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Abstract: In this study, residual-stress distributions in welds with different strength used in natural gas pipelines are
calculated by wusing finite-element analysis and simulating a realistic welding process. The temperature and
residual-stress analysis results are compared with the real fusion profile and the application results of the
Fitness-For-Service assessment code, API 579 in order to validate the finite-element analysis model and procedure.
Parametric study is performed to assess the effect of welding and material variables such as mechanical strength
mismatch, the strength of weld metal, reinforcement, and heat input on the residual stress distributions. Finally, on the
basis of the parametric study results, the effects of these variables on residual stress distributions are investigated. In
particular, the strength mismatch between base metals has an insignificant effect on residual-stress distributions.
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Table 1 Welding variables

Welding
velocity
(cm/min)

Welding | Welding| Weld Welding Welding
pass | method metal |current (A) [voltage (V)

1 GTAW | ER70S-G | 100~170 12~20 6~12

2 GTAW | ER70S-G | 170~240 15~24 8~14

3 SMAW | ER9016-G | 80~150 20~40 3~12

4,5 | SMAW |ER9016-G | 100~180 20~42 3~12

6 SMAW | ER9016-G | 80~150 20~40 3~12

1.2E+05 18

~#-Thermal Conductivity

-& Thermal Diffusivity
1.0E+05

8.0E+04 1 12
‘-.,...'- i
- ‘q"-,.'.-
8
4.0E+04 6
k‘!: 4
2.0E+04

i 2

0.0E+00 T T T T T T )
) 200 400 600 800 1000 1200 1400 1600 1800 2000

Thermal Diffusivity ([mm?/sec)

Thermal Conductivity (kgmm/°C sec?®)

Temperature (°C)

Fig. 2 Variations of thermal conductivity & thermal
diffusivity vs. temperature



e Holmz FFSHo| = Foldk H9
e U2 BEA S0 v g Ble A
Ao wulsy] uite] %o F#sA LA
gk # 0.29= AASATH Figure 2~82 2o
w2 AH/EH 24X VAH EAZA s
2 HoFa gt} of7]A X42-X70 &F 5o A}
29 HFET X65-X70 fFFo] ALgEE
ST E5E Tde Aoty Bi-linear isotropic
24 A3 AFS AHEEA T
S35 AS, 1FH 2o $HFE5Y &3
Sotoll = vt EH ol & Fol= AA Rl
JEl 2 MRt 8 §HEES A 2.
2.5E+05 2.0E-05
20605 1% L6E05
1.5E+05 o 1.2E-05

- 1.0E-05

~4—Elastic Modulus L | goros

-B-Thermal Exp. Coeff.

- 6.0E-06

Elastic Modulus {MPa)

1.0E+05 \
- \‘\‘L
0.0E400 T T T T T

4.0E-06

- 2.0E-06

0.0E+00
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Temperature (°C)

Fig. 3 Variations of elastic modulus & thermal
expansion coefficient vs. temperature

900

-+-Yield Strength-X70
—B-Yield Strength-X65
-&-Yield Strength-X42
-8-Yield Strength-Weld
~-Tensile Strength-X70
~+Tensile Strength-X65
~=Tensile Strength-X42
~-Tensile Strength-Weld

800 -=0=C=0=0=00000

000K &(
70 Wﬂﬂ%%
\

e
S
=

Mechanical Strength {IMIPa)
i @
= =
2 =

?
//

A

0 T T T T T T D ; {
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Temperature(°C)

Fig. 4 Variations of mechanical strengths vs.
temperature

Thermal Expansion Coeff. (mm/mm °C)

415
Ho}h =2 1500C AES] w2 22 &xdr
i 7pgsth 27] d4Es aEon &3
PEFE EHALA o A, A/ @ES o
&3t adeigith 7 s Hd SHEEER
R R A= T )
FAAY Foke deow fA AL 7HA
stk ANEA Folle -1T 2274 IdF
2 g,

|4, FAANE 9 A 5 e ad
(API 5L Gr.X65) €¢te] AHEL %
1 ko] oA vk &3Sl

=0/
20 /""T:ZI. ic ||
LS Trsd
N 140
- 1000 ||
T

0 T T T T T

03 0.5 0.6
Plastic Strain

Fig. 5 Plastic behavior of X70 vs. temperature

800

700

600 |
S0,
= 0
2,400 — “+T211C
o /0/ 7148 oC
5’900 1398 9C
- 7-600C
20 < 1=1000C

//
.

