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Damage Assessment - MD-4

« Two projects are presented here:

« MD-4-1: Full-Scale Experimental Validation of Mechanical Damage
Assessment Models— Dent &Gouge defects: GDF SUEZ R&I Division

« MD-4-4: Improved Model for Predicting the Time/Cycle Dependent
Behavior of Dent+Gouge Damage: Battelle Columbus

« Other projects too, not developed here:

e MD-4-2: Full-Scale Demonstration of the Interaction of Dents with
Localized Corrosion and Welds: BMT Fleet

« MD-4-3: Improved Model for Predicting the Burst Pressure of Dent +
Gouge Damage: Kiefner & AFAA

« MD-4-5to MD-4-10: Strain in dents, Defects for inspection, etc.
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MD-4-1: Full Scale Experimental &=
Database for MD — Dent+Gouge

« Objective: Provide detailed Experimental Database on realistic
Mechanical Damage “dent + gouge” defects

« Detailed Experimental Database means:

— Material characterisation is very complete

— Replicate tests are performed to characterise the damage, burst test it, and
fatigue test it

— A very detailed set of instrumentation was defined in interaction with the
modelling teams for both burst and fatigue tests

— Detailed post-failure investigations are performed on both burst tested and
fatigue tested samples

- Realistic Mechanical Damage means:
— Dent and gouge created simultaneously by excavator tooth impact
— Pipeis pressurised, representative of in-service damage
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nnnnnnnnnnnnn MD-4-1: Full Scale Experimental i,
Database for MD — Dent+Gouge

® Instrumented Defect Creation under pressure / Detailed Characterization

Dynamic, sharp tooth Deep gouge (single) Slower, worn tooth
W Instrumented Burst test (monotonic load)
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MD4-1: Dent+Gouge on Modern Pipe

* Project overview — Test matrix for modern pipes (1/2)

Pipe 1 : Modern X52 grade Pipe 2 : Modern X70 grade

" Full defect
characterisation

Burst test

® Fatigue test
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Dent + Gouge on Vintage pipe

* Project overview — Test matrix for vintage pipes (2/2)

DOT # 339 MD 4-6
Pipe 4 (older steel) Pipe 3 (older steel)
Type 1 Type 2 Type 1 Type 2
Defect 4.1.1 Defect 4.2.1 Defect 3.1.1 Defect 3.2.1 Full defect
characterization
Defect 4.1.2 Defect 4.2.2 Defect 3.1.2 | Defect 3.2.2 Burst test

* Pipes just selected, work will start before year’s end
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MD-4-1: Material Characterisation @
Modern X52 and X70 grades

Chemical composition : low carbon < 0.05%, clean (%S < 0.005,
P%<0.010)

« Tensile properties : Isotropic - YS longi/YS transverse > 95%, UTS
longi/UTS transv >98%, almost X65 for specified X52 and almost X80
for specified X70

« Toughness : Very high : Charpy > 150J/cm2 or 137 ft.lb at 20°C, high
Energy J-Curves

« Pre-strain effect on toughness : No significant effect for strain
range [0%, 8%]

Cyclic behaviour : slight softening with cyclic load

Conclusion: Excellent Modern Steels
Isotropic, High Strength, High Toughness, Very ductile
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Material Characterisation examples ===
J - Curves
Pipe Number 2
Speed displacement (mm/mn) 1,2 Grade X70
Temperature (°C) 22 Configuration T
] - | |
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Temperature (°C) 20
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Cyclic Behaviour — Pipe 1 ==

Strain (%)
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Defect Creation - Data gathered =

- Dataon agression :

* Tooth Geometry, tooth trajectory incidence angle
« Time histories of Forces, Energy, Displacements
* Internal strain gauges (optional) vs. time

* Defect characterization :

* Defect Size (length, dent depth, gouge depth) by laser mapping
* Magnetic Particle Inspection results (crack detection at gouge surface)

* Only for defect X.Y.1 dedicated to destructive characterization:
* Residual stress determination
* Destructive metallurgical investigation :
* Microstructure under defect
* Micro-cracks: presence and size distributions
* Rough experimental estimate of plastic strain
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Defect Creation - Global Results

SD

SD

GUOF I\C2
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Defect Creation Examples of Detailed Results

DEFECT 1.2.2

X energy, Z energy and total absorbed energy versus time
Actual load factor : 0,73 S ———

Internal pressure (balr) 185 -I.I.Ill.

Total absorbed Energy (J) : 7676
Tooth type : ESCO

Diameter (mm) : 609,6
Thickness (mm): 7.9
Grade : X52

Pipe number : 1
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2D longitudinal profile passing by the deepest point of defect (pressure =0 bar)
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Burst test — Instrumentation
e Strains:
* 3or 4 strain gauge rosettes at different locations along gouge edges
« 1 circumferential strain gauge at the gouge bottom
 Longitudinal and circumferential internal strain gauges under the defect (optional)
+ Reference Strain gauges on pipe wall away from defect.

