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CONCLUSIVE SUMMARY

This report is one in a series of 4 reports in the JIP project “Reliability of Corroded Pipes”. The
objective of the project has been to provide burst capacity and acceptance formulas with
consistent reliability levels for corroded pipes.

The work includes a series of laboratory tests and g large number of FE analyses of corroded
pipes exposed to interna] pressure and combined interna] pressure and external compressive
loading. Both longitudinal and circumferential corrosion are considered.

Kirkwood), and a strain criterion was applied for the analyses with combined loads,

The analyses, in combination with the laboratory tests performed within the project, forms the
background for the development of the capacity equation and the calibrated design equation for
corroded pipes, which is described in the project report “Reliability of Corroded Pipes,
Assessment of Capacity and Acceptance Criteria.”
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2 INTRODUCTION

2.1 Motivation

operation of the pipeline may result in high costs and unexploded resource utilisation. As the
pipelines are ageing and corrosion may develop, the economical consequences of reduced
operation pressure, repairs, or replacements may become high.

of the pipeline.

2.2 Background

The present Joint Industry Project “Reliability of Corroded Pipes” is a continuation of the project
“Residual Strength of Corroded and Dented Pipes”. The former project, Phase I, was started in
1993 and concluded at the end of 1995. The present project, Phase II, stared shortly after.

The Phase [ of the project was sponsored by Statoil, Phillips, Brasoil (Petrobras), Mineral
Management Services (MMS), Norwegian Petroleum Directorate (NPD), The Research Council
of Norway (NF R}, and Det Norske Veritas (DNV).

The Phase II of the project “Reliability of Corroded Pipes” is Sponsored by Statoil, Amoco,
Exxon, NPD, MMS and Brasoil (Petrobras).

The project scope of work has been modified during the course of the project to better utilise the
funding. Especially, the work conducted by British Gas in a corresponding project has had an
impact on the course of this project.

was a series of finite element analysis and a reduced series of laboratory test compared to the
initial scope.
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iti aboratory tests

Such a co-operation could be initiated after the completion of both the DNV and the British Gas
projects, by the development of a unified guideline for burst of corroded pipes.

2.3 Project Reports
The project concludes with the reports defined in Table 2-1.

Table 2-1 Overview of the project reports

DNV report no. Title / Subject
96-3392 Reliability of Corroded Pipes / Finite Element Analyses
96-3393 Reliability of Corroded Pipes / Laboratory Burst Tests
96-3394 Reliability of Corroded Pipes / Assessment of Capacity and Acceptance Criteria
97-3358 Reliability of Corroded Pipes / Project Guideline

2.4 Participants and their Representatives
The following organisations participated in the project:

Participant Representative Telephone / Fax
Minerals Management Service (MMS) Wallace O, Adcox Telephone (+1) 703 787 1354
Fax (+1) 703 787 1010
Norwegian Petroleum Directorate (NPD) Kjell A. Anfinsen Telephone (+47) 51 87 62 26
Fax (+47) 51 55 15 71
Den norske stats oljeselskap a.s.(Statoil) Richard Verley Telephone (+47) 73 58 41 85
Fax (+47) 73 96 72 86
Amoco Norway Oil Company (Amoco) Ole Jorgen Narvestad Telephone (+47)51 5020 18
Fax (+47)51 5022 18
Exxon Production Research Company (EPR) Robert Appleby Telephone (+13 713965 7193
Fax (+1} 713 966 6423
Petrobras /CENPES/DIPREX Adilson C. Benjamin Telephone (+55) 21 598 6263
Fax (+55) 21 598 6793
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2.5 Conversion Factors

SI units are used in the report. The conversion factors between SI units and US units are;

From US units to SI units

Length: 1 in (inch)

Mass 1 1b (pound)

Force I Ibf (pound force)
1 kip

Stress (Pressure) 1 psi (Ibf/in2)

1 ksi (1000 psi)

