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Fatigue Test of Corrugated-plates taken from Bellows

Kazuaki Kikuchi®,
Kazuyukl Tsukimori®, Kohji Iwata¥,
and Akira Imazu#®

Abstract

PNC is promoting the feasibllity study of piping bellows expansion
joints as one of the measures that rationalize large scale FBR plants,
and the fatigue and creep fatigue test of bellows is one of the R & D

tests.

This report describes the fatigue test and analysis result of the
bellows fundamental unit model (corrugated plates) at room temperature,

The following is the main result.

{1) The fatigue life data of the corrugated plates favorably coincide
with the material fatigue curve.

(2) The strain response of the corrugated plates can be satisfactorily

analized by both theoretical and numerical method.

(3) The relationship between the corrugated plate and the bellows (42
inches in diameter) was examined by using the shallow beam theory,
the standards of EJMA and ummerical analyses (FEM). As the result

there was no remarkable difference between them.

(4) The degree of the strain concentration by plasticity in 1 con~
volution is estimated conservatively due to the factor Ke'(q = 2.0)

which is bounded by test and analysis results.

*  Structural Engineering Section, O-aral Engineering Center
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. 1.1 Study and Comparison of Single Corrugated Plate Model Test and Analysis with Bellows Test and Analysis
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Table 2.1 Test Condition

) ¥t HIE (mm)| AMEAL(E mm) | B B K 8 [B6E L#IE (CPM)
SUS 316 10.0 2 21
T o 7.0 2 42
6.0 2 42
N47594 5% ’ &5
sUS 316 7.0 2 21
S > 5.0 2 42
4.0 2 42
4N5730D 5 5 5
SUS 316 7.0 2 21
5.0 2 42
e 2.0
4.0 2 42
Netot 3.0 2 63
SUS 316 7.0 2 21
E- rES 2.0 5.0 2 42
5N62166 3.5 2 42
SUS 316 4.5 2 21
& - 3.5 2 42
2.5 2 42
4N5340A S > 3
2 OB K & i 38 &
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Table 2,2 Material Properties of SUS 316 Sheets
(1) fLZFksy

g

t-%‘ﬁ%"(—"ﬂﬁ) C | Si Mn P S N Cr Mo
5

— |

N47594 0.06 | 0.60 | 1.70 |0.026 | 0,007 | 10,93 | 16.99 | 2.21

AN5730D | 2.0 | 0.04 | 0.75{ 0.97 |0.032 [ 0.006 | 10.21 | 16.96 | 2.15

N39150 2.0 0.05|0.761.72 |0.028 | 0.004 | 10.90| 16.92 | 2.16

5N6216G | 2.0 | 0.05| 0.88| 0.97 {0.033 | 0.009 | 10.32| 17.07 | 2.18

4N>340A | 3.0 | 0.04|0.77 | 0.97 |0.026 | 0.004 | 11.23 | 17.01 | 2.62

(2) HARSURAE SR (LR )

c- b % | gy 0-(2kg§fmrz )_)LJ Cgrmn | o |
N47594 1.5 22.7 57.7 60.0 195
4N5730D 2.0 24.4 64.9 82.1 -
N39150 2.0 21.1 56.5 63.0 193
5N62166 2.0 - - . -
4N5340A 3.0 - - - -




