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Abstract: Affected by a complex environment, corrosion is a common defect in steel pipelines.
Moreover, steel pipelines are subjected to large axial forces during their installation and operation.
Corroded deep-sea steel pipelines are prone to local buckling under complex loads. Therefore, in
view of this problem, the collapse response of corroded steel pipelines under the combined axial
force and external pressure is analyzed in detail. First, a formula for evaluating the collapse pressure
of corroded steel pipelines under external pressure and axial force is proposed. Then, the factors
affecting the collapse pressure of the steel pipeline are parameterized by using the finite element
method. The accuracy of the finite element model is proved by collapse tests of the corroded steel
pipeline. As shown in finite element results, the diameter-to-thickness ratio, initial ovality and
corrosion defect size have significant effects on the buckling response of a steel pipeline. The collapse
pressure of the steel pipeline decreases as the axial force increases. Finally, based on the finite element
simulation results, the parameter variables in the evaluation formula are obtained.

Keywords: steel pipeline; buckling analysis; corrosion defect; complex load

1. Introduction

Oil and gas steel pipelines have been widely used in the production industry [1-4].
With the discovery of deep-sea oil and gas fields, the demand for steel deep-sea oil and
gas pipelines is also greatly increasing. Compared to land, the deep-sea environment is
more complex. Therefore, steel pipelines with higher bearing capacities are required [5-11].
Moreover, corrosion defects are often formed on the surface of the steel pipeline under the
perennial erosion of external seawater, which it will cause the local wall thickness of the
steel pipeline to be thinned.

The fracture analysis of defective pipelines under complex loads has been extensively
studied, and many important results have been obtained [12,13]. Miller [14] proposed
an analytical solution based on the net section collapse criterion, including the ultimate
load expressions for various defect types in different structures. After that, Jones and
Eshelby [15] developed the ultimate load solution of thin-walled cylinder with partial
symmetrical circumferential cracks and full-ring cracks under internal pressure. Kim
et al. [16] fitted the ultimate load of the cylinder with partial penetrating surface cracks.
Shim [17] used the finite element method to analyze the ultimate load of thick-walled pipes
with irregular penetration cracks under combined loads. Staat and Vu [18] carried out the
plastic limit analysis of circumferentially cracked tubes and vessels under the action of
internal pressure by means of the finite element method and proposed the global limit load
solution and the local limit load solution.

Metals 2022, 12, 308. https:/ /doi.org/10.3390/met12020308

https://www.mdpi.com/journal /metals


https://doi.org/10.3390/met12020308
https://doi.org/10.3390/met12020308
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/metals
https://www.mdpi.com
https://doi.org/10.3390/met12020308
https://www.mdpi.com/journal/metals
https://www.mdpi.com/article/10.3390/met12020308?type=check_update&version=2

Metals 2022, 12, 308

20f19

In the deep-sea environment, external pressure is the main factor causing corrosion and
local buckling in steel pipelines [19,20]. Fan et al. [21] studied the instability mechanism
of submarine steel pipelines through external pressure tests on full-scale and reduced-
scale steel pipelines by considering the effects of initial ovality and pitting corrosion
defects. Zhang et al. [22,23] performed a large number of finite element simulations on steel
pipelines with initial ovality, initial wall thickness eccentricity and asymmetric corrosion
defects. Additionally, the instability mode and collapse pressure response of the steel
pipeline were discussed in detail. Netto et al. [24-26] conducted a large number of external
pressure tests on steel pipelines with corrosion defects, and studied the influences of various
defect shapes, defect sizes and steel pipeline sizes on the collapse pressure.

Finally, an empirical formula for predicting the collapse pressure of the steel pipeline
was proposed.

