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Failure pressures of corroded pipeline with siqgdnt and multipoint corrosion pit were investigated

by finite element method in this paper. Effects of internal pressure, lengttn degtspacing of
corrosion pits on failure pressure of corroded pipeline were discussed. The results show that no matte
for axial corrosion pit or ring corrosion pit, the maximum stress appears on the bottom epsingle
corrosion pit along pipeline a&xdirection, and the minimum stress appears on the end along pipeline
ring direction. Von Mises stress and plastic strain increase with the increasing of internal pressure.
Failure pressure of corroded pipeline decreases with the increasing of corribsd@ptp, but it
increases with the increasing of wall thickness. With the increasing of corrosion pit length, failure
pressure of corroded pipeline with axial corrosion pit decreases, while it increases for ring corrosion
pit. Corroded pipeline with muHpoint corrosion pit is more prone to failure than with sirgbént
corrosion pit. For multpoint corrosion pit, with the increasing of internal pressure, the maximum
plastic strain first appears on one end of the ellipsoidal corrosion pit and thea botttbm. Failure
pressure of corroded pipeline increases gradually with the spacing increases.

Keywords: corroded pipeline, corrosion defect, failure pressure, finite elemelysenaorrosion pit
morphology

1. INTRODUCTION

With the rapid developmentf economy, demands of oil and gas are increasing for all
countries. Pipelines have been widely concerned as the main transportation of oil and yjag. Bur
groundis the main laying forms of pipelines. Corrosion is one of the most important failure wfodes
buried pipelined1], because they have to cross the complex topography and transport a variety of
media.Electrochemical corrosiors the mainreasonfor pipelinecorrosion At the anode area, iron is
dissolved into iron ion, then into the electrolyseil). Hectrolyte solutiorexists inthe moist soil and
atmosphere around pipelif2]. At the cathode area, electrons are absorbed by the material in the
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electrolyte. Then the corrosion cell is formed, and REDOX reaction was perfadnéer the action
of geological, soil and high pressure medium, corrosion pits appear on both inner and outer walls of
the pipeline, as shown in Fig.1. With the perforation of these corrosion pits or crack propagation,
rupture accidents may occur. Leak accidents of oilgasdnot only cause a large number of casualties
accidents, but also result in economic loss and environmental pollution[1]. For example, in July 2011,
crude oilpipeline explosion of Dalian international transportation co., LTD. caused widespread fire
anda large number of oil spill, meanwhiéelot of pipeline equipment asdamaged and theea was
polluted[2].In November 2013, rupture accident of Huaigi pipeline happened, which caused a
large number of oil leakage, and the oil spilled into the raiemvpipeline. Manu roads and motor
vehicles were dynamited in this accident. And 52 people were killed, 11 people missing. After pipeline
corrosion, global or local thinningf the wall thickness would reduce the static and dynamic strength
of pipeline. So,corrosion is the primary factor of failure accident for long distance oil and gas
pipelines. Therefore, it is very important to study the residual strength of pipeline for its safety
evaluation and operation.

In the 1970s, ASMEB31G was used to calculatiee failure pressure of corroded pipeline by
American society of mechanical engineers[3]. At the beginning of the 21st century, DNRL(RP
was put forward tappraisalcorroded pipeline by DNY and BG based on-Bdhle experiment and
finite element angbis[4]. According to the blasting experiment and numerical simulation, a
computational formula ofailure pressure was proposed by Choi. This computational formula is
suitable for X65 pipeline[5]. Based on MB13G method, EPA method was proposed by Freire
according to blasting limit experiment[6]. Recent years, Chen studied the interaction relationship for
submarine pipeline with axial corrosion defects [7]. Shuai predicted the failure pressure of corroded
pipeline by finite element method, and fitted a jece&dn formula[8]. But the discussion of effects of
multi-point corrosion pits on failure pressure is very little. In this paper, corroded pipelines with a
single corrosion pit and mugoint corrosion pits were investigated by using finite element method
and effects of the length, width and spacing of corrosion pits on failure pressure were discussed.

; Corrosion
# |__ pits

Figure 1. Corrosion pits of buried pipeline
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2. MATERIALS AND METHODS

2.1 Material model

Material hardening has a great effect on the blasting fadtidae pipeline. So, in order to
reflect the hardening properties after material yield, RamBsigpod stresstrain rule was used in
this model[8].
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Where, g,is initial strain, g =s_/E. sis yield stress, MP& is elasticity modulus, MPa is
the hardening coefficient is power hardening exponent.

2.2 Failure criteria of pipeline

There are three kinds of failure criteria for the numerical simulation obded pipeline. The
first one istheelastic limit criterion[9]. The pipeline is prone to failure if von Mises stress of corrosion
area is bigger than the yield stress of the material. The second one is failure criterion based on plasti
limit state[10]. Rilure of corroded pipeline can be determined by hoop stress of corrosion area. When
the hoop stress reaches the tensile strength, pipeline failure occurs. The third one is plastic failure
criterion[11]. When the minimum equivalent stress is bigger tharisile strength, failure occurs. In
this paper,the reason why the elastic limit criterion is replacedptgstic failure criterion igts

conservative, and von Mises stress is regarded as the minimum eqyid/2]ent
1
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Where, s is von Mises stress, MHa]is the allowable stress, MPa.