100

o

0.05 01 015 02 0.25 03 0.3
Plastic Strain

Fig. 6 Plastic behavior of X65 vs. temperature



416 7nEA -7
800
700 _—n
01
S
= /0
o0 L~ +1a1c|
2 T4 9C) |
30 +72308 9C
“®-7-600C
20 ~7=1000C ||
100 M//
0 T T T T T T

o

0.05 0.1 0.25 03 0.35

015 02
Plastic Strain

Fig. 7 Plastic behavior of X42 vs. temperature

~B
=0
« / /""T:Z]. e
w

ou0 /', 108 oc ]

5300 —-72308,9C | |
/ 7600

200 110000 H

0 T T T T T

Plasti% 3Strain

Fig. 8 Plastic behavior of weld metal vs. temperature

o] #gshH wj# kol end-cap o] &3
=3

22 Fetes mdE

Figure 9= 2% %2 #7859 A4S 98] 44
sz 73el PATRANDS o] &3lo] welglsl 23}
Y EF9 2 33 #F3e4 mdolth, W 3
e fdl AMEEE 22 SO ke s 2
o] QAEXL 8- QrolH E Q59 AF
= ZrZF 1079709} 346870 01th. A=
AReA F3esr A9 S350, &4
A} ApdAel wEk R~ ed a2 St
ATk fFan A A BHYA HE5S 9l
AHEEE 3 frehea mde] A5 20
AR Qxoln F 94 dAFE 717 4905

Weld 38 Weld 4]

Weld 1

(a) 2-dimensional axisymmetric model

Weld 2
Weld 4]

Weld 5

(b) 3-dimensional model
Fig. 9 Finite element models of girth weld on natural
gas piping

Line 2
enter Line [

—

X65 X710

(a) Outer surface (b) Inner surface
Fig. 10 Strain gauge positions

600

& Al (FEA)
~®Hoop (FEA)
00 ot A Avial (HDM)
© M © Hoop (HDM)
o
= 20 —
= A
2
Z 0 et 5 s LR o & ]
E /S s
S 4 °
B ¢ A
o X65 ® X70
100 A
-600

-120 0 100 200 300 400
Distance from Center Point along CL on Outer Surface (mm)

-400 *3‘00 *2‘00
Fig. 11 Comparison of residual stress distributions

along welding centerline on outer surface



WA Fhs e o EEE §HR B

Aot 13674700)t). 2BoA Kol upel 7ol
SR e A WFge

A= ARkt

23 REteL siMHEte BN AEB
F8 FEA 2XE9o] ABAQUS'"E ©] &3}

<9 e FIAT. dHE 2
e S 2 Bi-Linear Isotropic
A A3 AsE mEs g3 984S

= =3
(MGAK-1)E AAgt Hda¥ 54 ¥ (RS-
2005 ©ol-&ste] FHOETEH 12 %
Fo8HS S48 Figure 10> W3 E AlolA
A2 9AE BolFa gtk TFeA Kol bt

of o] &) g7, WHel 47§15 A5t
400
il (FEA)
300 [ ®Hoop (FEA)
A Aial (HOM)
2007 Hoop (M) ./'\
- /—\.,Q/
0 A A 0 Y

// ~ /’
/ O \/
N ‘
1

-5y =200 -180  -100 50 50 150 200 250
Distance from Center Point anng Line 1 on Outer Surface (mm)

/2

'
w
=
IS

Residual Stress (MPa)

| 2

Fig. 12 Comparison of residual stress distributions
along line 1 on outer surface

1000

& Axial (FEA)
~OHoop (FEA)

A Axial (HOM)
® Hoop (HDM)

==

=

=1
O

=]
=21
s

=
=
S

ra
=
=1

Residual Stress (MPa)

-200

-400

=400 -300 -200 -100 0 100 200 300 400
Distance from Center Point along Line 2 on Inner Surface (mm)