Deep-sea pipelines usually bear multiple loads at the same time. Under the combined
influence of corrosion defects and complex loads, such a steel pipeline may be partially
buckled or collapse, causing serious economic losses. Therefore, the research on the
buckling response of corroded steel pipelines under complex loads has received extensive
attention. Steel pipelines are usually designed with the influences of pressure and tension
in mind [27]. The presence of axial force leads to the collapse and buckling propagation
of the steel pipelines. Heitzer [28] analyzed the plastic collapse of defective pipelines
under internal pressure and tension. The study found that a circumferential defect has
a great influence on the ultimate axial force of the pipeline. Qiao et al. [29] developed
analytical formulas and finite element models, and concluded that an increase in internal
pressure can enhance the tensile stiffness of the hose. Bai et al. [30,31] established a finite
element model to study the effects of initial ellipticity, residual stress, strain hardening, yield
anisotropy, loading path and other parameters on the collapse pressure of steel pipelines
under combined external pressure, tensile force and bending force. The response of the
steel pipeline under the combined loads is greatly affected by the load path. Madhavan [32]
conducted experiments and numerical simulations of pipeline collapse under external
pressure and axial force, and found that the different loading paths of p—T and T—p have
almost no effect on the collapsed shell of the tube with lower initial ovality. Yu et al. [33]
concluded that the loading path has a great influence on the ultimate load of the steel
pipeline, and the p—T loading path is more serious than the T—p loading path. Although
scholars have conducted a lot of research on the buckling of corroded steel pipelines, the
formula for buckling pressure of corrosion steel pipelines under the combined action of
external pressure and axial force is rarely involved [34-37], which is more convenient for
engineering practice.

Therefore, a finite element model of corrosion defect steel pipeline is established,
and its accuracy is verified through experiments. Based on finite element analysis, the
buckling mechanism of corroded steel pipelines under the combined external pressure and
axial force is studied in detail, and the collapse pressure evaluation formula of corroded
steel pipelines is proposed, providing a theoretical basis for the design and application of
deep-sea steel pipelines.

2. Theoretical Development

Timoshenko and Gere [37] conducted a theoretical study on a complete linear elastic
thin-walled tube under external pressure and indicated that the buckling of the infinite tube
can be simplified to a plane strain problem. The formula for the critical external pressure of
eigenvalue buckling is [37].

peo = EP/4(1- 2 )R M

where p,, is the buckling pressure of intact pipeline, E is the young’s modulus, ¢ is the wall
thickness, u is the poisson’s ratio and R is the mean radius.
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The normalized critical external pressure formula can be written as
Et?
= S 2
Pco/Py 4(7]/(1 _ ‘uZ)Rz ( )

where py, is the yield pressure, py = 0yt/R and oy is the yield stress.

Due to the production process, the initial ovality is usually formed on a section of the
pipeline. Herein, the initial ovality parameter is introduced in the formula. Assuming that
the initial ovality is uniformly distributed along the pipeline axis, the initial ovality defect
is introduced based on the following formula:

wo= RAg cos(26) 3)

where wy is the radial displacement, R is the mean radius, 6 is the polar angle and A is the
initial ovality, which is defined as:

_ Dmax— Dmin

An =
0 Dmax+Dmin

4)
where Dimax and Dyyin are the maximum and minimum outer diameters of the steel pipeline,
respectively. The formula for the collapse pressure of a steel pipeline with initial ovality
can be expressed in the following form:

Et?
pe/py = Wf(%) ®)

where p, is the collapse pressure. For corroded steel pipelines (Figure 1), the parameters of
circumferential width and radial depth of the defect are added in Equation (5).

Et? <d 6,

pe/py = Wé’ )f(Ao) (6)

P
where d and 0. are the depth and polar angle of corrosion defects, respectively. The influence
of the axial force is further considered: the function  related to the axial force is added to
Equation (6), which can be written as

Ef2 d b\, (T
pc/py = Wf(AO)g<t/ ﬂ)h(To) (7)

where T and Ty are the axial force and yield axial force, respectively; Ty = 7to},Dt; and D is
the outer diameters of the steel pipeline. The parameter analysis based on the experimentally
verified finite element model was conducted in this study. Additionally, by fitting with
parameter analysis results, the values of parameters f, g and /1 of Equation (7) were determined.

