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Failure Criteria of a 6-Inch Carbon Steel Pipe Elbow According to
Deformation Angle Measurement Positions
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/] ABSTRACT /

This study proposes a low-cycle fatigue life derived from measurement points on pipe elbows, which are components that are vulnerable to
seismic load in the interface piping systems of nuclear power plants that use seismic isolation systems. In order to quantitatively define limit
states regarding leakage, i.e., actual failure caused by low-cycle fatigue, in-plane cyclic loading tests were performed using a sine wave of
constant amplitude. The test specimens consisted of SCH40 6-inch carbon steel pipe elbows and straight pipes, and an image processing
method was used to measure the nonlinear behavior of the test specimens. The leakage lines caused by low-cycle fatigue and the low-cycle
fatigue curves were compared and analyzed using the relationship between the relative deformation angles, which were measured based
on each of the measurement points on the straight pipe, and the moment, which was measured at the center of the pipe elbow. Damage
indices based on the combination of ductility and dissipation energy at each measurement point were used to quantitatively express the time
at which leakage occurs due to through-wall cracking in the pipe elbow.

Key words: Nuclear power plant, Interface piping system, Pipe elbow, Limit state
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Section Welding area

154.08

.

Pipe elbow
*ASME B36.10. SA-106 Steel
*6 inch, Schedule 40
*Outer diameter : 168.3mm
*Thickness: 7.11mm
Unit : mm
D : Outer diameter

472.1

Coupling ® 15

Fig. 1. Test specimen

Table 1. Mechanical properties of test specimen

Yield | Tensile
strength| strength
[MPa] | [MPal

Pipe elbow | ASMEB 169 |SCH40A234WPB| 315 465
Straight pipe | ASME B 36.10M | SA 106M Grade B 375 547
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(b) Measurement locations for moment and deformation angle

Fig. 2. Experimental setup

Table 2. Locations of targets used to measure deformation angle

Measurejment Deformation angle Target Description
position (0)
MP1 1 5,6, 7 | End of pipe elbow
MP2 2 4,6,8 1D
MP3 3 3,6,9 2D
MP4 4 2,6,10 3D
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Fig. 3. Location of through-wall crack in pipe elbow

Ll 7} Akl 24 A9Se) ol neislolof etk
Fig 3%5_]'74])6@1?_1?*?7} WA +80 mm 2] 51R1 0| T sl cf 3
2 B AR ek
sk dgsiston 39
AN Fig. 304 et d= ¢l
O] FALE|O] L 2= A& BRIk 4=

b
o 2
_>|:

5—4 O}Egﬂ s %%%ﬂ 7 }77}% &
SRR sk A AT+ %
Al 2] v o] A 52
ek
Table 3. FMEE /RN 21219] S1EAEO A e
532 o] Ao} 29k UTMElH Z7E 129) &, 71elsi5 28 Liet
isich TR UTMOIA) 24 7 elelgal S A8 ol geled 4t
A Wl 2, Ao aizh ES eigick MP1-2 vl o] Z40o]
A 713 717ke- 24 A Z(Target 5 - Target 6 — Target 7)™, MP4+= HJj
RO FHof A RE 71 He] "ol 7 A %(Target 2 ~ Target 6 -
Target 103 L2jak Al aiZio|ck Table 204 vjglie] Z4Je)

Target 637} 2 PH7-0] A E0] 7P7her5 B/dHslo] ofgtJriHd

ol rlo
m{n

s

]_H}'Au 0]—

15



# HM[145%) | Janua

ry 2022

Table 3. Number of cycles to failure (2V,), displacement range, force range, moment range, and relative deformation angle range

Loading Range
amplitude N, ) Relative deformation angle (rad)
(mm) Displacement (mm) | Force (kN) | Moment (kN - m)
MP1 MP2 MP3 MP4
20 347.500 40.091 130.473 72.356 0.039 0.055 0.061 0.066
+
318.000 40.096 126.577 66.602 0.042 0.057 0.063 0.067
0 101.250 80.083 152.803 82.575 0.096 0.124 0.134 0.140
+
91.500 80.082 153.942 86.134 0.083 0.122 0.132 0.138
0 42.250 120.095 176.566 98.291 0.127 0.174 0.192 0.204
*
41.250 120.073 181.231 100.826 0.131 0.176 0.194 0.205
80 20.000 160.119 201.217 110.540 0.184 0.248 0.267 0.279
+
17.000 160.123 199.042 104.756 0.199 0.253 0.269 0.280
100 12.000 200.162 223.220 121.089 0.240 0.308 0.337 0.350
+
15.000 200.180 237.330 129.484 0.238 0.306 0.332 0.346
190 9.250 239.971 262.635 134.676 0.282 0.366 0.400 0.419
*
7.000 240.192 263.357 135.114 0.268 0.358 0.393 0.415
160 160
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Fig. 4. Leakage lines for M—R relationship
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Table 4. Parameters of leakage line equation for M— R relationship

Measurement point (MP) a b c

1 286.458 60.382 0.959

2 211.224 58.705 0.970

3 194.206 58.643 0.974

4 186.274 58.381 0.975
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Fig. 5. Low-cycle fatigue curve using relationship between relative deformation angle and number of cycles to failure
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Fig. 6. Hysteresis loop
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Table 5. Parameters of low-cycle fatigue curves calculated using
relationship between relative deformation angle and
number of cycles to failure

Measurement point (MP) a b Rr?
1 0.730 -0.458 0.967
2 0.927 -0.445 0.977
3 1.014 -0.447 0.978
4 1.060 -0.446 0.979
y=az’ R*=c @)