Fig. 13 Comparison of residual stress distributions
along line 2 on inner surface

- Fusion Zone
- Non-Fusion
Zone

17.5mm

(a) FEA (b) Real

Fig. 14 Comparison of fusion zone profile

S, s11
(Average-compute)

s, S22

666. 1MPa

s, 533
(Average-compute)
757.3

Center Point

on Inner
Surface

Fig. 15 As-welded residual stress distributions

(Ayerage-
566.1

—309 _5MPa

X70

(a) Radial stress

Compute]

— Welding
p Centerline

Center Point
on Quter
Surface

(c) Hoop stress

417




418 AEA - A - WEd

Figure 112 W &7 TS & 7& 80
—_ - . - . ~*Axial (FEA) J
g FXE vl Zlojt}h Figure 12 9H Line 0 | g v
& we AFLH BEE WL AND A /
Figure 13 W™ Line 25 W& JFSH EEXE - Vs
. . ) o g o000 ,J\/\ Vs
Hl gk Aol o] 714 Line 12} Line 2% Figure S S -.‘\A} y
110 vebia glvk. Figure 11~13914 H.oli= n} 2 S / e
o ol Q- AL ghol Aols} govt HF ] N e
ol olg 54 Aet fF3as A A3t . \\//
WAz AAFS vk 2 Aol A a0
@ e 4 Aa7k Betia dua.
-600
B 0 01 0.2 03 0.4 0.5 0.6 07 0.8 0.9 1
24 THR3SE oM Xt
Figure 145 GH%E 27 5848 Ea) &3 (a) Axial stresses
&% 243 44 887 Qe vad o) e -
o &85 @4 H A7I= FFS W7 SHellA A T Hoop s } \"\ 0]
o "\‘x.,)k 4
we feas ARgd @440 By pE .
4ol BRAe Woe 1 Fad weel, f
SglA) wol weh Po] frEas LEaNS =]
- - - . P
Fal mEW $47 % 277k AAlsh A9
QAFER B ATl $AE A= 2 LE -
si4 Axsh Aske BEEe o ¢ 9 v
Figure 15+ as-welded 84 #7858 +X& X 0
o] =31 Qlt}. Figure 1504 Hol& nie} o] wk ;
Aurel AFSHEe AYHor e 718 Hol= 0 01 02 03 04 05 06 07 08 08 1
Xt
o) 5 = 0.3 0 g =0 71O
g Q9 AReES diAeR 2 @e B (b) Hoop stresses
o]e o 4= 9t}
o= 2 T A . .
Fig. 16 Comparison of as-welded residual stress
A 3z Shs e . ;
A A AR vl 9] FFS distributions along welding centerline
P7MA] s okt st BHFSH nxE= A between 'the' presen‘i results and the API
R oes mAFE AFolmm FBO 579 application results
o 2xao] sl AN v AR FES
# 1000 |
7} =91 APL 579¢] A& Astsbe] wlarh AL DR
~ ] } ] —o—No Heat(Hoop
A= Figure 162 #3394 AR5 14 23 800 i o Heat(Axial) oy
S API 579 A& Azkeh Wi AAFE Bl of o -0 Heatltioon)
714 x= &4 TS HE i Tdies =0
BEe] Agolr t= 84 THM Tl Sund =y ;
[9p] '
e s A3t APL 48 23 Bk dnbA @ T ke
_ w200 % ‘ v
o 2 Qg3 molmz A4 Wge w4 ST e A S T
’ Q
@ B ode uirdol NEH FFS W7 ;e F o % : o
- - - feb) e
API 579 Bop & HeAQl Ads =itk F 2 W &3\ / *o
IR API 5799 FFSE E¥AL G888 o
49 veg S4uwel 482 Ba 2EF B
S 6w M=o os . o= 0 5 10 15 20 2%
Fod wEES U9 dolHuola® ALY Distance from Inner Surface along WCL (mm)
F9 4 TELS A fReks uo 2 age
Fig. 17 Variation of steady state stress distributions
Ho AL =2 ukm] Ao o EAQA 74 g- : y st >
“ol Al =5 7H_E“ Aol iLE#L 12 = along welding centerline vs. heat input
4% TEES fae ARSY RE 3 39