Figure 1. Schematic diagram of corrosion steel pipeline.
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3. Experimental Study
3.1. Material Test

Three tensile specimens (X65) were taken from steel pipelines employed in actual
engineering. Round rod specimens were taken along the axial direction of the pipeline.
Figure 2 shows the specific sampling size of the tensile sample. The tensile specimen was
composed of three parts: a clamping section, transition section and parallel section. The
thickness and width of each section were measured twice by a vernier caliper, and the
average value was taken. The minimum values of the measurement data, the thickness and
width of the sample, were used to calculate the initial cross-sectional area of the sample.

186.6

50 \ 80 ) 50

o

10

@10
Q8

Figure 2. Tensile specimen size (mm).

The PLW-100 tensile testing machine was used to measure the material parameters
of the pipeline steel. The entire test process was controlled by the control system; and
the load value, displacement value, deformation value, test speed and test curve were
monitored and dynamically displayed in real time. An extensometer and a static resistance
strain gauge were used to measure the deformation and strain of the sample. The extension
measuring range of SCDY-1 double-sided extensometer and YG-26 static resistance strain
gauge used in the experiment was 25/50 mm, and the accuracy of the static resistance
strain gauge was 0.1% [38].

The relative resistance AF and the relative strain average Ae were determined by using
a static resistance strain gauge with a strain gauge pasted on the surface of the test piece.
The test loading rate was 0.1 mm/min. The material Poisson’s ratio ¢ and elastic modulus
E were calculated by the relative resistance AF and the relative strain average Ae. The
two fractured patterns were tightly connected at the fracture, so that the axis was in a
straight line, and a vernier caliper was used to measure the gauge length L, after fracture.
Figure 3 shows the round bar tensile specimen and the necking fracture of the specimen
after the test.

[ R

Figure 3. Specimen with a circular section before and after the material test.

The Ramberg-Osgood (R-O) model was used to represent the stress—strain response
of the steel pipeline (Figure 4) [39]:

=gre() ®
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where € and ¢ are the uniaxial strain and uniaxial stress. The measured elastic modulus
E and yield stress oy, of X65 steel were 172 Gpa and 376 Mpa, respectively. The material
coefficients « and the strain hardening parameter § were 0.009 and 7.5, respectively.
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Figure 4. Stress—strain curves for X65 pipelines.

3.2. Full-Scale Buckling Test of Steel Pipeline

A collapse test of a corroded steel pipeline was carried out. As shown in Figure 5, a
full-size high-pressure test chamber with a total length of 11.8 m and an inner diameter
of 1.2 m was used in the test. As shown in Figure 6, test specimens were three X65 steel
pipelines 5000 mm in length, 273 mm in diameter and 12 mm in wall thickness. The three
specimens had dual external corrosion defects distributed in the axial, circumferential
and diagonal directions, respectively. The defect sizes are listed in Table 1, where L and
c are the length and arc length of defect, respectively; and S; and Sc are the axial and
circumferential spacings between the two defects.

Hydro cylinder
(Axial load) Hydro cylinder
(Bending moment)

Hydro cylinder
(Torsion load)

Pressure vessel

(a) (b)

Figure 5. Experimental setup for X65 pipelines, (a) schematic and (b) photograph of the experimen-
tal setup.
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Figure 6. Schematic diagram of dual defects distributed in (a) the axial direction, (b) the circumferen-
tial direction and (c) the diagonal direction.

Table 1. Geometric characteristics of corrosion defects used in experiments.

Specimen  Aligned Type Lc (mm) ¢ (mm) d (mm) Sp (mm)  S¢ (mm)
X65-1 Axial 273 85.7 6 273
X65-2 Circumferential 273 85.7 6 - 85.7
X65-3 Diagonal 273 85.7 6 136.5 85.7

Both ends of the test piece were sealed with flanges, and it was hoisted into the test
chamber with a crane. The flanges were connected to the test chamber with bolts. Then the
test chamber was sealed and filled with water, and external pressure was applied after the
tightness was checked. The maximum pressure in the cabin during the experiment was
defined as the collapse pressure. The trends of external pressure are shown in Figure 7. It
can be noted that the pressure increased linearly and monotonously before reaching the
critical buckling pressure. Then the pressure dropped sharply after pipeline collapse. The
schematic diagram of pipeline after collapse is shown in Figure 8. The deformation was
mainly concentrated in the corrosion defect area of each pipeline.