From SI units to U, S units

Length: I mm
Mass 1 kg
Force IN
' kN
Stress (Pressure) 1 Mpa
I Mpa
Lksi = 1000 psi
10 bar = 1 MPa

1

i

1l

25.40 mm

0.4536 kg

4448 N

4.448 kN

0.006895 MPa (N/mm2)
6.895 Mpa

0.03937 in

2.205 Ib (pound)

0.2248 1bf (pound force)
0.2248 kip

145.0 psi (Ibf/in2)
0.1450 ksi

DN

v
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3 GENERAL INFORMATION OF THE MODELS AND ANALYSES

3.1 Introduction

Most of the models were 3D models with solid elements and full non-linear material and
geometry formulation. When appropriate, as for instance this was applied for the analyses of the
girth weld corrosion, 21 models were used. In this specific case axisymmetric plane solid
elements were applied. Also the burst capacity of none and infinite long corrosion defect were
analysed using 2D models, and in this case plane strain elements were applied.

¢ Diameter: 324 mm

Thickness 10, 16 and 22 mm (D/t ratio of 32, 20 and 15)

¢ Corrosion defect depth 0.15, 0.30, 0.50 and 0.70 of the wall thickness

¢ Corrosion defect length 0.15,0.25, 0.50, 0.75, 1.0, and 2.0 of the pipe diameter

All defects assessed were single smooth shaped corrosion defects,
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Selected plots of the models are show in Figure 3-3 to F igure 3-11,

3.3 Computer program
The general purpose no-linear program ABAQUS, version 5.4 and 5.5 was used.

3.4 Generation of the models

The FE element models were generated in Solvia-Pre, and the node co-ordinates, element
topology, boundary conditions and pressure load were converted to ABAQUS input format by
use of an in-house program. The additional input required for the analyses were edited into the
ABAQUS input file, such as material properties, loading sequence etc..

3.5 Mesh and element types

For the all the 3D models the solid element C3D20R were used. This is a reduced integration
order 20 noded element. In the corroded region 4 elements were used through the thickness, and
al some distance away from the corroded region the number of elements were reduced to 1
element through the thickness.

For the 2D modes the solid element types CAX8R and CPES8R was used for axi-symmetric and
plain strain analyses, respectively.

Typical size of a 2D model was 500 nodes and 100 elements. Number of degree of freedom (in
ABAQUS noted variables) were 800, and wavefront approximately 30,

3.6 Boundary conditions

For the 3D models advantage of Symmetry was taken, hence only 1/4 of the pipe was modelied.
Symmetry boundary conditions were applied at the symmetry planes.

For the models with internal pressure and bending moment additional boundary conditions were
applied at the end of the Pipe, and a beam element were connected to the end to allow for
application of bending moment or prescribed rotation.

Page 6

Reference to part of this report which may lead to misinterpretation is not permissible.
4 July 1997, OHB/femd




DET NorskE VERITAS

Report No. 96-3392, rev. 01

GENERAL INFORMATION OF THE MODELS AND ANALYSES

3.8 Materials

Superb project the “average” X60 material and X80 material were generated.

| X60 trie stress-strain| . .|

N oo e 160 engineering stress-strain| |

- - -

Stress (MPa)
(4]
8

40 f N P |

—
-~

oo | |sloe of the X80 tnie stressistrain| | i N

: : L T e e ;
; 200 |. j : o f s o
i 100 o : f j ' ‘ : ’
| 0 - ' R S T . R -—!
0 0.1 02 0.3 0.4 05 0.6 0.7 0.8

Strain

|
Figure 3-1 True and engineering stress strain material curve for mean X60 material

The true UTS s calculated from the maximum point at the engineering stress-strain curve, using
the following expressions;

Ere = In(l+e,,,)

This is also the location where the slope of true stress-strain curve is equal to the true-stress
strain curve, see figure
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Table 3-1 X60 material variations (engineering values)

