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An Experimental Study on the Fracture Behavior of Nuclear Piping
System with a Circumferential Crack (1)
- Estimation of Crack Behavior in Straight Piping -
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Abstract

The purpose of this study is to investigate experimentally the effects of both seismic loading and
crack length on the fracture behavior of piping system with a circumferential crack in nuclear power
plants. The experiments were performed using both large scale piping system facility and 4 points
bending test machine under PWR operating conditions. The difference in the load carrying capacities
between cracked piping and non-cracked piping was also investigated using the results from experiments
and numerical calculations. The results obtained from the experiments and estimation are as follows :
(1) The safety margin under seismic loading is larger than those under quasi static loading or simple
cyclic loading. (2) There was no significant effect of crack length on fracture behavior of piping
system with both a surface crack and a through-wall crack. (3) The load carrying capacity in cracked
piping was reduced by factors of 7 to 46 compared to non-cracked piping.
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ok 2l (23)~25)% J-R FA(-Aa curve)ol A My
g A3 7 lon, o] o] R6 HHoE T
Mp-prea®| T}

3.2.5 LBB.ENG i
LBB.ENG 2 ] & & o] &3l Wog,
JRAEL g doz Fojxe BAAEI)H &

ARARI)S Fog2 gAEg®

Je=K3}E (26)
Jo={a/(Ea 7"z R /@l n+1])}

* Hg(n,0) L g(n,6) I5(6)

{M/zR %4 ™! @

]71A4 HBMm, ) LB(nO Y= EAx|9 gdZol
of g Algoitt. 4 (263 (27) 2dx JR F
AJ-Aa curve)oll A FEA A & 4 27)9 M
& AAY F glon, AN ZAAE Hu 2d
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T3 U FAGE S A7 AREn 9l
ok ol A7t HPAIZFE 14xk0|T). o2 H
B % 33x Fot fFALH EFgHEA
7.24MPa7tA] Eojz 3 9o},

Fig. 6 Exp.1-19] tis] #EAA A =
22 yehd agolth Expl-19 3¢, EHAY
o] #FF "o EWELE 509 kN-mo|n|, AEA|
HAAEY Fed Hd ZAEE 598 kN-mo| %}
o Hog RHEE AFFE 503 Fo EwEoh

0
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Fig. 5 Piping internal pressure vs. test time.
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Fig. 6 Moment vs. test time at crack location.

Case 1

Case 19] E3& ZAAA#FZ S W A#HA
59 IJ94AFE A8 ¥ AdTh ol& 3
SSL 350l tigh AA(Exp.1-1, 1-2)& SESL &%
A 714 Al (Exp.l-1-a, 1-2-a)F QSL 35
AA 7¢BE AF(Exp.1-1-b, 1-2-b)2] A9} v
w3lgith.  Table 29} Fig. 7 2 Fig. 890 Case
1ol digk 4¢ 2 FrF Aoyt vehg gl 2
dol Yephd upe} Zo] sFHE Y @FHMAE
SSLoj] g8 Fe9o #Aguzt dE sFEFH,
% QSLO|Y SFSLo| F&-d Z o Hj3 2H<
g7 ad g4 d 254 gs A=
AA Jelkth o AFgs A AsFo] sEd A
5, AHsFo} dentEElFo] 44 Aen
tt M2 kddfEs o ALE vl
o}, T3k Table 20 YERD viel o] sFF e}
@A de] s NSCHHL HF 12.5%, FF
SC.INPHH L 6.5%, new Z-factor3HE 6.0%<]
exukg Rl gley, ReWEeY AL=
48.5%, ASMEWH 9 B3¢ 58%°] 238 1o
I Joh(A71A eabe A AS T A
olg 9v|3h) &, A8 #F HAYHE FoA
NSCHMH, 44 SC.TNPHY, new Z-factor®} 82
stz ey @ daglol Wil #dA
58 Z dEsin d&€ R9gFE% a8y Re
W ASMEW 9] A¢E FAEdA & 25F
A ARE F1u Yot

Case 2

Case 29| 53 & 7 ¥4y Fe Fudd
Alolgl #AAE FolE wu, Hrisl=d At
B dFdxE 25% AL e uHFde #
= 2/ AFExp2-1, 2-2)0) FHHYeH, 2
ARE 50% AEY 71 FTHFEE 2= wjHd
3 o 48 A (Exp2-1-a L Exp.2-2-a)¢ Hl
2agict

Table 33} Fig. 9 2 Fig. 109]E Case 29] i3t
A9 9 Hrt Adxs AAHe ok Fig 95
SFSL dtzxzolAe FEdo] #gd g =
Fu] o] wlwolw, Fig. 102 QSL 35 ZHA ¢
vjamolct, oA vEpd ule} Zo| SFSL &%
9o ZA$E Fe EUddel 71 ZEFIERY
16% A= FHu|7} For}, QSLY ZA$& widl
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2 2L ZFuddo] 3 ZETEEY 8% AT
su7t A PYFFPoE 12% ALY o]}
Qo) o] Aol Hole FdZolet #HAIY
od AFL VY = AxE Z AL ojd A
o= wrihn} =3 SFSL 352 A3% QSL 35
Z7L 8ad HLdE O Aol 12% BER
A dEzAY Aolx A okt

