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INTRODUCTION i

Field (cold) bending for Natural Gas Pipelines is established and widely applied practice
Efficient horizontal and/ or vertical direction changes of the pipeline

5-10% of pipes are bended (for typical topography)

= Use of dedicated pipe bending machines

But as well

= Cold bending introduces localized plastic deformation, cold-work hardening, micro-cracks and
residual stresses

= Hydrogen's small atomic size and high diffusivity enable penetration into steel microstructure,
causing embrittlement and stress corrosion cracking that natural gas does not produce
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INTRODUCTION

= Pipe Bending Machine *

API-5L
inches mm x52 x60 165 X0 X80
% 914 35,3 30,9 3,0 5.7 n3

Bending radius
[m]
(40 xD)

36,56

bending step
043

angle for
12m pipe (*1)(

123

theoretically
athevable
angle
for 18 m pipe

n2

* https://dmiinternational.com/wp-content/uploads/2025/03/4009812H-DMI-36-48-SUPER-PIPE-BENDING-MACHINE-20250305.pdf
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Positioning

Pipe placed in hydraulic bender with clamps

%

Incremental bending

Small-step deformation creates discrete curvature

%

Plastic yielding

Material exceeds elastic limit to retain shape

N2

Spring-back

Post—bending elastic recovery requires
compensation

%

Final geometry

Inspection verifies ovality and wall thickness
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ASPECTS OF H2 IMPACT e
Hydrogen Embrittlement Dissociation of Hydrogen
= Asusceptible Material, and " Temperatures, Prgssure
= Environment that permits formation of H+ " Surface Irregularities,
or hydrogen radicals, and = Corrosive Environment,
= High tensile stress = Chemical Surface Treatment,
= (Cathodic Protection
= efc
H, = 2H
H, = H +H™
H+e = H

Crystal lattice after plastic deformation
showing disiocations acting as preferred
trapping sites for hydron

Ideal crystal lattice
before plastic deformation
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REQUIREMENTS FROM CODE

British Standard - BS PD 8010-1

 Field Bending explicitly permitted ~ 10.12.5 Field bending
*  No hydrogen specific provisions Pipes may be bent cold in the field to fit pipeline alignment and topographical conditions.

Cold bends should be made on a suitable field bending machine, which provides sufficient support to the
pipe cross-section to prevent buckling or wrinkling of the pipe wall. Pipe bending machines should be

manned by trained operators.

ASME 31.12,

 Field Bending explicitly permitted Note that cold bending may make line pipe more suscep-
*  Following note given in PL-3.7.5 tible to the effects of hydrogen embrittlement.

Canadian Standard _ CSA Z66223 For field cold bends of pipe 323.9 mm OD or larger, the longitudinal axis of the pipe shall not
i i o ) : be deflected more than 1.5% in any length along the axis equal to the outside diameter of the

« Field Bending explicitly permitted pipe.

« Some notes available in 6.2.3
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STRUCTURAL EFFECTS ON FIELD BENDING

Target: Determine plastic strain and residual stresses

Considered parameters:

= NPS 36, OD 914.4 mm, length 5 m

= WT 18 mm, D/t=51

= API-5L X52

= Ramberg-Osgood stress-strain curve

= [sotropic hardening

= Bending step angle after spring back:
* 0.49° (standard)

 Smaller angle checked with positive results
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STRUCTURAL EFFECTS ON FIELD BENDING T

Finite Element Model
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die (orange), rigid surface, R=18.3 m, RP U3=UR1=free

symmetry plane y-z

stiff back (blue), rigid surface,
RP fixed

Y pin-up shoe (red), rigid surface, RP U3=UR1=free
, ’Lx contact surfaces with friction between die, stiff back, pin-up shoe and pipe

Target. model one bending step

Geometrically and materially nonlinear analysis with
ABAQUS Release 2025

FE mesh pipe with continuum elements
62.843 elements, 82.227 nodes
Realistic concept for constraints/ restraints

Rigid surfaces model bending machine with contact
friction between pipe and tooling

Considering of Mandrel via pressure load
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STRUCTURAL EFFECTS ON FIELD BENDING o