According to ASME B31&009[13], the failure pressure H]:
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Where,Ps is failure pressure of the pipeline, MRais outer diameter dhe pipeline, mmt is
wall thickness of the pipeline, mmis the depth of the corrosion pit, mM.is Folias &pansion
coefficient 5 is the flowstress MPa.
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Where, s ;is yield strengthof the pipeline, MPd.is the length of the corrosion pit, mm.
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3. EFFECT OF SINGLE-POINT CORROSION PIT

3.1 Numerical snulation model

The structural response of steel pipeline is examined numerically using advanced
computational too[45]. An advancedyeneralpurpose finite element program ABAQUS is employed
to simulate the mechanical behavior of buried pipeline undernadtepressure. In this paper,
ellipsoidal corrosion pits are considered. Finite element model of 1/4 pipeline was established for the
symmetry of structure and load. As shown in Fig.2, eigitte solid elements are employednodel
the pipelingl6]. Diameder of the pipeline is 324mm, wall thickness of the pipeline is 10.6mm. In order
to eliminate the edge effect, length of thipelineis 3 times the diameter.

A linear isotropic strain hardening model has been considered in the plasticity model of the
steel pipeline materigl7]. The correlationyield function is dependerdn the equivalent pressure
stress. This model has been used with a von Mises yield surface cyit@fiddumerical results are
obtained for X65 steel pipeline. Yield stress4i48.5MPa,tensile strength i$31IMPa, Young's
modulus is 206 GPa, Poisson's ratio is 0.3, density is 7808[@mThe axial and ring corrosion pits
were considered in this paper. The end of the pipeline was fixed along z direction. Then three
symmetry planes wergnposed symmetry constraints along X, y, z directions respectively. Internal
pressure was applied on the internal wall of the pipeline.

Figure 2. Finite element model of a single corrosion pit

According to the actual condition, two types (axial osmn pit and ring corrosion pit) of
ellipsoidal corrosion pit were considered in this paper. Seajor axis of axial corrosion pitas the
same directiorwith the axis of pipeline. Directions of minor seaxis of ring corrosion pit and
pipeline axis ar¢he same.
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3.2 Simulation results

When length of the corrosion pit is 15mm, depth is 5mm, von Mises stress distributions around
the pit under different internal pressure are shown in Fig.3. No matter the axial corrosion pit or ring
corrosion pit, the marium stress appears on the bottom of the corrosion pit along pipeline axis
direction. The minimum stress appears on the ends along pipeline ring direction. Von Mises stress
increases with the increasing of internal pressure. When the stress is biggbe thiahd limit, stress
of the whole pipeline increaseapidly. Then pipeline explosion occurs when the internal pressure is
bigger than failure pressuf2].

16MPa 20MPa 24MPa 28MPa 32MPa

Ring corrosion pit

Figure 3.Von Mises stress distribution around the pit under different pressures

Plastic $rain distributions around the pit under different pressures are shown in Fig.4. Under
the same pressure, plastic strain with-tyge appears on the pipeline with axial corrosion pit. Plastic
area increases with the increasing of internal pressure. Thienoma plastic strain appears on the
bottom of the corrosion pit.

20MPa 24MPa 28MPa 32MPa 34MPa

Ring corrosion pit
Figure 4. Plastic strain distribution around the pit under different pressures
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Table 1 shows the failure pressures of the two corrosiorbpismulation andASME B31G
[13]. When the lagth of corrosion pitis 15mm, depth is 3mnthe failure pressure of corroded
pipelinewith ring corrosion pitobtained by simulatioMSME B31G are the same. It means that the
numerical simulation methad this papeis reliable and it can be used fwedictthe failure pressure
of corroded pipelineThefailure pressure afing corrosion pitis more than axiatorrosia pit to close
to the results calculated WSME B31G. So,ASME B31G can be used tpredictthe failure pressure
corroded pipelinavith ring corrosion pit but not suitable for axial corrosion pit.

Failure pressure of axial corrosion pit is smaller than the ring corrosion pit. It meatisethat
pipeline with axial corrosion pit is prone to failure under the same volume defects. Whengites
15mm, difference between the two failure pressures.@Pa. Whenthe lengthof the pipeline is
19mm, the difference is 8MPa. Therefore, wall thickness, length and depth of corrosion pit have a
great effect on the failure pressure of corrodipelme [20].