8 79 dMUEE FolME NSsCio] #
IdAEE AF3A Hrsgiod, Unx Hye
BAEQ A9g RAFch

Case 3

Case 39| B3& 71 #EFEH }2 AF574Y
Alole]l FEAFY Aolg vjwstedH Yot £
ATroME 12% BEY FAL AFTEE #E
T A¥(Exp3-13-2)0] FIHJen, 1
PEAHE 25% AES vud 1 AFdEe
= W o g2 A¥3NExp.3-1-a)¢} H
Gy iA= 8

Table 49} Fig. 11o]E Case 3o oidh Ay 2
B7t A7t ANl Atk 2™ vheRd sie}
Zo] & #AEFE 2 FETLDA0)Y FHy|
E & o7l YlLe RoFEh £33 #EFIY
Aol E NSC HHo] #8AFE F dS3tn
Aed BAFET

A

BYON ax
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O
i
me
rlo
X
S
>
e
2

[¢]

2
)
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i3
e
iin)
o
i

Esid AA, A2&Fe] stad Ae, AF)
Foly deutEstso] FA4d ARt 44
7ol tHdARE} o] AAR, B4, o8 FG3
A g FolA NSCHH, 3 SCINPHH,
new Z-factor¥d 5-0) F e v Ho| 4
#A3ol vMiF FEAFTE T AF5FE HAFR
o, AA, & #4937 2 gdiloly d9AFL
& ek ek zEu R s dd
4o oy HEEAR A B2 59 HH
o] AgHA E3gon utr wAAF] A
g S 9T F7HQA 970 aFd

42 g2 SIEX|X|s=He "ot

HA HjBs AL ASME Code Sec. IS uwha}
TP 1 glor}, o] Codeo] wE ujBAANA
E ol dg JMAEn YA @vh a2y
o] wido EAY A9 w#Y IFAAT
P& FA3) 42T AR AdAEHY, M=

ole| ¢ AT Fad dF AFHY W}
g FH3ch o] dFdAXME 2ol Ad&
ol g ddo] FAHA FRrl W v
ATAHE o83t WEN FLo] A= B¢
= 449 AN E PR v
b g8

A gde) ' BY, o dFelN ZHH
2@ sjHAtolg Aols & gl

Ecrack)| A(crack)=0.70~2.18 (28)

o714 E(crack)= ‘wEo] Y& wiTol di 23
o) o}™ A(crack)= ‘T Eol g HlHo| P
HAdol el et 0.73F 2.182 Table 2, 3, 49 F
o sy FoA Hagd Jdge HAR3
Holt}.

3 EPRIY HEZAT] wi2d Fgo] Qe
vl ol 2 o] A} A9 Aol vSH 2
E]_‘(ZZ,Z:{)

E(nocrack)] A(nocrack) = 10~30 29)

7|4 E(mo crack)= ‘Fdo] e wiF digt
Agdo]e]’e]™ A(no crack)= ‘T Eo] §l= Hl#
o] djgt s}4]do]E 0|t}

o] AT wdo Y& ujde Ui A
FHHA FR7] WEe gL FFol WHE )
EAATHY Aoy AF ¥y F gl
ot wEA o] AFdAE FEol e Wdd
et FAMAS F3 Fdo] g WA di
A o] El(A(no crack)y S TIRLoY, ol o
|3t #d fFFo we wBY I}FAXFY
Zo] U AFAE FHH=E v wsgich

o

421 FR&Y 24

HaAZd i XA AL FHHaS
Q] ANSYS CodeE Al&3te] T3sigion, i
AT Ad F ASAFQ Exp. 1-1, 1-2, 2-1, 3-1
g v 7HAE H4EGPG Lo AFE urgt
Zol AL ujgel Tddo] glttn 71453
on UuA dojels ASATE volH T3
Fr}.

ANSYS Coded] 16, 18, 40, 21, 89 Pipe
stiffness elementS2 A& o, AN HiTA
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52 2% 63709 nodeot 53709 elementZ T4
A ‘

@A SN aTHE #4(damping) HT
£ AAs] A8 REdAE Y85 2
c8]4]& ANSYSY KAN2E A1g3lo #3313
oo, 7} moded] WF nHAFTFE 1AQA B¢
4.574, 2290 A$ 13.419, 33 B¢ 15.076, 2
P 42191 A 19.04101Q}k. o] F 139} 4%}
2eo oig 245 FE AHE8) ASME Code
Sec.Ill 5o Folz A& wa} ZH4F o B
g At ANZAY o 02317, BFL
6.7396E-50|{th. o] ZHFFuE AL Hi@
A% 4L FPsoh

H@AEd HAE SFE HLIARANA
Aoz 718 Ak Exp.l-19 3% 3584 Fig
39 Fo{RA ssLolth. FAANE FTIt #
HEadg nestd F49 499 337 A
Aoz 7tsiAE AL F A7 FPEA. A
A sFzad ug g FPF ol AA
3lF  #AAl A A PAR(Seismic  Anchor
Motion, SAM)] & HE s F7] AA o
o 2% 41 wig XA A 6= sAM| 9§
S3o] u#HRA YL Response spectrumS ALE
&7] ol o] &st AASFo] EFH gl
A gfct.

