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Investigation of the Root Formation of SCR Root Welding and Its
Effect on Fatigue Performance
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(1. School of Materials Science and Engineering, Tianjin University, Tianjin 300350, China;
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Abstract: In deep-sea oil and gas resource development, the combination of a floating platform with a steel catenary
riser (SCR) is the primary method, offering substantial economic value and strategic significance. However, the sig-
nificant drift motion experienced by deep-sea floating structures owing to wind, waves, and currents necessitates the
SCR system to withstand immense ultimate and alternating loads generated by platform motion and turbomachinery
vibration throughout its service life. Consequently, the circumferential welds are susceptible to serious fracture haz-
ards and fatigue failure issues. This study focused on the use of X65 pipeline steel with dimensions of @355 mm x
19.1 mm, assessing the fatigue performance of welded joints using two types of single-sided welding processes: cold
metal transfer (CMT) and surface tension transfer (STT). The analysis revealed that the fatigue performance of the
welded joints under the single-sided root welding process was significantly reduced owing to defects such as excessive
weld root reinforcement, incomplete fusion, or incomplete penetration. Building on this observation, the fatigue

performances of joints formed via seven common single-sided root welding processes were further compared, and the
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resulting fatigue fractures were carefully analyzed. The experimental results indicated that all single-sided root weld-

ing processes faced challenges in consistently ensuring minimal reinforcement and freedom from unfused and un-

welded defects at the weld root position. In response to these challenges, a novel welding process involving gas metal

arc welding (GMAW) /gas tungsten arc welding-pulsed (GTAW-P) for double-sided root welding was proposed. This

process aimed to ensure the quality of the inner-wall formation of the SCR weld. The experimental data demonstrated

that this process effectively restricted the size of the weld root reinforcement within 200 um, the transition angle of

the weld root §<3°, and the weld root width to 6—8 mm. Importantly, it addressed the issue of poorly shaped weld

roots associated with traditional single-sided root welding processes, enhancing the fatigue life of the welded joints to

more than 1 x 10 cycles. Furthermore, it presents a novel approach toward achieving high fatigue life for the root

welds of the SCR in engineering applications.

Keywords: steel catenary riser (SCR) ; welding process; root toe; fatigue performance
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K. HRPESCER[11-13]7T %0, XFF SCR 745 225
A R, B B PR T IR T 25 3R a ik g
71 ¥ (surface tension transfer, STT) T. 25 F1% 4 )@ 1t
J¥ (cold metal transfer, CMT) 1.7, X PIFPH AR HE
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1.1 Resr el

ISP RHERE T Rl —HL5 1) APL 5L X65 #X#f,
HAp TR T LT @355 mm x 19.1mm R
SFHYAETE , GMAW/GTAW-P RURT S T 20 T
@220 mm x 8.0mm RUFAEIE , AN [ HLAR 4515 11k
SHOTINER 1 FUR, R FERR IR 2 Fos. 30
ReFG—RH 60°H) VRIS, ANE YO P, H
o, BT ICAR B RST 2 0.5 ~ 1.6 mm, XUE TR
SR B RS A 1.5 ~ 2.5 mm.

F1 SCRiBEBHFELZRS

Tab.1 Main chemical composition of SCR base metal %

%Jﬁiﬂ*ﬁ Wwc Wsi Whin Wp Wi Wy Wcu Wer WMo
@355 mm x 19.1 mm 0.11 0.28 1.26 <0.010 0.146 0.06 0.066 0.06 0.131
@220 mm x 8.0 mm 0.11 0.28 1.26 <<0.010 0.146 0.06 0.066 0.06 0.131

*2 SCRIEBHHISIZMERE
Tab.2 Mechanical properties of SCR base metal

EE AL it 55 HE /M Pa P53 BE/MPa WrJE %% 0 Cupi i/
@355 mm x 19.1 mm 476 598 18 =40
220 mm x 8.0 mm 473 590 19 =40
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P AT 0 B TR T AR T 2245 o 5 2 R AR R Y 1
2RIt IE A M T, AR R Y (R
TRFEREHIAE 65 ~ 150 °C. XAUHFTRAE T ZMRA T H
F I Rg, Hh GTAW R4 IR 4 41 %
GMAW 54 10 mm A4, iR RS WK 1 s, 78
FIRR T R4S H5G , KA Preheat3s FiHURHLKGEE
AZE 100 ~ 150 C, i#@il GMAW 2fi B4R T 2%t
SCR AU THE T | 55 UG, eI AR b i 2 )
TREFIFERSHIZE 65 ~ 150 °C, HARAMEE T 2.3 80n
£ 3 PR BT REERE S YR IR, fRIIE
KR4E NN FETEBIA.