30F ‘—Pressure-Time history of Sample X65-1‘ 30+ ‘

Pressure-Time history of Sample X65-2

p(MPa)

) 1 L ) 0 1
0 500 1000 1500 2000 2500 0 500 1000 1500 2000
Time (s)

2500
Time (s)

Pressure-Time history of Sample X65-3

P (MPa)

b,

0 . N R S R S T
0 500 1000 1500 2000 2500 3000

Time (s)

Figure 7. Pressure-time history of the three pipeline specimens.
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(c)
Figure 8. The buckling modes of the pipeline specimens, (a) X65-1, (b) X65-2 and (c) X65-3.

4. Establishment and Verification of the Finite Element Model
4.1. Establishment of the Finite Element Model

In this section, a finite element model is established for simulating the buckling failure
behavior of a corroded steel pipeline under external pressure and axial force, and the
commercial software ABAQUS was used to numerically calculate the collapse pressure of a
corroded steel pipeline [40,41]. The 8-node hexahedral linear reduction integral element
(C3D8R) was employed to establish the finite element model. This type of element can
be used for linear and complex nonlinear analysis involving contact, plasticity and large
deformation. In order to improve computing efficiency, only a quarter finite element model
was established. The pipeline was divided into 50, 40 and 5 elements in the longitudinal,
circumferential and radial directions, respectively. The boundary conditions and forces are
shown in Figure 9. The X = 0 plane was set to be symmetrical about the YZ plane, and the
nodes on the Y = 0 plane were set to be symmetrical about the XZ plane. We constrained
the Y-direction position on the bottom node of the Z-axis on the X = 0 plane to prevent
rigid body displacement from causing non-convergence of the calculation. A kinematic
coupling was established at one end of X = L, and we coupled the end surface along the
axial direction with the reference point, where L is the length of the steel pipeline. The axial
force was applied to the reference point, and the external pressure was uniformly applied
to the outer wall of the pipeline. The damage of the corrosion-defected steel pipeline under
external pressure shows large pre-buckling deformation and material plasticity, which
involves geometric nonlinearity. In this study, the Riks method (arc length method) was
used to determine the buckling response of the corrosion-defected steel pipeline under
external pressure and axial force. In the calculation process, the axial force was first applied
to the specified value and then kept constant, and then external pressure was applied until
local buckling instability occurred. With the continuous development of offshore oilfields
into the deep sea, the operating temperature continues to rise, and the design temperature
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can sometimes reach 100°. The axial pressure caused by temperature can be estimated by

the following formula.
T = AEAAT )

where A is the cross-sectional area of the steel pipeline; A is the temperature expansion
coefficient of the steel pipeline material, with a value of 11.7 x 107%; AT is the temperature
difference. The calculated value range of the axial force T is approximately 0.2 T to 0.8 Tj.

Symmetrical boundary conditions

Symmetrical boundary conditions

External pressure

Axial foce

Reference point
Figure 9. Schematic diagram of the boundary conditions and forces of the finite element model.

4.2. Validation of the Finite Element Model

In order to verify the accuracy of meshing, a sensitivity analysis of the number of
meshes was carried out. The meshing scheme formulated above was called S1. In addition,
coarser and finer mesh division schemes were called S2 and S3, respectively. The results of
the sensitivity analysis of the number of grids are shown in Figure 10. It can be seen that
the results of S1 and S2 are very close, whereas the results of S3 and the first two schemes
are very different. It can be noted that S1 has sufficient accuracy and the finer mesh will not
be significantly improved. Therefore, S1 was adopted as the meshing scheme in this study.

@Y —F b=
L =2D, T=02T, 4,=0.2% L =2D, T=02T, 4,=0.2%
d/t=0.1,6 =03n dit=0.1,68 =0.3n
0.8 [ A 0.8 H ‘
® = SI . = SI
* 32 o 32
A A
A S3 A S3
0.6 - . 06 F ]
& A & A
) [ S [
04 04 |
A .
A A
s A . :
02 F s % 02 %
0.0 1 1 1 1 0.0 1 1 1 1
10 20 30 40 50 10 20 30 40 50
D/t DIt

Figure 10. Sensitivity analysis of the number of grids, (a) unchamfered model and (b) chamfered
model.

