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Verification and Reliability Assessment of Hydraulic Welding Models Us-
ing Welding Materials Compatible with 1 000 MPa-grade High-strength
Steel for Hydrostatic Testing

HUI Zhenguo, TIAN Ye, TIAN Jingcheng, GAN Hongfeng, LU Tiantian, WU Hailong"

Harbin Electric Machinery Co., Ltd., Harbin 150040, China

Abstract: Hydraulic proof testing is a critical validation procedure for ensuring the structural integrity of welded penstock
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joints in hydropower stations. However, systematic experimental data remain limited regarding welded joints employing do-

mestic welding consumables for 1000 MPa-grade high-strength steels. Two locally scaled cylindrical penstock mock-ups
were designed and fabricated to evaluate the applicability of domestic welding consumables. The No. 1 mock-up utilized do-
mestic and imported 1000 MPa-grade gas metal arc welding (GMAW) wires for the longitudinal and circumferential seams,
respectively, and was pressurized to 9.5 MPa. Strain gauges installed at critical weld locations recorded structural stress dis-
tributions under loading. The second mock-up employed domestic 1000 MPa-grade submerged arc welding (SAW) wire/flux
and 1000 MPa-grade shielded metal arc welding (SMAW) electrodes for different seams, and was pressurized to 10.25 MPa.
Residual stresses were measured before and after testing, and structural displacements were monitored. Results indicate that
for the No. 1 mock-up, the stress—pressure relationships at all gauge locations were linear (R?>0.99), with the maximum

measured structural stress of 175.8 MPa well below the allowable stress limits for both operating and proof test conditions;
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no unacceptable defect indications were detected by UT and TOFD re-inspection after unloading. For the No. 2 mock-up, the
maximum structural stresses at 10.25 MPa were 348.9 MPa (inner wall) and 260.5 MPa (outer wall), both stress and dis-

placement exhibited proportional responses to pressure, and no linear defects were found upon post-test re-inspection. Post-

test welding residual stresses decreased notably, with average relief rates of 26.6%-36.6% on the inner wall and 27.9%

-33.3% on the outer wall. The findings suggest that the selected domestic welding consumables and procedures can satisfy

the hydraulic proof testing requirements for 1000 MPa-grade high-strength steel penstock welded structures within the scope

of the mock-up configurations and test conditions presented.

Keywords: hydrostatic test; 1000 MPa-grade high-strength steel for hydropower; welding consumables; penstock; structural

stress; welding residual stress
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Fig. 1 Schematic diagram of weld structure for model 1#
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Fig.2 Schematic diagram of weld structure for model 2#
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Fig. 3 Schematic diagram of groove processing

K1 EBEIZSH

Table 1 Welding process parameters

B

UL I

fre e AR IR SRR SRR
fis /mm A% /A /(mm*min™")
YM-100A 22~28 140~290 200~350
HS-100S 23~30 130~300 180~350
ER50-6 212 20~26 160~230 200~300
ER90S-G 20~30 220~260 200~350
HW-100G 4.0 30~33 550~680 420~520
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Fig. 4 Layout diagram of stress test points for model 1#
H8) . ADXAE 2N A (P BE A-1 A=2, %t i 1 B
A'-1,A'-2) B X T P4 X 3 A B 440 4 (P9 BE B-
1~B—4, X} #MBE B'—1~B'—4 ) , N BE FIZNBE] phi ——
MR o A SR AL S R

ES5 2#EBHRN HMKHE

Fig. 5 Layout diagram for residual stress testing of model 2#
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Fig. 6 Layout diagram of stress testing points for pressure vessel

structure during water pressure test
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Fig. 7 Pressure test vessel deformation test displacement sensor layout

diagram
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Fig. 8 Layout of pressure test measurement points and pressure curves for model 1#
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Fig. 9 Pressure test points and pressure curves for model 2#
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Fig. 10 The linear fitting results of each typical measurement point
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Table 2  Stress values of measurement points of the model components under various pressure levels

R 5 A 1 2 3 4 5 6 7 8 9 9.5
G, 1.7 33 42 6.4 8.4 8.7 8.9 9.0 9.5 10.1
1 o, 5.4 11.2 15.9 21.3 28.1 337 39.9 45.6 53.0 56.8
G, 4.0 8.2 11.4 16.0 20.7 24.8 29.6 342 39.6 425
: o, 42 8.3 11.5 15.4 20.8 25.0 30.0 344 40.5 434
G, 3.1 6.3 8.8 12.4 16.6 19.8 24.1 27.7 32.8 352

