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1 CONCLUSIVE SUMMARY

The objective of the JIp project “Reliability of Corroded Pipes” has been to provide capacity
formulas and acceptance formulas with consistent reliability levels for corroded pipes.

corroded pipes exposed to internal pressure, combined internal pressure and external axial
loading, and combined internal pressure and external bending moment. Both longitudinal and
circumferential corrosion have been considered.

The basis for the development of the capacity equation for longitudinal corrosion has been an
extensive number of finite element analyses; a series of laboratory tests conducted within the
research project and previously published test results on burst of corroded pipes.

The basis for the calibration of the acceptance equations for longitudinal corrosion has been the
cstablished capacity equation and bias factors accounting for the uncertainty associated with the

factors in the acceptance equations are established using probabilistic calibration and full
distribution structural reliability methods.

The partial safety factors are presented in tables for different levels of sizing accuracy of the
inspection tool and defined target safety levels. Based on a measured corrosion attack (depth and
length) the annual maximum allowable operating pressure is obtained for g specified inspection
accuracy and selected safety level.

The established acceptance equations for longitudinal corrosion give a defined and consistent
reliability level for variations in the corrosion depths and corrosion lengths. The influence of
corrosion assessment aceuracy is further accounted for in the proposed DNV acceptance
€quation, where increased asscssment accuracy for the observed corrosion reduces the
uncertainties and permits a higher allowable operating pressure.

The developed capacity and acceptance equations are defined for rectangular corrosion shapes
only. A procedure for handling more general corrosion shapes based on a transformation of the
corrosion shape into a series effective rectangular corrosion shapes is described.

Capacity and acceptance equations for circumferential corrosion have further been defined,
However, these cquations are not based on calibration.

The main results from the project are also presented in a Separate project guideline,
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2 INTRODUCTION

2.1 Moetivation

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 1, was started in
1993 and concluded at the end of 1995, The present project, Phase II, stared shortly after.

The Phase I 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 11 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 2 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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British Gas had prior to the initiation of Phase II of the
and finite element analyses for internal pressure only,
Separate pits and grooves. However, this work would
acceptance (design) equation,
Projects would therefore be natural.

The advantage with a Co-operation between the DNV and the

Such a co-operation could be initiated
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.

DN W

project performed several laboratory tests
accounting also for the interaction of
not include a probabilistic calibration of an
A merging of the outcome from the DNV and the British Gas

British Gas projects would be that

after the completion of both the DNV and the British Gas

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
097-3358 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
Fax

Norwegian Petroleum Directorate (NPD) Kjell A. Anfinsen Telephone
Fax

Den norske stats oljeselskap a.s.(Statoil) Richard Verley Telephone
Fax

Amoco Norway Oil Company (Amoco) Ole Jorgen Narvestad Telephone
Fax

Exxon Production Research Company (EPR) Robert Appleby Telephone
Fax

Petrobras /CENPES/DIPREX Adilson C. Benjamin Telephone
Fax

(+1) 703 787 1354
(+1) 703 787 1010

(+47) 51 87 62 26
(+47) 51 55 15 71

(+47) 73 58 4] 85
(+47) 73 96 72 86

(+47) 515020 18
(+47) 515022 18

(+1) 713 965 7193
(+1) 713 966 6423

(+55) 21 598 6263
(+55) 21 598 6793
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25 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: I in {inch) = 25.40 mm

Mass 1 Ib (pound) = 0.4536 kg

Force I Ibf (pound force) = 4.448 N
1 kip = 4448 kN

Stress (Pressure) 1 psi (Ibf/in2) = 0.006895 MPa {(N/mm2)
1 ksi (1000 psi) = 6.895 Mpa

From SI units to U. § units

Length: ' mm = 0.03937 in

Mass 1 kg = 2.2051b (pound)

Force I N = 0.2248 1bf (pound force)
I kN = 0.2248 kip

Stress (Pressure) 1 Mpa = 145.0 psi (Ibffin2)
1 Mpa = 0.1450 ks

Lksi = 1000 psi

10 bar = 1 MPa
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2.6 Overview

2.6.1 Capacity Equation for Longitudinal Corrosion

The project “Reliability of Corroded Pipes” has focused on the development of probabilistic
calibrated code design equations, hereby denoted acceptance equations, for burst of
longitudinally corroded pipes. In order to obtain this, predictions for the burst capacity depending
on the level of longitudinal corrosion must be available.

parameter range variations were covered-

* Degree of corrosion depth, d/¢: 0.15,0.3,0.5, 0.7
* Degree of corrosion extension, X = [,/ JF; : 0.6 - 30.

* Tensile strength, a,: 520 - 727 MPa

* o,/c, relationship: 0.7,0.8, 0.9 _

2.6.2 Acceptance Equation for Longitudinal Corrosion
The basis for the development of burst aceeptance equations for longitudinally corroded pipes
exposed to internal pressure have been:

* The use of nominal values for the pipe characteristics; the pipe thickness ¢ and the outer
diameter D,

* Characteristic description of the materia] quality; the actual yield strength o, and the
actual tensile strength G,.

* An empirical description of the burst capacity defined based on a combination of numerical
FE analyses and laboratory test results,

® Rectangular corrosion shapes.

The acceptance equations were defined for the following design conditions:
* Four levels of accuracy for the assessment of the corrosion depth:
Exact, and 80% within 5%, £10% and +20% of the thickness (CoV 0, ~4%, ~8%, ~16%).