It is worth pointing out that the method of setting chamfers at the junction of the defect
and the intact part was used to eliminate the error caused by the stress concentration in the
study of internal pressure blasting of steel pipelines. In this study, a pair of chamfering and
non-chamfering models were calculated using a grid scheme, as shown in Figure 11. The
chamfering radius of the chamfering model was equal to half of the defect depth. Figure 12
shows the comparison between the calculation results of the chamfered model and the
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un-chamfered model. The results of the two models are very close, and the maximum
difference between them is 1.93%. Based on the above results, combined with a large
number of studies on the collapse of steel pipelines under external pressure, it can be seen
that for modeling and calculations, the unchamfered model can be used instead of the
chamfered model to study the collapse of corrosion-defected steel pipelines under external
pressure and axial force.

(@) ®)
Figure 11. Schematic diagram of finite element mesh, (a) unchamfered model and (b) chamfered
model.
1.0 3
L =2D, T=02T, 4,=02%
dit=0.1,0=03n

08 | e

B Unchamfered model

® Chmfered model
0.6 | 2

&
x e
04|
N
.
e
02| .
00 1 1 1 1 1 1 1 1 1
10 20 30 40 50 60
D/t

Figure 12. Comparison between the results of chamfered and unchamfered models.

Next, the results of finite element simulation are compared with those of the tests
(Table 2). All errors are less than 12%, and the accuracy of the collapse pressure calculated
by the finite element model can be verified. The finite element and experimental collapse
modes are compared in Figure 13. It can be seen that the collapse modes given by the
finite element analysis are basically consistent with those obtained from the experiments.
Therefore, the finite element model of this study can be well applied to the calculation of
steel pipeline collapse.

Table 2. Comparison of collapse pressures between the finite element analysis and tests.

Specimen Aligned Type pc * (MPa) pc ® (MPa) Error (%)
X65-1 Axial 27.5 24.33 11.53
X65-2 Circumferential 28.81 25.64 11.02
X65-3 Diagonal 31.73 29.19 8.02

2 Experimental results; ? finite element results.
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Figure 13. Comparison of the collapse modes of finite element and tests, (a) X65-1, (b) X65-2 and
(c) X65-3.

5. Parametric Analysis for Pipelines with Corrosion Defects
5.1. Influence of Diameter Thickness Ratio on the Buckling Responses of Pipelines

Figure 14 shows the effects of diameter thickness ratio on collapse pressure under
different corrosion defect depths; the corrosion defect length, axial pressure and initial
ovality remained constant. For a fixed corrosion defect depth, the collapse pressure of
a corroded steel pipeline decreases gradually as the diameter thickness ratio increases.
Compared with the steel pipeline with deep corrosion, the collapse pressure of the steel
pipeline with shallow corrosion has a more obvious downward trend. This shows that
when the corrosion is shallow, the collapse pressure is more sensitive to the diameter
thickness ratio, and when the corrosion depth d/t > 0.7, the influence of the diameter
thickness ratio on the collapse pressure of corroded steel pipeline can be almost ignored.

(a)10 (b) 1.0
L =2D, T=02T, 4,=0.2% L =2D, T=02T, 4,=02%
——dir=0.1 ——d/=0.1
08 F ——dii=03 08 F —o—d/1=03
—A—d/1=0.5 —A—djt=05
—v—d/i=0.7 - —v—di=07
06 F 0.6k
5 2
x N
04 04 F
T v\'\v\v—v—,\'\v il
0.0 " 1 " 1 " 1 " 1 0.0 " 1 " 1 " 1 " 1
10 20 30 40 50 10 20 30 40 50
Dit D/t

Figure 14. Effect of D/t on buckling response, (a) 6. = 0.3 tand (b) 6. = 0.6 7.

