of plastic deformation of casing based on work and energy conservation.
3.2. Work of External Load and Work of Internal Load in Local Radial Load
3.2.1. Work of External Load Wyer

When the casing is under uniform radial local load, the work done to the casing by the local load is:

Wexter = quefr (11)
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where Vi, is the volume of the casing subsidence area; V4, can be expressed as shown in Figure 3,
and:

Vdef = Zf [(Rzafmax' — R- sin amax-R- cos amax)]dx
0

12
= 2R%Layg + lff/%ﬁ (cos ZaFresenIS(Z‘\/ﬁiTo) - FresenlC(z\\/ﬁD?) sin ZaO) "
The Fresnel integral can be obtained by the two following series:
r , o0 . (i3
Stx) = Ofsm(t )dt B ,;, 1) (2n+1)!(4n + 3) (13)
‘ 0 I
C(x) = Ofcos(tz)dt = HZ_O (-1) [EIETES)) (14)

3.2.2. Work of Internal Load Wi,

(1) Dissipation energy on the plastic-deformation area when the cylinder is converted to the camber.
The dissipation energy of ds, as shown in Figure 7, is:

1
dW, = Eootzmls, (15)
where t is the casing wall thickness and oy is the casing yield stress.

AY

riF g

]
o max

Figure 7. Section in the III-III direction.

The dissipation energy of deformation length E’'F’, as shown in Figure 5, is:

s Qmax

1 1
Ws = 2f Eoot2ads = f oot?Rada = EootzRafmx (16)
0 0

According to Figure 2 and Equation (7), dent depth 6 is:

20max
0=R-y(x) = 62“ x_éan%xz (17)

According to the deformation relation, as shown in Figure 6, the deformation relation of z(x) and
a(x) is:
z(x) = Rormax(x) (18)
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Since the dent depth continuously varies along the x axis, &max(x) can be described as:

z(x)  2Rag  Rayp 2x a2
Amax (x) = R ~RLYT mxz = (f ~ 1z )% (19)

Therefore, dissipated energy in the whole cambered deformation zone is shown as:

W, =2 f Wsdx = %aotZng. (20)

(2) Plastic dissipative work W, is produced by the surface of the plastic zone when the radius of
curvature changes by a derivation process similar to W1, which can obtain the surface curvature radial
variation of plastic dissipative energy W». Dissipation work W, is shown as:

I g D2 r-a
e =2 [ 2282 ot - x = MRS
0 &0

(21)

where a(x)’ is the angle between the line from the boundary of any section to the center and the
concave direction when the surface curvature radius changes, as shown in Figure 6.
(3) Dissipation of the plastic work where the plastic hinge line rotation is:

EA ~3
> 2x  x2 Noa)| ~2 EA
EA __ AN e — 0fy. _ =
WEA = f NO( = - )aodx = 3| LEA - =5 (22)
0

—

where the length of space curve EA is:
EA = f L () (@Y (23)
B dx ax |
0

By substituting Equations (7) and (8) into Equation (23), the E’A can be derived:

), 4(Omax?+R2a3) +L2+2  [omax?+R%a]
EA = \/4(6rnax2 + R2012) + 12+ 2 In ‘/ ( ag) \/ ag (24)
0 4 o2 R22 T

In the same way, the plastic dissipative work can be obtained when yield lines AF, FB, and BE
rotate, and Equation (25) can be obtained on the basis of mirror symmetry:

WEA = Wit = wiB = Wit (25)
Consequently, the total dissipative work when the plastic hinge lines rotate is as follows:
W3 = WEA + WiF + WP + WEF — 4wi4 (26)

(4) Dissipation of plastic work W, on plastic deformation area when under axial tension.
On the basis of the geometric relationship in Figure 8, maximum axial elongation is known:

Ae = Z(GAA - L). 27)
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The length of the curve is:

12 2 \/7
CA — f /1+ L2 4 o L2 4 40ma’ +26max Omar 120
45max max

On the basis of the deformation mechanism, to solve the volume of the deformation zone, the
dissipation work of axial tension is:

