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Disclaimers

This report is furnished to Pipeline Research Council International, Inc. (PRCI) under the terms of PRCI
contract PR-185-04506, between PRCI and Edison Welding Institute (EWI). The contents of this report
are published as received from EWI. The opinions, findings, and conclusions expressed in the report are
those of the authors and not necessarily those of PRCI, its member companies, or their representatives.
Publication and dissemination of this report by PRCI should not be considered an endorsement by PRCI of
EWI, or the accuracy or validity of any opinions, findings, or conclusions expressed herein.

In publishing this report, PRCI and EWI make no warranty or representation, expressed or implied, with
respect to the accuracy, completeness, usefulness, or fithess for purpose of the information contained
herein, or that the use of any information, method, process, or apparatus disclosed in this report may not
infringe on privately owned rights. PRCI and EWI assume no liability with respect to the use of, or for
damages resulting from the use of, any information, method, process, or apparatus disclosed in this report.

The text of this publication, or any part thereof, may not be reproduced or transmitted in any form by any
means, electronic or mechanical, including photocopying, recording, storage in an information retrieval
system, or otherwise, without the prior, written approval of PRCI.

This report has been reviewed by the Minerals Management Service and approved for publication.
Approval does not signify that the contents necessarily reflect the views and policies of the Service, nor
does mention of trade names or commercial products constitute endorsement or recommendation for use.

This study was funded by the Minerals Management Service, U.S. Department of the Interior, Washington,
D.C., under Contract Number 1435-01-02-CT-85093.
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Introduction



Introductory Remarks

= Host

= Funding Agent - U.S. Government
= Funding Agent - PRCI

= EWI



Sponsorship

= 2(+) Year Project

= Sponsors
- MMS of U.S. DOI
- U.S. DOT
- PRCI

= Meetings with General Industry
- July 2004
- June 2005
- June 2006
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Background (Phase 1)

= EWI Project for MMS and DOT on
Strain-Based Design

- Completed 2004

- Survey of Information on Resistance to Failure

Guidance Document
Check Weld Effects

- Both Compression and Tension
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Tasks for This Program

(After Kick-Off Meeting)

= Review of Information on Soft Zones & Pressure
= More Realistic Models

= Tests for Materials and Welding Specs

= Materials and Welding Specifications

= Full Characterization of Stress-Strain Curves

= Reporting
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Depth {mm)

Hardness

Weld 1
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Map of X-100 Welds

Weld 2a Dual Torch Weld 2b Tandem

o 10 15 20 25 5 10 15 20 25
Width (mm) Width (mm)

200 240 280 320 360

Hardness (VHN)
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Stress-Strain Curve Tests

= Base Metal Longitudinal
= Base Metal Hoop
= All-Weld Metal

= Non-Standard Tests
- Micro-Tensiles

- Stub Tensiles



Micro-Tensiles
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Weld 1 Softened HAZ
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Weld 2a Dual Torch

Stress (MPa)
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Tandem Weld 2b

Stress (MPa)

850
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Testing Conclusion

= HAZ Softening in X-100 is Real (W1)
= HAZ Softening Can Be Minimized (W2a & W2b)

* Process
* Pipe Material

= Hardness Alone Misses Changing Y/T

= Properties Derived from Weld 1 Micro-Tensiles
Were Used for Weld Area Models
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Models of HAZ Width



Main Models for HAZ Size Effect

Reinforcement on Cap and Root

4 Sizes of HAZ (10% Lower Strength)
Ramberg-Osgood Smooth Stress-Strain Curves
Pressure First, Then Applied Strain

g Add extra material
- along this line
for 20-mm thick

3-mm into HAZ -

/AI NEEN NN HM

\\\\\
IIIIIII
\\\\\

[
lllll

WCL
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No Pressure Results —

4% Remote Strain

Results in Axial Strain (E22)
Widest HAZ
Localized Strains at Corners & HAZ Edges
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Effect of Thickness

(Very Wide HAZ)