PNC-TN9410 87-053

Table 2.3 Measured Thickness and Width of Test Pieces

m /Tﬁr “““““““““
]
g o
i i wl
t3 —H= i i i I I ()
J ]
t2
| &Lj W2
j - .-
30 -
- q = 50 .
_ (mm)
N e i CE i th L
o wl | w2 | w3 | 1] t2 ]| t3 ﬁrm wl | w2 | w3 | t1| t2 | t3
1-1 | 30.6]30.7|30.5| 1.49[1.61[1.50 | 10-2| 31.9(32.3[31.7 | 1.84[1.89(1.84
1-2 | 30.1{30.2{30.2 | 1.50[1.58{1.50 | 11-1| 31.9/32.0[31.7 | 1.85|1.88(1.86
2-130.0{30.4{30.0| 1.49[1.61|1.52 | 11-2| 32.2/32.0|31.9 | 1.86|1.87|1.86
2-230.0[30.5/30.4] 1.51[1.60[1.50 || 12-1] 31.6|31.5{31.7 | 1.85|1.88(1.86
3-132.0[32.4/32.0] 1.51|1.61|1.50 || 12-2| 32.0[32.0{32.0|1.86|1.87|1.84
3-2(31.9/32.4/31.8 | 1.50{1.61|1.52 [ 13-1]| 31.0{31.2/30.9 | 2.94|2.98]2.93
4-1|32.0[33.0{32.3| 1.50[1.60{1.51 || 13-2| 30.5/30.6/30.3 | 2.93(2.98/2.93
4-2 | 31.4/32.9/32.4 [ 1.51{1.62(1.51 [ 14-1{ 31.0[30.7(30.5 | 2.93|2.99{2.93
5-1|32.0[31.6[31.6 | 2.05(2.10(2.06 || 14-2| 31.0[30.7(30.6 | 2.93|2.99(2.94
5-2 | 31.8|31.3/31.8 | 2.05/2.09/|2.05 | 15-1| 30.3/30.5[30.4 | 2.93{2.99(2.93
6-1 |31.4[31.9(31.4 | 2.06{2.09(2.05 | 15-2| 30.6[30.4|30.6 | 2.93|2.99(2.93
6-2 | 31.9/31.4(31.7 | 2.06/2.09|2.06 | 16-1] 31.0[30.731.2 | 2.93(3.00(2.94
7-1 | 32.0{31.8(32.0 | 2.04(2.07(2.04 | 16-2| 30.5[30.8{30.3 | 2.95|2.96|2.93
7-2 | 31.8/31.3(31.7 | 2.03|2.08{2.04 | 17-1| 30.8[31.2/30.6 | 1.89/1.90(1.89
8-1(32.0{32.0{31.7 | 2.03{2.08{2.03 | 17-2| 30.6/30.1/30.4 | 1.88|1.89(1.89
8-2 |31.7(31.3(32.0 | 2.04(2.10(2.03 || 18-1] 31.4[31.2(31.3|1.91/1.92]1.89
9-132.1/32.2/31.9]1.86/1.89(1.87 [ 18-2[ 30.1{31.1/30.9 |1.90]1.911.89
9-2 | 31.4/30.9/31.0| 1.86{1.87]/1.85 | 19-1] 30.9(31.8(31.2 | 1.89{1.92(1.89
10-1 [ 31.2/31.5|31.3| 1.85[1.89|1.87 | 19-2| 30.7|30.9(31.0 | 1.88{1.91(1.87




Table 2.4 Fatigue Test Results (1.5t)

Number of cycles to failure

Test No. ?;;g‘ Spe;;men Stra}g)Range Surface Crack propagation | Break into
’ crack initiation | through thickness | two pieces

1 19.92 1-1 0.96 5700 ~ 6200 9750 10550

1 -2 0.98 5700 ~ 6200 9730 10430

2 13.46 2 -1 0.65 19000 ~ 21000 32040 32840

2 -2 0.64 19000 ~ 21000 30580 33090

3 11.52 3 -1 0.52 41000 ~ 43570 61000 65430

3-2 0.53 41000 ~ 43570 59770 60520

4 8.33 4 -1 0.31 190000 ~ 196000 197060 206250

4 - 2 0.31 196000 ~ 210180 210420 216850

€G0-L8 O0TV6NL-ONd




Table 2.5 Fatigue Test Results (2.0t) (1/3)

Number of cycles to failure

Test No Disp. | Specimen |Strain Range

*1 (mm) No. (%) Surface Crack propagation | Break into
crack initiation | through thickness | two pieces

5 13.88 -1 1.10 2650 ~ 2950 4600 4980

-2 1.02 2650 ~ 2950 5640 5710

6 9.69 -1 0.69 18000 ~ 20000 25360 25540

-2 0.72 8000 ~ 10000 14420 14620

7 7.52 7 -1 0.50 27500 ~ 32500 35500 35890

7 -2 0.56 27500 ~ 32500 36220 36450

8 -1 0.29 185000 ~ 191270 193000 194810

S sl R 0.32 185000 ~ 191270 227970 229720

€G0-L8 0TV6NL-ONd




Table 2.6 Fatigue Test Results (2.0t) (2/3)

Number of cycles to failure

Test No Disp. | Specimen |Strain Range

*| (mm) No. (%) Surface Crack propagation | Break into
crack initiation | through thickness | two pieces

9 13.86 -1 0.85 8650 ~ 9150 15000 15700

-2 0.85 8650 ~ 9150 15920 16350

10 9.69 10 - 1 0.59 24000 ~ 25000 37540 38770

10 - 2 0.59 24000 ~ 25000 33220 34160

1 7.40 11 -1 0.43 102500 ~ 104500 106120 110160

11 - 2 0.41 102500 ~ 104500 111400 113260

12 5 58 12 - 1 0.30 185000 ~ 215000 270510 286320

12 - 2 0.28 185000 ~ 215000 281920 321530

€G0-L8 OTV6NL-ONd




Table 2.7 Fatigue Test Results (3.0t)

Disp.

