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* Mechanically lined pipe (MLP)

* Problem statement

* Four-level engineering critical assessment (ECA)
* Level O: Workmanship criteria
* Level 1: Screening ECA

* Level 2: Simplified ECA
* Level 3: Comprehensive ECA

* Fatigue and fracture assessments
* MLP-specific stress intensity factor and crack driving factor solutions
* Fracture segment testing

* Conclusions and recommendations for further work
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e Cracks may initiate at the triple-point
from fabrication flaws, and grow during
installation and subsea operation

 CRA layer is relatively thin and

NDE has a finite detectability limit

 ECA is required to evaluate the integrity of
the CRA layer during the pipeline’s life

* No crack driving force or stress intensity
factor solutions available

* No fracture testing procedures exist

* No recognised ECA approach available

* MLP cannot be repaired at fabrication yard
or installation vessel
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e Level O: Workmanship Criteria

* Defines the min. detectable flaw height requirements for given fracture and fatigue loads
* Fatigue load: Fatigue damage expressed as a percentage of the DNV F1 S-N design curve
* Fracture load: Installation and operation strains

* Levels 1to 3: Screening, Simplified and Comprehensive ECA

* Verify the integrity of the MLP with a triple-point flaw
» Starter flaw size = Detectability limit, PoD 90%|95% or PoR 85%|95%
* Fatigue assessment
* Fatigue crack grow calculation as per the Paris law with an MLP-specific stress intensity factor solution
* Fatigue crack growth curve for Steel in Air, R > 0.5 can be used (crack grows in alloy 625 weld overlay)
* Fracture assessment
* Ductile tearing estimated with the tangency method (Level 1 & 2) or segment testing (Level 3)
* Crack driving force obtained from an MLP-specific CTOD solution (Level 1) or finite-element analysis (Levels 2 & 3)

* Lower-bound fracture toughness defined (Level 1)
* Higher fracture toughness can be used (Level 2)
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* Application
* J & S-lay: Installation and operation strains < 0.4%

Fatigue Allowance

w
(%]

* Conservative assumptions — Installation = 0.2% | Operation = 0.2%
* Fully circumferential triple-point flaws ] i IEEEZH:E@?:ZS:ZZiZl8221222::8:332
 Pre-defined tensile properties = e B e
* Pre-defined lower-bound fracture toughness: 0, = 0.24 Ag®3? :EZO-
* Fatigue load expressed as percentage of DNV F1 design S-N curve %15-
+ Usage )
*  Knowing two of the following, determine the third parameter
* Installation/operation strains %a 05 06 07 08 09 10 11

Detection limit {(mm)

* Fatigue damage (input) or allowance (output)
* Min detectable flaw height (input) or max allowed flaw height (output)
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Fatigue Load Histogram Damage Histogram, Total Damage = 7.82%
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* Example

* Fracture loads
* |nstallation strain: 0.4%

=
=]
]

-
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Number of cycles
Damage

* Operation strain: 0.2%

100 150 200 250 100 150 200 250
Stress range (MPa) Stress range (MPa)

* Fatigue loads

Fatigue Allowance

w
w

* Apply relevant DFF (e.g., installation = 1; operation = 3) \ | ::2::::33::g-;;f::gs::gzz:g-i;/:
on given installation and operation histograms . -~~~ Instalation = 0.4% | Operation = 0.2%
] RN --- Installation = 0.4% | Operation = 0.4%
* Combine histograms 7"
* Determine the corresponding fatigue damage: 2%
7.82% of DNV F1 design S-N curve S15)
* Required min detectable flaw height ]
o PoD 90% | 95% =0.82 mm %a 05 0.6 0.7 08 09 10 11

Detection limit (mm)

28 July 2022
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e Application: R, J & S-lay
* |nstallation strain £ 1.75%
* Operationstrain £0.4%

Input

Min. detectable flaw size
gy X 2¢y

Tensile properties

o = [1(e)

* Assumptions
*  MLP-specific K-solution
e MLP-specific CTOD-solution

(pre-defined tensile properties)

Installation fracture

Installation and
operational fatigue

* Lower-bound toughness
(0 =0.24 Ag®3?)

End-of-life fracture

CDF estimation scheme
CTOD = f3(a/t,c/t, a/c,& [1(g))

Geometry specific K-solution
K=Yoyma ¥ = f,(a/t,a/c,2c/w))

CDF estimation scheme
CToD = f:l (uftil c/ty, aﬁ'c‘ £ fl(E})

3

Fracture toughness
CTOD, = f,(Aa)

Tangency approach
CTOD & CTOD,, = Aa

MLP geometry
b

Installation load
£1 07 €11, €12, -

Eol load
Es

Installation and
operation fatigue
histograms
(increased by DFF)

\J

Crack size
post-installation fracture
ay x 2C1

+ &
FCG curves as per BS7910 + Paris law Tangency approach
CarbonSteel_Air_M+25D_R=>0.5 CTOD & CTOD, = Aa
 J =
- Plastic ligament collapse criterion
Crack size
post-installation fatigue
[15] x 2(.'1 '
\ Crack size
Crack size post-Eol fracture
post-operational fatigue a5 X 2¢5
g X 2y

PrCl)  (Cpen n
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e Application: R, J & S-lay * Assumptions
* No limit on installation or operation strains * MLP-specific K-solution
* No limit on number of strain or facture events * Applied CTOD from FEA
* Requires fracture toughness as input