Pressure to 70% SMYS + 49% Strain
10-mm Has Big Shear Band
20-mm Does Not

E., E22 E, E22

(Ave, Ccrit.: 75%) [Ave. Crit.: 75%)
+7.229e-01 L 748a-01
+1.200a-01 L200a-01
+1.000a-01 LO0Da-01
+8.000a-02 L OD0a-02
+6.000a-02 L O00a- D2
+4 . 000a- 02 LO0Da- 02
+2.000a-02 L 0D0a-02
+0 00D+ L D002+ 00
-5.757a-03 . 451a-03
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Effect of Just Matching Weld

Narrow HAZ in 10-mm Pipe
Shear Bands Cross in Weld Center

E, E22
[Awe, Crit.:

+4 .405a-0]1
+1.200a-01
+1.0002-01
+2.0002-02
+6.000a-02
+4 . 0002-02
+2.0002-02
+0, 000a+00

-1.5892-02
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HAZ SCF — 3-mm Out from Root

10-mm | 10% Over 0 1.15 1.17 1.19 1.35
10-mm | 10% Over 35 1.40 1.48 1.52 2.80
10-mm | 10% Over 70 1.90 2.00 2.35 5.25
10-mm Match 35 2.58 2.69 2.75 2.89
10-mm Match 70 4.45 4.61 4.62 5.06
20-mm | 10% Over 35 1.30 1.47 1.66 2.11
20-mm | 10% Over 70 1.63 1.98 2.34 3.21




WCL SCF —
Where Shear Bands Cross

10-mm | 10% Over 0 1.13 1.15 1.18 1.21
10-mm | 10% Over 35 1.36 1.46 1.53 1.56
10-mm | 10% Over 70 1.82 2.07 2.14 1.86
10-mm | Match 35 2.57 2.71 2.82 2.84
10-mm | Match 70 4.25 4.74 4.88 | 4.37
20-mm | 10% Over 35 1.16 1.19 1.24 1.46
20-mm | 10% Over 70 1.41 1.46 1.54 1.98




Shear Band Location

Wc

Angle for 45° Shear Band <«

Wr
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Shear Band — Bevel Effect

3-mm HAZ
Range of Cap and Root Widths Beyond Bevel

Standard Bevel

CRC Bevel

esmme Shear Band Expected
@ Shear Band Possible

0 5 10 15 20

Pipe Thickness (mm)
[
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More Cases

3-mm Softer HAZ at CAP

Standard Bevel - Overmatch

Standard Bevel -
Standard Bevel -

b 2

ndermatch - 3 mm

Standard Bevel -

CRC Bevel - Overmatch

CRC Bevel - Undermatch

CRC Bevel - Overmatch - 3 mm Root Flaw

CRC Bevel - Undermatch - 3 mm Root Flaw

oot Flaw

Root Flaw

emm» Shear Band Expected
@ Shear Band Possible

0 5 10

15

Pipe Thickness (mm)

20
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Shear Band from Root Flaw

Angle for 45° Shear Band

EEEEEEEEEEEEEEEEEE



Shear Band Mechanism —

No Flaws

Shear Bands at Overmatched Welds

5
Standard
Bevel CRC Bevel
4 - Shear Shear Band
Band
: Band
'é* Possmlg
£ 37
<
S
= >
Standard Bevel
’<\El Shear Band No Shear Band
I Possible
o
o 1-
@)
O A
1 1 1 .
0 5 10 15 20

Pipe Thickness (mm) THE MATERIALS JONING EXPERTS



Shear Band Mechanism —

3-mm Flaw

Shear Bands in Overmatched Welds with Root Flaws

5
CRC Bevel
Shear Band
4 A .
Standard Bevel ..-'gthin;aéir? devel
fé Shear Band " Possible
£
<
S
=
N
<
T No Shear Band
o
[10]
@)
1 1 1 .
0 5 10 15 20
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Conclusions on High Strain