’ o, 2.8 5.4 7.0 9.7 13.5 16.1 19.7 22.6 27.0 29.1
G, 2.8 6.2 8.6 12.1 159 19.3 234 27.3 325 35.1
! o, 6.2 12.5 17.4 23.6 31.1 36.7 439 50.5 58.3 62.4
G, 2.6 5.0 6.6 9.4 12.4 14.7 18.7 20.9 25.0 27.0
: o, 8.0 16.6 24.1 324 422 50.7 60.2 69.4 79.9 85.5
G, 53 9.7 13.7 18.3 23.7 283 335 38.0 433 45.9
6 o, 16.5 339 49.5 66.4 84.8 101.1 119.7 137.9 156.4 166.5
G, 5.6 11.3 16.2 21.5 27.7 33.0 389 442 50.3 533
7 o, 17.6 36.2 53.0 71.1 90.7 108.1 127.4 146.2 165.4 175.8
G, 7.1 14.7 21.2 28.8 37.1 44.7 54.3 63.9 74.1 79.6
’ o, 11.5 235 34.0 454 58.5 69.4 81.6 93.1 105.0 111.3
G, 7.3 15.3 222 30.1 38.5 45.7 53.7 61.2 69.2 73.2
’ o, 7.7 15.7 22.7 30.6 39.0 46.1 54.3 61.9 69.6 73.6
G, 8.5 17.8 26.5 35.1 44.8 53.5 62.5 71.3 80.3 85.0
10 o, 8.5 17.5 253 34.2 43.4 51.3 60.3 68.6 77.1 81.4
G, 9.3 19.2 27.9 37.7 48.1 58.1 69.9 81.4 92.9 99.2

a o, 7.5 15.5 22.5 30.1 38.4 45.8 53.4 60.5 68.0 72.1
G, 32 4.9 6.1 7.8 7.5 9.3 12.6 17.2 232 26.3
2 o, 13.7 27.9 40.6 53.7 69.1 81.9 95.9 109.2 123.7 131.1
G, 7.6 15.4 224 30.4 389 46.2 55.1 63.6 73.0 78.0
B o, 13.0 26.4 383 51.0 65.7 77.4 90.7 103.2 116.8 123.7
G, 7.1 15.0 31.8 29.7 38.0 44.8 51.5 58.4 66.3 71.0
14 o, 12.6 259 37.4 50.4 64.4 76.3 90.2 104.4 119.5 127.9
G, 4.7 9.8 14.4 19.5 249 30.7 37.8 453 53.0 56.8
P o, 13.8 28.5 41.6 55.7 71.0 84.3 99.6 114.2 129.5 137.4
G, 5.4 10.9 15.6 21.2 26.8 32.0 38.1 443 50.7 54.1
0 o, 12.1 24.7 36.1 47.8 61.3 73.0 85.4 97.2 110.1 116.9
G, 5.6 11.5 16.5 22.6 28.7 352 432 51.2 59.6 63.8
Y o, 12.7 26.0 37.8 50.2 64.4 76.6 90.1 102.5 115.8 122.8

(DA o A (EKAF @) A, 0, kT AG(ELKATG)EA; (AP EMATELE N, AMATER ), $454“MPa”,
*3 HERNEINCRHRARE
Table 3 Resistance limit values for steel materials in Chinese steel pipe specifications
[ e R 52 Brhri BRI EHIRR, _ BT _
/MPa /MPa /MPa EHZEFT/MPa K EIAH/MPa

HEARIEER Sy 885 950 572.9 L.6x1.1 295.92 361.68

e JR IR g 885 950 572.9 1.3x1.1 362.20 445.15

SRy O 3 +25 ) T 885 950 572.9 11x1.1 430.43 526.08

Wit (<75 mm 885 950 572.9 11x1.1 430.43 526.08

254 NB/T 35056—2015CK H il & 1 25 g% 1t
FITE ) A 6 T80 55 B 15 T IH(EL A0 Al a8 B O, B4 6

5 B BRI R 2 (D) B S84 T, s B BT
WA A () , s EE B HE AR G BE .
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P AR FERRE(E (L MPa) 5 £ 0 568 B2 BT
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A7 N/mm?) 5 p, F L5 FE BN R A 7L RN,
Hy=1.15 p B HIROE ZR B, # 1E IR FRARZS
B y=1.05y, WA R B K IR BTy, %

1R 10% ;R A A4 558 BE I T HE (B4 : N/mm?)

SRy VR i % C AN i N W 3 Y
BOHE, PR A (4) 13 214 12 17 1000 S W A 7k
FE T80T bt I BRAE, g5 Rk 4 s .