Specimen

Strain Range

Number of cycles to failure

Test No. (mm) No (%) Surface Crack propagation | Break into
’ crack initiation | through thickness | two pieces
13 8.91 13 -1 0.85 2900 ~ 3400 10070 10170
13 -2 0.80 4900 ~ 5400 10210 10320
14 6.74 14 -1 0.60 12500 ~ 13500 19000 19670
14 - 2 0.58 18500 ~ 19500 28500 30740
14 4.38 15 - 1 0.31 85000 ~ 91000 126770 134180
15 - 2 0.33 85000 ~ 91000 157980 162290
16 3.61 16 - 1 0.25 570000 ~ 589970 756370 786370
16 - 2 0.24 550000 ~ 570000 589700 605710

€G0-L8 OIV6NL-ONd



Table 2.8 Fatigue Test Results (2.0t) (3/3)

) _ . Number of cycles to failure
Test No. ?;;g' Spec&gen Strazg)Range Surface Crack propagation | Break into
: ! crack initiation |through thickness | two pieces
17 14.10 17 -1 0.91 5000 ~ 5500 8882 9012
17 - 2 0.92 4500 ~ 5000 9391 9632
18 9.72 18 - 1 0.62 18000 ~ 19000 28654 29289
18 - 2 0.60 18000 ~ 19000 28342 28984
19 6.46 19 - 1 0.36 120000 ~ 130220 162700 164610
19 - 2 - 0.34 120000 ~ 130220 175900 178070

€G0-L8 OIV6NL-ONd
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Table 2.9 The View of [inal crack and fracture surface ( 1.51)

Asne [PYZTR aomorox 24w A OBR KR iR B
I | 0.96

;=2 0.98

2~ 1 0.65 |, ;‘

2-2 | 0.64

3 ~1 0.52

5 e 0.53

41 0:31

4-2 | 031

|
S
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Table 2.10 The View of final crack and fracture surface ( 2.01)

Rgpe |09 2 KRB x N BB MM R R
ho— 1 1.0
b—2 1.02
6 — 1 0.69
6 — 2 0.72
7—1 0.50
qr=:2 0.56
8 —1 0.29
8—2 0.32
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Table 2.11 The View of [inal crack and [racture surface ( 2.0t)

Mgl |09 20 RBK & A0 BB KW K
4 ~1 0.85
9-2 0.85

10:= | 0.59

1.0-=2 0.59

D e | 0.43

1.1:=2 0.41

12=1 0.30

12 -2 0.28
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Table 2.13 The View ol final crack and fracture surface ( 2.0t)
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Table 3.1 Coefficient am ( %% )

9
X 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

2.2]%ptp
0.2 1.0 | 0.997] 0.989 | 0.991| 1.001 | 0.994 | 1.010 | 1.007 | 0.992] 0.999 | 1.003
0.4 1.0 | 1.015|1.036|1.040|1.053|1.066|1.049 | 1.071| 1.016| 1.021 | 1.024
0.6 1.0 [ 1.033(1.069|1.086 | 1.1C031 1.128 { 1.111 | 1.107 | 1.105| 1.070 | 1.071
0.8 1.0 | 1.061|1.124 |1.163|1.201|1.222{1.235| 1.259| 1.255| 1.235 | 1.240
1.0 1.0 { 1.122|1.239|1.319{1.397 | 1.466 | 1.511 | 1.549 | 1.557 | 1.550 | 1.550
f 1.0 | 1.179|1.367 | 1.539) 1.689 | 1.813 | 1.928 | 2.034 | 2.091 | 2.140 | 2.18]
1.4 1.0 | 1.228 | 1.473 {1.717 | 1.977 | 2.227 | 2.453 | 2.650 | 2.807 | 2.957 | 3.100
1.6 1.0 | 1.255|1.560 | 1.894| 2.251 | 2.665|3.047 | 3.472 | 3.742 | 4.161 | 4.363
2.0 1.0 | 1.326| 1.700|2.172| 2.747 | 3.319{ 4.107 | 5.035| 5.925| 6.242 | 8.124
2:9 1.0 | 1.357|1.792 | 2.382|3.117 | 4.091 | 5.397 | 6.945| 8.888 [ 11.235 |13.859
3.0 1.0 | 1.373| 1.868 | 2.547 | 3.449 | 4.629 | 6.297 | 8.757 | 11.850 | 16.050 | 19.633
3.5 1.0 | 1.389|1.950| 2.685| 3.602 | 5.174 | 6.996 | 10.600 | 15.236 | 20.427 |29.450
4.0 1.0 | 1.406( 2.009 | 2.735| 3.770 | 5.497 | 7.871 { 11.189 | 16.408 | 24.967 {39.267
Co 1.0 | 1.167 | 1.326{1.477 | 1.621|1.759{1.889 | 2.014 | 2.133 | 2.247 | 2.356
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Table 3.2 Coefficient a, (1.07 22) (1.5t)