X 60 material +10 % mean value -10 %

Yield strength (MPa) 414 460 506

Tensile strength {MPa) 520 578 636
800.0 1 Applied Stress-Strain curve in ABAQUS

Sy (Mpa) = 460 ; 506 ; 414 -
| Su(Mpa) =578 ; 636 ; 529 I
= (AN combinations) JSS——

00— —_— ———
e T I
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14

Strain (true)

Figure 3-2 True stress-strain material curve for the X60 material sensitivity study

3.9 Solution strategies

The general purpose program ABAQUS was applied for the analyses, and both material non-
linearity and non-linear geometry (large deformations) accounted for in all the analyses. In
generally a static loading procedure war applied, and the loading was increased until equilibrium
Wwas not obtained for a small increment of the applied load.
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equilibrium is obtained.

3.10 Failure criteria

3.10.2 Analyses with combined loading

The same criterion as for the analyses with internal pressure was not found to be suitable for the
analyses with combined loads. There is a significant difference in the local stress distribution in

pressure and axial compressive loads. For internal pressure only (with end cap), the pipe
material is subjected to hoop stress in tension and an axial tensile stress which is half the hoop
stress, and the loading is in one direction until failure. Numerical instability will occur at a
slightly higher pressure level then the defined failure criteria,
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Figure 3-4 Example of typical finite element model, close-up view. D =324 mm,
t=10.0 mm, d/t=0.5, L/D = 0.15, w=3¢
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DNV

4 LONGITUDINAL CORROSION DEFECTS, INTERNAL PRESSURE

4.1 3D analyses
4.1.1 Corrosion depth and length sensitivity

A series of analyses were performed with internal pressure with smooth rectangular shaped -

2-¢ 4.1)
Bh=——m-=0
0 D —t u
o, . ultimate tensile strength
t : pipe wall thickness
© pipe outer diameter

The results are given in tabular form in the next pages.
i Normalised burst capacity versus corrosion length
' 1.2 _ _ - e .
| | |
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3 * . ‘ |
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§-) : . |
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 E 02! i
. Q
2 |
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Figure 4-1 Normalised burst capacity, X60 material
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LONGITUDINAL CORROSION DEFECTS,

INTERNAL PRESSURE

Normalised predicted burst capacity P/P
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Figure 42 Normalised burst capacity,
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Normalised burst capacity versus corrosion length
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LONGITUDINAL CORROSION DEFECTS, INTERNAL PRESSURE
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4.1.2 Material sensitivity, variations of the average X60 material
A few models were selected for a study of the sensitivity to variations of the material. The

Page 22

Reference to part of this report which may lead to misinterpretation is not permissible,
4 July 1997, Qi{B/fem4




DET NORSKE VERITAS

Report No. 96-3392, rev. 01

LONGITUDINAL CORROSION DEFECTS, INTERNAL PRESSURE D

IDINTY

The results of the analyses are shown in Figure 4-3 and in Table 4-1. The results grouped
together are calculated burst capacities for combinations of the material using the same FE
geometry model.

Normalised burst capacity versus corrosion length
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Figure 4-3 Resuits of the material sensitivity study
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Table 4-1 Results of the material sensitivity

study
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4.1.3 Parabolic shaped corrosion defect

A few models with parabolic shaped corrosion defect were generated, and analysed with internal
pressure loading. The result shows an increase in burst capacity, see Figure 4-4. The upper line
is the results for the 4 models with parabolic shaped corrosion defect, and the corresponding

generated, but the elements at the edges of the corrosion defects did not show convincing

behaviour, and hence the results from the analyses are not included in the report.
! Normalised burst capacity versus corrosion length
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Figure 4-4 Parabolic shaped corrosion (parabolic upper line, rectangular lower line)

Table 4-2 Results for the analyses with parabolic shaped corrosion (4 last rows)
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Figure 4-5 Example of model with parabolic shaped corrosion
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4.1.4 Internal versus external located corrosion

For practical purposes the laboratory test specimens were made with the artificial corrosion
defect at the outer surface. For offshore pipelines a corrosion defect is normally located at the
internal surface, while for onshore pipelines the defect could as well be at the external surface.
Duplicate analyses were made with the same corrosion defect at the external and the internal
surface.