5.2. Influence of Initial Ovality on the Buckling Responses of Steel Pipelines

In order to study the effect of initial ovality on the buckling response of corroded
steel pipelines with different corrosion defect depths, the corrosion defect length, axial
pressure and corrosion defect angle were kept unchanged. Figure 15 shows the effect of
Ag on the collapse pressure of each corroded steel pipeline. It can be seen that the collapse
pressure decreases as A increases. For the steel pipeline with D/t = 15, when d/t = 0.1, the
dimensionless collapse pressure decreases from 0.714 to 0.328 while Ay changes from 0.1%
to 1%; however, when d/t = 0.7, the dimensionless collapse pressure only decreases from
0.195 to 0.119 for the same ovality variation. This shows that for shallow corrosion defects,
the effect of Ay on collapse pressure is more obvious than that for deeper defects.
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Figure 15. Effect of Ay on buckling response, (a) D/t = 15 and (b) D/t = 20.

5.3. Influence of Defect Size on the Buckling Responses of Steel Pipelines

Figure 16 shows the effect of 6. on the collapse pressure of pipelines with different
corrosion defect depths. It can be noted that for a given d/t, the ratio of p./pg was found
to decrease with the growth of 6., but when 6, becomes larger, the tendency is reversed.
When the depth of corrosion defects is different, the relation of collapse pressure with the
angle of corrosion defect is also different. When the depth of corrosion defect d/t = 0.1,
the influence of corrosion defect angle on collapse pressure can be almost ignored. For
pipelines with corrosion defect depth d/¢ > 0.1, when the corrosion defect angle is small, the
collapse pressure decreases faster, and its influence on buckling force decreases gradually
as corrosion defect angle increases.

(@) (b) 12
bk L, =2D, T=02T, A4, =02% I L =2D, T=02T, 4,=0.2%
—m—a/r=0.1 —m—di=o0.1
ok —e—d/t=03 10 ——d/t=03
—A—d/t=0.5 L —A—d/t=0.5
—v—dit=07 —w—dit=07
10| .\W 0.8
° 08 [ ©
= o6
o) )
0.6 -
04
0.4 [ |
0.2 — 021 \\-—Q—v\ﬁ_’__'———v
0.0 1 1 1 1 0.0 1 1 1 1
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8
o/n o/n

Figure 16. Effect of 6. on buckling response, (a) D/t = 15 and (b) D/t = 20.

As another important index of defect parameters, the depth of corrosion defect also has
an important impact on the buckling instability of corroded steel pipeline [42,43]. It can be
seen in Figure 17 that the collapse pressure gradually decreases as 4/t increases. The change
trend of collapse pressure is different under different corrosion defect size, 8. For the case
of 6. = 0.1, the decline rate of collapse pressure with the increasing 4/t gradually becomes
faster. For the cases of 6, > 0.5, the collapse pressure decreases approximately linearly.
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Figure 17. Effect of d on buckling response, (a) D/t = 15 and (b) D/t = 20.

Figure 18 shows the effect of corrosion defect length on collapse pressure under
different corrosion defect depths. Obviously, as the length of corrosion defects increases,
the collapse pressure of the steel pipeline decreases gradually. The falling speed of collapse
pressure is different under different corrosion depth. When d/t = 0.1 and 0.7, the length of
corrosion defect has little effect on the collapse pressure; when d/t = 0.3 and 0.5, the length
of corrosion defect has a relatively large influence on the collapse pressure.

(a) 1.4 (b)
I T=027), ,=0.2m, 4,=02% o 72027, §,=02m, 4,=0.2%
- —8—d/t=0.1 ’ —8—d/t=0.1
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0.8 |
° <06 |
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= 0.6 [ &
04
0.4
- S
02|
v v v v v V—v
0.0 1 1 1 1 0.0 1 1 1 1
2 4 6 8 2 4 6 8
L/D L/D

Figure 18. Effect of L. on buckling response, (a) D/t = 15 and (b) D/t = 20.