422 SIEX| X84 bR

Fig. 12 dl 7k Algol g £ dd
Zolx dEdor Fde HHEA g
Exp.l-19] al $X84ez 2HY ZAES
BaojZE agolth Fig 69 ANE AA) Fdo

HAg - &9 - Gerv Wilkowski

EZA48ts wBAFY FIEAANM Y BAE A
E3Es g& AES RAdFa o 53 20z
o] 9] AZo] & AolJ} glen, oj= Aa A

oM Fgo] JAs RAES} FH3] A
&}7) w&olth.

Table 5% 47}%] Ago] digh £A3)4 At
AN gleh M(crack)e Fdol EAste W@
AdoA =398 A ZWEo|D, M(no. crack)
Tdol e wigd o8 Aoz AN
TARA ANFA Y ReEo|t), A3 A o)A
EE 7HESA @7] Wi A #ERA A
AA 9 BRAHEE AAs7] 3 @AHAN F
AE FEAA ARAY A AZHE &
FAHY Aol AR MBAM)S TE
o Qi HiFo Wiz FAHN R AAE SAM
o 9% mdlEo|tt Fee zt melEd s}
= Hu F¥5Hol &A A=l Ut

ddol gl el g dgduoleiet #Ho]
e wi#@e siAdolg e H, &, E(crack)/A(no
crack)e T3 Zol Bt

fr e rlo

Elcrack)] A(nocrack) = ¢ (crack)

/[ o (nocrack) — o (SAM)]  (30)

A7l o (crack)ys  TEol Jr wlFAFNA
44 Hdl 3¥-&¥olH, 0 (no crack)= 7ol
ge 3fd 44 33988, o (SAM)S  SAM
ol 213 ¢=Holt} Table 5914 Rolx npe} o)
E(crack)/A(no crack)®] B]& 0.65914 1.379] &
HolF3 Qo

Table 2 Comparison of fracture ratio for Case 1.

Exp. Material| Loading Mrfa;l:)ﬁ:nt r:;':cture Ratio (FR) ow
No  Type | Type (kN-m) NSC SC.TNP R6 | ASME Z—factor
-1 SSBM| SSL 598 1.16 117 168 | 115 1.18
1-1-a SS/BM | SFSL 426 0.96 0.95 144 } 098 0.97
1-1-b SS/BM| QSL 1260 1.15 1.00 1.38 | 1.53 1.00
1-2 CS/BM| SSL 476 0.92 0.98 1.63 | 218 1.01
1-2-a CS/BM| SFSL 341 0.70 0.75 127 | 1.69 0.77
1-2-b CS/BM| QSL 748 0.90 1.01 150 | 194 1.01
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Table 3 Comparison of fracture ratio for Case 2.

1193

Exp. | Loadin Measured Fracture Ratio (FR)
Np. T €1 6 /x |Max. Moment od new
o ype .
(kN-m) NSC SC.TNP R6 | ASME Z—factor
2-1 SFSL 0.228 776 0.96 1.33 1.58 1.45 1.35
2-1-a] SFSL 0.440 488 1.03 1.47 1.91 1.60 1.47
2-2 QSL 0.230 697 1.04 1.46 1.86 1.59 1.47
2-2-a| QSL 0.500 502 0.98 1.40 1.74 1.50 1.41
Table 4 Comparison of fracture ratio for Case 3.
. Measured Fracture Ratio (FR)
Exp. L(;admg 0 / * [Max. Moment
No ype (N-m) | NSC [LBBENG | R6
3-1 SSL 0.120 852 0.85 1.06 1.28
3-1-a |Dynamici 0.249 54.3 0.84 1.37 1.48
3-2 QSsL 0.120 1038 1.03 1.27 1.53

Table 5 Moment, Bending Stress, and E(crack)/A(no crack)
for 4 piping Experiments.

Exp. # 1-1 1-2 2-1 3-1
M(crack) 598 476 776 852

:‘::’_“:l')‘t M(no crack) | 530 | 720 | 749 | 573
M(SAM) 296 256 434 357

Bending | ¢ (crack) 214 170 278 305
Stress | ¢ (no crack) | 336 318 322 480
(MPa) | 9 (SAM) 68 54 118 90
E(crack)/A(no crack) 0.80 0.65 1.37 0.78
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Fig. 7 Effect of loading type on fracture ratio for
stainless steel piping.
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Fig. 8 Effect of loading type on fracture ratio for
crabon steel piping.
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Fig. 9 Effect of crack length on fracture ratio
in surface crack under single frequency
sinusodial loading.
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Fig. 10 Effect of crack length on fracture ratio in
surface crack under quasi static loading.
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Fig. 11 Effect of crack length on fracture ratio
in through wall crack.
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Fig. 12 Calculated moment at crack location
for Exp.1-1(No crack is assumed in

numerical modeling).
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