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EIA = U.S. Energy Information Administration

OECD = Organization for Economic Cooperation and Development
JCOE = J-shape, C-shape, O-shape, and Expansion

oD = Outer diameter
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L = Length of plate

t = Thickness of plate or pipe

\W = Width of plate

[‘[172 = Horizontal length of cut area for welding

I/l—2 = Vertical length of cut area for welding

D = Outer diameter of pipe

DO = Diameter of pipe at neutral axis

Dmax =  Maximum diameter of deformed pipe

Dmin = Minimum diameter of deformed pipe

Dreq = Required outer diameter of pipe

K = Curvature after JCO forming process or after bending analysis of pipe
Ry = Curvature for normalization when pipe bending analysis

= Global bending moment when pipe bending analysis

Global bending moment for normalization when pipe bending analysis

S~

= Amplitude of wrinkled wave

L
Il

Ovaility of pipe
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L1-3
Y1-3

x coordinate of center of curvature after JCO forming analysis
y coordinate of center of curvature after JCO forming analysis
Radius of curvature after JCO forming analysis

x coordinate of any points for estimation of curvature

y coordinate of any points for estimation of curvature
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Numerical Analysis of JCO Forming Process on the Bending Capacity
of High Manganese Steel Pipe

Jung Hoon Byeon

Program of Marine Convergence Design,
The Graduate School
Pukyong National University

Abstract

With development of non-OECD countries, worldwide oil and gas consumption has
gradually increased. Hence, not only the prices of energy have raised but also depth
of subsea well has been further and deeper than before. Because of that, pipelines
which have higher performance and larger diameter were needed to convey producte
d oil and gas from the well to the land. Corrosion resistance is one of the critical
requirements for subsea pipelines since it takes tremendous expenses for replacement
or maintenance of old pipelines. Therefore, high-manganese steel can be a proper m
aterial which has high corrosion resistance and reasonable price. Also, for manufactu
ring the large diameter pipelines, JCO process is mostly considered because of its e
conomic feasibility. This process can produce large diameter pipelines in lower price
s comparing with seamless pipes. However, cold forming which trigger residual stres
ses after process is main procedure so it is important understanding the effects of f
orming process on the structure.

In this research, a tensile test was performed since it is essential obtaining mechan
ical properties for nonlinear analysis. Then, finite element analysis of JCO forming
process for OD533 pipe was also performed based on the data from the tensile test.
The residual stress after forming was imported to cylindrical tube for evaluating the
effects of forming process. Though considerable residual stress remained from formi

ng but there was a negligible effect on the ultimate strength of the pipe.
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Table 1 Principle dimension of specimens

Data Specimens
Thickness Width Area Gage length

e (mm) (mm) (i) (mm)
1 18.09 19.24 348.05 50.00
2 18.04 19.21 346.55 50.00
3 17.97 19.30 346.82 50.00
4 18.08 19.15 346.23 50.00
5 18.07 19.15 346.04 50.00
Avg. 18.04 19.20 346.41 50.00
Max. 18.08 19.30 346.04 50.00
Min. 17.97 19.15 346.82 50.00




Figure 3 Tensile test specimens
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Figure 4 Tensile test by the universal testing machine
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Figure 5 Defect on No.l specimen

Table 2 The results of tensile test

Data Specimens
Yield stress | Tensile stress Elongation
No. (MPa) (MPa) (%)
1 535.86 850.87 27.40
2 548.46 930.88 57.23
3 536.30 922.67 55.69
4 547.49 930.22 54.65
5 542.82 935.36 58.03
Avg. 543.77 929.78 56.40
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Figure 9 Neutral axis on the cross section of the pipe

Table 3 Principle dimension of plates (unit: mm)

t L W/2 H, Hy Vi V2
18.0 | 12000.0 | 810.0 3.0 15.0 3.0 3.0
25.0 | 12000.0 | 797.5 6.0 15.0 6.0 7.0
30.0 | 12000.0 | 790.0 9.0 15.0 9.0 9.0
35.0 | 12000.0 | 782.0 12.0 15.0 12.0 11.0
40.0 | 12000.0 | 774.0 15.0 15.0 15.0 13.0
45.0 | 12000.0 | 766.0 15.0 15.0 15.0 15.0
50.0 | 12000.0 | 758.0 17.0 17.0 17.0 17.0
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Figure 13 Penetration on the contact region
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S contact((d A1)} target(Z
S & Figure 147 o] A8, FHA S 11#3F°] normal stiffness

factorS Table 59} o] A3t}

(a) Plate to upper frame (b) Lower frame to plate

| -
(c) Punch to plate (d) Plate to die
Figure 14 Definitions of contact conditions