MAGHE

e

B 1 SCREWHIKFRETRE
Fig.1 Schematic diagram of double-sided root welding
equipment for the SCR

R3 BEIZSH

Tab.3 Welding process parameters

T /A EAY P 2233/ (cm/min) | FE4EUE/ (mm/min) | PR/ (KI/mm) | 2RI/ C
Auto-TT 2G) 175 11 25 140 0.825 100
Auto-TT (5G) 160 ~ 165 11 30~ 32 100 ~ 130 0.812 ~ 1.089 100

TT(2G) 145 ~ 160 10~13 21~25 100 ~ 120 0.798 ~ 1.152 100

&4 : 170 ~ 200 1441 :38.1 ~ 63.5

Auto-TIG-P (5G) L1480 ~ 110 9.2 SEfi1125.4 66.04 0.969 ~ 1.290 40

TIG (5G) 90 ~ 130 10~16 50~ 120 40

TIG (2G) 80~ 120 10~16 50~ 120 40

SMAW (5G) 80 ~ 130 22~28 60 ~ 180 40

GMAW/GTAW-P | MAG:200,TIG:280 | MAG:18,TIG:10 270 70
Fill 300 14 75 110 ~ 120 2.10~2.22 200 ~ 250

Capl 230 13 45 120 1.50 220

Cap2 220 13 45 110 1.56 225

TE: Fill MHFEIE T LS4, Capl Fl Cap2 HHEMNIE LLSE, HANITIRIE LZS40

ARSC A B /N RS 57 R 1A TR 57 1 RE I
1, BORE D7 2t 96 N ot (58 S TS AR U IBRE | 9
SRR AL E ARSI &L 2 Fi7s. SCR A IE K

o B AE [ 5E S 39 0% F1 R 140 MPa, 3h38 43 %1k
80 MPa (fi%) . 125 MPa (1) , 175 MPa () "l Tk
HIN RS 55 38 A 22 JBORE 2o 5 e 4 I 0 R 1) 5
M, fK A% DEP-37.81.40.31 FRifEESFAliTT, dedm 1
(I RIRA BN 1 260 MPa AT 4R /M, B35
[ E BB N 400 MPa, Sh#e s 1 e i J1 7K
175 MPa 1 Tk BA. R PROTO X S xT
BEFET VA TR AR 1R, 554 Ry F 7t B g 57 ke
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Fig.2
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Sampling position and size of fatigue specimen

e J7 e 3 Fs.

(a) Wil
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Fig.3 Processes of residual stress test and installation of
fatigue specimens

(b) Feeid 72
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Xt R SebaA =i H ep i 11 CMT T2
5 STT T Z2FTIME T2 T 1T 4% 57 55 150 I
ik, Htf CMT (5G) . CMT (2G) 1 STT (5G) T. 254543
FERE 27 4~.26 4~.23 A~ CGEEINRRITEE) | 3% 57
PEIFERBEE R 1000 J7IR, H% 55 ke K27 &
R 4 hEoR. REER LI, CMT (5G) T. 2 /f4%
R YE 57 Far nl 15 3267254 JRIWK, FRdeiesk
EERIEHGE SR A 44.4% ; CMT (2G) 5 STT (5G)
T2 T W39 57 Fam o3 A ATk 599308 & Ukl
504239 JEK, 9257 AR 2L 53510 100% Fi
95.7% . HILATHL, XFF CMT 5 STT f4£ T2, M
7 BRI S U 55 M R IR 55 R AT , AR A

(a) STTIETZ

(b) £ HZ) CMT B4 T2 2G)

Tab.4 Fracture positions of welded joints with STT and

CMT welding processes
T X9 57 T/ R T
STT (5G) 504 239 JEBE (1) AR (22)
CMT (2G) 599 308 JERAR (26)
CMT (5G) 3267 254 BERF (13) 7KW (2) AR (12)

WX CMT 5 STT T2 %57 A i ki
TR SARFEUES T SEM WT a0 & B, ok 3 Fhit
e T2 PR B A AEAS R AR BE A A BB R &
BRBE, N 4 PR, TE R BIEIREAT AR AT T, AR
7B ARG B KIRAFAEAR KN S 5, FLZ B &
TR A ECE T R EE , B2 e Rk SR
RN BN, SRR ST R B T
R, DRI, AGMARASE B — T T Bkt e A R 1 K 30
o SO, RIS T L5 O SR B AR A ok
S T 3 B g S B P L.