® Three levels of accuracy for the assessment of the corrosion length:
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Exact, std. 15 mm, and Std. 30 mm

* Three safety levels: £, =1072107 10

The acceptance equations are based on the use of three partial safety factors with corresponding
fractile levels for the characteristic parameters,

Y v : Safety factor for capacity model uncertainty and determination of annual maximum
operating pressure

Y+ Safety factor for corrosion depth assessment
€, : Fractile value for corrosion depth
Y, Safety factor for corrosion length assessment

€, 1 Fractile value for corrosion length

2.6.3 Circumferential Corrosion

Capacity equations for circumferential corrosion were defined with basis in the burst capacity for
uncorroded pipes. No further calibration was carried out,

The acceptance equations for circumferential corrosjon were defined with basis in the burst
acceptance equation for uncorroded pipes. No further calibration was carried out
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3 EXISTING CODES F OR CORRODED PIPES

The commonly applied B31G criterion for assessment of corroded pipes, ANSI/ASME B31G
(ASME, 1991) was initially based on the NG-18 equation (Maxey et al. 1971) adjusted to
account for available experimental data.

EXISTING CoDEg FOR CORRODED PIpPES

The NG-18 equation is defining the failure pressure as:

(A 3.1
on'ﬂuw-Z-t A,
b4 1
4, M
where
A, =d -t
and
P failure pressure

M Folias bulging factor, accounting for effect of stress concentration at notch

T g TlOw stress

D pipe outer diameter

A projected corroded area

H nominal pipe wall thickness
d maximum corrosion depth

overpredict the capacity and a rectangular shape is introduced. The flow stress is limited to 10%
higher than the specified minimum yield strength (SMYS).

The B31G burst equation is defining the safe maximum pressure P’ as,

P =11p. for V08X <40 (3.2)

P = l.IP-':l-— :’ for /08 X > 40
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where P is the maximum allowable design pressure for uncorroded pipe

P SMYS .2t .
D
M=+1+08. x? Folias bulging factor
X z Characteristi ion length
== aracteristic corrosion len
VD ¢

and F'is the design factor, normally equal to 0.72.

The following restrictions apply:

* P’ may not exceed P

¢ Corrosion above 80% of the wall thickness is not accepted.

* No further evaluation is needed for corrosion less than 10% of the wall thickness

In Figure 3-1, the safe maximum pressure level according to B31G is shown for corrosion depth
0f0.3,0.5and 0.7 of the wall thickness.

200 e
|
L e Comosion depth 30%
w
[
g
- Carrosion depih 50%
N T
5
" E Corrosion depth 70%
[ §
I : 50
L)
)

2 3 4 5 6 7 8 9 10

Corrosion langth, Lisqrt(De}

Figure 3-1  Safe maximum pressure according to B31G.,
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Variations of proposed flow stress:
we = 1.1 SMYS

S = 115 SMYS

0.5 (SMYS + SMTS)
e — SMYS + 69 MPa

Ii

g

aQ
s
It

!

i

a- SMTS, where g = 090, 1.00r1.]
where SMTS is the Specified Minimum Tensile Strength.

Variations of proposed projected corrosion area definition:
A =di (rectangular)
2/3 d-l (parabolic)
0.85 & (approx. average of rectangular and parabolic)
“exact” calculation (RSTRENG, Kiefner and Vieth, 1989)

I

I

A
A
A

I

Variations of proposed definition of bulging factor;

*  Maxey et al (1971)

M=+1+628.10". x? ~-338.107. x*

* Kiefner (1974)

M=+1+08. x?
*  Kiefner and Vieth (1989)

e {\/I+6.28-10" X?-338.107 X' x <5

33+32-1072. x2 X >450

The drawback with modifying one or more parameters in the B31G equation in order to obtain a
better adaptation to existing and newer results, is that it will most likely result in a negative effect
for other design cases (geometries and corrosion configurations).
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system,

As can be seen in the figure, for a given measured corrosion depth the probability of failure
varies significantly as function of the corrosion length. It should further be noticed the dramatic
inconsistency in the reliability level for the different corrosion depths, e.g. for long corrosion the
probability of failure is approximately 10° for /¢ = 0.3, but higher than 102 for /s = 0.7.

The inconsistent behaviour of the inherent reliability level for various corrosion depths and
corrosion lengths in existing codes has been the incitement for development of new acceptance

equations for corroded pipes in the present DNV Joint industry research project Reliability of
Corroded Pipes,

1.08-10 ( [ Gortosion dupin

o 9 ‘ : ‘ e al
w 10E-9 i ¢ . C P an 0.3
2 i o : ot dn=osi
o 1088 I ! A L _dt=ar!
Th ; C ) : : ' : '
S 1o0e7 | o 1 P -
~ I 5o ; . :
o o !
§ 1.0E-6 { ¥ : : :
‘© : o : . : ’
s 1065 | ‘ e :
S ! oo b ‘
£ toe4 -1, L T
o l o '
S 10E3 | A
e -
S b b
© 10E-2 - | : —f\
3 ) ! ‘
£ 10E1 . :
< - |

1.0E+0 | S T R S 1

0 1 2 3 4 5 6 7 8 9

Corrosion length L/sqrt(D t)
Figure3-2  Inherent reliability level in B31G

Page 10

Reference to part of this report which may lead 1o misinterpretation is not permissible.

4 July 1997, OHB/asses23




DET NORSKE VERITAS

8

Report No, 96-3394, rev. 01 B

BURST CaPacCITY EQUATION FOR LONGITUDINAL CORROSION DN v

4 BURST CAPACITY EQUATION FOR LON GITUDINAL CORROSION

4.1 General

The finite element analyses were carried out using three-dimensional models with fully non-
linear capabilities applying the program system ABAQUS, (Hibbitt, Karlsson and Sorensen,

€quation, where variations in pipe geometry D/t, corrosion length, corrosion depth and material
characteristics were intensively studied.