il A w @ olFEE SRR A
1000
-+-No Removal(Axial)
. -0-No Removal(Hoop)
N 600 -0~ Remove(Axial)
= -0~ Remove(Hoop)
o 600
w
e
% 400
<L
% 200 )
>
o)
©
@ X70
o 0
=200
=50 -40 -30 -20 -10 0 10 20 30 40 50
Distance from Center Point on Inner Surface (mm)
(a) Inner surface
800 -4+ No Removal(Axial)
oo O 0 --@- No Removal(Hoop)
D@j 600 O.,o:. : o Remove(Axial)
= o 0 ' 0 Remove(Hoop)
@ 400 ' '
w
[<b]
= S D S W 2N
200
L
w gt ..
>
w
© X65
Lo
w
=400
-50 =30 -10 10 30 50

Distance from Center Point on Quter Surface (mm)
(b) Outer surface

Fig. 18 Variation of steady state stress distributions
on inner/outer surfaces vs. removal of rein-
forcement

olM ofiel o] gelHor dAsinE E AT

olM et FeH s Ak % A= Bdd

< &g Atk oI =Y FEHle 2he) AEH

A AR HFAA g opAIE W A

e gEle gdol s A AY B

Astreke =1 4gE op|An?

O F7H Azt mF, HWUF &4 45 Wi &
oA, TdF-olA =, el A
ol dAsh= #7198 F (self-equilibrium) ZF
Fed ¥ 3995 B9

O 74 Ay mF 4% &9 45 o4, 5
G EE QA HoH euKoR des
S7htE WY AR v F99e 19

]
T =

dx 7} FAFSHl vX= g nF 419
1000 - Axial (X42-X75)
0~ Hoop(X42-X70)
=800 -o- Axial (X65-X70)
% -0-Hoop(X65-X70)
=600
w
w
=400
w
S 200
»
=0
o \ / \
@
o3-200 v
-400
0 5 10 15 20 2%
Distance from Inner Surface along WCL (mm)
Fig. 19 Variation of steady state stress distributions

along welding centerline vs. strength mis-match
between base metals

1000

o~ X70-X42 (Axial)
<+X70-X42 (Hoop)
—-X70-X65 (Axial)
-B-X70-X65 (Hoop)

g

@
3
3

&
g

74
o
e T N

-30 20 -10 0 10 20 30
Distance from Center Point on Inner Surface (mm)

S
8

X70

Steady State Stress (MPa)

°©

40

(a) Inner surface

~0=X70-X42 (Axial)
<+X70-X42 (Hoop)
—-X70-X65 (Axial)

: | z. B X70-X65 (Hoop)

Steady State Stress (MPa)

200 f ‘% X‘A
B N e
NI W A W
100 x I
X42 or X65 W X70

-200

-300
-30 -20 -10 0 10 20

Distance from Center Point on Outer Surface (mm)

30 40

(b) Outer surface

20 Variation of steady state stress distributions
along inner/outer surfaces vs. strength mis-
match between base metals

Fig.



420 nEA .7

3.1 &9 ¢ S
Figure 17& 8707 &< A4 e oA 9
wxo WslE dIEFF e wet A
t}. o7]A No Heat= Ao 2:=2 &
o] &= Y& glo] vz WES
=
=

o

lo} FEAE W ws

O My H O o 2 omy o

2 4l oo oo 2 o 30 1®
o
>,
o
=
ES
R
o,
olo
i)
Shs
5
rr
A ["21_,
2k orlr O ox 2 o ool kI oo

TR R )

A AAE QA dldEte ftase] AAE
8] wAatetdeh gk AAA e Ho &
g SEge kel el SEEEE JEE]
walehe oF = glth s G AAA 7|AH
w7} o 71E 7 (API 5L Gr.X65) wWii+e] ¢
W& e oYe ghadt ud 99 sue
S7behe Aee Hmelt)h