(¢) & AZ CMT BT 2 (5G)

B4 EmFoRELER SEMFER
Fig.4 SEM morphology of specimens with abnormal fatigue life

HTF CMT 5 STT TR T2 FAELEM R fEE, A<
X T 7 A WA TE TR T2 g
SPPERETE O, 7 FHATIRMRE T2 4358 Auto-TIG-
P(5G) . TIG(5G) . TIG(2G) . TT(2G) . Auto-
TT(5G) . Auto-TT (2G) Fl SMAW (5G) . I %hE R A&
B, X LA BT BRI T IRARE T2, AR
BAREE T MR IR LA, Hoh 95.27% 1)
AT IE. 7 Flh SCR SEEHTIRIE T AT
2k TS I N2 5 FR. lad Rl BT 200
57 A e i AR AR A A TR WOE SRS A, B
AR RRER A R ROT R, 800 55 LSO AR TR Bk
BRI YR, AN, —8ey 57 i FR A FE A 1
MBS, R BIRFTICAR T2, AR ERAR L 57 B AN W skt
o tE AR B ALY B B B 8RS, % 57 AU
ZOLE R NY .

X TR BOE K47 H Ik i 5 75 il e,
Wit SEM #EATHT A &8, DL b 7 R TR

SRR R I B R W2 B 30 ~ 200 um (1)
BHARIES, iE 5 Fos. LT IS HEsie, kA
FATATHTJEC R T 200 DA b P TIE AR 7 B A% 5 i /)
HICARIE G ARG S .

x5 AFESCRUBEERIZTELHALE

Tab.5 Fracture positions of welded joints with different
SCR welding processes

T TR Wi E
Auto-TIG-P (5G) FIEESE | B (D) R (1) AR (41)

TIG (5G) Y] TR (1)

TIG 2G) yiEEgi) TR (1)

TT(2G) B hf R TR (24)
Auto-TT (5G) FTES IR 4% KW (4) 1FRAR (23)
Auto-TT 2G) FTES IR 4% KWt (2) AR (25)

SMAW (5G) FTVERSE JEAR (26)

22 ARBEEITKEIEIREES RN
X}F SCR S7AE A, FRAH (15 4% B AR AR 07

B L ANAEAE 43 8 H IR F A A F A AR 355 55 G

B, (R AT T2 AR, 1 FAS R A5 4
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LA T MARMER E
TR R IRAS

o 3L PR AIEAR AR A3 e b

(¢) TIGQ2G) (d) TT(2G)

(e) Auto-TT (2G)

FEF U, A TR GMAW/GTAW-P Wi
FIRCHR T 2R AIF SCR 7 45 K% 4 P B U i
—J7 1T, SUIATEL AT A 433 DA A s Ak — 2 RUSF
M4)E, MR THE T 260, Ba R T8 25
PL5% W—J7 T, INBERY TIG AR RERS A il
FEEAL , PRE DY RE SR 6T, B2 5 KR AE 10 9% 57 M

B e, R FZSH T IR T2 R (A L BR 1

(a) 1.5 mm 41 (1G)

( f) Auto-TT (5G)

5 (RS HaridFiail SEM TR
Fig.5 Typical SEM morphology of specimens with low fatigue life

(b) 1.5 mm 41 (3G)

(g) SMAW(SG)

FIRAR SR By i A, oA ) 1 A BEAS L 30 YA )
L.

BT BRI A, AR SCXS A 6] g RS
(1.5mm, 2.0 mm, 2.5 mm) FIHLEVERE & (1G, 3G,
4G) AT T TR DLW 2 SR AT IR 1.2
MRS AL, HEe Sk B OB s 6 Fros, INEE
1, BUE R4

(¢) 1.5 mm &l (4G)

(d) 2.0 mm 4l (1G)

(e) 2.0 mm £l (3G)

(f) 2.0 mm 4341 (4G)

() 2.5 mm §3 (1G)

(h) 2.5 mm %% 3G)

(i) 2.5 mm 53 (4G)

B 6 TIGNEBBRFEET

Fig.6 Cross-sections of weld with TIG inner-wall self-fusion welding
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Ao 0 NIREEAE; B ORI IEA ; o MIRFERIE
P =rer= 1 mm; HRSHEOH =, W03 6 k.
z6 K BSHARRHY

Tab.6 Coefficients of parametric equation K/

[44) o [42) [24]
0.99 0.06 -0.34 0.59

PATHIAT ISR T 25 F GMAW/GTAW-P XA TG 47
TR AR ISR BB NER 7 R 8
Fi7R.