In addition to these parametric studies, the influence of various corrosion shapes, internal versus
external corrosion, mesh density, solution strategy and 2D analyses for long corrosion were
investigated. The failure criterion for the finite element analyses predicting the burst pressure

geometry as well as different combinations of internal pressure loading and external axial and
bending loads, where a total of 12 tests were carried out.

4.2 Capacity Modelling

The expression for the burst capacity was established with basis in the initial form of the NG-18
and the B31G equations, both in order to obtain continuity with previous work in the field and as

were, however, calibrated and adjusted in accordance with the results from the finite element
analyses and the laboratory burst tests.

The uncertainties associated with the ability of the burst capacity prediction model to represent
the “true” burst capacity were defined in two steps;

* Modelling of the ability of the defined burst capacity equation to represent the burst
capacity obtained from the intensive 3D finite element analyses.
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* Modelling of the ability of the finite element analyses to represent the burst capacity
obtained from the laboratory tests.

The burst pressure capacity is the expressed as:

P(.'AP =X moddet * X 7] P fit (4.3)
where

P, obtained burst capacity from capacity equation

£, obtained burst capacity from laboratory tests

P, obtained burst capacity from numerical analysis

The bias in the burst capacity expression capacity relative to numerical obtained capacity is then
Prra

Sit

X FEd4 =

and the bias in the numerically estimated burst capacity relative to the obtained laboratory
capacity is

_ 'P('.'A!'

model
P
4

The expression for the burst capacity equation is defined on the following form,

1~d, (4.4)
Py =F '—T'H

1= &
M

where P, is the reference pressure,

B==L.s

D—¢ "
M accounts for finjte corrosion length and the corrosion profile,

M<=1+4-X".(1-4,)

X=L/yD.¢
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H=H, - H,
[8)
H,:g]+g2r+g3r2 ;or=—
Hy=l-e X*. ( 1—_X—J [ 1+£J (a,)
€ &

where
d:  measured corrosion depth
L:  measured corrosion length
D: actual outer pipe diameter
I:  actual pipe thickness

G, :actual engineering yield strength
O, actual engineering tensile strength

The parameters 4, B,C, g ;and e, ; were determined through a calibration of the burst capacity
expression.

4.3 Calibration

® degree of corrosion depth, d /¢ 0.15,0.3, 0.5, 0.7
* degree of corrosion extension, X = L/+/D .7 - 0.6 - 30.

* tensile strength, o _: 520 - 727 MPa

* o,/c, relationship: 0.7,0.8,0.9

The influence of the width of the corrosion was not accounted for explicitly. The calibration
study was based on a corrosion width of 3. Some F E-analysis were, however, carried out with a

wider corrosion path, 97 and 15¢, resulting in minor variations on the obtained burst pressure
capacity.,

The calibrated fit was obtained by minimising the following expression,

N (P (D= P (i) (4.5)
min 2, ( T J
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where N, is the total number of FEM analysis results. The penalty exponent A = 2 has been

applied.

The following results were obtained:
A=0090 B=18 C=014
£ =125 g,=-070 £,=0.70

€ =010 ¢,=00 €,=100 ¢,=20 e =014

4.4 Burst Capacity Equation

The proposed expression for the burst capacity expression P, is

-4, (4.6)
P,ﬁr :"E) 'I'TH
M
where
Pt
D—¢
and
M =1+0.090- X" .(1-4 )"
and
H=H, -H,
o
H, =1.25-070.r+0.70.,° r=_2
G“
—X~— ;X <100
Hy=1-010-(-w)-(1~u?)- (2 )" ., 1100
1. ;otherwise
=4
t
L
X=—"_
~ Dt
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4.5 Prediction Ability of Capacity Equation

The burst capacity equation predicts the obtained finite element results extremely well, resulting
in an unbiased factor with Coefficient of Variation (CoV)of only 1.4% for X 4 - 10 Figure 4-3

the relationship between the corresponding capacities for the burst capacity equations and the
finite element analyses is presented for internal pressure loading.

The burst capacity equation was also compared with the obtained laboratory test results, DNV
Reliability of Corroded Pipes (1997a) and available published test results. The number of test

The burst capacity equation is here compared with tests from the AGA database (Kiefner and
Vieth, 1994) and other published test results (Chouchaoui and Pick, 1992), (Coulson and
Wolthingham, 1991).

The comparison shows that the burst strength equation predicts the available laboratory
capacities with good accuracy, resulting in an unbiased model uncertainty X, . with CoV of
4.0 %. This model uncertainty factor is, however, expected to be modified as more laboratory

presented.

The predicted burst capacity, normalised with the tensie strength hoop pressure P, | as function
of the corrosion length is shown in F igure 4-5 for a yield strength - tensile strength ratio of 0.8

DNV - Capacity Equation vs. FEM results
| i !
o=l

1200 ! . o 4o
| : : Biag = FBE:' yiliald 7;‘:::.2 E‘""“0". | I ' |
: J E[’hllt] -0 v . . H
: [ _ . SMblalxiEw B ] | . i
000 ., T S :

I . ' ‘ L [
P T
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; " .