5.4. Influence of Axial Force on the Buckling Responses of Steel Pipelines

The buckling response of steel pipeline under different axial forces is shown in
Figure 19. It can be seen that for all cases, the collapse pressure of the steel pipeline de-
creases in a parabola as axial force increases, and the decline speed is faster when the defect
depth is smaller. For example, in the case of D/t = 15, when d/t = 0.1, p./p, decreases
from 0.95 to 0.38 as T/ T increases from 0 to 0.8. When d/t = 0.7, p./p, only decreases by
0.15 as T/ Ty increases from 0 to 0.8. This shows that when the defect depth is small, the
steel pipeline collapse pressure is more sensitive to axial force. In general, compared with a
single external pressure condition, the combined action of external pressure and axial force
has a more obvious impact on the buckling response of the steel pipeline, which is more
likely to result in buckling failure of the steel pipeline. Therefore, in practical engineering,
the impact of axial force on the buckling of corroded steel pipeline cannot be ignored.
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Figure 19. Effect of T on buckling response, (a) D/t = 15 and (b) D/t = 20.

5.5. Influence of Material Properties on the Buckling Responses of Steel Pipelines

Figure 20 shows the effect of yield stress on the buckling response. It can be noted that

the collapse pressure increases as ¢y, increases. For a steel pipeline with D/t = 15, when
d/t = 0.1, the collapse pressure decreases from 9.45 to 82.35 MPa with the ¢, changing from
100 to 800 MPa; however, when d/t = 0.7, the collapse pressure only decreases from 4 to
16.2 MPa for the same oy variation. This shows that for shallow corrosion defects, the effect

of 0y, on collapse pressure is more obvious than that for deeper defects.
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Figure 20. Effect of oy on buckling response, (a) D/t = 15 and (b) D/t = 20.

Figure 21 shows the effect of the strain hardening parameter on collapse pressure with

different corrosion defect depths. Obviously, in the initial stage, as the strain hardening
parameter increases, the collapse pressure of the steel pipeline decreases rapidly. A further

increase in f§ results in a slower decline in p.. It is noted that when > 5, the collapse
pressure is not sensitive to changes in .
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Figure 21. Effect of B on buckling response, (a) D/t = 15 and (b) D/t = 20.

6. The Formula for the Collapse Pressure of Corroded Pipelines

The above research shows that the diameter thickness ratio, initial ovality and corro-
sion defect size of the steel pipeline have obvious effects on the collapse pressure of a steel
pipeline. In this paper, a large number of parameters influencing steel pipeline collapse
pressure were analyzed, and the empirical formula of steel pipeline collapse pressure is
fitted according to the parameter analysis results. This empirical Formula (7) takes its form
from [44-47].

3 1+a be +a d + a4
Et 0 T 2— tax7 +a480
o 23(1+C> al() - — + (a9 — Ao)? (10)
py  4(1—p?*)R T To 0. d
as + IZ6E + 117? + agAg
where a;-a9 in Equation (10) are fitting parameters. The fitting parameters were obtained
by least squares fitting and brought into Equation (10). The empirical formula of collapse
pressure is:
ec d
3 1—-1.14— —0.68— — 1.003A¢
L — (1 + 96) —0.012<T> - L L +(0.139 - Ag)>  (11)
—0.097 — 1.88; + 2.83? —56.22A

The scope of application for the empirical formula (Equation (11)) is: 7.5 < R/t < 25,
200 MPa < 0y <500 MPa, 0 < d/t <0.6,0 <0:/m<0.6,0 < Ag <3%,0<T/Ty <0.6.
Figure 22 shows values predicted by Equation (11) and compares them with the numerical
results of the applicable parameter range. Due to too many fitting parameters, there are
large errors at individual points. In order to discuss the error in more detail, the error
distribution histogram was drawn, as shown in Figure 23. It can be seen that the overall
correlation is very good; all errors are within 20%. In most cases, the error is no more
than 15%.

Multiple corrosion defects are formed on the surfaces of deep-sea steel pipelines.
Therefore, the applicability of the present formula for the collapse pressure of steel pipelines
with multiple corrosion defects was studied. Based on the single corrosion defect model, the
finite element models for steel pipelines with two, three and four defects were established
as shown in Figure 24.
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Figure 24.