W, = f Mode = ZMO(GA - L), (29)
where M) is the ultimate bending moment that can be expressed under local radial uniform load in the
plastic-deformation zone as follows [28]:

Mo = GO'D (30)

The calculation relationship between the lateral load of the external load and the deformation
parameters of the casing is:

~3
EMoLag? + BMoRLZ= +2N0(GA L) oo (L EA - %)

[4R2L0z + R2 i/[ (cos 20(0Fresen15( 2 ?) —FresenlC( ‘F) sin 2a0)]

4. Example Analysis

In this paper, wells with casing collapse in the Qingshankou formation of the Jilin oilfield were
selected as examples. The casing types in the mudstone interval were mainly 41/2 J55 (114.3 mm),
51/2"J55 (139.7 mm), 41/2”Ngg (114.3 mm), and 51/2”Ngp (139.7 mm). We took a plastic deformation
length of 2 m, selected casings with different wall thicknesses for calculation, obtained the radial
bearing capacity value of the radial casing, and simulated the actual bearing capacity value of the casing
under different deformation conditions by the finite element method. The corresponding parameters
and calculation results are shown in Table 1 and Figures 8-15.

Table 1. Results of local radial load for casings with different wall thicknesses.

C;;;r;g #mm  opkN  6()mm  g/MPa qu;llfl‘:/ﬁ;;n (API;:’/MPa Pb-q/MPa (E;;,}:/
6.20 988 1.60 14.89 14.0 21.50 6.61 30.74
SI27155 g 99 1103 142 233 27 27.90 5.57 19.96
7.72 1215 133 30.01 310 33.90 3.8 11.47
5 7.72 1766 130 28.23 324 43.30 15.07 34.80
N8O 9.17 2073 1.00 4854 473 60.90 12.36 2030
10.54 2358 1.00 71.82 744 76.90 5.08 6.61
521 676 1.85 13.75 127 22.80 9.05 39.69
HA7B5 T 5 69 734 1.78 18.96 17.4 27.60 8.64 3130
6.35 819 156 24.58 271 34.20 9.62 28.13
752 1557 139 37.60 23 50.00 12.40 24.80
427NBO g g 1878 124 57.85 61.3 72.40 14.55 20.10

11.10 2229 1.00 82.17 81.6 88.00 5.83 6.63
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Figure 8. Calculation results of deformation on different wall thicknesses of 5%”]55—type casing.
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Figure 9. Finite element deformation simulation on different casing wall thicknesses.
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Figure 10. Calculation results of deformation on different wall thicknesses of 5%”N80-type casing.
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S, Mises S, Mises S, Mises

(Avg: 75%) (Avg: 75%) (Avg: 75%)
+2.592e+01 +8.341e+01 +1.187e+02
+2.376e+01 +7.651e+01 +1.08%e+02
+2.161e+01 +6.961e+01 +9.909e+01
+1.945e+01 +6.270e+01 +8.929e+01
+1.730e+01 +5.580e+01 +7.950e+01
+1.514e+01 +4.889%e+01 +6.971e+01
+1.29%e+01 +4.199%e+01 +5.991e+01
+1.083e+01 +3.508e+01 +5.012e+01
+8.674e+00 +2.818e+01 +4.032e+01
+6.51%e+00 +2.128e+01 +3.0532+01
+4.3632+00 +1.437e+01 +2.073e+01
+2.207e+00 +7.468e+00 +1.094e+01
+5.161e-02 +5.634e-01 +1.141e+00

vapex v v

5%"Nso 7.72mm 5%"Ns0 9.17mm 5%"”Nso 10.54mm

Figure 11. Finite element deformation simulation of different casing wall thicknesses.
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Figure 12. Calculation results of deformation on different wall thicknesses of 4%”]55-type casing.
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Figure 13. Finite element simulation of deformation on different casing wall thicknesses.
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Figure 14. Calculation results of deformation on different wall thicknesses of 4%”N80-type casing.
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Y O—I-x Y O-TO)( Y Tx
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4Y"Niso 7.52 414"Ns0 9.19 4Y4"Niso 11.10
2°IN80 /.02mm 2°INso Y.1Ymm 27 IN80 Jdumm

Figure 15. Finite element deformation simulation on different casing wall thicknesses.