: . o :
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200 { : / o : ’ |
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| ‘ ’ . : : : : X
[} [ - T - 17— F - e - - | -
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Figure 4-3  Estimated burst capacity from DNV burst capacity equation versus finite
element results.
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DNV - Capacity Equation vs. Tost results
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Figure 4-4  Estimated burst capacity from DNV burst capacity equation versus available

laboratory test results.
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Figure 4-5  Burst capacity of depending on extent of corrosion.
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4.6 Real Corrosion

The predicted burst pressure capacity for the corrosion attack is determined as the lowest
obtained burst pressure capacity for the corrosion lengths considered.
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5 ACCEPTANCE EQUATION FOR LONGITUDINAL CORROSION

5.1 General

The developed capacity equation predicts the burst capacity of corroded pipes with good
accuracy for specified pipe material, Pipe geometry, and corrosion characteristics as corrosion
depth and length. However, some, or all, of these aspects are for a corroded pipe difficuit to
predict without some degree of uncertainty, resulting in a leve] of uncertainty on the estimated
burst capacity.

In order to have a firm decision basis for the initiation of a possible action for observed
corrosion, these uncertainties must rationally be accounted for in the prediction of the remaining
burst capacity. A convenient way is to apply design codes, or acceptance equations, having a
known safety level against burst and where the uncertainties are represented through
characteristic values and partial safety factors.

5.2 Background

5.3 Calibration

acceptance equation must therefore be defined with care to assure that all realistic design cases
result in a consistent safety level,

* the extent of corrosion (depth, length and shape),
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* the pipe material characteristics (actual yield strength and tensile strength),

* the pipe geometry (e.g. pipe thickness)

* the operation pressure (daily variations and efficiency of pressure control systems)
* the accuracy of the applied capacity prediction models.

The modelling of the uncertainties associated with the assessment accuracy of the corrosion
prediction depends on the goodness of the applied inspection method and the type of corrosion
considered. As these uncertainties to a large extend will affect the estimated burst capacity, the

5.3.1 Modelling

® pipe material: X42 - X80
* measured corrosion depths; gyt 0.15-0.8

* measured corrosion lengths: L/D7 = 0.6-30

the pipeline, the acceptance equations where developed for different levels of assessment
accuracy, both with respect to corrosion depth and corrosion length;

s (Corrosion depth assessment accuracy;

80% within 0, +5%t, +]10% , £20%t (Std.: 0., ~4% t.~8%t, ~16%1)
¢ Corrosion length assessment accuracy;

Std. = 0,, 15.mm, 30.mm

The burst acceptance equations for corroded pipes were developed for three different annual
failure probabilities (reliability indices),

e P. =107 (B=2.32)
» P =107 (8=3.09)
. P,_.=10'4 B=3.71)
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Ny (5.7)

where B, is the target reliability index for the specified reliability level and B; is the reliability
index for design case i out of N 4 design cases.

In order to avoid unconservatism in the established acceptance equation, the penalty function was

selected such that a higher penalty was given for design cases resulting in a reliability level lower
than the target reliability level.

z) 5.8

z z>0

El:i‘”—J 0.10, 0.15, 0.20,..., 0.95
E[—J: 0.10, 0.20, 0.40, 0.60, 0.70

E[-L—] 1.0, 2.0, 3.0, 4.0, 6.0,8.0,12.0, 16.0, 20.0, 30.0
N Dt

oF[L]: 0.0,0.05,0.10,0.20, 0.40

c -
EIi—JiJ 0.70, 0.80, 0.90

Page 20

Reference to part of this report which may lead to misinterpretation is not permissible,

4 July 1997, OHB/asses23




DET NORSKE VERITAS

Report No., 96-3394, rev. 01 B i&

ACCEPTANCE EQUATION FOR LONGITUDINAL CORROSION

5.3.2 Limit State Model

In the modelling of the limit state equation in the calibration of the burst acceptance equation, the
following normalised formulation was applied,

L Py (5.9
Bk E[R]
where
E[R]: Normalising pressure, where E[R]= —D—2t—t Eo,]
and E[c“] is the mean value of the tensile strength for the pipe material,
Por: Annual largest internal pressure (difference)
Fop: Burst pressure capacity

The following limit state function is applied in the calibration of the burst code equation is then,

P 1-d, o, (5.10)
=X .x . CH S
E[ 1)0 ] minde] X Fi4 ] ~ ii_;_ H E[O'"]
M

where;

M=1+0.090-X"F.(1-q )"

H=H,  H,
[8)
H =125-07.r+0.7.,2 =2
GM
X ;X <10.0
Hy =1-010-(U—u)-(1-u?). (@ ) ., 21100
LO  ;otherwise
g -4
!
L.
X=—
VDt
and
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X oot Bias in FE results to laboratory tests.

Xy Bias in empirical burst expression relative to FE results.
d measured corrosion depth

L measured corrosion length,

D nominal outer diameter

t nominal pipe thickness

G, yield strength

G, tensile strength

3.3.3 Parameters in Limit State Equation

The calibration of the acceptance equation is based on:

* Actual (nominal) values for the pipe characteristics; pipe thickness # and outer diameter D,

® Characteristic description of the material quality; actual yield engineering strength o , and
actual engineering tensile strength o, defined from 0.5% and 20.0% total strain.

~* An empirical description of the burst capacity from Section 4, defined based on a
combination of numerical FE analyses and laboratory test results,

Parameters for the modelling of the burst limit state equation is given in Table 5-2.