o
o | 010203 04| 05| 06|07 |08 059 ]71.0

RIin
0.2 [1.07]1.115[1.130 [1.125]1.130 | 1.131 | 1.126 | 1.120 [1.111 | 1.096 |1.084
0.4 [1.07]1.105|1.113 [1.109| 1.116 | 1.118| 1.114 [ 1.108 [1.101 | 1.081 |1.076
0.6 |1.07]1.058|71.063|1.072| 1.075| 1.080 1.078 [ 1.081 [1.075 | 1.058 |1.054
0.8 [1.07]1.067 | 1.039 | 1.017| 0.995] 0.995 | 0.994 | 1.006 |1.004 | 1.005 |1.011
1.0 |1.07|1.105]1.104 | 1.086| 1.049 | 1.010| 0.974 | 0.940 | 0.915 | 0.900 |0.910
1.2 [1.07]1.157 [ 1.207 | 1.212| 1.200]| 1.166 | 1.108 | 1.039 [0.987 | 0.920 | 0.860
1.4 |1.07|1.200|1.294 | 1.355| 1.372 | 1.370] 1.333 | 1.271 |1.186 | 1.086 | 0.972
1.6 |1.07|1.236|1.370 | 1.483 | 1.555 | 1.613 | 1.596 | 1.554 | 1.458 | 1.340 [1.203
2.0 |1.07|1.274 | 1.467 | 1.670| 1.852 | 1.986| 2.090 | 2.139 | 2.119 | 2.043 | 1.873
2.5 |1.07|1.300]1.548 | 1.823] 2.073 | 2.330] 2.599 | 2.806 | 2.934 | 3.014 |2.873
3.0 |1.07]1.329 | 1.619|1.934] 2.261| 2.569| 2.982 | 3.324 | 3.633 | 3.889 |4.013
3.5 |1.07] 1.383 | 1.656 | 2.01 | 2.386 | 2.817 | 3.269 | 3.792 | 4.319 | 4.728 | 5.159
4.0 |1.07]1.357 | 1.696 | 2.087 | 2.561 | 3.044 | 3.556 | 4.237 | 4.870| 5.607 | 6.020
Co [1.0 | 1.167|1.326 |1.477| 1.621 | 1.759| 1.889 | 2.014 | 2.133 | 2.247 | 2.356
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Table 3.3 Coefficient @ (1.05 -g%) (2.0t)

b
0 | 01 (02| 03|04 051|061 07/ 081 09] 1.0

‘_!,/ﬁ=2.2 oF
0.2 (1.05|1.094 |1.709|1.104|1.109| 1.110|1.105| 1.099 | 1.090 | 1.076 | 1.064
0.4 |1.05]1.084 |1.092|1.088 1.095 ] 1.097 | 1.093 | 1.087 | 1.080 | 1.061 | 1.056
0.6 [1.05|1.038 [1.043[1.052|1.055|1.060]1.058| 1.061|1.055 |1.038 | 1.034
0.8 [1.05(1.047 |1.020 [ 0.998 | 0.976 | 0.976 | 0.975| 0.987 | 0.985 | 0.986 | 0.992
1.0 [1.05|1.084 |1.083|1.066| 1.029 | 0.991 | 0.956 | 0.922 | 0.898 | 0.883 | 0.893
1.2 [1.05|1.135 [1.184 [ 1.189 | 1.178 | 1.744 | 1.087{ 1.020 | 0.969 | 0.903 | 0.844
1.4 {1.05|1.178 |1.270 [ 1.330| 1.346 | 1.344 | 1.308 | 1.247 | 1.164 | 1.066 | 0.954
1.6 |1.05|1.213 |1.344 [ 1.455 | 1.526 | 1.583 | 1.566 | 1.525 | 1.431 | 1.315 | 1.181
2.0 [1.05]1.250 |1.440 [ 1.639 | 1.817 | 1.949 [ 2.051 | 2.099 | 2.079 | 2.005 | 1.838
2.5 [1.05]71.276 [1.519]1.789| 2.034 | 2.286 | 2.550 | 2.754 | 2.879 | 2.958 | 2.819
3.0 [1.05|1.304 [1.589 [1.898 | 2.219 | 2.521 | 2.926 | 3.262 | 3.565 { 3.816 | 3.938
3.5 [1.051.318 [1.625|1.970] 2.341 | 2.764 | 3.208 | 3.721 | 4.238 | 4.640 | 5.063
4.0 [1.05|1.332 {1.664 | 2.048 | 2.513 | 2.987 | 3.490| 4.158 | 4.779 | 5.502 | 5.907
Co (1.0 |1.167 {1.326|1.477 | 1.621 | 1.759 |1.889| 2.014 | 2.133 | 2.247 | 2.356
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Table 3.4 Coefficient @» (1.03 &%) (3.0t)

