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Abstract : Flaws nucleated during operation of structures such as nuclear power plants, petroleum facilities and gas
equipment raise many safety problems, and thus the integrity assessment of crack-like flaws in structures has been
very important. Since large-scale structures include weldments with complex micro-structures and inhomogeneous
material properties, it is essential to consider both metallurgical and mechanical factors. In this study, a methodology
for integrity assessment in welded structures was developed based on API 5L X65 grade natural gas pipeline (an
approximately 2400 km pipeline in Korea). A failure assessment diagram(FAD), which includes all failure modes
from linear elastic fracture to plastic collapse, was used for integrity and fitness-for-service(FFS) assessment of the
pipeline. Since tensile properties and fracture toughness of base metal, weld metal and heat affected zone(HAZ) are
required for the FAD, tensile tests and fracture toughness tests were performed on each region. In particular, the
evaluation of representative properties of HAZ make it possible to assess FFS accurately by using the HAZ-based
FAD when crack-like flaws exist in HAZ. This HAZ-based FAD is different from current codes, which assess integrity
by the material properties of weld metal or base metal even when flaws exist in HAZ.
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Key words : Failure assessment diagram(FAD), Natural gas pipeline, API 5L X65, Weldment, Heat affected zone
(HAZ), Integrity, Fitness-for-service(FFS)
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&'($) *�+, #-. �./ �����0 12345�

6/ 78, &9:;, &< �6 12=> � ?@�( AB,

spot, C�� �6 �2=>� 6D �E " AB� 
FG-.

�H AB0 I9($) JK� AB6 �L) M�;% N�O

PQ � RS( PQ�T U�/ VDW 
FXY �ZO[ \

B;, #-. ] T̂ ���6 JK� AB� �/ _�O `�

� "�/ aN$) 2�+, #-.

I9(> ���6 JK� AB� �/ _�O � a!(bO

`�W cD 78`�d(failure assessment diagram, FAD)�

a!+, #-1-4). 78`�d� e�fO ghi�� Oj;�

kOli2m nOohlip&6 qr ghi�( �ZO� �;

s t	u�vwx y!;", z C6 {wW �!;� N�O `

�|}�-. �� l� "~�	�(Central Electricity Generating

Board)� 1970�� "9� C
/ ��, ��, ��, I�, "�

�6 ��ed��T ��� N�O �̀ ��) �!dW ��,

#-2-9). ���� BS PD 64931)[ 
�X� l���> BS

79102), ������ ��> API 5793), CEGB R-6 Revision

34), ���E� ��> SINTAP5) �6 -�/ 78̀ �d ��

��H� �5;, #-. �x �0 78̀ �dW �!/ N�O

`� |}0 �����[  !;� �� ����T AB
�

X �� �E�_ {� X �!;� a!+, #� � ��O

�  *G |}�-. ;&¡, �����6 �2¢� !£2W

\B;, #� a!(bO `� X !£26 �� ghi�(

>�, @'�( >�, Kl¤26 �O{� �6 ,¥�� ¦§

p& /v� #-. �� � ¨��T� �� ��� © 2400

km� ª;� «�� ����E "� #� API 5L X65 �¬

 �̈� w®! ¯°�[ �8�) A±D �H >�W (²³

,¥/ 78 �̀dW �́ B$)µ !£2� M�;� ���6

a!(bO `�|N[ uj;¶-.

̈ ��°�� (b/ 78̀ �dW �́ ;� cDT� °�!

��6 >5�O· gh>O� =�G-. ³̧ ̈ ��°� !£

26 -�/ ?@�( >�W ,¥;� cDT JK� AB�

M�¹ �ZO[ &º qr li6 2c» >5�O � gh>

O �̀� ¼w(�-. ]̂ T � �̈�T� ̈ ��°�6 q

�, !4@', Kl¤2� �/ >5�O � gh>O �̀W ½

D 2c» 78̀ �dW � ;́¶$%, �W ¾S  �̈�°�

� AB 
� X6 _�O �̀� (!;¶-. �/ q�x !4

@'6 ���O " ¿ Àw(> �O[ Kl¤2 78̀ �d�
- 1034 -
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(!XÁÂÃ �M ÄÅH1-4)·6 Æ»O � ÇÈO[ uÀ;�

cD ±u/ Kl¤2 �O[ ,¥/ 78̀ �dW �́ B$)µ

_�O �̀� #� ÀwO[ ÉnXÊ, ±uO[ *�XË-.