Variable Description Distribution Mean CoV
P Annual maximum Gumbel Specified 4.0 %
operating pressure
D Outer diameter Deterministic Actual value -
T Pipe thickness Deterministic Actual value -
c, Yield strength Normal Actual measured 4.0 %
o, Tensile strength Normal Actual measured 4.0%
L Corrosion length Normal Measured value Specified
D Corrosion depth Normal Measured value Specified
X s Fit to FE results Normal 1.0 14%
X, el Fit to laboratory results Normal 1.0 4.0 %
Table 5-2

Parameters in the modelling of the burst limit state equation
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The inclusion of the uncertainty associated with the variation of the pipe thickness
considered included in the stochastic modelling. However

SMTS-2¢ 1-4d> (5.11)
E[PM]:YM ‘3:— d:' H
Mt
where
H' =0.80+0.40-SMYS
SMTS

M =1.0+012. x*"* {l-a )

-

d, =y, -(i';"f’»s—+sd -Std[d/[]}

. Less + €, - Std| L
con (g

(SUPERB project (Jiao et al 1995)),
SMYS = £, ]~ 2 Std[o |
SMIS = £[o, |- 3. Std]o, |

The acceptance equation is based on the use of three partial safety factors and corresponding
fractile levels for the characteristic values,

¥ ar - Model prediction

¥4+ Corrosion depth assessment

€, Fractile level for corrosion depth
¥, : Corrosion length assessment

€, Fractile level for corrosion length
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d* measured corrosion depth (dependent on fractile level)
L* measured corrosion length (dependent on fractile level)
D; nominal outer diameter
I8 nominal pipe thickness

SMYS;  Specified Minimum Yield Strength
SMTS; Specified Minimum Tensile Strength

3.5 Discussion

The partjal safety factor for the modelling uncertainty accounts for the uncertainty associated

th the goodness of the predicted bust capacity equation, the variation in the annual maximum
operating pressure, and the variation in the tensile strength. The partial safety factors for the
corrosion depth and length assessment accounts for the uncertainty associated with the prediction
of the degree of corrosion from inspection results,

equation through the choice of partial safety factors, where an mcreased assessment accuracy
results in the use of lower safety factors values for Y4 and v, . An increased effort to reduce the

assessment uncertainties wil] then result in a higher allowable annual maximum operating
pressure for observed corrosion.
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define any accuracy for the corrosion assessment uncertainty,

For comparison purposes, only the internal pressure loads are here accounted for, assuming no
possible influence from additional axial or bending ioads on the pipe. The proposed DNV

DNV acceptance equatton is shown in F igure 5-9, Figure 5-10 and Figure 5-11 for an annual
failure probability of 10, The figures demonstrate the importance of specifying the assessment

¢ The common accuracy of intelligent pigging: (80% within +20% Iy

¢ The latest accuracy of intelligent pigging: (80% within £10% 1)
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¢ The predicted future accuracy of intelligent pigging: (80% within +5% 5
* Exactly known corrosion

corrosion depths. For the DNV acceptance equation, partial safety factors corresponding to an
annual failure probability of 10 and an exact Corrosion assessment are applied. The figure

presents thereby the inherent reliability level in both the DNV acceptance equation and the B31G
code,

| Pressure equations for D=324mm, t=10.5mm, X52, d/t=0.3 |
Inspection accuracy 80% within 10% of the wall thickness

400 T T " 7[ o - - r — - i - 7 T o — _] - = - s - - - '"I i i [ e o _] |
| | | | | | | [ | ——Capacity (mean)| ‘ |
| 350 » . R | ——DNV(10-2) :

| | L D03
- DNV(10-4) lH
| —a_ DNV-96 N i

300 !

250 |

200 ;

150 | . _

Pressure {bar)

100 | ..

Figure 5-6 Operating pressure for 30% depth corrosion.
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Pressure equations for D=324mm, t=10.5mm, X52, dit=0.5 |
| Inspection accuracy 80% within 10% of the wall thickness i

400 T pre - | ———Capacity (mean))
| i r | [ | ‘I "‘I.._..DNV(m-Z) |
‘ ! - I
| 350 #[ T | DNV(10) o |
[ ! ‘ h —— DNV(10-4) i i
300 f R S ‘h s DNV-96 |
. £ T e |
=
-
2 |
| £ 150 | i
| - \
100‘1 A l == |
| | | ' \ \ \ |
50 | _ -4 e L e
| | | | ] e o | |
ol .. Rl S S N S L S
i 0 1 2 3 4 5 6 7 8 9 10 |

Corroison length, Lisq rt{D't)

Figure 5-7 Operating pressure for 50% depth corrosion.

| Pressure equations for D=324mm, t=10.5mm, X52, d/t=0.7 |
Inspection accuracy 80% within 10% of the wall thickness

400 , L .. ., . .. | =—=—Capaciy (m‘-‘a”);
= AR 0w ;
! 350 o - o I —=DWao3)
s | ! i | | —DNV(10-4) | I
! 300 N e ll I 'l‘_-__DNV-Ss L
! ! | ' ! NG18 - |
- 250 R N e P -
& l [ :
| s 200 | | | J | | 33?:’? . |
E ‘.. e - - .. e e e gl " - . P PR
| 5 35N | | i i 1 ) ﬂ |
2 150 BN YA - | e T —— | o l, |
| o : = A A | | ‘ j
| Gl !
" 100 i B, : - = ‘},, S T - foo- ,,l | |
; u-.-
‘! s0l. Tl | — e |
| | |
] 0 1 2 3 4 5 6 7 8 g 10 '

| Corroison langth, L/sqri(D't) |

Figure 5-8 Operating pressure for 70% depth corrosion,
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|
| Pressure equations for D=324mm, =10.5mm, X52, d/t=0.3
I Various inspection accuray, 104 reliability level
! 400 | Ty T e B S [ s ‘
i ‘ | | | | | ———Capacity (mean) | | |
; 350 Ce Exactly know corrosion : |
| I ——80% within + 10% | L
300 | cm | ———80% within +- 20% 4 |
i —a__ DNV-96 |
< I by —o _NG18 - |
3 el
| w200 B et = |
3 o ¥
, & | |
| i 150 r _I I ,g
| |
! 100 | S 2 S S R B T
|
| so | . .| . |
| l |[ |‘ ' \ |
| ! . ' | | |
| 0 | _,._.L,,_,_.,Jr_,_J_.,_. I d | I . |
| 0 1 2 3 4 5 & 7 8 g 10
| Corroison length, Usqrt(Drt) |
Figure 5-9 Operating pressure based on DNV acceptance equation (10™) for three levels
of inspection accuracy having 30% measured depth corrosion.
Pressure equations for D=324mm, =10.5mm, X52, d/t=0.5 i
Various inspection accuray, 104 reliability leve]
|
400 . e - - | ———Capacily (mean) ~ ~ .
| | \ { | ' | Exactly know corrosion |
,‘ 350 . I