2

e 0.1 | 0.2 | 03] 0.4 | 0.5 0.6 07| 0.8 0.9} 1.0

2.2ydp
0.2 [1.03]1.073.|1.088|1.083| 1.088 | 1.089| 1.084| 1.078 | 1.069 | 1.056 | 1.044
0.4 |1.03]1.0631.071]1.067| 1.074°| 1.076| 1.072| 1.066 | 1.059 | 1.041 | 1.036
0.6 |1.03|1.0181.0231.032] 1.035| 1.040| 1.038] 1.041|1.035|1.018 | 1.014
0.8 |1.03]1.027 [1.000]0.979] 0.957 | 0.957 | 0.956| 0.968 | 0.966 | 0.967 | 0.973
1.0 [1.03]1.063 |1.062 | 1.046| 1.009 | 0.972| 0.938| 0.904 | 0.881 | 0.866 | 0.876
1.2 [1.03[1.113|1.161 | 1.166| 1.156 | 1.122| 1.066| 1.000 | 0.951 | 0.886 | 0.828
1.4 |1.03]1.156 | 1.246 | 1.305) 1.320| 1.318| 1.283| 1.223 | 1.142 | 1.046 | 0.936
1.6 |1.031.190 |1.318 | 1.427| 1.497 | 1.553 | 1.536| 1.496 | 1.404 | 1.290 | 1.159
2.0 [1.03|1.226 [1.413 | 1.608 1.782| 1.912 2.012| 2.059 | 2.039 | 1.967 | 1.803
2.5 [1.03|1.252|1.490 | 1.755] 1.995 | 2.242| 2.501 | 2.702 | 2.824 | 2.902 | 2.765
3.0 |1.03[1.279 [1.559 | 1.862] 2.177 | 2.473 | 2.870| 3.200.| 3.497 | 3.743 | 3.863
3.5 |1.03]1.293 |1.594 |1.932] 2.296 | 2.711| 3.147 3.650 | 4.157 | 4.552 | 4.967
4.0 |1.03]1.307 |1.632 | 2.009 | 2.465 | 2.930| 3.424 | 4.079 | 4.688 | 5.397 | 5.794
Co [1.0 [1.167 |1.326 |1.477| 1.621 | 1.759| 1.889| 2.014 | 2.133 | 2.247 | 2.356
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Table 3.5 Coefficient 8 (1.08 &%)

q
Hlo {01 |02 03|04 |05] 0.6] 0.7 0.8 | 0.9 | 1.0
7705

0.2 [1.081.077 |1.069 | 1.071 |1.081 |1.073 [ 1.091 | 1.088 | 1.071| 1.079 | 1.083
0.4 [1.081.096 |1.119]1.123 [1.137 |1.151|1.133 | 1.157 | 1.097 | 1.103 | 1.106
0.6 [1.08]1.115 [1.155|1.173 [1.191 [1.218|1.200 | 1.195 | 1.194| 1.156 | 1.157
0.8 [1.08|1.146 [1.214 | 1.256 [ 1.297 |1.319 | 1.333 | 1.350 | 1.355| 1.333 | 1.339
1.0 [1.08[1.212 [1.338] 1.424 |1.509 {1.583 [1.632 | 1.673 | 1.681 | 1.674 | 1.674
1.2 [1.08|1.273 [1.476 | 1.662 | 1.824 [1.958 | 2.082 | 2.197 | 2.258 | 2.311 | 2.3%6
1.4 [1.08[1.327 [1.591 | 1.855 ] 2.135 | 2.405 | 2.650 | 2.862 | 3.031 | 3.193 | 3.348
1.6 (1.08 |1.355 |1.685 | 2.045 | 2.432 |2.878 | 3.201 | 3.750 | 4.0a1 | 4.494 | 2.712
2.0 [1.08{1.432 [1.836 | 2.346 | 2.967 [3.584 | 4.435 | 5.438 | 6.399 | 6.741 | 8.774
2.5 [1.08(1.466 |1.935| 2.573 | 3.367 |4.418 | 5.829 | 7.500 | 9.599 | 12.134 |14.968
3.0 [1.08 |1.483 |2.017 | 2.750 | 3.725 |4.999 | 6.800 | 9.457 |12.798 | 17.334 | 21.204
3.5 [1.08]1.500 [2.106 | 2.900 | 3.890 | 5.587 | 7.556 | 11.448 |16.455 | 22.061 |31.806
4.0 [1.08 [1.519 [2.170] 2.954 | 4.071 [5.937 | 8.501 | 12.084 |17.720 | 26.964 |42.408
Co 1.0 |1.167 [1.326 | 1.477 | 1.621 [1.759|1.889 | 2.014 | 2.133 | 2.247 | 2.356
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Table 3.6 Cyclic stress —strain relation for SUS 316 --HP stainless steel plate at R.T.

. m L AL R
WUV FHE(H) : ﬁﬁ.
d6./d € (kg/mm? )
wE Mo R OK E = 19800kg.” mm®
I IR v =03
e B BRS A 0y = 21.0kg/mm?
0.0 6885.7
0.14 3200
0.215 3548
0.34 3752
0.465 1931.6
0.75 2136.5

BB EMPIRNEN T -2 v— b, Nl5(1979) &b
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Table 3.7 Strain Values Derived from the Simplified Method, FEM and Test