�� �� 	
� �

���6 78qÅ� Ì� kOghx nOoh) �¢¹ w

#-10). kOghÍ JK ÎÏ�T JK� ¬�³ <�+� ��

�[ ¢ÐXÊ� 78qÅ�%, nOoh� JK<� Ñ� ��

�6 Ð�ÒÓ(ligament) � li� nOi� 
F;� 78qÅ

�-. I9($) z qÅ� Ôb($) ���6 78� l¤[

�Õ-. ]̂ T 78 �̀d�� kOgh li2m nOoh l

ip&6 qr gh� �/ �ZO� ,¥G-. Öe, 78 �̀

d6 x´0 Lr �� Sr) ×X;�Ø, �� nOoh� �/

ÙÚ[ Û��% Ü (1)) ±6G-11). ���� y!;� t	

� Ý&Q Lr Þ� *�;, y!t	(σref)� nOoht	(σc)

� �ß� +Q ���� nOoh� I�à-.

(1)

σref : y!t	

σc : nOoht	

-á$) 78̀ �d6 y 0́ Kr) ×X;�Ø, �� kOg

h� �/ ÙÚ[ Û��% Ü (2)) ±6G-11). ���� y!

;� t	u�vwÞ� Ý&Q Kr Þ� *�;, t	u�vw�

KIC Þ� dª;Q kOgh� I�à-.

(2)

KI : t	u�vw

KIC : Q̀{�gh>O

�â 1�� 78 `�d6 Cã(> qÜdW Û��ä-1).

�â 1�T x´, y´[ S1/ ¾e2¢0 ���6 N�O s

2W A±;� åve�%, 78`�æe(failure assessment

curve, FAC)$) ±6/-. �� �/ BwÜ0 ghi� �ç

$)2m dèG-12-13). ���� AB 
� X !�/ KI, σref

6 v�[ cD AB[ ¸O�XÁ éã³ Û��,, ���[

�O;, #� ��6 �O[ ,¥;s Lr(�� Sr) Þ· Kr Þ

[ �DT ê×ë(Lr(�� Sr), Kr)[ 78 `�d� dX/-.

dX/ ë� 78̀ �æe6 �2� #$Q ���0 a! (b

/ ì�Û 78 �̀æe6 12� c�;Q a!(bO s2W

±u³ í w Ñ$î) ¿ �0 Ïv6 `�� wï+�? /

-. 8c Ïv) ðwñ `� X =�+� ���O0 ¿ ò¦

&Û ÀwO0 ÉnG-. �� Ïv6 �̀�T N�;& ó;-

� Aç� Ûô X�� ���[ Àw �� õ�D? /-.

�� ���6 a!(bO `�� öÐ a!+� BS 79102),

API 5793), R-64) �6 ÄÅ�T� ÷P+� ghqÅ � Àw

O6 ±d� ]̂  78 �̀d6 ÏvW �¢;s a!/-. ø,

¯�< Ïv " `�;,� ;� �8���6 O�� (b/

ÏvW eùD a!D? /-. Ïv eù� ú�Z/ RÖ I9

($) û0 Ïv2m `�W ¾X/-. û0 ÏvIwñ 78

`�d yO� =�+� ���O� (�T éü;� a!¹ w

#� 9Q, ÀwO� �-� Ïë[ �<-. � ÄÅH0 I9(

$) 3C6 T) -ý Ïv6 78 `�d) �O+� #$%

ÄÅþ- ÿ2 Ïv� �/ ±6 |}�� -n Æ�� #&¡

¾�($) �a/ �![ \B/-2-4). �×(> 78 �̀dW

a!;� ��H6 ÿ2 Ïv� �/ �vW × 1� ±Ð;¶-.