——B0% within +- 10% | _ |
——80% within +- 20% |
—e— DNV-95

I i e N N e T e
o |
2
! @
| 3 |
"
T \
a |
| . |
T T |
| | | | |
! T_,_.,{__, _,L _,_:,_ - - _ | l_ _T, | 7‘|- - . -‘ |
|
! 0| | l , | _
| 0 1 2 3 4 5 6 7 8 9 10 |
Corroison length, Lisqrt(Dt) i
|
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Figure 5-10 Operating pressure based on DNV acceptance equation (10”) for three levels
of inspection accuracy having 50% measured depth corrosion.

| Pressure equations for D=324mm, t=10.5mm, X52, dit=0.7
1 Various inspection accuray, 104 refiability level

| 400 e EREEEE SRR Capaciy (meai) - |
| 0 [ | | | || Exactly know corrosion | |
i % | o |r“ I _T T Ty # T ‘|| —— 80% within +/~ 10% |‘ |
" ‘ ! | ! % W ithin +/- 200
i} 300 i NG | _ ; | B I o 4 -l _.._BOA:WIthln +/. 20% ) _!
' | | | | | —e—DNV-96 | |
| 250 S L2 ON I ; . Ll —e-NGI8 !
- | | | s -B31G | | !
| — | ! T e e S — e — .
g 200 ey a2 N _ S S # i |
] N
gm0l N\ ™ S ——— e i oo
o, T ' ;
|

; so

! 100 | Qe SO (L Y M e S e I
i |

| ok R T - e T L - . . . —_

\

‘ 0| | | , i o

! Corroison length, Lisqrt( Drt) |
I

Figure 5-11 Operating pressure based on DNV acceptance equation (10™) for three levels
of inspection accuracy having 70% measured depth corrosion.

- . i Inh t R-riahiilly in 7531-6
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o .
a 1.0E-9 o ol eaaianees |
-§ : ' | B31G:an=o.8 )
© 1.0E-8 . , o BMG:idammor ‘
b= [ i onw Cade :drtmg3 |
g 1.0E-7 I x | = DNV Cods - dit = 0.5
g . w L —— owv Code : dit =07 |
§ 1o0es 1 R
g 1.0E-5 j o
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E 1.0E-3 f
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)
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Figure 5-12 Inherent reliability level in B31G and in the proposed DNV acceptance
equation for target reliability level 10,
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5.6 Partial Safety Factors

Safety level 107

Assessment Corrosion Length Standard Deviation, Sfd[L]:

Accuracy: Exact 15. mm ] 30. mm

Corrosion Depth: ™ =0.91

Exact: Y4=1.0g,=0.0 Not applicable Not applicabie
=10 g =0.0

Corrosion Depth: M = 0.91 m = 0.91 v = 0.91

80% within 5 % Ya=1.08 g;,=0.0 Ya=1.08¢g,=0.0 Ya=1.08g,=0.0
of thickness

n=10€=00 |y =10¢=04 1=10¢g =06
Std[d / {]=4.%

Corrosion Depth: v = 0.9] Ym = 0.91 Ym = 0.91

80% within 10 94 Ya=1.14 ¢,=0.5 Ya=1.14 ¢,=05 Ya=1.14 £,=0.5
of thickness

=10 g =0.0 =10 g =0.0 T.=1.0 g =00
Std[d / t] =8%

Corrosion Depth: v = 0.91 Tm = 0.91 Tnm = 0.91

80% within 20 % Ya=1.14 g,=13 Ya=1.14 g,=13 Ya=1.14 g,=1.3
of thickness

Y. = 1.0 SL:O.O Y= 1.0 SLZO.O Yo=1.0 SLZO-O
Std[a’ / t] =16.%

Table 5-3 Partial safety factor and fractile values for 10 failure probability
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Safety level 107

Assessment Corrosion Length Standard Deviation Std[ L}

Accuracy: T Exact 15. mm 30. mm

Corrosion Depth: Ym = 0.85

Exact: Ya=1.0g,=0.0 Not applicable Not applicable
=10 ¢ =00

Corrosion Depth: Ym = 0.85 Ym = 0.85 Ym = 0.85

80% within 5 % Ya=1.11 g,=0,0 Ya=1.11 €,=0.0 Ya=1.11 £,=0.0

of thickness M0 e =00 | ¥ =10¢6=04 | 4 =10 =07

Std[d / {]= 4.%

Corrosion Depth: Ym = 0.85 v = 0.85 v = 0.85

80% within 10 % Ya=124 ¢,=0.5 Ya=1.24 £,=0.5 Ya=124 ¢,=0.5

of thickness n=108=00 | 1,210 6=00 | y=10¢ =00

Std[d / t]=8.%

Corrosion Depth: ™ = 0.85 ¥m = 0.85 Ym = 0.85

80% within 20 % Ya= 135 g,=13 | y,=1.35 €=15 |y, =135 g,=15

of thickness N=108=00 | 1,210 6,00 | y,=10 5 =00

Stdld / 1] =16.%

Table 5-4

Partial safety factor and fractile values for 107 failure probability
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Safety level 10