Installation fracture FEA: (ag, agt...; 2¢y) 2 8, or (81, 8y, )
* Reel-lay, S-lay or J-lay Tangency calculation: ag, 8, or (84, 8y, ...), 8 =2 a;=ay+ ba; & 2¢, = 2¢,+ 2xAa,
¥
Installation fatigue . — _ _
- Fatigue in catenary Fatigue calculation: (ay, 2¢,) 2 a,=a,+Aa, & 2¢c,=2¢, + 2Ac,
h 4
Sol fracture (optional) | EEA: (ay ay+...; 2¢y) 25
= Fracture at start-of-life Tangency calculation: a,, 5,, 34 =2 a;=a,+ Aa; & 2¢; = 2¢, + 2xAa,
4
Operational fatigue . _ _ _
« Fatigue in service Fatigue calculation: (as, 2¢5) 2 a,=as+0a, & 2¢,=2¢c;+ 2Ac,
k4
: Eol ff:'it‘;rle FEA: (ag g+...; 2¢,) > 3,
* Fracture and stability P I _ _
check at end-of life Tangency calculation: @, 8y, 54 2 as=a,+ Aa: & p-=-as

Gere PRC) (@ O



Proposed Recommended Practice for ECA of Triple-Point Flaws in Mechanically Lined Pipes EPRG-PRCI-APGA

. 0\\01{/0 23rd Joint Technical Meeting
Level 3: Comprehensive ECA A

‘\ Edinburgh, Scotland ¢ 6—10 June 2022

e Application: R, J & S-lay e Assumptions
* No limit on installation or operation strains *  MLP-specific K solution
* No limit on number of strain or facture events * Applied CTOD from FEA
* Ductile tearing from segment testing

Installation fracture FEA: (ay, 2¢y) 2 8, or (853,815 ...)
* Reel-lay, S-lay or J-lay Segment testing:  ag, 8, or (8,4, 85, ...) 2 a;= ay+ da; & 2c, = 2¢,+ 2xAa,
v
Installation fatigue Fatigue calculation: (a,, 2c,) 2> a,=a,+ Aa, & 2c,=2c, + 2Ac
- Fatigue in catenary . e z 1 2 2 1 2
v
Sol fracture (optional) | EEA: (as, 2c5) 2> &
* Fracture at start-of-life Segment testing: a,, 0, -> ;= a,+ Aa; & 2cy= 2¢, + 2xAa,
A
Operational fatigue Fatigue calculation: (a,, 2c;) 2 a,=a;+0a, & 2c,=2c;+ 2Ac
* Fatigue in service g N 31 =3 4= H3 4 4 = 3 4
v
Eol fracture .
* Fracture and stability ;E_A t testing: (as’SZCS) 3 85 - +A P —t-
check at end-of-life 2€gmentiesting:  dy, o5 as=a,+ 4as & ps=1-as
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* MLP-specific stress intensity factor solution

* Lower K than for an equivalent flaw in a plate or pipe SIF Evaluation: di=150 mm
4.0
— af/c=0.025
354 afc=0.05 .
— alc=0.1 Pipe P
K =Yoma
s 3.0 1
E 2.5
a d; g
Y f .t % 2.0 1
¢t
1.5
1.0
0.2 0.3 0.4 0.5 0.6 0.7 0.8
aft; ratio
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* MLP-specific crack driving force solution (Level 1)

0.9 MLP c/w 625 liner: d;=150 mm, afc =0.025

( 6A 08 — a/ft=02
2 f < 0.49 Bl — aft=04

5 16x10-5° or & < 0.4% | — ai-os
(e — 0.004) (55 — 84)

) for 0.4% < ¢ < 29 %0
\ 4 T 0016 or Yo e <2%

CTOD (mm)
o =
o+ i

e
w

)

| Q

085 = £

~ | a
o Q
o~
N——
o o
=N

e
(=]

1.00 1.25 150 175 2.00
£ (%)

0.00 025 050 0.75
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* Crack driving force (Levels 2 & 3)

Crack Region
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Reference

Node
5

Nodes tied to
Reference Node (c) I |

e
\
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Symmetry Planes \
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0.25

* Lower-bound fracture toughness (Level 1)
* Based on generic SEN(T) and segment testing .
e SEN(T) testing of alloy 625 weld overlay ‘;'
«  Segment testing of triple-point region oo
(MLP with alloy 625 and 904L liners) 0.05
) 0;0 01 02 03 M({)ﬁm) 05 06 07 0.8
* Higher fracture toughness (Level 2) 2
* Based on historical segment testing for a specific vendor, 3
material grades and weld overlay procedure, or <
* Obtained from non-standard fracture toughness testing
) . . . Initial flaw size
* Tangency method for ductile tearing estimation / Flaw size fter
' strain event
.,_,. a,Aa'
Aa

Ductile tearing
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. Opt.ional tack
e Set-up and segment specimen geometry we'dmgoverw

Tensile test
machine

- , Optional tack
| }ll ‘ Microscope welding over 2B

"

Y-)'rj'

Image from digital camera
(shallower crack 5|de)

g gy .
‘ *""—-'Image from microscope

- weee{deeper crack side)
o srvssemen}

JatITI L4

Fillet welding

Fatigue crack
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* Fatigue pre-cracking

S L R B e e
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* Fracture testing and fractography
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* Four-level ECA approach proposed
* Level O: Workmanship criteria defined
* Levels 1to 3: Combined fatigue and fracture assessment
* Fatigue assessment
* Levels 1to 3: MLP-specific stress intensity factor solution defined for use with the Paris law
* Fracture assessment
* Crack driving force
* Level 1: MLP-specific crack driving force solution defined
* Levels 2 & 3: FEA used to determine the applied CTOD
* Toughness
* Level 1: Lower-bound CTOD-R defined

* Level 2: Higher toughness based on historical segment or non-standard fracture testing can be used
* Ductile tearing

 Level 1 & 2: Tangency method applied to estimate ductile tearing
* Level 3: Segment testing procedure developed and validated

 Recommendations for further work
* Develop non-standard fracture testing method to be used within the Level 2 framework