� �̈�T� �M ÄÅ6 78 �̀dW ̈ ��°�� (!

;� cDT �â 2~4x �� 3Ïv) ±6;¶-. � Ïv»

78 `�d6 ¸�0 -á· �-. ��, STEP 1�T 78`

�æe[ yO;� cDT� ���O� =�+& �&¡ ���

Lr or Sr( )
σref

σc

--------=

Kr

KI

KIC

-------= Table 1. Relationship between levels of various codes

Used FAD
Level

in this paper

Level of each code

API 579 BS 7910 R-6

Empirical curve Not introduced Level 1 − −
Fig. 2 STEP 1 − Level 1 −
Fig. 3 STEP 2 Level 2 Level 2A Option 1
Fig. 4 STEP 3 Level 3B Level 2B Option 2

Fig. 1. Typical failure assessment diagram. Fig. 2. STEP 1 failure assessment diagram.
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6 ��8LW Û��� ë(Sr, Kr)[ dX;� cDT ���O

� =�G-. �â 26 STEP 1 78`�æe0 y!t	� �

Et	6 80% �8 y!;�Û JK«�� åvJK«�6 1/2

�8� +Q N�O� �S� #-, é¯/-. STEP 1�T�

Lr �� Ü (3)$) ±6+� Sr[ a!;%, Kr6 RÖ�� Ü

(2)W ��) a!/-2). Sr[ v�;� cD ÚÔ	dx >5	

d� ¼=;% Ü (2)6 Kr[ v�;� cD gh>O� =�G

-. �/, ¯�< AB � °�6 �;�( �8� ]^ A±+

� KI, σref Þ[ v�D? /-.

(3)

σflow : �Et	

σY : ÚÔ	d

σU : >5	d


�, �â 36 STEP 26 78̀ �æe0 I9(> ���Û

�Åv 	6 ¾[ ½D �0 78 �̀æe6 lower bound æ

eÜ� a!G-12-13). STEP 2d STEP 1· �a;� 78`�

æe[ yO;� Ø�� ���O� =�+& ��-. ;&¡,

Lr Þ0 Ü (1)6 σcW ÚÔ	d) a!/-2-4). ]^T Lr Þ·

Kr Þ6 v�[ cD �� ÚÔ	dx gh>O� =�G-. �

/ STEP 1·� ªÐ nOoh� I�Û� /vë> Lr,max6

v�[ cD ÚÔ	d �¡ ¦�  ̂>5	d� =�G-2-4). �

�, ghi�( v�12-13)$)2m �dG �â 46 STEP 30

78 �̀æe0 εrefW {w) a!/-. εref� ���� y!;

� t	 Þ> σref� �/ <t	-<{�� æe 8�T {��

� D�;� Þ�-. ]^T STEP 3 78`�æe[ yO;�

cDT� `�;,� ;� �8���6 >5æe� =�G-.

�/ ë(Lr, Kr)[ dX;� cD STEP 2x EI;� ÚÔ	d

x gh>O� ¼=;%, Lr,max Þ6 A±[ cDTd STEP 2

x EI;� ÚÔ	dx >5	d� =�G-. ø, STEP 3 7

8 `�d yO[ cDT� >5æe· gh>O� =�G-.

STEP 1�T STEP 3$) ðwñ =�+� �O0 ò¦&Û À

wO� û¦� ú¼=/ Àw � õ� y�[ �I w #-.

�� ���  ! X RS( PQ�T 8�/ ��[ �[ w

#-.