N4 B B AT, v B A R T A e A
IEH BT BOK RIRE AT, AR 5% 0 T
IR .22 4 2R B0 0 R 2.99 12,45, JRids RN o+ il
I T T et A s ) 4 4 ZR R 3 R 2.06 1681
IR e 4 RO TAMEE BB IR 3R 3 R 445
N bR v R S R AR 8% X 0k 4T UT
TOFD R 5 K , £ MR 4E 25K WABFRERFEHE R . 1%
SESEAH AP P A AR A AR B A E AR ST
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A KRR EE A 0 T AR FH TR
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Table 4 Calculation of yield limit values for 1000 MPa grade base materials using Chinese steel pipe standards

IR IS JRIEHEE Ry /MPa HURIBRIE R /MPa  BiHRE/MPa S5 R %Ly, ” ﬁgﬁmﬁ? j;ﬁ};iﬁ%j/MPa
L NI 890 950 665 1.6 377.84 419.82
Wik -gEo JRITR ISR 11 890 950 665 13 465.04 516.71
SRR F3+725 1t 17 890 950 665 1.1 549.59 610.65

3.2 2#EEDKIEIR G EHE S TG
3.2.1 MR ERIEE] JE KAL) R AT
S R v 4 SR AR A A B P S SR B[]

FEFRA N 1 o KR I IS AR B A I )

WA a2 5 i o IR, e RER A R AN T

B'—1 | &5 (4]BE) | K 717 MPa; 1% S KRR 50 5 5%

S ARSE A X B 1 R 18 8l AR S S T4 RN IRk 538 MPa, Bl R 25.1%. KIS ,

FPE I B 2 AR AN 2 N 7, B AT RIAE B KRR I B T P9 BE B-13 55, 24 556 MPa, i%
x5 EHNBRJ|KEREH SRS MR EHE

Table 5 Residual stress test data before and after water pressure test of pressure vessels

HE DEGE WX PNUTFS Ax Ay o/MPa o/MPa| RZE  WAUE WX WAUFS Ar Ay o/MPa o /MPa
RgHr A A 1 778 -643 625 536 || iER)E B A 1 677 =513 494 373
gonr  AheE IN 1 800 -709 662 604 | ikEe)E  AhmE A' 1 —544 471 345 286
B0 N EE A 2 743 -697 609 579 | RXEE PN RE A 2 —694 -548 521 416
gonr  AheE A 2 761 -662 616 550 | iEeE AheE A' 2 -599 531 423 371
IR N EE B 1 816 -731 682 628 | RXEE PN RE B 1 —-722 578 556 456
R HT HIMRE B' 1 -862 =700 717 629 | iRE T HMEE B' 1 -688 623 538 493
I RE B 2 -792 =705 654 599 | kB N EE B 2 543 531 364 354
RIHT  APEE B' 2 743 =599 582 483 | ik)E AbEE B' 2 611 4838 421 326
RIHT YRR B 3 -724 642 577 521 || ek PaEE B 3 622 413 407 239
RIHT  AMEE B' 3 —774 -698 637 588 || WEeE  SbhEE B' 3 733 514 547 389
RIET PR B 4 -784 -618 624 512 | ks e B 4 623 —464 425 302
RYHT  AMEE B' 4 -711  -651 567 527 || WEeE AbhEE B' 4 —623 -543 451 391

E (DR P Ae FolNe, 5 A T B IR Mo dr AIREE T @09 0 TG F 50,40 0, 50 R R T B R 4 Ao AR AE S @ RO XA B A, 0 A AL A% ) MPa., (2) ) &
5P, AR T M KR, A B 5 S AL TR A, A B B KR AR TR A M
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Table 6 Summary table of measured displacement data at various

pressure levels of pressure vessels

Rl

25 4.0 6.0 8.0 10.25
Bl -0.07 -0.01 0.14 0.54 0.94
B2 -0.11 -0.21 -0.07 0.53 0.94
B3 -0.26 -0.5 -0.77 -1.04 -1.32
B4 -0.22 -0.47 -0.71 -0.93 -1.15
B5 -0.24 -0.47 -0.69 -0.93 -1.22
B6 -0.52 -1.18 -1.76 -2.34 -2.97

B AR ERSE , SUE R TR A ISAK

IR B 74545/ MPa
0 2 4 [ 8 10 12

e
wn_ o

— (i
e 2P RS )

B6fﬂ‘l,¢'@{|\'ﬁ§/mm
b i s

-25
-3
R?=0.999 9
BE13 B6illmiBEIELIEN T

Fig. 13 Linear analysis of displacement data at B6 measuring point
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Table 7 Average values of deformation monitoring at each symmetri-

cal measurement point during the water pressure test

R E S/ MPa B1/B2 B3/B4 B5/B6
2.0 -0.9 -0.24 -0.39

4.0 -0.11 -0.49 -0.83

6.0 -0.04 -0.77 -1.23

8.0 0.54 -0.99 -1.64

10.25 0.94 -1.24 -2.10
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Fig. 14 Linear fitting analysis of average deformation values at sym-

metrical measuring points
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