— 1 & 5 W ~ 2 = z
Com ) |Cmm )
m g R FE M W b Test m oy g FEMMIN
AR
g ] 1] QFLAAR BEAM 2 Ttk | O EJMA CONIC 2
1 L e
Em| €v €L [€Em| €Ep €y Em| €b €y €y Ev [Em| €y €y [Em| €y €
113 | 3370 | 3483 | 30 | 3426 | 3456 | — | 3120 172 | 3384 | 3556
9.0| 27 |3460 | 3487 | 116 | 3364 | 3480 | 20 | 3428 | 3448 29 | 3758 | 3787 | 198 | 3402 | 3660
71 | 3645 | 3716 | 18 | 3654 | 3672 | — | 3095 238 | 3700 | 3938
152 | 4492 | 4644 | 38 | 4570 | 4608 | — | 5285 228 | 4513 4741
12 | 26 4614 | 4650| 154 | 4486 | 4640 | 22 | 4572 | 4594 39 | 5011 | 5050 | 280 | 4520 | 4800
Lk 52 | 5166 | 5218 | 54 | 5284 | 5338 | — | 5190 358 | 5138 | 5496
176 | 5242 | 5418 | 44 | 5332 | 5376 | — | 6435 266 | 5265 | 5531
14 | 42 5383 | 5425 180 | 5235 | 5414 | 22 | 5338 | 5360 46 | 5846'| 5892 | 338 | 5262 | 5600
64 | 6114 | 6178 | 52 | 6448 | 6500 | —— | 6542 438 | 6062 |-6500
252 | 7488 | 7740 | 64 | 7616 | 7680 | —— | 9837 382 | 7520 {7902
20 | 60 |7690 | 7750 | 262 | 7472 | 7734 | 14 | 7628 | 7642 65 | 8352 | 8416 | 534 | 7466 | 8000
276 { 8916 | 9192 | 34 | 9590 | 9624 | —— | 9574 766 | 9050 |9816
129 | 2982 | 3111 | 34 | 3046 | 3080 | 2920 2820 100 | 3066 | 3166
6 | 32 |3150|3182| 130 2978 | 3108 | 30 | 3044 | 3074 34 | 3399 | 3433 | 112 | 3071 | 3183
40 [ 3104 | 3144 | 30| 3236 | 3266 | 3171 | 3010 138 | 3290 | 3428
172 | 3976 | 4148 | 46 | 4060 | 4106 | 5004 | 4098 132 | 4090 | 4222
8 | 43 [4200 | 4243|174 | 3970 | 4144 | 36 | 4062 | 4098 46 | 4532 | 4578 | 156 | 4089 | 4245
20 72 | 4456 | 4528 | 54 | 4358 | 4412 | 5607 | 4330 208 | 4640 | 4848
216 | 4970 | 5186 | 56 | 5076 | 5132 253 166 | 5111 | 5277
10 | 53 5250 5303 | 218 | 4962 | 5180 | 42 [ 5078 | 5120 (a3 57 | 5665 | 5722 | 206 | 5100 | 5306
102 | 5754 | 5856 | 98 | 6062 | 6160 [Eggy| 5874 260 | 5934 | 6194
302 | 6958 | 7260 | 78 | 7108 | 7186 g 12 234 | 7154 | 7388
14 | 75 |7350 | 7425| 310 | 6942 | 7252 | 50 | 7112 | 7162 (b3 80 | 7931 | 8011 | 314 | 7114 | 7428
290 | 8136 | 8426 |168 | 8868 | 9036 [Tyo%) 8527 488 | 8622 | 9110
179 | 2954 | 3133 | 50 | 3046 | 3096 | 2433 | — 36 | 3108 | 3144
4 | 49 (3210|3259 178 | 2946 | 3124 | 44 | 3050 | 3004 50 | 3464 | 3514 | 44 | 3107 |3151
58 | 3014 | 3072 | 50 | 3236 | 3286 | 2453 | -— 48 | 3354 | 3402
223 | 3693 | 3916 | 62 | 3808 | 3870 | 3337 | —— 46 | 3884 (3930
5.0 60 |4013 | 4073 | 224 | 3684 | 3908 | 58 | 3808 | 3866 62 | 4330 | 4392 | 56 | 3883 |3939
300 82 | 4012 | 4094 | 58 | 4058 | 4116 | 3110 | —— 64 | 4374 |4438
313 | 5170 | 5483 | 90 [ 5328 | 5418 | 5841 | — 64 | 5138 | 5502
7.0| 85 |5618 | 5703 | 316 | 5160 | 5476 | 78 | 5332 | 5410 87 | 6062 | 6149 | 86 | 5428 [5514
188 | 5812 | 6000 {174 | 6398 | 6572 | 6015 |—— 110 | 6402 |6512
402 | 6648 | 7050 [114 | 6852 | 6966 | 7998 | — 82 | 6992 | 7074
9.0| 109 |7223 | 7332 | 408 | 6636 | 7044 | 96 | 6856 | 6952 112 | 7794 | 7906 | 122 | 6968 |7090
358 | 7660 | 8018 |226 | 8574 | 8800 | 8499 |—— 180 | 8432 |8612

€m : Membrane strain, €y : Bending strain, &, : Total strain (pr)
FEM Mt § LB LR &MY