* Displacements:
®* Opening Clip gauge over the gouge

* Dent dynamic profiler with multiple rods to record evolution of longitudinal defect
profile during pressure increase (optional)

* Camera (optional)

(e
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Defect 2.1.2 — Opening clip gauge
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1.1.2

1.2.2
1.3.2
2.1.2

2.2.2
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Burst tests — Summary of Results .

133.3 132.7 — 146.0 Failure outside of defect in pipe
(LrE=eHz hlpEreEe 210, body (not in seamweld ERW)

110.3 132.7-146.0 Ductile Failure in defect

130.9 132.7-146.0 Ductile Failure in defect

185.1 185.4 — 204.0 Ductile Failure in defect
(UTS=628 MPa-691 MPa)

193.5 185.4 - 204.0 Ductile Failure in defect

Defect Location at noon

i Burst Pressure at 133 bar

® Defect 1.1.2

Ductile Rupture in body at 5 Clock

13
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Burst tests: Examples of Detailed Results @
Internal Pressure during defect creation (bar): 20 Pipe 2
Burst Pressure (bar): 193,5 Defect 2.2.2 Diameter (mm) 609,6
Thickness (mm) 9
Evolution of strain gauges from rosette R3 versus pressure Grade X70
I ::_,!3_-'.»:
28 T BEA 181
R3C
24 4
R3A .
Htralns from rosette vs pressure — 2.2.2,

6 + principal strains & principal directions
/. angles vs. pressure
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Strain (%)
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-0,4
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Pressure( bar) Internal Pressure during defect creation (bar): 30 Pipe 1
Burst Pressure (bar): 130,9 Defect 1.3.2 Diameter (mm) 609,6
l - R3A% —— R3B% R3C%  ——Burstpressure (bar) I K
Thickness (mm) 7.9
Defect profile evolution versus pressure Grade X52

Profile evolution vs pressure — 1.3.2 -
Clear Bulging Effect for Deep Dents —_— .
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‘QIGRC SoE Soz PRCL

Seoul 2011
Research Conference Pipeline Research

Fatigue tests - Instrumentation ===

e Strains:

* 3or4rosettes at different locations along gouge edges
« 1 circumferential strain gauge at the gouge bottom

 Longitudinal and circumferential internal strain gauges under the
defect (optional);

 Reference Strain gauges on pipe wall away from defect

* Displacements:
* Opening Clip gauge over the gouge
* Targets on each side of gouge with camera (optional)
* 1LVDT in defect
* 1LVDT on pipe body for reference

* Detection of crack-initiation, crack propagation and leak :

* Potential Drop
* Targets on each side of gouge with camera (optional)
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Fatigue tests - Instrumentation i

ch Conference

g P

l Distance between targets =

Strain
gauge &
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1.1.3 45 bar — 85 bar 10869 Several interruptions of fatigue test

1.2.3 45 bar — 85 bar 5200
(0.38-0.73YS)

1.3.3 53 bar — 93 bar 20494 Cycling loading above the
(0.46-0.80 YS) pressure range of bulging

2.1.3 88 bar — 128 bar 17700 Pressure max at 0.80 of current YS
(0.55-0.80 YS)

2.2.3 20 bar - 60 bar 2007 Cycling loading in the pressure
(0.12-0.37Y9) range of bulging

Leak — 2.2.3

Crack-initiation — 2.2.3

17
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Pressure min (bar): 20 Pipe 2
Pressure max (bar): 60 Diameter (mm) 609,6
Fréquency (Hz): 0,02 Defect 2.2.3 Thickness (mm)] 9
Cycle shape: Sinusoidal Grade X70
Internal Pressure during defect creation (bar): 20
Evolution of opening displ entversus number of cycles
F
N
¥
4

Opening displacement -Targets & Clip Gauge (mm)

s sl
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h A
10
00

0 500 1000 1500 2000

Number of cycles

Clip gauge pressure min (mm)
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+ Targets 1-2-Pmin<P<Pmax

4 Targets1-2-Pmin
» Targets3-4 Pmax

== [ip gauge pressure max (mm)
@ Targets 3-4Pmin
+ Targets 3-4-Pmin<P<Pmax

Defect depth vs number of cycles —2.1.3

Post Failure Investigation

Defect 1.1.3

Fatigue tests — Examples of Detailed Results

Gouge Opening vs Nb of cycles

PRCI

Pipeline Research
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LEADING PIPELINE RESEARCH

<€ Distances between targets and clip gauge
opening vs number of cycles —2.2.3

Pressure min (bar}: 88 Pipe 2
Pressure max (bar): 128 Diameter (mm) 609,6
Fréquency (Hz): 0,02 Defect 2.1.3 Thickness (mm] 9
Cycle shape: Sinusoidal Grade X70
Internal Pressure during defect creation (bar): 85
Evolution of depth at Disp 2 versus number of cycles
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Dent Rerounding vs Nb of cycles



‘QIGRC o= PRCI'