Assessment Corrosion Length Standard Deviation Std[ L}

Accuracy: Exact 15. mm 30. mm

Corrosion Depth: Tm = 0.80

Exact: Ya=1.0g,=0.0 Not applicable Not applicable

=10 ¢ =0.0
Corrosion Depth: ™ = 0.80 ¥ = 0.80 ¥m = 0.80

80% within 5 % Ya= 113 £,=0.0 Ya=1138,=0.0 Ya=113¢g,=0.0
of thickness

=10 ¢ =0.0 n=10g=04 | y,=1.0 g, =0.8
Stdld / 1]= 4.%

Corrosion Depth: Ym = 0.80 Tm = 0.80 Ym = 0.80

80% within 10 % Ya=1.32 £,=05 | y,=1.32 €2=0.5 | v,=1.32 g,=0.5
of thickness

=10 g =0.0 Y.=1.0 ¢ =00 =10 g =0.0
Std{d / t]=8.%

Corrosion Depth: v = 0.80 Ym = 0.80 Ym = 0.80

80% within 20 % Ya=1.60 g,=1.3 Ya=1.60 g,=15 Ya=1.60 g,=1.5
of thickness

n=108=00 | y,=10¢ =00 1.=10 g =0.0
Std[d / t]=16.%

Table 5-5 Partial safety factor and fractile values for 10 failure probability

5.7 Real Corrosion

corrosion shapes only. The possible influence of other corrosion shapes on the burst capacity was
not investigated in detail in this study.

However, in order to determine the burst acceptance pressure for arbitrary corrosion shapes, an

approach based on the Effective Area method described (RSTRENG, Kiefner and Vieth 1989)
could be applied.
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The predicted burst acceptance pressure for the corrosion attack is determined as the lowest
obtained burst pressure for the corrosion lengths considered.

The influence of possible interaction from multiple corrosion paths was not considered in this
study. However, multiple corrosion paths may, as a first approximation, be considered applying
the same philosophy as for the Effective Areq method, where rectangular corrosion shapes with
varying corrosion lengths and corresponding corrosion depths defined as the average depth over
the considered corrosion length.
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6 COMBINED LOADING FOR LONGITUDINAL CORROSION

6.1 General

Proposed capacity and acceptance equations for burst of longitudinal corroded pipes exposed to
combined internal pressure and external loading are defined in the following,

Note, however, that in the evaluation of the capacity of the corroded pipes for combined loading,
other relevant failure modes must also be evaluated, see DNV Pipeline Rules 96 (DNV’96,
1996).

In the evaluation of longitudinal corroston, attention should be given to the wide corrosion
shapes, in order to also evaluate the corrosion shape against burst as for circumferential
corrosion, see Section 7.

In the evaluation of burst of pipes with longitudinal corrosion for combined loading, only
external axial compression and external bending moment with compression on the corrosion
zone has been considered.

Corroded pipes (with local weakening) should be assessed as a load controlled condition even if
the response is displacement controlled.

2 2 6.12
{PHJ"F[GLJ _IDH.GL -1 (612)
Pio Cro Pro ,G Lo l

where P, and o, are the allowable combined internal pressure level and longitudinal stress
level at the location of the corrosion, and P, and o ro are the equivalent allowable limit values

for solely internal pressure with no longitudinal stress and solely longitudinal stress with no
internal pressure

The allowable interna) pressure capacity is then defined as,

3 (6.13)
H
2 ‘0':_0, V Tro

Note that &, is the longitudinal stress level in the pipe at pressure level Py, and that o, is
negative for compression loads.
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6.2 Global Yielding

occurrence of global yielding from hoop stresses and axial stresses. The global von-Mieses yield
criterion for the uncorroded (or generally corroded) area of the pipe will therefore establish a
limitation for the allowable combination of internal pressure and axial loading, both for the
Ccapacity equation and the acceptance equation.

The von-Mieses yield criterion is to be based on the mean value for the yield stress.

If no other information s available, the mean value for the yield stress may be defined as
(SMYS =M1 —20,and CoV = 4%)

6.3 Capacity Equation

The capacity equation for the burst pressure capacity for combined interna) pressure and axial
compression is defined as,

p 2 (6.14)
pofoon /4_3[&J
2 [0'1.0, T,0

where o, is the longitudinal stress level in the pipe at pressure level P..

In the modelling of the burst capacity for combined loading, the limit values for pure internal

where & is the reduction factor in the burst pressure capacity for zero-axial stress (due to end-cap
effects),

=115
The limit value for pure axial loading is defined from the tensile strength o .

G =0,
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The stress level considered is the longitudinal stress in the pipe wall at the site of the corrosion.
In the computation of the longitudinal stress in the pipe o, due to external axial or bending
loads, the influence of the local corrosion must be accounted for. End cap effects and thermal
stresses must, further, be included in the determination of the longitudinal stress level,

Figure 6-13 Burst pressure capacities depending on the level of external loading

6.4 Acceptance Equation

In the evaluation of the acceptance equation for the mean annual maximum operating pressure

E [PA] for combined internal pressure and external loading, the same approach as for the burst
capacity formulation is applied.

However, the proposed acceptance equation for combined loading has in this study not been
based on a probabilistic calibration.