Finite Element Model — Results (Standard)

n

S, Mises

Avg: 75% X

S Plastic yielding
351

Marerial exceeds elastic limit o retain sl:upr

+
Spring-back
Post-bending el rec requires
mpensation
¥
Final geometry

Inspection verifies ovality and wall thickness

Y ODB: NPS36-R18.0db  Abaqus/Standard 2025 Woed Jan 21 07:44:13 GMT+01:00 2026
i z Step: up

Increment 5: Step Time 1.000

Primary Var: 5, Mises

Deformed Var: U Deformation Scale Factor: +1e+01

Equivalent stress [MPa] at Pin-up shoe upwards
movement 33.0 mm



STRUCTURAL EFFECTS ON FIELD BENDING s
Finite Element Model — Results (Standard)
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sz Equivalent Plastic Strain = Plastic strains concentrate in regions with residual stresses,
creating zones of altered microstructure and potential crack
. sites

0.0018
0.0012

= Residual stresses concentrate near neutral zone
= Stress magnitudes reach 50% of yield
= [ncremental bending process creates more discrete stress

Y ODB: NPS36-R18.0db  Abaqus/Standard 2025 Wed Jan 21 07:44:13 GMT+01:00 2026 COnCentrationS
L
& Residual Stresses (bending die R=18.3m) = Sequential bending steps cause overlapping residual stresses

and plastic strain zones that may accumulate and exceed
single-step predictions

Y ODB: NPS36-R18.0db  Abaqus/Standard 2025 Wed Jan 21 07:44:13 GMT+01:00 2026 1 0

own
ment 6: Step Time = 1.000
ar: S, Mises

: S, Mise:
Deformed Var: U Deformation Scale Factor: +1e+01
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Cold Work Vulnerability to Hydrogen
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Dislocation Density
10 ‘

Plastic deformation increases dislocation density ¥

6
Residual stresses from bending provide driving force  nyarogen traps \./ \./ R —

for crack initiation 2

Microcracks likely form at plastically strained N
locations where metallic grid is distorted o— \

Stress Concentrations

Damage

2

0

Hydrogen content (mass ppm)

0 02 04 06 08 1 11
Applied stress ratio (G, / 03)
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ENGINEERING MITIGATION STRATEGIES s

Conservative

Eliminate all cold bends, use induction bends and elastic bends

Code-Compliant

Follow ASME B31.12 without additional restrictions

Optimized Engineering

Apply targeted mitigations while permitting field bends

Conservative approach eliminates cold bends entirely
=> prudent but exceeds present code and increases costs

Code-compliant approach simply follows ASME B31.12
=> proceed with field bending as in natural gas pipelines
without additional considerations

Optimized engineering with selective mitigations: larger radii,

enhanced bending geometry and procedures, material
selection, and post-bending stress testing

12
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ENGINEERING MITIGATION STRATEGIES s

Design & Material Bending Procedures Post-Bending Treatment
*  Limit total field benas through *  Reduce overall bend angle and »  Enhanced micro-level inspection
alignment changes or elastic/hot radius using non-destructive testing
bends
»  Optimize bending parameters: bends S e et [
*  Consider milder grades (X52, X42) step half angle reduces plastic strain conditions reslgieves residual stresses
for bends while using X60/X70 for proportionally

straight sections
« Adjust bend step length
» Avoid spiral welded pipe for cold
bends due to weld-residual stress
interaction

Use of mandrel

» Select suitable bending sets
geometry

13
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ENGINEERING MITIGATION STRATEGIES