�� �� ��

78 `�dW �!/ ���6 a!(bO `�W cDT�

�8 ���6 >5�O � gh>O� =�G-. �� � ¨�

�T� × 26 �O � × 36 !£�_$) SyG API 5L

X65 �¬  �̈�°�[ �8$) >5�O � gh>O[ `

�;¶-. Öe, >5�Ò �W cD  �̈�°� !£26 q

�, !4@', Kl¤2� �D 2c» Xü[ �k;¶-. q

�6 RÖ TMCP(Thermo-Mechanical Control Process) �±

$) S�+î)14) �¨ X ×Q· "~6 >5�O Æ�W ,

¥D z�|¤6 8�"�;� �D Xü[ �k;¶-. �/,

°�6 |¤O[ ,¥;� cD «�|¤· �̄ |¤$) Xü

[ �k;¶-. !4@'6 RÖ, !4@' li¡[ \BXÊ%

!£|¤· ï̀;dñ �̄ !£2 � �!£2�T ��6 X

ü[ �k;¶-. q�x !4@' qz ASTM E8-9115)[ ]

^ ��& «� 25 mm> subsize >5Xü$) X[ wï

;¶-. Kl¤26 RÖ, � li� �Ö �nD subsize >5

Xü6 Sy� ú�Z D z� 0.5 mm, ��& «� 12.5 mm

> þ�Ì) >5Xü[ SyD >5¾[ wï;¶-. þ�

Ì) >5Xü Sy X, Kl¤2�T §£(> Xü6 �k

� !�;& �¦ !4@', Kl¤2, q�W \B;dñ �ñ

Sr

σref

σflow

----------
σref

σY σU+( ) 2⁄
--------------------------= =

Fig. 3. STEP 2 failure assessment diagram.

Fig. 4. STEP 3 failure assessment diagram.

Table 3. Welding conditions used in this work

Condition
Weldment

Welding
method

AWS
Groove
shape

Heat input
(kJ/cm)

Seam
weldment

GTAW
+SAW

ER70S-G
F8A4-EA3-A4

X 10.8~19.9

Girth
weldment

GTAW
+SMAW

ER70S-G
E9016-G

V 3.0~30.0

Table 2. Chemical composition of API 5L X65 pipeline steel

Element
C P Mn S Si Fe Ceq.

Chemical composition
(wt.%)

0.08 0.019 1.45 0.003 0.31 bal. 0.32
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[ �k;¶-. �k/ �ñ[ 0.5 mm é�$) x�� Ý�;

s !4@', Kl¤2, q�� �/ þ�Ì) >5 Xü[ S

y;¶-. SyG Xü6 >5¾[ ½D q� � !4@'

li·� -ý >5�O[ Û��� �é[ �¦ Kl¤26 �

× >5�O[ A±;¶-.

gh>O `�W cD q�, !4@', Kl¤2� �/

CTOD(Crack Tip Opening Displacement) ¾[ wï;¶-.

¨��°�0 z�� 17.5 mm) 8�($) �¦ §£(>

KIC P±� ú�Z;î) CTODÞ[ P±D �W KIC Þ$)

��;¶-. CTOD ¾d >5�Ò �x �a;� q�x !

4@' qz JKÎÏ� °� z�|¤6 8�"�; li� M

�;dñ ×QJK CTOD Xü[ SyD 2c» gh>O[

P±;¶-. Kl¤26 RÖ, 78 `�d� (!X N�O u

ÀPQ�T �5 k©/ 2¢> CGHAZ(Coarse Grained Heat

Affected Zone) li� JK ÎÏ� M�;dñ Xü[ Sy

;¶-14,16). CTOD Xü0 ASTM E1290-9317)� ]^ 8�

; 2�T� 10 mm(z�)!10 mm(")!50 mm(«�) Xü[

a!;¶$% "~2�T� ¾z�W ��/ 9l;dñ 14 mm

!14 mm!60 mm �� 16 mm!16 mm!70 mm6 Xü$)

Sy;¶-.

