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Experimental determination of fracture toughness of base steel and longitudinal
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Original Research Paper Structural—integrity assessments of pipelines play a key role in the design and safe operation of pipeline
Received 17 July 2016 systems. Gas pipelines currently experience internal transmission pressures up to 15 MPa in low
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Available Online 08 November 2016 ambient temperatures. Combination of high strength and good toughness is essential for the steels and

welded joints used in pipelines. In this study, the K,c toughness has been determined for base metal and
seam weld of a pipe of grade API X65, following the ASTM E1820 standard. The AP1 X65 steel is the

Keywords: ) e . h A

Natural Gas Transmission Pipelines most commonly used pipe material in Iran high—pressure gas transportation pipelines. The fracture
API X65 steel toughness tests employed side—grooved and fatigue pre—cracked compact tension specimens, extracted
Fracture Toughness from the original pipe, to determine the crack growth resistance curves based on the unloading
Longitudinal Seam Weld li hod usi he singl . hni = h K | £ 302 MPam®® and
Unloading Compliance Method compliance method using the single specimen technique. From these, Kic values o am®® an

262 MPam®® were obtained for base metal and seam weld, respectively. These results produce
toughness data which serve to evaluate and compare crack growth resistance of base metal and seam
weld metal and to determine the critical sizes of acceptable cracks in pipelines.
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X65 steel

API X65
(MPa) (MPa)
595 510 agl Luy
615 530 BTSN
535 450 e aneS
760 600 3o diin

Sl 5l e g oo 00l L T-L & jgmy AP 5L o lasliw! 3illae

oloyl (Ses oauay b LT 40 05550 Lot olazel jo (55 cadsl sladiges
Soy Ardan g aieS polie 5 5 ML 53 eaiges ples sl ot

Sl 55slS 10 5 ek S 1 ooie 10 il oy Jlesl ol

11 o plass 16 0,53 1395 (ais oy Sple o diico

b oz gl Sezp g opdee ool L3 a5 el o
J10] wsl v g Bl wiges grlaw 4S5 19k 4 S5 oo AL p (6,15 Caile
2 e e B 6,8 5 b 1S gla alejl dadises C3 L 5l ey
g5 dipion polie 5 (2t glo Ligle)l @l 2 Jauz o ol plosl aids
5 ket plSiul (sly APLBL s luilis] Lawgs o0l e jlme arpaS

sl o ools o Lzs AP XB5 g s

Kic oo S o1 -4
O Ol pae (Gt 5 (o S0 Wy Sgame w4 4z b
5 it By b (Saizr sbohlel eadiiee gy b (Sesiz
5| S e 5 UK it el [5] ASTM E1820 o st b 3llae
Dialejl diges 55 ol amd o Glid 1) oo (6,8 cpadile Liolej] (sladiges
aigai O 2 00)ls S5 39 (LIS 9 09 Sz Jdod (Saskz (e
520 s 5a (W) sl 5 (B) cubies b boaiges .oyl ol Tos 8 oS
3B g 5l (A6 sl i oS al a azrgi Lol sl e Loe 40
2 (L s 2 3Sblas) Jsl de )35,k 4 yzeie ol jLad L
g Ay Ay CuSh @m0 g dpdise B925y0 5 A (Job slaS s
Sloaigas slocqr wlb wsbl o Gl bl Jsb slinl, 5 ez
otalesl el (e o Wl o )ly lagis a5 wil glisS @ Giales]
[12 21] il 0y bglas ggil> 25 b b jon

Sillae (Sajiz 5 15 lej] sbaaiged slacwr Jds Gees &
flowl 2 o e slily 13 (o NS L oSS ol illae ad il 6 S
S P e S e wd; Al T sk bl o ST g vedee

Seam weld

Girth weld
\

Fig. 1 Photograph of a gas pipeline
55 il ) s S ) (s s 1SS

Fig. 2 Photograph of a seam weld sample cut from APl X65 pipe
API X85 dlg) 3l oas laz yie2 5,0 digas | (g paai 2 S

! Compact tension (CT)
% Transverse direction
® Longitudinal direction

286



Ve 9 s 00l 3uag

G132l 5003 Y9) A APTXE5 34,5 Ly S JUiisl lg) pudiimne yh93)3 9 &3y SVgd Sl e pity )T uss

Fig. 5 Photbgraph of amachined CT specimen
CT ouds o)l5 (eile igai Sy g 5 S

Seam weld Base metal
specimens specimens
e
7S 9

J

Seam weld
Fig. 6 Orientation of tests specimens in the research

ol iz alesl sla diges slacas 6 S8

Fig. 7 Photograph of unloading compliance test equipment
Sl o talesl Sl i 7 JS

Sl 05d e 0dd dcwle oy polie jo U yoel dezg el )50
mabal, 5l eslaul b1y (1) abaly b oo dwle g0y polie dlas oyl a3,
35S o 2ol [5] ASTM E1820 s lustewl (A2.15) 5 (A2.14) sla
IS o 61 (2) by 5l oolial b Ui yisl )y« g5 polin 2ol 51 g