As shown in Figures 8-15, when the casing is deformed, its bearing capacity is obviously lower
than the anti-extrusion strength designed in the API standard. In order to verify the casing deformation,
finite element simulation was carried out. The deformation of four types of casing under local radial
load based on finite element simulation was consistent with the analysis results based on the principle
of conservation of work and energy.

In this paper, four types of casing in the Qing-1 section of Jilin oilfield’s water-absorbing layers
were selected as research examples. Through the theoretical calculation model and the numerical
simulation method, the influence of radial stress, induced by water absorption and mudstone expansion
in a local state, on casing strength was calculated and analyzed. Results show that when the casing
was subjected to a local radial load induced by the suction of the mudstone layer, the bearing-capacity
value of the casing in the local area of the extrusion deformation was smaller than the current
American Petroleum Institute (API) casing strength design standard value, considering overall load.
Results in Figures 16-21 summarize the relationship between relative and absolute decreases of casing
bearing capacity and casing wall thickness, casing yield strength, and maximum casing deformation,
respectively. In comparison, the greater the casing wall thickness and yield stress are, the smaller the
casing bearing-capacity value is compared with the API standard. On the other hand, the larger the
maximum casing deformation is, the larger the bearing-capacity value and the API standard value are;
the relationship between them can be described by a linear relation. Therefore, in the layer segment
with local-deformation characteristics, in the selection of casing string, a casing type with higher
extrusion strength should be selected rather than the casing under overall load. This can help avoid
casing damage due to local radial load.
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Figure 16. Relationship between relative intensity-reduction ratio and casing wall thickness.

Figure 17. Relationship between absolute intensity-reduction value and casing wall thickness.
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We calculated and analyzed the relationship between the bearing capacity of four casing types
used in the Qing-1 formation of the Jilin oilfield, casing wall thickness, and yield strength. The results
of the four calculation types show that the relationship between casing bearing capacity, wall thickness,
and yield stress could be expressed by the linear function of positive correlation under the local radial
load of local sections. When the casing is deformed, the thicker the casing wall, the greater the local
radial load, the greater the yield stress and the greater the local radial load. For each type of variation
relation, refer to the fitting relation in the Figures 22 and 23. Results provide a reference for the selection
of other casing types and yield strength of casing wall thickness under this condition.
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Figure 22. Relation between local radial loading and casing wall thickness.
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Figure 23. Relation curve between local radial loading and yield stress.
5. Conclusions

(1) In the process of oilfield water-flooding development, mudstone creeps to form local radial
induced stress acting on the casing, resulting in casing-collapse deformation. Through the
measurement of casing deformation in some wells in the Jilin oilfield, it was found that the
bottom of the radial deformation is parabolic, and the lateral deformation boundary is symmetric
parabolic. In this paper, a calculation method for the local radial load collapse deformation of the
casing is presented based on the conservation of work and energy.
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(2) The external work of casing deformation caused by a local radial load was transformed into the
dissipation energy of casing deformation. According to the conservation of work and energy, the
relationship between bearing capacity and casing deformation was established, and four types of
casing wells in the study area were selected for calculation and analysis. The results showed that
casing bearing capacity under a local radial load was smaller than the standard value designed
by the API industry. Compared with the four casing types, the maximum bearing capacity was
reduced by 15.07 MPa, and maximum relative reduction was 39.69%.

(3) The results of the four calculation types show that the relationship between casing bearing
capacity, wall thickness, and yield stress could be expressed by the linear function of correlation
under the local radial load of local sections. Results provide a reference for the selection of other
casing types and yield strength of casing wall thickness under this condition.

(4) The research results showed that, under the action of local radial loading, casing selection
according to the current API design standard value cannot meet the requirements of actual
projects. A new approach is proposed for casing strength design under local radial loading that
can play a significant role in the prevention and control of such casing-collapse in wells.
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