Table 1.Failure pressuseof pipelineby simulation andASME B31G (Unit, MPa)

Wall Length Depth Corrosion pit

thickness(mm) (mm) (mm) Axial Ring ASMEB31G
10.6 15 3 23.82 33.65 33.65
10.6 15 4 21.84 29.82 33.54
10.6 15 5 20.53 26.13 33.41
10.6 19 5 18.52 27.42 33.16
14.3 15 5 33.18 39.35 45.39

3.3 Depth of the corrosion pit

When length of corrosion pit is 15mm, Fig.5 shows failure pressures of corroded pipeline under
different pit depths. Failure pressure of corroded pip&laweases with the increasing of corrosion pit
depth with nonlinear rule. When the corrosion pit depth is smaller, the failure pressure difference
between axial corrosion pit and ring corrosion pit is bigger. But it decreases with the increasing of
corroson pit depth. When the pit depth is 7.5mm, the corrosion pit is a half spherical. So, failure
pressures of the two corroded pipeline are the same.
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Figure 5.Failure pressure of corroded pipeline under different corrosion pit depths
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3.4 Length of thearrosion pit

When depth of corrosion pit is 5mm, failure pressures of corroded pipeline under different pit
lengths are shown in Fig.6. When length of the corrosion pit is 5mm, the pit becomes a half spherical.
So, failure pressures of corroded pipelinghwvaxial corrosion pit and ring corrosion pit are the same.
With the increasing of length of corrosion pit, failure pressure of corroded pipeline with axial
corrosion pit decreases, while it increases for the corroded pipeline with ring corrosion fitie But
change rate decreases also.
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Figure 6. Failure pressure of corroded pipeline under different pit lengths

3.5 Wall thickness of the pipeline
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Figure 7. Failure pressure of corroded pipeline under different wall thicknesses

Wall thickness of he pipeline has a great effect on its failure presg®¢ If the depth of
corrosion pit is bigger than the wall thickness, pipeline leak occurs. When length of the corrosion pit is
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15mm, depth is 5mm, failure pressures of corroded pipeline under difteadl thicknesses are shown
in Fig.7. With the increasing of wall thickness, failure pressure of corroded pipeline increases.
Therefore, thick wall pipeline should be used in severely corrosive environment.

4. EFFECT OF MULTIPLE CORROSION PITS

4.1 Numerical simulation models

Multi-point corrosion is more often than single point corrosion in engineering prélice
The interaction between corrosion pits should not be ignored. Finite element models ofpdintble
and threepoint corrosion pit werestablished as shown in Fig.8. Boundary conditions and lasels
the same as Fig.2.

4.2 Simulation results

When the initial spacing is 5mm, length and depth of the corrosion pit are 15mm and 5mm,
failure pressures of corroded pipeline with two kinds @gion pits are shown in Fig.9. Under multi
point corrosion pit condition, failure pressure of corroded pipeline with axial corrosion pit is smaller
than ring corrosion pit. Failure pressure of corroded pipeline with 4pailtit corrosion pit is smaller
than singlepoint one. But the difference between doybdént and thregpoint corrosion pits is small.

So, multipoint corrosion pit model can more accurately predict failure pressure of the pipeline.

Ring corrosion pit

-

Axial corrosion pit

Figure 8. Finite element models of mutioint corpsion pit
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Figure 9. Failure pressure under different corrosion pit number

Fig.10 shows the von Mises stress distribution around multipoint corrosion pit. With the
increasing of internal pressure, high stress area increases gradually. Before phastappars, von
Mises stress distribution of corroded pipeline changes little. In the elastic &tdhge pressures of
doublepoint and thregoint axial corrosion pits are4.6MPa and 2MPa. Whilefailure pressures of
doublepoint and thregpoint ring corrosion pits are 42MPa and & 3VIPa. Under the same internal
pressure, high stress area of thpe@t corrosion pit is bigger than doufpeint corrosion pit, high
stress area of axial corrosion pit is bigger than ring corrosion pit.
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Figure 10.Von Mises stress distribution around multipoint corrosion pit
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Figure 11.Plastic strain around multipoint corrosion pit

Fig.11 shows plastic stin around multipoint corrosion pit. For dowgeint corrosion pit,
plastic strain first appears on one end of the ellipsoidal corrosion pit when internal pressure is small.
Plastic area increases with the increasing of internal pressure along pip&irdrection, and the
maximum plastic strain appears on the bottom of the pit. But the width of plastic area of ring corrosion
pit is bigger than axial corrosion pit. When internal pressure is more than 32MPa, plastic area sharp
increases. For thrgeoint corrosion pit, the plastic area is bigger than doyloliet corrosion pit.
Plastic strain of the side corrosion pit is bigger than the middle ondouion ofcorrosion pit is
prone to failurdor the pressure pipeline.

4.3 Spacing of corrosion pits

(a)Doublepoint corrosion pit (b) Thrgmint corrosion pit
Figure 12.Failure pressure of corroded pipeline with multipoint corrosion pit under different spacing

Failure pressures of corroded pipeline with mptiint corrosion pit under ddrent spacing are
shown in Fig.12. With the increasing of the spacing, failure pressure of corroded pipeline increases
gradually, but the change rate decreases. For dpulike axial corrosion pit, failure pressures of