The burst capacities from the analyses were the same for internal and external defects.

4.1.5 Defects width

The defect width in the models was in most cases 3 times the wall thickness, but one model was
made with a defect width of 15 times the thickness. The burst capacity was close to the same for
the narrow and the wide defect for the X60 material. The wide defect had actually just slightly
higher capacity than the narrow one.

The model, simulating laboratory test no. 1 was analysed with the material determined with
coupon tests. The material curve showed a clear and long yielding plateau. Another analysis
was performed to check if the yielding plateau was of significance, and the results showed close
to no effect of this. The capacity was the same, even with significant change in the first part of
the material curve.

Another pair of analyses were performed, same as the above, but with less width, w/t=3. In this
case the same change of capacity was observed as in the sensitivity study. This effect has not
been studied in more details, and it is assumed that for wide defect the capacity is mainly
dependent on the ultimate strength, and for narrow defects the yield stress also has an influence.
The defect length ratio was L/D= 0.75 and the defect depth ratio d/t = 0.50.

The defect width is studied more in detail using 2D models, which is for infinity long corrosion
defects.
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4.2 2D analyses

4.2.1 Infinite long corrosion

The plain strain 2D models simulates infinity long corrosion defects, and results from the
analyses are shown in F igure 4-6. Infinity long corrosion defects is set equal to 1500 mm, for
practical purposes, resulting in a dimensionless length of 18, 21 and 26 depending on the
different wall thickness. The results from the 2D analyses correspond well with the results from
the 3D analyses with long corrosion.

Normalised burst capacity versus corrosion length
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Figure 4-6 Infinity long corresion defects, plain strain 2D analyses
Table 4-3 Infinity long corrosion defects, plain strain 2D analyses
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4.2.2 Corrosion width and internal versus external corrosion
The internal versus the external corrosion was also studied using 2D models,

Two models with the same dimensions as model P8 in Table 4-3 was made, but with corrosion
width w/t =9, and one with internal corrosion and the other with external corrosion. The one

The percentage difference is 1.5 %0 between the models with ing

ernal defect and width w/t equal

to 3 and 9. There is another 1.5 % between the failure pressures for the analyses with internal

defect and with external defect,

The models are included in F igure 4-7.

Figure 4-7 2D models, internal versus external corrosion, and width of corrosion.
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4.2.3 Mesh density

In the corroded region 4 elements was used through the thickness, which was at a short distance
away from the corrosion defect reduced to one element through the thickness, A model equal to

the results). The models are included in Figure 4-8.

Figure 4-8 2D models, mesh density, close-up view.
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5 LONGITUDINAL CORROSION DEF ECTS, COMBINED LOADS

3.1 Combined internal pressure and bending moment
5.1.1 Models description

to be a stiff plate by using the *EQUATION option in ABAQUS and connect a short beam
element to the stiff plate. The beam element was used to in a easy way to apply the load and
boundary conditions.

3.1.2  Loading and failure criteria

moment constant and the internal pressure was increased until failure, If only internal pressure
was applied the models failed in the hoop direction as observed for the models with longitudinal
corrosion. Three failure criteria were applied, and for high internal pressure there was a minor
difference in predicted pressure, 550 MPa, 600 MPa, and numerical instability. One analysis
were carried out applying rotation in stead of bending moment, allowing the bending moment to
reduce when increasing the internal pressure,

5.1.3 Results

the most correct, and we assume no errors in the instrument recordings in the laboratory tests.