Concentration

Thicker Welds Avoid High Strain Concentration
Even with Low Strength HAZs

Manual Welds with 60° Bevels Can Have More
Strain Concentration than Automatic Welds

Major Changes in Weld Area Strain
Concentration Between Matched and
10% Overmatched
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Even Matched Weld

Cap HAZ Width (mm)

Shear Bands for Even Matched Weld

5
Standard
Bevel
Shear
4 A Band
3 - p
CRC Bevel
CRC Shear Band
2 | . Bevel
Standard Bevel : Shear
Shear Band :  Band
Possible . Possible:
1 - : ' No Shear Band
0 1 : - - 1 1
0 5 10 15

Pipe Thickness (mm)

20
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3-mm Root Flaw for

Even Matched Weld

Shear Bands for Even Matched Welds with Root Flaws

5
CRC Bevel
Shear Band
4 -
Standard Bevel
3 - Shear Band CRC

Bevel

Shear .
Band -
Possible-

Standard Bevel
Shear Band
Possible

Cap HAZ Width (mm)
N

" No
Shear Band

0 5 10 15 20 =

Pipe Thickness (mm) THE MATERIALS JONNG EXPERTS



Guidance on Strain Concentration

Baseline Strain Concentration Approximation

(Conservative)

- 1.2 for No Pressure
- 1.5 for 35% of SMYS Hoop Stress
- 2.0 for 70% of SMYS Hoop Stress

Higher Strain Concentration if Undermatched
or Even Matched

Localized Strain Concentration Can Be Much
Higher
- Weld Toot Toe + Sharp Strength Transition -
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X-100 Models



X-100 Model

= Five Regions
- Weld
- FL to FL+1-mm
- FL+1-mm to FL+2-mm
- FL+2-mm to FL+3-mm
- Base Metal

= Properties From Tests
on Weld 1

= 20-mm Thick 1
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All Isotropic

E, EZ2Z2
(Ave., Crit.: 75%)

+1.800=-01
+1.6800e-01
+1.400e-01
+1.200e-01
+1.000=-01
+8.000=-02
+6.DDDe oz

. 000e-02

.000e-02

. 000=+00

No Pressure 9.59-MPa Pressure 19.18-MPa Pressure




Base Metal Orthotropic

E, EZ2Z2
[(Ave. Crit.: 75%)

+1.260e-01
+1.103e-01
+9. 450e-02
+7.875e-0Z2
+6&. 300e-0Z2
+4.725e-0Z2
+3.150e-0Z2
+1.575e-0Z2
+0. 000e+00

No Pressure 9.59-MPa Pressure 19.18-MPa Pressure



X-100 with Weld 1 Properties

= Applied Weld 1 Tested Properties to Model
- Including Softened HAZ
- 20-mm Thick

= Strain Concentrations are Very Minor
- Pressure Effect was Very Limited

= Base Metal Orthotropic Model is Most Like
Tested Weld

- No Effect of Pressure
- Very Low Strain Concentration
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Misalignment Effects




Misaligned Model

Joined Circular Pipe
to Oval Pipe

Otherwise the Same
as Previous X-100
Model

Max. Misalignment
- 1.5-mm high-low
= 0.75-mm high-low

Both X-100 and X-65

Maximum High-Low Misalignment (mm)

3.5

3.0

2.5 A

2.0 -

1.5 ~

1.0 4

0.5 -

0.0

Hi-Lo Amounts

Not Recommended
[ J
o
—— Limit in Previous Guidance
® Example Cases
T T T T T T T
0 5 10 15 20 25 30 35 40

Pipe Thickness (mm)
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Model with Hi-Lo
A




X-100 1.5-mm Hi-Lo Isotropic

E, E33 (CYL)
({Ave, Crit.: 75%)
+1.800e-01
+1.A20e-01
+1.440e-01
+1.260e-01
+1.080e-01
+2.000e-02
+7.200e-02
+5.400e-02
+3.A002-02
+1.800e-02
+0.000e+00