Finite Element Model - Comparison 0.49° VS 0.25°

. . . PEEQ PEEQ

Avg: 75% Avg: 75%

Equivalent Plastic Strain (o 7o) O oss
0.0065 0.0045

0.0059 0.0041

0.0053 0.0037

0.0047 0.0033

0.0042 0.0029

0.0036 0.0025

0.0030 0.0021

0.0024 0.0017

0.0018 0.0013

0.0012 0.0008

0.0006 0.0004

0.0000

0.0000 Max: 0.0071

Y ODB: NPS36-R18.0db  Abaqus/Standard 2025 Wed Jan 21 07 13 GMT+01:00 2026 Y ODB: NPS36-R18-2.0db Abaqus/Standard 2025 Tue Jan 27 10:50:24 GMT+01:00 2026
z Step: depressure 1 z Step: depressure
Increment 2: Step Time = 1.000 Increment 2: Step Time = 1.000
Primary Var: PEEQ Primary Var: PEEQ
Deformed Var: U Deformation Scale Factor: +1.0000e+01 Deformed Var: U  Deformation Scale Factor: +1.0000e+01

Residual Stresses <g> R
(bending die R=18.3m 128

Y OBE: NPS36-Ri8.ach " Ahaqus/Standard 2025 Wifed Jan 21 07:94:13 GHT+01:00 2026 Y ODB: NPS36-R18-2.0db  Abaqus/Standard 2025 Tue Jan 27 10:50:24 GMT+01:00 2026

Step: down Step: depressure
Z Increment  6: Step Time =  1.000 z Incfeme,ﬂ 2: Step Time = 1.000

Primary Var: S, Mises i . Y
Deformed Var: U Deformation Scale Factor: +1e+01 Erel;g?'rrr’(e\ga\?arS:'Lllvllsstormatlon Scale Factor: +1e+01
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ENGINEERING MITIGATION STRATEGIES T

Finite Element Model —Stress Test (case 0.49°)

S, Mises
(Avg: 75%)
170

After bending Stress Test at 140 bar (100% SMYS)

S, Mises
(Avg: 75%)

Y ODB: NPS36-R18.0db Abaqus/Standard 2025 Wed Jan 21 07:44:13 GMT+01:00 2026 275

264
z i Step: down

Increment 6: Step Time = 1.000
Primary Var: S, Mises
Deformed Var: U Deformation Scale Factor: +1e+01

S, Mises
(Avg: 75%)

116 Y ODB: NPS36-R18.0db Abaqus/Standard 2025 Wed Jan 21 07:44:13 GMT+01:00 2026

After Stress Test % | ——

Increment 2! Step Time = 1,000
Primary Var: S, Mises
Deformed Var: U Deformation Scale Factor: +1e+01

Y ODB: NPS36-R18.0db  Abaqus/Standard 2025 Wed Jan 21 07:44:13 GMT+01:00 2026

Step: depressure 1 5

z Increment 2: Step Time = 1.000
Primary Var: S, Mises
Deformed Var: U Deformation Scale Factor: +1e+01
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ENGINEERING MITIGATION STRATEGIES s

5-10% No validated models

Typical field bend percentage in pipelines Predictive capability gap

No validated predictive model to quantify interaction between plastically deformed regions, residual stresses, and
hydrogen ingress over pipeline service life

Dissociation mechanisms of hydrogen and corresponding embrittlement processes are not completely
understood, limiting ability to establish design criteria

Long-term effectiveness of proposed mitigation measures under actual hydrogen operating conditions lacks
definitive evidence and requires systematic study

 Further research, industry dialogue, and refinement of engineering practices are necessary before field bending
can be treated as routine construction step for hydrogen transmission 16
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CONCLUSION E;’E?ELJE”S?

Cold bending is well-established practice in natural gas pipelines; 5-10% of line pipes affected
No major international codes (ASME B31.12, CSA 2662, BS PD 8010-1) prohibit cold bends

FEA analyses demonstrate cold bending generates local residual stress peaks to 170 N/mm? and plastic strains
reaching 0.6% in localized zones (at 0.49° per bending step)

For hydrogen service, combination of incomplete scientific understanding and known susceptibility of cold-worked
regions raises potential integrity concerns despite code permissibility

Engineers should critically evaluate field bend necessity, implement targeted mitigations when used, and
advocate for hydrogen-specific bending guidance in future code revisions

Recommended technical mitigation priorities, when using field bends, e.g.:
» reduce bending angle per bending increment; (highest impact);

» post-bending stress testing (moderate impact),

» enhanced inspection protocols (moderate impact);

17
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