Figure 19% =EA 1t 2% EUXd w& &4
TS el AN E SYEE WstE YEhaL
ATk Figure 20> Wje|Wol| wE HASHEH 5=
TEXE A% BYA Aol wet vlal A AEkaL
AT} Figure 19, 2002 5B 2] 7+ A= EUX
= AN 8 Bxol & 9IS vHA g
S ¢ F Auh o]y d o]f= Figure 219 A|A|
# el o] X65-X70 &HF9 FE gy
X42-X709] FEF S HlwA] Hug Afolg K
ol7] wWi-o = WATETE 7|4 HTS NOP =
747y FAAE T A AS o s

Figure 22 &3 559 354 % Wald g
S T de] AN H SEHEX WEE UE
Bl 3 Utk Figure 2204 Mol wigl o] &
Aade] IH4% S7H oW Fo] Y3 Ee
43 Svbeke v e K9 Ee UE 49
o] $&L wug F7tE Bl

Gioniss/ G

[ Bt
=«

(a) X65-X70(As-welded) (b) X42-X70(As-welded)

[ Gunies/ O
1

N [ B

. < - <

(c) X65-X70(After HT/NOP) (b) X42-X70(After HT/NOP)

Fig. 21 Comparison of yielding regions between
X65-X70 weld and X42-X70 weld

1000

o3
S
S

o
t=1
S

~
o
S

n
o
S

——Axiall-10%)
==Hoop(-10%)
- Axial(0%)
~0-Hoop(0%)
-200 g E:T - Axial(+10%)
~=Hoop(+10%)
-400 ‘ ‘
0 5 10 15 20 25
Distance from Inner Surface along WCL (mm)

o

Steady State Stress (MPa)

Fig. 22 Variation of steady state stress distributions
along welding centerline vs. weld metal
yielding strength



W sbs e oEEE $RRY BT

4. B =
A7k oA Wi GERe] AR v
4E BANE TG £F L AR W

O ¥¥ 759 # 78 EX A S
A ddEe AFSE BXo 2 9dFS 1A
7 ke

O G AAA e Ho Hwe S8 <
Vet oHe] SR E A wWsksiy
ZIAA ot e 71E 7 wjde] od &%
ey S¥e 7haske v Y38k $He =
7Vehe AES By

O BA 3t A= BEdA= #AFsd Exo &
Fe wAA S

O &du&e F54E T/ H o] Y3
$8e Frkske v gE R e gE
Ao e Ee vudt S7HE Hldr)d
A% 43N L

ES e

(1) http://mailman.mcmaster.ca/mailman/private/cdn-
nucl-1/0407/msg00052.html.

(2) Kim, J.S., Jin, T.E., Dong, P. and Prager, M.,

LA 7F DFSHA vA = 9F 1T 421

2003, “Development of Residual Stress Analysis
Procedure for Fitness-for-Service Assessment of
Welded Structure," Transactions of the KSME A,
Vol.27, No.5, pp.713-723.

(3) Song, TK, Bae, H.Y.,, Kim, Y.J. Lee, K.S,
and Park, C.Y. 2008, “Sensitivity Analyses of
Finite Element Method for Estimating Residual
Stress of Dissimilar Metal Multi-Pass Weldment
in Nuclear Power Plant,” Transactions of the
KSME A, Vol.32, No.9, pp.770-781.

(4) Dong, P., et al, 2000, Recommendation for
Determining Residual Stresses in Fitness-for-
Service Assessment, WRC Bulletin No.476.

(5) Dong, P. and Brust, F.W., 2000, "Welding
Residual Stresses and Effects on Fracture in
Pressure Vessel and Piping Components: a
Millenium Review and Beyond," J. of Pressure
Vessel Technology, Vol.122, No.3, pp.329-338.

(6) ASME & API, 2007, Fitness-for-Service, API
579-1/ASME FFS-1, 2nd Edition.

(7) KOGAS, 2005, Welding Procedure Specification,
WPS-X70- X65, Rev.0.

(8) ASME B&PV Committee, 2001, ASME B&PV
Code, Sec.Il, Part D.

(9) MSC, 2005, PATRAN User's Manuals, Ver.
2005 r2.

(10) Simulia, 2009, ABAQUS User's Manuals, Ver.
6.8.