1
Ui = T )
(B.ECcj)z+1

287

Sbml S5 ad, sles, 5o 1«.5*&3[?' Sl s e ;o S5 jLisil
Alp 0.8 wlulbil aog Hllhe Ld Joe ,0 lbdiges Cwls .siob
L Kie o slagiale;l ot ol (e o 16) ladiges adsl culies
S5 o im0l sn oy 5 ol Sle55a 5 s,
LSTM — 150 Jue plow oKiws 5 esliel b o] o, calire Jolye 4o
Slp diad plxil aids 5 el 3 SISk &S s 8 15 by
o3l s3gumme b 2 ColS S 51 A5 5 wilas slmle e (oSl
T U jo o oolaul e lee 0.001 cds g po Lo 4 JI-1 (6,5
Do oo odnlie mS S 5 ool witle wiy 5 0 iulejl oKiws gl
I e RN EIRR: SRAPCE IR Prive
st =3 (sl fogai 8 US55 5psai o el ler S5 ol
a5 jebles cuwl oals ools las B3y g Wy lp cdel Cuwyy
15 baaigas 5l s p2 gl g)lo )l = @S,k anl)d 0gd oo camline
e (59,0 128 24 USas 12 55 (50 Jlake 5 0ns 1,5 4y
S930 M50 5wl gilop)l laie sjlailinl Gk el JSew o
[B] sl i IS s it

sosls jloslainl b (Kejba s Cz p3Y Slwlrs plxl sl
ol 35 s (B0) 55 ol Job Ll ol i bl — 5,5 foged
Gaios 3 yiale 18) oad (5 omtle b Jsb ggeme pln Jsb
4 g yiend Sz ialojl bl Sl syl (S2us 4ol Jsb 5 (0>
NS 5| g i 5 5 4] s 55 o5l ey o 2ol
3 S 3505 Jlael b alalily e 530 515 55 IS ol e 4
555 eyl s amlons (sl s 4 55 gy S ol
ad GBS pbe agd Vb CohS L S baigel CeSS ol
il b ed oa sy gl Sl Sl 5 (S ye et
syl Jlsan 5 Blo o bl § S5l ab, 4 by adgl Jsb
sloalols b alaii & jshie (390 09 e (6 pSejlil Kiu 1 5 oad
Ak 55 o (rSilan g e A iges Caliid (s, 3 (53l
e ol 3 Al i Jgbo (eSils 5 i il ol & S5
Dydes (28 S5 adl Jsb plp ead araloe sae 95 (S0l 3550
0.05B 5 yio oo 1.3 ol 5l syl St b b oo Jailin] sllao
e Wl S5 adyl Jsb 5wl i (ol G 58 fadee SO
claw [5] wil (pol> Gubios ,0 yie Juo 28 §18) 0.7W 4 0.45W (pp
el oals ools Lis 9 IS jo ladiges 1 (SO Sl 5 (S

oole i Y a5l laiole;] plxl 5l L diges (o b
5 S 4ol Jsb sl plnl g bog puSosll 51 g -0t oanlice
Ggad sl g prashee 19.7 5 L7 o 5t 40y digad sl S5 adyl Jsbo
o polie (gam Al e )0 0l dwle e Lo 2001 5 2.1 igm; 0
Ome (1) alaly 5loolanal b )lo )l — 50 JSems 003 50 sl

UV

C = (i—\;) o)

S8l g albmle bl polie o554 AP 5 AV (1) akf, o
Syl Wigad 2 3)ly (59 bl Al s & aiten S 52 0 90
ol S e g imlesl o 50 diged WS i Heee ol JE 355

! Side grooves
2 Crack mouth opening displacement (CMOD)
® Clip gage

11 o laib 16 055 1395 (i cyurde Silo uwdio



Ubled 9 5p0l 3ung

IS 320l 50 43 Uy &3 API X65 .x,g)fla_)'lf._jlﬁijld,lPgﬁbuuh,;))é,ﬂl{éy,émuio)j.}d)qdw

o (A2.8) 5 (A2.3) laakal, 5l solinl L Ll polie a5 axtes
U5 ke Nigd o cyans S 2 (sl [5] ASTM E1820 s sl
gl go e (8) alad 5| S 2 (612

K2

3= = (1-v2) + i (8)

4 9 3 6[.@ Jﬁ.\> ) ol 0.3 ).31).3 9 05"‘""5” w;..é 14 ‘(8) d.]aab )
Comnd ¢ S DD g pd oS 5 Ady codds Mol g0y 00l dule yolie
ol g ez 5wy ly I LS US S 5 J LS5 Sty
el 00l ool
oo 11 5 10 sl S o a5 jeblen J-A8 jloges s, &lp
oL g J =20y Al alolee b Slaise o 3l 005,35 as Ll el oo
552U 2 50 ol ol Oy clsles (l 5 1955 oo sy Silam] L
5 eslatnl bl ol g peed slopSotinl (Sl plp ol Hlade 4
Lg‘).y 9 J'S..ul.v'io 552.5 4.!5] Al 6',} Oy )‘..\ia 2 Jj» 6L®ob|b
Lz b gjlae Jas g0 calol 15 088 co dnlxe JISWlKe 5725 joszj 50
&y (8.5) sloalnl, 5l ool b o8 bli5 Lepos )l ol face bglas
3,y Slaize axas [0 wilodd dwlxe J JIX0I 4
bla sl jl8 ane bglhs o a5 bli Lais o lailis] glhe  igd oo
Aolro 1058 c0 (o3l Slo gomie So pgs bl 1 eolawl b asloass ools