LU U 2
FBE N KB AR T



Table 3.8 Thickness Distribution (2.0t)

[FREERSST ¢ o 1.96349 | 3.92699 | 5.89048 | 7.85398 | 9.81747 | 11.78097 | 13.74446 |15.70795 | 17.67145
& B ()] 2.0000 | 1.99972 | 1.99889 | 1.99753 | 1.99567 | 1.99338 | 1.99070 | 1.98770 | 1.98448 | 1.98110
19.63495 | 23.13495 |26.63495 |30.13495 | 33.63495 [37.13495 | 40.63495 | 44.13495 | 47.63495 |51.13495 | 54.63495
1.97765 | 1.97153 | 1.96546 | 1.95945 | 1.95349 | 1.94759 | 1.94174 | 1.93594 | 1.93020 | 1.92450 | 1.91886
56.59843 | 58.56194 |60.52542 |62.48892 | 64.45241 [66.41591 | 68.37939 | 70.34290 | 72.30640 |74.26988
1.91572 | 1.91268 | 1.90981 | 1.90716 [ 1.90482 | 1.90282 | 1.90122 | 1.90005 | 1.89933 | 1.89909
(Crown)
31
30
29
8
7
89 101112 1314 15 16 17 1819 20 21 22_2_3.24'22‘Z
7--"'
67
5
S f3

€50-L8 0TV6NL-ONd
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25

30 (width)

(inner '

surface) (Root)
o+

(outer surface)

60

t ='1.5, 2,0, 3.0

(Crown) unit : mm

Fig. 3.6 Analysis Model of Single Corrugated Plate T.P.
(QFLA4R, BEAM2)
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. (e
5 25
“ Crown
o+
= t

S (outer (inner surface)
i surface)
=

e

1
1
Root
t= 1.5, 2.0; 3.0

o

o

=2

]

o

cL.
unit: mm

Fig. 3.7 Analysis Model of Bellows Convolution (CONIC 2)
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(inner surface)

(Crown)

(a) 4 Nodels Flat Shell Reduced Integration Element (QFLA4R)

(inner surface)

QVORRVBBOBOE @

(outer surface)

(b) 3-Dimensional Rectangular Cross-Section Beam Element (BEAM2)

Fig. 3.8 Finite Element Mesh of Corrugated Plate Model.

_47.._



(outer surface)

®
@,
Q

(Root)

®)

@@ ®

PREEE®®

®@eg

SO
®

(inner surface)

Fig. 3.9 Finite Element Mesh of Bellows
Convolution Model. (CONIC2)

LLLI LSSV

<>

Fig. 3.10 Boundary Condition of
Corrugated Plate Model.
(QFLA4R, BEAM 2)

8

Fig. 3.1

Boundary Condition of Bellows
Convolution Model(CONIC2)
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QFLA4R
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I [T _l g0
T 0.508 1.0 ok
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la) Axial direction (b} Normalized co-ordinate
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‘H |.| n i (1 ¢ £ LI l,l (11 Il‘; ns
" ? 1 ’ rl‘ : 'Iﬂ I?f I’“ I= "y
£ L=l
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J (L] I
; _— le} € =02906
fek: tw==0300 (d) Center( §=0)
1o e
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°3lle  en o o en
¥
— - st an ] o
.1»— (1] i) -n L] L4
s O an n 3 ! 4
",’.‘._ . (313 n (3] L1
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Fig. 3.12 Numbar and Position of Integral Points
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Fig. 3.13 Relation between Strain and Displacement Ranges (i.5t)



(x103)
13
12
11

10

(pe)

Strain Range Ae

A Test data (T Co., Ltd.)
T.P. NO. 17-1n19-2

A Test data (0 Co., Ltd.)
T.P.No. 9-1~12-2

0 Test data (T Co., Ltd.)
T.P. NO. 5-148-2

Nonlinear analysis (QFLA4R)

= by shell element
A EJMA
Nonlinear analysis B
by beam element ag ’L/
-~
~

Beam theory

| | | | 1 | 1 1 1 | 1

4 6 8 10 12 14 16 18 20 22 24
Displacement Range Ae (mm)

Fig. 3.14 Relation between Strain and Displacement Ranges (2.0t)
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Ae (NE)

Strain Range

13

12

11

10

Nonlinear analysis (QFLA4R)
by shell element

Nonlinear analysis 7
by beam element
(BEAM2)

O Test data

Displacement Range Ae (mm)

Fig. 3.15 Relation between Strain and Displacement Range (3.0t)
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Test data (0 Co., Ltd.)
141 O 7. NO. 9-1012-2
131 Test data (T. Co., Ltd.)
T.P. NO. 17-1~19-2
12 L A Test data (T. Co., Ltd.)
T.P. NO. 5-1~8-2
= A
10 & A
9 Non1inear(ana1y5;s by shell 4f<\\\\_
"o B element (CONIC2 : :
= z . 2 Nonlinear analysis by beam element
T . nominal thickness & (BEAM2) nominal thickness
<]
@
=2 71
@
= 6 -
o
[ 48
b 5L
4 o Nonlinear analysis by shell element {CONIC2),thickness
- ’,4, distribution
3L &= Nonlinear analysis by beam element (BEAM2), thickness distribution
2 /‘
1| ’,,f"
| | | | | I | | | | I ]
0 2 4 6 8 10 12 14 16 18 20 22 24