Page 31

Reference to part of this report which may lead 1o misinterpretation is not permissible.
4 July 1997, OHB/femd




DET NorskE VERITAS

Report No. 96-3392, rev. 01

LONGITUDINAL CORROSION DEFECTS, COMBINED LLoaDs

Combined internal pressure and bending moment
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Figure 5-9 Analyses results of combined internal pressure and bending moment.

3.2 Combined internal pressure and axial compressive force

5.2.1 Models description

Models used for the study of longitudinal corrosion with internal pressure were modified to also
account for axial compressive force.

3.3 Loading and failure criteria

deformations, without indications on the pipe would have bursted. Three failure criteria were
applied, and for high internal pressure there was a minor difference in predicted pressure, 10%
strain, stress at UTS and numerical instability. For modest internal pressure and high axial
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5.4 Results

The results from the analyses are shown in F igure 5-10. The internal pressure capacity is
reduced with increased axial compressive load, but the faijure mode is different for high internal
pressure and modest internal pressure. The results are compared with the laboratory tests in the
project assessment report.

B Dia 324mm, t=10mm, d/t=0.3, LiD=0.5, X60
Axial compressive load. (compare with lab. test 5)

5
= -l T -
e | P . .
a - - e 2000 ~| ——Riks/num |
E_ | | ‘| | . True UTS |
E D JII_ *1507 - 4__..._10% strainj‘ - -
o ‘ B il
i - - - ,‘IDO,l | : _ _
| |
,{_1 ,501_, | ,{_,
| ‘ .
; ; | — 0y I |
-600 =500 -400 -300 -200 ~100 4] 100 200 300
Pipe wall axial stress (MPa)

Figure 5-10 Analyses results of combined internal pressure and axial loads
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6 CIRCUMFERENTIAL CORROSION DEFECTS, COMBINED LOADS

6.1 Models description

6.3 Results

The analyses results are included in figure # for both the 50% and the 70% corrosion depth
models. For internal pressure only and not including the end cap force, the predicted capacity is
almost identical for the 50% and the 70% corrosion depths. This illustrates that the load carrying
capacity is in the hoop direction and that the pressure load in the corrosion defect is carried by
the adjacent material. For a thin wall pressure container the axial stress is half the hoop stress
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tensile stresses, the compressive stresses will only result in excessive deformations and no
rupture. However, the large deformations also results in rotations and local bending of the pipe
wall which also results in tensile stresses which could induce rupture.

The failure criterion is 10% strain in the corroded section. Two examples of exceeding the 10%
p g

criterion is indicated, where the one for 50% corrosion depth and 300 bar were analysed all to
70% strain.
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Figure 6-12 Ilustrative view of the model with 50% corrosion depth. Only ¥ of the
shown elements are used in the finite element analyses, see previous figure.
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Figure 6-13 Hlustrative view of the model with 70% corrosion depth. Only Y of the
shown elemen_ts are used in the finite element analyses.

Page 37

Reference to part of thig report which may lead to misinterpretation is not permissible.
4 July 1997, OHB/fem4




DET NorskEg VERITAS

Report No. 96-3392, rev. 01

CIRCUMFERENTIAL CORROSION DEFECTS, COMBINED LoADS

Internal pressure ve

rsus pipe wall axial stress

| full circumferential corrosion

| __H"""_‘T“__H-“_l““A_”m'“‘T_'—“"JSDT'“‘_”W“'T“” '_'"%r_hﬁ 1
| ' i
| |
I |
|
! |
ol e
|
= [ !
o
=
l o S - i !
3
| @ | |
] | R T S -
| = - S e —]‘_.-._50%corrosion depth| - _ ] i
E | | | —e— 70%corrosion depthJI
| = | | et nhatk |
= o _1| o e L ey S R
| i | | | - | | |
| ' .
| 1 g | N N
y |
| A i
; | |
! |
‘ .
i -400 -300 -200 -100 0 100 200 300
l‘ Pipe wall axial stress (MPa) !
|
Figure 6-14 Analyses results for circumferential corrosion defects.
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