Fig. 62 BUpiRez Aol 4 S 21210 S5 e o
Q) ATEAIS] P—D 2 MP1 64 M—R ] BA i ol 24152 Lt

ek Fig. 6914 kel ufet AlAIe] Azl ig A% 3 7]
SI31el GAhsh P—De] TAlek M —R| TA] chat o] 3] v
o302 Urebehe 3101z 4 gl

Table 63} Fig. 7(a)= 7}2l515-72 9P —D) <] BAS o] §lo]
AP & Aol 2] thet Bt olul Aok A1) 21210] 23 H Sl

17



st=EX|21Ests =23 | 263 12 (52 M145%) | January 2022

Table 6. Average energy for one cycle calculated using P —D and M —R relationships

Average energy for one cycle (kN - m)
Loading amplitude (mm) N, P D M—R
MP1 MP2 MP3 MP4
20 347.500 0.704 0.497 0.650 0.698 0.718
+
318.000 0.877 0.641 0.789 0.830 0.849
0 101.250 4.305 2.985 3.956 4.218 4.350
+
91.500 4174 2434 3.664 3.955 4.083
460 42.250 8.767 5.275 7.455 8.187 8.620
- 41.250 9.118 5.539 7.683 8.453 8.870
80 20.000 15.116 9.291 13.228 14.323 14.929
+
17.000 13.865 8.888 11.944 12.817 13.358
100 12.000 19.808 12.774 17.288 19.072 19.814
+
15.000 21.003 13.669 18.515 20.220 21.126
120 9.250 25.894 15.686 21.658 23.928 25.131
+
7.000 26.340 15.718 21.896 24.152 25.525
35 35
_ |—PD . | 5 M-R (MP1)
“g 30 |—— MP1 “g 30 —— Mean regression line
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% 25— MP3 o 257
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Fig. 7. Average energy for one cycle

M —REJ TAE olgso] AP gk Aol 2] thgt Hat oflu A1 S Hheh
QItt. Fig. 7(b)= H A5 H 22 AP E MP1 o Al M—R 2] A 9] BFAL

ool thet Bt oA E Heh2lek. M—R e HAE o] 8519 APde
b Aol 2ol digt Fat oflul A= AR A ] S Aol whet 2po) 7} e
212 Table 63} Fig. 704 2RI 4= QI 9ith. W= 7Hslg31Foll A =
2 Adtolu 2= uifat el w0 43t 71 ] Eojxl Aol A AT

& APYREMPA7LE 71 A7) vel o, Wit o) St 71 7t
7R AR B 2R APREMP 1 o] 21 axilol | 27} 71 2
Al bt = 7Hskg Ao A o fAE Rl =7 H s e
] Bt A= MP1 oA MP4 2 =5 2}o] 7} 7hast= 215 Fig. 7(a)
ol 2HQ1gt = QU3{tt. Table 63} Fig. 7(a)ollA] P—D 2| A of| tiet &
Aol Zof| thgt Bt of v A= HHIEFMPAO| A APl AT 2]
Aol gt gk Aol Zoll thet Hat ol ] o] Ao = ml gk 2eldh 4= IS
t o= P —D] A gt gk Atol 2o iRt Fat oA Al=MP4 2|
oA M—R | A of| thigt gt Afo| S el Bt ol Ao th--8h= A
2 e g Aol 2o tigt ofu X E Sl AP AEE vefd

oﬁt 2orr e

¢

ot

18

Table 7. Parameters of equation of average energy for one cycle

Position a b c

PD 0.258 -5.570 0.990

MP1 0.158 -3.305 0.987

MP2 0.218 -4.531 0.989

MP3 0.240 -5.093 0.989

MP4 0.253 -5.407 0.989
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Table 8. Damage indices calculated using P —D and M —R relationships
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Fig. 9. Damage indices for the P—D and M —R relationships

Damage index
Loading amplitude MR, Difference (%)
(+mm) P-D
MP1 MP2 MP3 MP4

20 11.655 12.249 (4.847) 12.034 (3.147) 11.902 (2.076) 11.812 (1.331)

12.275 13.129 (6.505) 12.817 (4.224) 12.666 (3.082) 12.565 (2.308)

440 11.898 13.304 (10.571) 12.802 (7.058) 12.553 (5.218) 12.385 (3.930)

11.353 12.742 (10.902) 12.285 (7.588) 12.056 (5.830) 11.895 (4.553)

460 11.200 12.687 (11.720) 12.153 (7.843) 11.913 (5.983) 11.758 (4.746)

11.296 12.632 (10.571) 12.096 (6.611) 11.861 (4.757) 11.702 (3.468)

480 9.923 12.064 (17.752) 11.187 (11.298) 10.883 (8.824) 10.700 (7.264)

10.341 12.344 (16.225) 11.521 (10.242) 11.235 (7.960) 11.056 (6.472)

100 9.833 11.688 (15.870) 10.879 (9.616) 10.609 (7.313) 10.417 (5.603)

10.417 12.305 (15.348) 11.507 (9.474) 11.206 (7.042) 11.023 (5.501)

120 10.823 13.754 (21.306) 12.293 (11.955) 11.863 (8.761) 11.618 (6.843)

9.951 13.056 (23.277) 11.701 (14.951) 11.271 (11.710) 11.012 (9.635)
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Table 9. Statistical information on calculated damage indices
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Statistical data P—D MP1 MP2 MP3 MP4
Average 10.914 12.663 11.939 11.668 11.495
Maximum 12.275 13.754 12.817 12.666 12.565
Minimum 9.833 11.688 10.879 10.609 10.417

Standard deviation 0.823 0.579 0.599 0.634 0.658
Variance 0.678 0.336 0.359 0.401 0.433
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