®7 EEITREIZTERMNDERRE
Tab.7 Stress concentration coefficients of the weld root
with the single-sided root welding process

T FRE Jj J1EEH ZR R
Auto-TIG-P (2G) FTES IR AR 1.72
TIG (5G) G 2R 1.98
TIG (2G) G 2R 223
TT(2G) vcEg] 221
Auto-TT (5G) FTES IR AE 1.69
Auto-TT 2G) FTES IR 4E 1.71
SMAW (5G) FTES IR 4E 2.50
STT (5G) FTES IR 4E 2.52
CMT (2G) FTES IR 4E 1.66
CMT (5G) FTES AR 4R 1.70

#x8 WEHITKEIZTERRMNEHRRE
Tab.8 Stress concentration coefficients of the weld root
with the double-sided root welding process

B RS /mm | EEE | RS i BT RE
1G FIEE R4 1.19
15 3G s R 1.19
4G ] 1.00
1G yEEi) 1.00
2.0 3G FTES MR 4% 1.00
4G FTEIREE 1.10
1G FTEE IR 4E 1.00
25 3G FTES MR 4% 1.00
4G FTES MR 4% 1.00

XFEHE 7 FIEE 8 AT LLA IR, RURIFT A T2 R
H AR 2B RN 119, /N T AmT IR T2
TR/ NN SR R 1.66, FBUE TSR T 250
BB R 41

A, 3 2 P GMAW/GTAW-P B T4 T
R A RS AT AR ZE 200 pm PAPY, #RAR 3T
B 0<3°, IBHUETELE 6 ~ 8 mm, ffIR T AFARN B
255 M B4k KA R, i FOWUE AR T2 AR AN
ot BB TH T VAR AR B 25 5 I R B RN
ANEIT SR B

WA, BUR AT AR T2 0T DRt ST IAE 5
0.5~ 1.6mm $2T13) 1.5 ~ 2.5 mm, 1Ml )5 3 s Rt
J5 1t i A% 52 BOMUET AT IS AR 3 A A . ok A
1.5mm Bl RS AS, SURTT R AR A R T DL
HITZE 0.5~ 1.0mm; 22k A 2.0 mm R4l RSHRT, X
HFT AR AR AT AR HIFE 0.3 ~ 0.5 mm; 2R H
2.5mm B RS, SR TR AR A R T LA
HITE 0.2 ~0.5mm. R 1.5mm AYEEN R ~FEF 4R
BN 57 R, 25 SRR BARE 095 57 77 i ad
T 1x 107 J&K.

B RS 3G Rk TR R BRIR AT IR 1.4
TR /NG R A X H R, RS SCR 74
FIRIR RN R B ARR B A R . )5,
T T R A A v 25 5 PR R At 0 S 00 Al — ek 3
W%, FEOZMIY AR IR ATAR A B, TR0 T AR
WEER) TIG 47 T 2% T/ RF iy % i & (100 ~
200 pm) 0 HAT ARG IERCR:, i 7 Fios. %L
AR TR N A A O T AR G AT AR

2N PRSI AS B (] .

TIGH 48

BE7 TIGNETRN FHEiamERamE

Fig.7 Cross-section of welded joint showing correction of
defective side through the TIG inner-wall root
welding process

(1) @EXF S CMT/STT 5% FHAY LD 2
TR T2 R B, ST AR T2 AR R A
TE, A5 o) MBUARIEE | ARG B e 32 1T B0 KR
A RE I KA IR) R, S S ) R el A AR AR AN, B 5 5 ™ A L
JIEEH, BRI SCR 748 9% 55 7w i S R R .

(2) & T — A AR AR K AR R
AR (GMAW/GTAW-P) W T IR T2, 1 1. 208
eI R 1.5 ~ 2.5 mm, NBESY AT LI iI7E
200pm LAF, #RAR G PE A <30, SRMUIATE N 6 ~
Smm, EAMIHEN 0.2 ~ 1.0mm. % T2 4T E 4
BRI ZEWT T K B E9% 57 i) SCR LT



2024 4E 12 H

RSV SCR LA FTRARARET SOE SILXHE 57 VERE R M 72

+ 1279 -

JERAR T 23R T — o L.

SE -
[1] LiMJ, DuanML, YuFF, etal. Model test investiga-

(2]

(3]

(4]

(5]

(6]

(7]

tion on a J-lay system designed for deepwater pipeline in-
stallation in South China Sea[J]. Applied Mechanics &
Materials, 2012, 138/139: 484-491.

SRAEGR. g v PSSR T PR [T A A (D] T
FIREAEAR ONSCHESRERR) , 2015, 33(6) : 8-14.
Zhang Lina. On joint development of oil and gas re-
sources in disputed waters of South China Sea[J]. Jour-
nal of Hainan University (Humanities & Social Sci-
ences), 2015, 33(6): 8-14(in Chinese).