Finite element models of pipelines with (a) two defects, (b) three defects and (c) four
defects.
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In order to calculate the collapse pressures of pipelines with multiple corrosion defects
more accurately, the equivalent method was introduced in this study. Assuming that the
pipeline has k corrosion defects, the corrosion defects are divided into n and m groups in
the circumferential and longitudinal directions. Additionally, the size of each group of
corrosion defects can be expressed as:

1=n
Lee =) L (12)
i=1
i=m
Ce = Z Ci (13)
i—1
ViR dieiLy
d, = Zi=L 0t 14
e L.c. (14)

where, L., c, and d, are the equivalent length, equivalent circumferential width and
equivalent depth, respectively. By incorporating Equations (12)—(14) into Equation (11), the
collapse pressure of the pipeline with multiple corrosion defects can be obtained.

Figure 25 shows the comparison for the collapse pressure of present formula and finite
element model of steel pipelines with three and four defects. For all cases, the differences
between the results of present formula and finite element are within 9%. Therefore, the
collapse pressure of steel pipeline with two defects can be predicted by using present
formula.

0.60 -

L=

~0.55 "

&
N
—=a— The pipe with wo defects
0.50 —e— The pipe with three defects
—4— The pipe with four defects
present formula
0.45 . L . L . L . L
0 1 2 3 4
S./D

Figure 25. Comparison for the collapse pressure of present formula and finite element analysis of
steel pipelines with three and four defects.

7. Conclusions

The buckling behavior of corroded steel pipelines under the combined action of
external pressure and axial force was simulated by using ABAQUS software, and the
collapse pressure of a steel pipeline was obtained. Full-scale tests of external pressure
on corroded steel pipelines were conducted. Through comparison with experiments, the
accuracy of our finite element model was verified. Based on the finite element parameter
analysis, the empirical formula of the critical collapse pressure of a corroded steel pipeline
under the combined action of external pressure and axial force was obtained by fitting. The
main conclusions of this research are as follows:

(1) Axial force, initial imperfections, material properties and defect size have significant
effects on the collapse response of a pipeline. Compared with deep corrosion defects,
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@)

®)

the influences of various parameters on the collapse pressure of pipelines with shallow
corrosion (d/t < 0.3) defects are more obvious. When d/t > 0.7, the effects of D/t, Ag
and L. on the collapse pressure can be ignored. As the size of the defect, i.e. in length,
width or depth, decreases, the collapse pressure decreases. In the case of 6. = 0.1, the
collapse pressure decreases gradually faster as 4/t increases; for the case of 6. > 0.5,
the collapse pressure decreases approximately linearly.

The formula for the collapse pressure of a corroded steel pipeline under the combined
action of external pressure and axial force was established, and the accuracy of the
formula was verified by comparison with the finite element results.

A formula was further proposed to conservatively calculate the collapse pressure of a
steel pipeline with multiple corrosion defects.

The formula proposed in this study can be used for collapse pressure assessments

of corroded pipelines in practical engineering to determine whether they can continue to
serve safely, so as to avoid unnecessary repairs and replacements.
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Nomenclature

A cross-sectional area of the steel pipeline

c arc length of defect

d depth of corrosion defects

D outer diameters of the steel pipeline

Dmax maximum outer diameters of the steel pipeline
Dpin  minimum outer diameters of the steel pipeline
E elastic modulus

AF relative resistance

L length of the steel pipeline

Ly gauge length

L¢ length of defect

1% external pressure

Pe collapse pressure

Peo buckling pressure of intact pipeline

p? collapse pressure of experimental

p collapse pressure of finite element

Py yield pressure

r notch radius of tensile specimen

R mean radius of steel pipeline

Sc axial spacing between two defects

St circumferential spacing between two defects
t wall thickness

T axial force

To yield axial force
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AT  temperature difference
wp  radial displacement

o material coefficients

B strain hardening parameter
Ao initial ovality

€ uniaxial strain

Ae  relative strain average

6 polar angle

8.  polar angle of corrosion defects

A temperature expansion coefficient of the steel pipeline material

o uniaxial stress
oy yield stress
U poisson’s ratio
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