Se0u12011

Fatigue modelling - 15t Approach =

 Four key parameters control predicted life:
 Local stress range sensed by the crack tip
 Threshold for growth
 Initial and final crack sizes

o

N=| f(aK) da

Ppel Re h

=
 Initial crack size is ot paramount importance, - relatively
uncharacterized as yet for Mechanical Damage

« Before performing Nonlinear Analysis, influence of D, D/t
and properties on Final Crack Size can be assessed by
using existing information as a 15t approach —trending
based on PRCI project PR3-9305
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~* Fatigue modelling - 15! Approach ===

 Burst test prediction for Pipe 1 - X52 using PR3-9305:

» Failure pressure normalised by pressure at 100% SMYS vs. Defect
length

« Damage depth / wall thickness as a parameter

 Good predictions for Final Crack Depth, nonlinear analysis needed
before general application — here all failed by Plastic Collapse

Damage length, mm 200 >
0 S0 100 150 200 250 300 350 400 450 Predictions for 'y
18 " + ' . . . . . . o
PR3-9305 Vol Il Metal-loss Based Failure Predictions o, 175 ¢ dent & gouge damage i
e Failing damage sizes in 247 x 0.3137 K52 pipetine :Hh (extended PR3I-9305 VI modal) ‘,.-""
" ’
P e " | &’f
51.4 S T o 0E :
b = ‘...%:;. fr— N il LTt P e ras 0.20 E 9 25 i EF,JI"EE'
242t o ™ T i O o rd a
w . T T — o ‘: #
s ! - o A 040 [ i
. — 100 & lI_,.-"'
210t Deep gouge - k: ‘
& p g g . ’ .50 S ..-""r
E'ﬂ.ﬂ ] a72= !I'I'.:..:'HIH ﬂuuiuum dln-;ﬂ-:h- operi g 050 .E 0 r ;,,r"
E pm--- iy ki HPLLL - - o v PRCT M- Testing
Eﬂ.ﬁ 0.70 050 b I {collapse controlled failures)
e

- | 0.80 g oMatal-loss predictions
3 i T wcatber nbervd L T ,.-"'r
[ § ok vt wEs [l (25 p A~ LCrecking pradictions

0.2 F ' e . ..-'"'

#1120 dV=0,063 w122 @ d1=0.342 & 102 @ di=0,291 s
op LootizPrediction 1.2.2Prediction - 1.3.2Prediction 000
" ) 4 . 4 o 12 14 18 s 000 025 050 075 100 128 150 175 200
Damage length, inch Observed Py 1 Puys
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 Predicted Fatigue life:
« Total Defect depth = pcrack + gouge has to be accounted for

« Cracking upon rerounding is a key factor — depends on material
toughness and crack driving force

 Initial crack sizes in MD-4-1 range from 6% to 36% of wall thickness
« Sensitivity study showed Initial crack size its the leading parameter

 Nonlinear rerounding & material behaviour analysis will refine model

0.16 3 4.0
o Crack growth for Test 1.1.3

Example predictions D 1.1.3: 5 ' {358
50% increase of defect depth  § 30 §
= ==
: 1258
. . = ¥
13 times decrease in cycles nb 3 20%
3 %
s 153
Characterising defect depth in = "
real life is critical g Inital Jopth oom ausace (wes) g
S 002 | atD.99 at1.30 at152 | 0.5
2 =

0.0 0.0

0 10,000 20,004 30, D0 40,004 50,000

Applied cycles
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Conclusions - Experiments

 New realistic and very detailed — modelling driven — experimental
database on Mechanical Damage Dent & Gouge defects:

Significant experimental advances were achieved: internal strain
gauges, tracking of rerounding during burst (detailed) and fatigue tests
(local), defect opening history tracked, etc.

Two extreme defect families investigated more deeply — shallow dent
and moderate gouge /

Highly dynamic impact with sharp tooth generates a very hard
superficial layer with pcracks 0.1 to 0.2 mm deep, not the case for

First stage on Modern tough steels — burst failure by plastic collapse,
moderate damage — no significant decrease in burst pressure

For deeper dents, influence of the pressure cycling range w/r to the
bulging pressure was established — cycling just above defect creation
pressure minimises fatigue life
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* First approach to modelling fatigue life explored:

* Burst strength evaluation based on existing technology is
promising

« Fatigue strength evaluation & sensitivity study showed
Importance of knowing initial defect depth

* Non linear effects of rerounding effects, of nonlinear material not
explicitly accounted for
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Conclusions — Further work s
 Experimental work :
 Will go on with tests on vintage pipes

 Non-destructive evaluation of residual stresses by neutron
diffraction will be finalised — a strong contribution to be accounted
for in models

 Modelling work:
 Non-linear analysis will be performed to fill the gaps:

* Influence of rerounding, changes in material properties, etc.

 QOutcome for industry: better founded & more accurate models
for mechanical strength of Dent and Gouge defects
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 Thank you for your attention

 Any questions?