No Pressure 9.59-MPa Pressure 9.18-MPa Pressure



X-100 1.5-mm Hi-Lo BMO

No Pressure 9.59-MPa Pressure 19.18-MPa Pressure




X-100 0.75-mm Hi-Lo BMO

E, E33 (C¥YL)

{Ave. Crit.: 75%)
+1.540=-01
+1.3/5=-01
+1.170=-01
+5.750=-02

+7.800=-02
+5.850e-02
+3.9200=-02
+1.950e-02
+0.000=+00

No Pressure 9.59-MPa Pressure 19.18-MPa Pressure



X-65 1.5-mm Hi-Lo BMO

E, E33 (CYL)
(Ave. Crit.: 75%)

+1.350=-01
+1.181=-01
+1.013=-01
+8.438=-02
+6.750e-02
+5.063=-02
+3.375e-02
+1.688=-02
+0.000=+00

l
No Pressure 6.23-MPa Pressure 12.47-MPa Pressure



Conclusions for Hi-Lo

= Strain Concentrations Cross Weld Metal
- ID High Side to OD Low Side
- Concentration Even with Weld Overmatch

= Similar Concentration for X-100 and X-65
- Little Effect of Change of Stress-Strain Curves

= Pressure Effect
- Narrowing of High Strain Zone in Weld Metal
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X-65 Cases

In New Project




Model of X-65 Test Pipes

Model Very Similar to X-100 Model
- Thickness 12-mm

Stress-Strain Curves from Kim, et al.,
Micro-Tensiles on X-65
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Baseline X-65

E, E22 (0OID1)
(Ave., Crit.: 75%)

. 640=-01
. 435e-01
.230e-01
. 025e-01
. 200e-02
. 150e-02
. 100e-02
. 050e-02
. 000=+00

No Pressure 29.19-MPa Pressure

®
THE MATERIALS JOINING EXPERTS



Higher Weld Overmatch

E, EZZ2

{Ave. Crit.: 75%)
+1.400e-01
+1.225e-01
+1.050e-01
+8.750e-02

+7.000=-02
+5.250e-02
+3. 500=-02
+1.750e-0Z2
+0.000=+00

No Pressure 29.19-MPa Pressure
||
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Base Metal Lower Y/T

E, EZZ2
(Ave. Crit.: 75%)

+1.720e-01
+1.505=e-01
+1.2580=-01
+1.075=-01
+8.800=-02
+6. 450e-02
+4.300e-02
+Z.1530e-02
+0.000e+00

No Pressure 29.19-MPa Pressure
[ |
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Conclusions on X-65

X-65 Tests with HAZ Notch Should Give
Similar Results for

- ID HAZ Notch
- OD HAZ Notch

X-65 Tests with Weld Metal Notch
- Some Additional Strain Concentration Near ID

No Large Effect of Base Metal Y/T on Strain
Concentration

Plan is to Test with Minimum Hi-Lo ELLL
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CTOD Transferability

CTOD Usually Based on Tests in High
Constraint Geometry (Deep Notch, Bend)

Recent Efforts to Test Lower Constraint,
But Still Conservative Constraint

What is Enough Constraint for a
Pressurized Pipe with Plastic Strain?

Lower Test Specimen Constraint Can Give
Much Higher Measured Toughness
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Constraint Effects

Primary Methods of Assessing Constraint
- T-Stress

- Q-Stress (Either Hydrostatic or One Direction)
- Welbull Stress Equivalent

Some Tests - Little Biaxial Effect

- Either Ductile or Very Birittle

- Nuclear Pressure Vessel Steels

- Surface Crack

- Biaxial Load Does Change Load vs. CTOD Applied

Through Cracks - More Biaxial Effect
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The Girth Weld Model

» Step 1: Apply Internal Pressure
» Step 2: Apply Axial Strain While B O O B e
Keeping the Internal Pressure R
Constant RN [ 17/ 7/ 7
Axial strain N /j
T A‘- i j/:
% R 3 rﬂ#
Inte;rnal Pressure=10 MPa—— ( 2h Q_/ i
. a a = 2-mm (Crack Length )
. b = 10-mm (Pipe Thickness)
——i L' h=40-mm (Axial Length) .
D = 1000-mm !