�� �� � ��

��� ����

× 4�� ¨��°�6 q�, !4@', Kl¤26 >5�

O �̀ A·W Û��ä-. q�6 RÖ °�6 8 2x ; 

26 ÚÔ	dx >5	d� "~2À- �� ÛÂ-. �� �

¨�6 �8�> ¨��°�� TMCP �±[ ½D Sy+î

), �̈  X ×Q�T ��R�� "~�TÀ- ¿ Ì� #��

-. × 5� P±G ��R�&wW Às̄ , #$%, 8�; 2

6 ��R�&w� "~2À- y-. I9($) EI/ ���

T ��R�� ¿ ò� I�à RÖ ��R�&w� ¿ y$î

)18,19) 8�; 2�T ��R�� "~2�T À- Ì-� a¾

[ í w #-. �/ × 46 A·x �� q��T >5�O6

|¤O0 $X¹ w #ä-. ]̂ T  �̈�°�� q�li�

AB 
F X AB%�� ]  ̂�� í&0 8�"�; >5�O

[ a!D? B[ í w #-. �/, q�6 >5�O�� |¤

O� $X+î) �¯|¤ � «�|¤6 AB qz �â 56

8�; 2 � "~26 >5æe[ �×>5æe$) 78 �̀

d� (! �Z;-.

!4@'6 RÖ �!£26 !4@'� ÚÔ	d � >5	

d� �̄ !£26 !4@'À- �'$%, z !4@' qz q

�À- �� ÛÂ-. �� !£ �± X N�O uÀW cD

!4@'6 ��W 	d( PQ�T q�À- Öw/ ��W a

!(� #��-16). !4@' li� AB� M�¹ RÖ �â

× 4� \BG !4@'� �/ >5�O[ 78 �̀d� (!

D? /-.

× 46 Kl¤2 >5�O0 þ�Ì) >5Xü$)2m �

�< ì�î) ASTM E8-9115)[ ¡)XÊ& ó/-. �� �

�̈�T� subsize Xü· þ�Ì) >5Xü6 >5æe[

õB$)µ þ�Ì) >5Xü6 ��O[ **;¶-. �â

60 �̄ !£26 q�x !4@'�T z �+6 Xü� �/

>5æe�-. �� þ�Ì) >5Xü6 ��O[ ,¢³ À

s¯� A·�-. Kl¤26 ÚÔ	d � >5	d� q� �

!4@'� D 8�³ û0 Þ[ Û��, #$î), Kl¤2

� AB 
F X Kl¤26 >5�O[ a!D? N�O[ u

À¹ w #-.

Table 4. Tensile properties of natural gas pipeline

Region
Yield

strength
(MPa)

Tensile
strength
(MPa)

Elastic
modulus
(GPa)

Base
metal
(seam)

Longitudinal
(upper)

497 617 209

Longitudinal
(middle)

435 598 209

Longitudinal
(lower)

505 625 209

Base
metal
(girth)

Circumferential
(upper)

488 631 210

Circumferential
(middle)

453 601 210

Circumferential
(lower)

499 625 210

Girth weld metal 530 678 212
Seam weld metal 568 681 212

HAZ (girth) 423 550 210
HAZ (seam) 396 567 210

Table 5. Work hardening coefficients of base metal

Region Location n

Base metal
of

girth weldment

Upper 0.15
Middle 0.18
Lower 0.15

Base metal
of

seam weldment

Upper 0.16
Middle 0.19
Lower 0.15

Fig. 5. Representative tensile curves of base metal.
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nt.
��� 	
��

× 6� CTOD ¾[ ½D -./ li» CTOD Þ � �

� �/ KIC ��Þ[ Û��ä-. ¨��°�6 RÖ BS

79102), API 5793), R-64) �6 �M ÄÅ�T SX;, #�

CTOD� �/ KIC �� wÜ " Ü (4)W (!;� ì� �5

ÀwO[ �I w #� × 6· �� ��;¶-. 