BT, OB, RO IR, SR K 17-2 HEKOK
ARG TR SR T]. R Eah,
2021, 33(3): 180-188.

Li Qingping, Sun Qin, Cheng Bing, et al. Key tech-
nologies for engineering design of deepwater subsea pro-
-duction system in LS17-2 gas field[J]. China Offshore
Oil and Gas, 2021, 33(3): 180-188(in Chinese).
BOJE, PEA, | R, FOCRIE-T7 AR
PRGN A RO RS (1], P IR, 2021,
33(5): 165-174.

Jia Xu, Jia Lusheng, Huang Jun, et al. Research on
overall design of steel catenary riser for “Deep Sea No.
17 energy station[J]. China Offshore Oil and Gas,
2021, 33(5): 165-174(in Chinese).

Jhingran V, Zhang H P, Lie H, et al. Buoyancy spac-
ing implications for fatigue damage due to vortex-
induced vibrations on a steel lazy wave riser (SLWR)
[C]//Offshore Technology Conference.
USA, 2012: OTC-23672-MS.

B HE, AR, FhEReE, A A mb s OnE B
BT, TR, 2011, 29(4) . 43-50.
Kang Zhuang, Li Hui, Sun Liping, et al. Free stand-

Houston ,

ing hybrid riser global motion fatigue analysis[J]. The
Ocean Engineering, 2011, 29(4) : 43-50 (in Chinese) .
TR, BAA, KSR, F LR R
PR SRR S5 TERE M 2 [J]. R 24l 2019,
40(3) : 123-127, 166.

Wang Zhen, Cheng Fangjie, Zhang Yanshen, et al. Ef-
fect of misalignment on fatigue performance of horizon-
tal welded joints in steel catenary riser system[J]. Trans-
actions of the China Welding Institution , 2019,

40(3): 123-127, 166 (in Chinese).

(8]

[9]

[10]

(11]

[12]

[13]

[14]

[15]

£ ORR. X65 MEHEE A FMERE NI TIG M4 L2 K
FeK A EREDFSE (D). R RER AR 5
TRESRE, 2018.

Wang Zhen. Study on Welding Procedure and Mechani-
cal Properties of the X65 Steel Catenary Riser Girth
Joints by Narrow-Gap TIG Welding[D]. Tianjin :
School of Materials Science and Engineering, Tianjin
University, 2018 (in Chinese).

Jeong J W, KimIS, Kim W S, et al. A study on opti-
mized technology for an automatic root-pass welding of
girth weldment in pipeline[J]. AIP Conference Proceed-
ings, 2011, 1315(1): 813-818.

WA, ARRER, X B, A RGP SF IR ST
WrE o dr D). Al TR, 2019, 45(3) - 48-51.
Hu Yanhua, Niu Huli, Liu Jian, et al. Fatigue fracture
analysis of full-scale specimen for fatigue test[J]. Petro-
leum Engineering Construction, 2019, 45(3) : 48-
51 (in Chinese) .

JanEs, famAR, H#R, L IBTEGRUKSL A IR
55 PERERF T LR S il [, K242, 2011(4) @ 5-10,
69.

Zhou Canfeng, Jiao Xiangdong, Cao Jing, et al. In-
vestigation of fatigue performance of girth weld in deep-
water riser pipe[J]. Welding & Joining, 2011(4) : 5-
10, 69 (in Chinese) .

Maddox S J, Speck J B, Razmjoo G R. An investiga-
tion of the fatigue performance of riser girth welds[J].
Journal of Offshore Mechanics and Arctic Engineering,
2008, 130(1): 011007-011017.

Zhang Y H, Maddox S J. Fatigue testing of full scale
girth welded pipes under variable amplitude loading[J].
Journal of Offshore Mechanics and Arctic Engineering,
2014, 136(2): 021401-021410.

VAT, XK T, JEHRAS, 4. K SCR X65 L
WaE T4 A3 GMAW MR8k 5517 [J].
FEIEE &, 2019, 34(1) : 96-100.

Xu Kewang, Liu Yongzhen, Luan Chenjie, et al. Fa-
tigue behavior of girth joint of X65 pipeline steel by full
automatic gas metal arc welding without backing in
deepwater SCR riser[J]. China Offshore Platform,
2019, 34(1): 96-100 (in Chinese).

Pachoud AJ, Manso P A, Schleiss A J. New parametric
equations to estimate notch stress concentration factors at
butt welded joints modeling the weld profile with splines
[J]. Engineering Failure Analysis, 2017, 72: 11-24.

(AR, W %)