Table 5 Normal stiffness factor

Plate to Lower frame )
t (mm) Punch to plate | Plate to die
upper frame to plate

18.0 0.01 0.01 0.002 0.002
25.0 0.01 0.01 0.001 0.001
30.0 0.01 0.01 0.001 0.001
35.0 0.01 0.01 0.002 0.002
40.0 0.01 0.01 0.001 0.001
45.0 0.01 0.01 0.002 0.002
50.0 0.01 0.01 0.002 0.002
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Table 6 y displacement of crimp d and x displacement of plate

Pre- x displacement of plate

Bending 1 2 3 4 5 6 7

18.0 65.0 690.0 | 662.5 | 612.5 | 562.5 | 512.5 | 462.5 | 412.5
25.0 63.0 690.0 | 662.5 | 612.5 | 562.5 | 512.5 | 462.5 | 412.5
30.0 62.0 690.0 | 662.5 | 612.5 | 562.5 | 512.5 | 462.5 | 412.5
35.0 59.0 662.5 | 612.5 | 562.5 | 512.5 | 462.5 | 412.5 | 362.5
40.0 58.0 662.5 | 612.5 | 562.5 | 512.5 | 462.5 | 412.5 | 362.5
45.0 58.0 645.0 | 612.5 | 562.5 | 512.5 | 462.5 | 412.5 | 362.5
50.0 58.0 640.0 | 612.5 | 562.5 | 512.5 | 462.5 | 412.5 | 362.5

t

Table 7 x displacement of plate

x displacement of plate
8 9 10 11 12 13 14 15
18.0 | 362.5 | 312.5 | 262.5 | 212.5 | 162.5 | 1125 | 62.5 | 125
25.0 | 362.5 | 312.5 | 262.5 | 212.5 | 162.5 | 112.5 | 62.5 | 125
30.0 | 362.5 | 312.5 | 262.5 | 212.5 | 162.5 | 1125 | 62.5 | 125
35.0 | 312.5 | 262.5 | 2125 | 162.5 | 1125 | 625 12.5 -
40.0 | 312.5 | 262.5 | 212.5 | 1625 | 1125 | 625 12.5 -
45.0 | 312.5 | 262.5 | 212.5 | 1625 | 1125 | 62.5 12.5 -
50.0 | 312.5 | 262.5 | 212.5 | 162.5 | 1125 | 62.5 | 125 -
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(a) Pre-bending (b) Punching-1

200 200w ) .

(g) Punching-13 (h) Punching-15

Figure 15 2D analysis of JCO forming process
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Figure 16 Three points for estimating curvature
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Table 8 Required y displacement of punch and force for OD533
t y displacement D K Differential Force
(mm) (mm) (mm) | (I/mm) (%) N)
18.00 16.70 531.19 | 0.003765 0.33 2227
25.00 16.59 531.14 | 0.003765 0.34 4528
30.00 16.25 532.13 | 0.003758 0.16 7053
35.00 16.49 530.32 | 0.003772 0.50 10408
40.00 16.22 529.60 | 0.003776 0.64 14557
45.00 16.83 531.53 | 0.003762 0.28 18724
50.00 16.92 532.36 | 0.003756 0.12 22990
Eo.m— DA n'unii'y z i 39257 — 166.55x + 2218.67
En.w}‘— : :‘E-m—
~ 25 —| ] “\'
o020 T T T IW”E T T 1 b T T T IH'J"; T T 1

15.00 1600
Punch depth {mm)

17.00 15,00 19.00 124 1500 16,00
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Figure 17 Curvatures and diameters after analysis (18t)
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Figure 18 Curvatures and diameters after analysis (25t)
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Figure 19 Curvatures and diameters after analysis (30t)
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Figure 20 Curvatures and diameters after analysis (35t)
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Figure 23 Curvatures and diameters after analysis (50t)
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Table 9 The results of pipe length study

Aol Q4 /49 Ay 3hs2 Table 9

3 1= Figure 259} 2t}

Scale L (mm) | Node No. |Element No.| r (mm) £ (1/mm)
factor
5 2405.2 82958 61453 347.509 0.002878
10 1202.6 38562 27665 347.516 0.002878
20 400.9 15435 11390 349.523 0.002861
50 240.5 9702 7035 349.101 0.002865
100 120.3 5292 3685 349.230 0.002863
200 60.1 2747 1692 349.231 0.002863