Reference Model for Q Calculation

U,(r,0)=K, (1+U)‘/L(3—4u—cosé‘)cosg
E 27 2

U,(r,0)=K, (1+U)‘/2L(3—4u—cos¢9)sing
T

E

Load was Applied through
Abaqus User Subroutine DISP

Q=2# "% Eyaluated at r=2>

Oy Oy

30K Nodes
10K Elements
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Material Property

Plastic Hardening Curve

1400

1200 . .
= Linear Elastic
a 1000 . .
= Plastic Material
o 800 c=600e+600 ——
= 600 E=200 GPa
(b}
= 40 v=0.3

200

O I | | | [
0 0.2 04 0.6 0.8 1 1.2 ]

True Plastic Strain THE MATERIALS JONING EXPERTS



J~Q Relationship

1800

1600 -

Max Axial Strain = 4%
1400 -

1200 - With Pressure

J (N/mm)

No Pressure
400 -

200 -

2 -1.5 -1 -0.5 0 E —
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J, Q vs. Strain

1800
1500
1200
900
600
300

J (N/mm)
(@)

-300
-600
-900
-1200
-1500
-1800

Axial Strain (%)

2.0
J, With Pressure O
O — 15
\ 0
O
O -+ 1.0
O = >
o \ + 05
(J
S J, No Pressure
A// T OO
[
\ + 05
Q, With Pressure Q, No Pressure
/ - -1.0
[ ]
[ &
I~ +-15
= — —Dilf
I I '20
0 1 2 3 4

o
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Axilal Stress, at J=200 N/mm

With
Pressure

1000.0
EQDD'” No press

200.0

700.0
E00.0
500.0
400.0
300.0
200.0
100.0
0.0
=207 1

Small
Change In
Axial Stress
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Hydrostatic Stress, at J=200 N/mm

700.0

500.0 Pressure

400.0
300.0
200.0
100.0
0.0
-100.0

Large
Change
In oy

|
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J~Q, Relationship

1800
1600 -
00 3 Max Axial Strain = 4%
14 |
1900 / With Pressure Q Values
g Evaluated
£ 1000 USing
Z 800 - |
w0 Hydrostatic
No Pressure Stresses
400
200
0 | ‘ .
2 15 1 0.5 0 _
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J, Q, Vs. Strain

1800 2.0
1500 - J, With Pressure
\ +— 1.5
1200
900 - + 1.0
600 -
. + 05
E 300 - J, No Pressure
2 0 + 0.0
-300
K 05
-600 - Q, With Pressure Q, No Pressure
-900 - + -1.0
-1200 -
+ -1.5
-1500 -
-1800 | | ‘ -2.0
0 1 2 3 4

Axial Strain (%)
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Application to Pipeline Girth Welds

= Hoop Stress from Pressure Alone is Not a
Major Driver of Constraint Change

= Stresses in Plane Perpendicular to Crack
Tip Dominate Constraint
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Constraint and Weld Qualification

Constraint Matching Procedures (Effective
CTOD) or Testing Procedures (SENT) Still
Look Applicable to Girth Welds In
Pressurized Pipelines

- Biaxiality from Pressure Does Not Shove
These Pipes Back to High Constraint

- Pressure + Weld-Property-Induced Strain
Concentration Should be Watched for its
Constraint Effect
[ |
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Future of Strain-Based

Design Program




DOT/PRCI Program

= X-65 Testing of Flaw+Pressure+Axial
= X-80 Testing of Flaw+Pressure+Axial
= CWP to Full Pipe Comparison

= Modeling of CTOD and Constraint

= Small-Scale Testing to Match

= Two Year Program with Four Contractors
- C-FER
- EMCC
- EWI Microalloying
- EWI g
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