(4)

m=2.0, δIC : åv CTOD, E:fOvw, ν : Poisson 

× 66 A·x �� CTOD Þ0 |¤O� M�;¶-. L-S

(�̄ ) |¤6 CTOD Þ� T-S(«�) |¤À- �� Û�� �

�� TMCP �± " FO+� /b�§6 l¤�-. °�! 0

�6 �¨ X FO+� /b�§0 �2� �cW \B;�Ø,

�H �c� �E�cx 2E�c) �¢G-. /b�§6 |¤

O� 6DT �E�c¡� 1j� �Z;� +, �E�c6 1

jvW \B;� li¡ nOi� 
F;� G-. nOi 
F0

JK<�� �/ ÙÚ[ ��î) gh>O[ *�X�-. � ¨

�6 �8�> ¨��°�6 RÖ L-S |¤6 Xü� T-S

|¤6 XüÀ- ;">� X �E�c6 1j� !�;dñ

/b�§� �OG ì�̂  ¹ w #-. �/, �./ �80 >

5�O�� Ì� l¤[ ��& �$% gh>O�¡ l¤[ ¯

� ì$) À,+, #-16). ]̂ T >5�O�� M�;& �'

Ã |¤O� gh>O�T� M�;� +ä-. �/ !4@'6

��� q�x 8�/ ���î) q�x� �2 -ý CTOD

Þ� ��3-. ]^T !4@' li� AB M� X × 66

!4@'� �/ gh>O[ a!B� b�;-. Kl¤26 R

Ö �!£2x �¯!£2� �D EI/ Þ> 0.12 mm6

CTOD Þ[ -.;¶-. Kl¤2� q� � !4@'� D

8�³ û0 CTOD Þ[ À�, #á[ í w #-. ]^T

�M ÄÅx �� Kl¤26 �O[ uÀ;& ó([ RÖ !

4@' �� q�6 �O[ ��) a!;� ì0 N�O `�

� �+W 4¹ w #� G-.

� ��� �� ���� ��

�8�T -./ >5�O � gh>O[ 56$) ¾S ̈

��°�6 Kl¤2� «�|¤$) 12 ×QJK� M�¹ R

Ö� �D a! (bO[ `�;¶-. ̈ ��°�� y!;�

;"0 ��¡[ �±;¶$%, I9($) ��G ̈ ��°�

6 RÖ � «�� 
F;� JK«�� D 8�³ «� #

�� JK«�W 800 mm) ,±;, JK%�(a)W {w) ;

¶-. �â 70 q� � !4@'� JK� #[ X STEP 1

78 `�d�-. q�� �/ 78 `�d yO X 10 mm J

K� �DT� q� "~26 >5�O[ a!;¶$% 12, 13,

14, 14.1 mm JK� �DT� q� ; 26 >5�O[ a!

;¶-. �/ gh>O0 JK|¤� ]̂  8�/ Þ[ Û��î

) 10 mm JK� �DT� «�|¤, "~26 gh>O Þ[,

Û7& JK� �DT� «�|¤, ; 26 gh>O Þ[ a!

D 78 �̀dW yO;¶-. !4@'� �/ 78 �̀d y

O X�� qr JK� �D JK|¤· ï̀/ «�|¤ !£

2> �!£2 >5�O � gh>O[ (!XË-. STEP 1 7

8 `�d� 6;Q !4@'0 q�� D kOgh 8$)

KIC
mσYSδICE

1 ν2–
-----------------------=

Fig. 6. Comparison between subsize specimen and micro-tensile
specimen in girth weldment.

Table 6. Fracture toughness of natural gas pipeline

Region
Location

of crack tip
CTOD
(mm)

KIC

(MPa )

Base
metal

Girth weldment
(circumferential

crack)

Upper 0.40 300
Middle 0.66 363
Lower 0.44 315

Seam Weldment
(longitudinal

crack)

Upper 0.26 242
Middle 0.33 257
Lower 0.23 228

Weld
metal

Girth weldment
Upper 0.29 268
Middle 0.16 199
Lower 0.43 326

Seam weldment All 0.27 267

HAZ
Girth weldment All 0.12 153
Seam weldment All 0.12 148

m

Fig. 7. STEP 1 failure assessment diagram for integrity assessme
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Fig. 8. STEP 2 failure assessment diagram for integrity assessment.

Fig. 9. STEP 3 failure assessment diagrams of (a) base metal and
(b) weld metal for integrity assessment.

Fig. 10. STEP 3 failure assessment diagrams obtained from 
generally used current code for (a) weld metal and (b) heat affec
zone.
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