The acceptance equation for the burst pressure for combined internal pressure and axial
compression is defined as,

(6.15)
wp -l o oY
! 2 ,GLDI G

where o, is the longitudinal stress leve] in the pipe at pressure level £ [PA ]

The limit value for zero longitudinal stress is defined from the mean value for the annual

maximum operating pressure E[PW,.] according to the acceptance equation for corroded pipes in
Section 5.4,

E[PA()]: 'E[P.WT]

e | —

The value of E[P,NT] 1s defined depending on the desired safety level and the accuracy of the
corrosion assessment.

The limit value for zero hoop stress is defined from the specified minimum tensile strength
SMTS,
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0,0 =SMTS

DN

pipe wall at the site of the corrosion.

In the computation of the longitudinal stress in the pipe o, due to external axial or bending

loads, the influence of the local ctorrosion must be accounted for, End cap effects and thermal

stresses must, further, be included j

; h c‘ucfr, #98 .
Figure 6-14 Mean values for the allowable operating
external loading for the probability levels 102, 107 and 10,

6.5 Comparison with tests

of the longitudinal stress level.

pressure depending on the level of
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Hoop stress (MPa)

Hoop stress (MPa)
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7 COMBINED LOADING F OR CIRCUMFERENTIAL CORROSION

7.1 General

Proposed capacity and acceptance equations for burst of circumferential corroded pipes having
combined internal pressure and external loading are defined in the following,

Note, however, that in the evaluation of the capacity of the corroded pipe for combined loading,
other relevant failure modes must also be evaluated, see DNV Pipeline Rules 96 (DNV’96,
1996),

In the evaluation of circumferential corrosion, attention should be given to the longitudinal
length of the corrosion, in order to also evaluate the corrosion shape against burst as for
longitudinal corrosion, see Section 6.

zone has been considered.

Corroded pipes (with local weakening) should be assessed as a load controlled condition even if
the response is displacement controlled.

2 2 7.16
Py, G0 Py ]GIOI

where P, and o, are the allowable combined internal pressure level and longitudinal stress
level at the location of the corrosion, and P, and o 1o are the equivalent allowable limit values

for solely internal pressure with no longitudinal stress and solely longitudinal stress with ne
internal pressure

The allowable internal pressure capacity is then defined as,

2 (7.17)
p __PHU' o, + 4_3(01.J
=L 2L
2 [Uml G0

Note that o, is the longitudinal stress level in the pipe at pressure level P, and that &, is
negative for compression loads.

Page 42

Reference to part of this report which may lead to misinterpretation is not permissible.

4 July 1997, OHB/asses23




DET NORSKE VERITAS

i

Report No. 96-3394, rev. 01 B

COMBINED LOADING FOR CIRCUMFERENTIAL CORROSION DN v

7.2 Global Yielding

A limitation in the allowable level of combined internal pressure and axial loading is the
occurrence of global yielding from hoop stresses and axial stresses, The global von-Mieses yield
criterion for the uncorroded (or generally corroded) area of the pipe will therefore establish a
limitation for the allowable combination of internal pressure and axial loading, both for the
capacity equation and the acceptance equation.

The von-Mieses yield criterion is to be based on the mean value for the yield stress.

E[O'y]=\/g+o'i —0,0,

If no other information is available, the mean value for the yield stress may be defined as

Eo,]=- 1 .smys
4= 0.92

For combinations of internal pressure and axial loading being limited by the global von-Mieses
yield criterion, an increase in the internal pressure level until the global von-Mieses yield curve

7.3 Capacity Equation

The capacity equation for the burst pressure capacity for combined internal pressure and axial
compression is defined as,

A — (7.18)
P(._ :i. Su + 4_3[iJ
2 ,Gml S0

where o, is the longitudinal stress level in the pipe at pressure level P -

The limit burst pressure for zero longitudinal stress is,

o . o ) (7.19)
Foo=2—=—0,-1125~0.70.-2% + 0.70.] Z»
£ D-1 S, T
where
£ =115

For a yield strength - tensile strength ratio of 0.83, the limit hoop stress is equal to the ultimate
tensile strength.

The limit longitudinal stress for zero hoop stress is defined from the tensile strength o,

0-LO = Gu
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In the computation of the longitudinal stress level in the pipe <, for the burst pressure capacity
evaluation, the influence of the local corrosion may be omitted,

The influence of end cap effects and thermal stresses must, however, be accounted for in the
determination of the longitudinal stress.

accounting for the metal loss due to corrosion, is not to exceed the tensile stress

k-l

=c

W

,0 L~Iocal

In Figure 7-15 the burst pressure capacity depending on the level of external loading is sketched
for circumferential corrosion, Note the limitation in the allowable combination of internal
pressure and axial stress level due to global yielding, and the constraint on the local longitudinal
stress level at the site of corrosion (o,).

Figure 7-15 Burst pressure capacity for circumferential corrosion
7.4 Acceptance Equation

same approach as for the burst capacity formulation is applied.

been based on a probabilistic calibration for combined loading.

The acceptance equation for the burst pressure for combined internal pressure and axial
compression for circumferential corrosion is defined as,

3 (7.20)
Elp, )= HPul | o0, 4-3 2
! 2 ,0'1,0[ T

where o, is the longitudinal stress level in the pipe at pressure leve] E[PA].

The limit value for zero longitudinal stress is,

E[P,]= é’%’“’ -SMTS-(O.80+ 0.40-

SMYS) (7.21)
SMTS

where £ =115 and Y »s 1S the model prediction partial safety factor from Table 5-3, Table 5-4
and Table 5-5.
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and axial stress level due to global yielding and the constraint on the local longitudinal stress
level at the site of corrosion (SMTS).

Figure 7-16 Mean value for the allowable pressure for circumferential corrosion for the
probability levels 102, 10° and 10~
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