(a) L=60.13mm

(b) L=400.9mm

(¢) L=1202.6mm

Figure 25 Equivalent stress after JCO forming process
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Figure 26 Overall modeling for 3D analysis
Table 10 The results of 3D analysis

t Diameter | Differential Reaction force (N/mm)
(mm) (mm) (%) 2D 3D Differential (%)
18.00 533.76 0.48 2227 2243 0.72
25.00 532.63 0.28 4528 4779 5.55
30.00 532.84 0.03 7053 7697 8.36
35.00 529.60 0.14 10408 | 11159 7.22
40.00 532.80 0.04 14557 | 15107 3.64
45.00 533.05 0.01 18724 | 19728 5.09
50.00 535.14 0.40 22990 | 26093 11.89
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Figure 27 3D analysis of JCO forming process

_25_



7)
& Figure 28914 Bluatdet 2219 e4RwT 3349 Q47 &

$ 23 o Wygol M Aok AFo] glov, Fao

A o B A4 A5HAT L Bl

30

/k

Vi
20 /
FEA using solid element N /

10 .

/‘/(FEA using shell element

Requied force per length (kN/mm)

10 20 30 40 50 60

Thickness (mm)

Figure 28 Comparison of the results of forming analysis by element types

Figures 29-35%= T/ A 33 95 & 9F 9 Zdo|gke] A7
93 rgWEEOl} WE $YL HYS T
Tabe olgst] yEhision, FAR QA el uet Aol A

Bl A% Agieh

!

_26_



17

B
000 20000 (mm) L_. %
[ S—

100.00

(a) Circumferential residual stress

(b) Longitudinal residual stress

0.00728017
0 Min

0.0078017
0 Min

17

.
000 20000 (mm) IT—. X
[ —]

100.00

=

(c) Equivalent plastic strain

Figure 29 The results of 3D analysis (18t)
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Figure 30 The results of 3D analysis (25t)
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Figure 31 The results of 3D analysis (30t)
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Figure 32 The results of 3D analysis (35t)
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Figure 33 The results of 3D analysis (40t)

_31_



-125.58
-214.01
-302.43

-390.85 Min

-125.58
-214.01
-30243

-390.85 Min

.
000 20000 (mm) L—- x
)

(b) Longitudinal residual stress

0.03776
0.01888
0 Min

003776
001828
© Min

20000 (mm)

(c) Equivalent plastic strain

Figure 34 The results of 3D analysis (45t)
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Figure 35 The results of 3D analysis (50t)
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ELEMENTS

ANSYS

K17.2

Figure 37 3D modeling of case 4

Table 11 Principle dimension of pipe

Case | D/t | D (mm) |t (mm) | L/2 (mm) | Node No. | Element No.
1 59.2 | 533.0 9.0 1500 43,941 28,800
2 29.6 | 533.0 18.0 1500 43,941 28,800
3 17.8 | 533.0 30.0 1500 73,235 57,600
4 13.3 | 533.0 40.0 1500 73,235 57,600
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Figure

38 Shape of the first eigenmode imperfection

Commission, 2014)
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Figure 39 Shape of the first eigenmode imperfection
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Table 12 The results of imperfection influence study

S/t M/}, | Angle of rotation K/ K, A,
0.00 1.02296 0.11597 1.13668 0.04859
0.01 1.02102 0.10908 1.06942 0.04270
0.02 1.01736 0.10033 0.98394 0.03695
0.03 1.01355 0.09173 0.89986 0.03160
0.04 1.00988 0.08520 0.83590 0.02800
0.05 1.00638 0.08065 0.79140 0.02603
0.06 1.00310 0.07626 0.74839 0.02396
0.08 0.99695 0.06960 0.68313 0.02127
0.10 0.99116 0.06498 0.63790 0.02008
1.050
_ e B R e SRR
s
e
S
g
g
[=]
=}
=
S
=
=i
s
7 0.975
0.950 | | | | I
0.00 0.02 0.04 0.06 0.08 0.10 0.12

Amplitude/thickness (87 /t)

Figure 40 The results of imperfection influence study
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Table 13 The results of bending analysis

Case | Residual stress | D/t | t (mm) KJ/ Ky ./W/ ]% AO
1 wi. 59.2 9.0 0.77138 | 0.93274 | 0.02465
1 w/o. 59.2 9.0 0.71642 | 0.94059 | 0.02568
2 w/. 29.6 18.0 | 0.74474 | 0.99780 | 0.01693
2 w/o. 29.6 18.0 | 0.70662 | 0.99692 | 0.02180
3 wi. 17.8 | 30.0 | 0.85774 | 1.05012 | 0.02017
3 w/o. 17.8 | 30.0 | 0.84038 | 1.05006 | 0.02039
4 wi. 133 | 40.0 | 0.79355 | 1.07061 | 0.01475
4 w/o. 133 | 40.0 | 0.77952 | 1.07313 | 0.01485
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Figure 43 Influences of residual stress (Case 1)
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Figure 45 Influences of residual stress (Case 3)
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