50 =497.7 (A2) *** Wy wo slp Gaios ol 5o 0ad il sove
0.2 alais |l yo 0,31 55 canl J = 420.6 (A8) % >3 05 ol
P oskes 0.2 sl Lad ol b sl bbb (g5lpe s (81 90 55,
Rl ead il e b b (ol 055 alaii I e 39800 o)
5395 KIM™ &y aio (sl 3255 ol 5 Jg ool (Jg) g rine (i
55, (9) alal, sslasls 51 .canl 00y ks 208 KIM™? 592500 sl
GRS syl bys (9) day ws el o8 Jic ple Jo il

Zesl ASTM E1820 s usliwl ;5 glamiw

J
B>10 2 9)
Oy

Sk el e s 20 adss cpl o (B) Liulesl diges culs
4]9] Al 6‘)-3 ol Cawdy (G0 ).iolin ‘_;)l;\fl? L 5% 63[4.“.0[.; CM.J)
ol 08 co dulxe yio (Lo 5,205 igm3i0 sl g yie e 7.149
Ol ) g molie 5 ol [0 (e300 5 ain sl (9) bl sgbnsl
\39‘4‘55 ool (10) d..]a.)b )| 5K|C Ord 6‘}: Q_AB; )Ja.: 5o ‘]IC ).3‘).3
el 0 00ld Lzs 5 Jgaz j0 (Kajhiz polie gl edel Coway gl

(10)
S5 a9 S -5
PlsF dsbse wzge Wy cole Glse Joleys ek el Clidee
Sglite ol el sl solitl 350 5y SalSe oyt 3l aly) SlSe
lodly) Sz sy sl o0d plosil Slisios jo s cymed 4 .l
4 Ndoe agd Wg) a5l (gend ol i b lagtalesl sladised

2 Construction line

3 Effective yield strength
* Exclusion lines

® 0.2 mm offset line

11 o plass 16 0,53 1395 (ais oy Sple o diico

oA C)LA‘ Sade Cc; 210 GPa il Kb g E (2) alaly o

Lgl.(bd.\j.ou 3O FPe Cools ol ree Cwlies Be 9 JSu.u: )0 <y

dlne (3) alal, ) oslinal b azies il> sl )les s a5 iyl
D9 s

(B —By)* 3)

Be=B-——
sl pals Cuwlis g adgl Culs s 4 By g B (3) 4k, 5o
polie I8l 5l s ke il layles ol s ol dged
aloms S| 99800 et Fashee 192 ply S5 cualis Jlade 358
A s (4) alayl 5l eslanal b IS (2 50 S5 Jsb Uj yuse

% =1.000196 — 4.06319u; + 11.242u;? — 106.043u;3+
464.335u;* — 650.677u;° 4
abyl) b IS ;2 50 adsl Job 4y cand S5 ol polae waalsl (o
(4a); = a; —ag ®)

O DS o pe bl oSS e 50 Ji JIS) polie a6l
s (7,6) Lanlg, 5l eolaul b (Jpii) I J1,501 Seoendls o 5 (KG)

Pi i .
<= emn (W) ©)
Jpii= [Jpl(i-1)+ 5 'bl 1AI " (1 - %(ai - ai—l)) (7

S 52 Aidion (G905 Hl0e o3 4‘.‘A;)-| " 5P (7,6) sleaka,
Y Ls"l"’“l"_5)"" )|.35.o.3 IS &....m)b 4>l coluw uul)sl )l..\io 3

U TIPERAPEWAE wl,.o Vi1 9 M1 4f(%) O | 9 i—1 6L‘°“-1>]’°

80
70 1

60 - Base
50 - metal

40 1 Seam weld
30 1
20 4
10 4

Load (kN)

0 T T T T T T T T T T

0 02 04 06 08 1 12 14 16 18 2

ta
(]

Load Line Displacement (mm)
Fig. 8 Load versus load — line displacement curve
9 Sl 50 plolz — 555 Sl ynis oeie 8 D

Fig. 9 Fatigue and fracture surface of CT specimen
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Fig. 11 Experimental J —Aa data for seam weld
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Table 5 Determined fracture toughness values for base metal and seam
of API X65 pipe
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Table 3 Fracture toughness test results for base metal
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Table 4 Fracture toughness test results for seam weld
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Fig. 10 Experimental J —Aa data for base metal
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! Crack tip opening displacement (CTOD)
? Single edge — notched bend (SENB)
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