Fig. 3.16

Displacement Range Ae (mm)

Relation between Strain and Displacement Range (with and without thickness distribution)(2.0t nominal)
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4 FF Ol - MR R

41 ~NQ—XEHEBEEOHERM
(1) 1lieFvickid 2180 EBRO D 345D T

Fig.3.13 ~Tig.3.16 5 bbb & Hic, AWIikick BT Tk, 4000 ¢ BEE TD
OFHDBO LNV TRERT — 5 LD bHFE 8545, 5000~ 10000 # € FEEDDT°H
LRWVTIR, RBRTF— 7 LB BA->TW5, Fig.3.16 hobhbhdL3i, RIEOHGEHZM
Liché, HTREOHEWRRT — 4 k&, RREMITIIR—HT %, BL, AFRTE(—
ERE) 0, 200 F4MEEICH 5 &V D TR TLRL0 DN & 15 50

Ff, MUMATD, RERTCLBMITOLH, 3oLy = VIEH LY OTHHEFIEE
L8 %,

HE, OFHONSWVERTIE, Meidhss 0 RITRAT S EUERRT & REFIc—7 2,

(2 1iheFreE~o—XEDVdHOMMYE

theFveE~o—X 1 \WiKR—ZER 2 MA TS5 RkET 30 Fs 0>\ Tid, A
R I S TEBR TR S D BLHEER & EIMA R 9 ¥ — Fic k- T, BU{EMHTIYICHE,
WEF, ZRey = VER LY = VERICK ZAMBERERTICEL > TIT-> T 5,
Table 4.1, INHRLAVDTHDLEEEDLTV S,

EJMAR% V5= FLBOVERICEZ0TAHTHE, 1H@IEHHKEV, {HL, EIMA 2
g vy — TR, AEEIBHESZ RSB OIY, FFREHEIEN%EZE TR UETRAL
T3, 67 EVTHOBRICOWTRTFRTENRT S, FEMIc L BT 2R 5 &, TvERR
PFrTiRE U iy = V3R (CONIC 2) DDA, 30 EFK (BEAM2) LV BKT
HHM, B, 2~3FBLhEV, MBHERTTE, EABKELLBIEO0, D ODHH
B 2EEPBEDILTV S,

Table 4. 2i3, BRI & BRENHAEE L 12 B AD VT H L AHTESN— 2DV THELLE
LicdbDTH%, LIUEFNVTIE, RWEASHEZEELUILAH, 4~6BREES, Yo-XK
DT 5~ 6 BREBLE>TWVB, LLEDVS, iy c VEER (Na—-X) &Y
BHE (1beFv) Oz, AFHREEIREDHROMTIBUTDERTH 5,

Fig. 4.1, Btic k303 HEPRERL TS, BL, BRF—7IK2VTIE, T4
HRAVFHZRAD, EOL~vOEizNZ 5> LT, Mk (test datale)) &LTWD:. No—
Z (CONIC 2) & 11i®F» (BEAM 2) %tL#kd % &—&, CONIC 245 LE5ikA 55
hs, HiDFERTIE, BEAM 2 43 LEID, HBRF— 2 ICEWEL > T %, BEAM 2D Ke
ftiix, 3 (S./3Sm) T 1.25 TH 3,
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WHEIC & B U9 A IR0 & KRR TG T 5o |

Ké=1+(q—1)[%-0§h)] (4-1)

JAA N IRDIERZF T 5~ = XS LARE 2 mm O—8Da y btk b 7—4
TR &, BT -9 EITRBR—HL, X(4—-1) RBWVT, q=15&HL T &ick
D, F=42EETEZ, LOLEKS, @F -5 2EETHIHIRIE, q=2FTHEKSS
DB H B, WELZ ) = 70BN % & FICOFTHIRPRIAS 205, MBI IC
BOTE, q=20BETOTHORPREFETESELELONZ, 1iE, MKOERE KR
#) =HT 2R OEH MBI DV TI, BRI il s,

4.2 Y FHHOFERFFMmEORE

(1)

11 F v OB

LIE FLOBEHHMCOVTIR, Fig. 24 IGRENE LI, W OMERR~N— 2 TH
MateTH %,

OFHIHVTI}, FIHORICOTHEPHEHE LT, Ké 2q=2.0TEEITHLEELLR2M K
MY AREF~ — 2 DTl T & B,

2 1hEFrE~No—XDEHHRDTIE

LHUEFVERD - ZDVFHDOBFRICOVTIE, MEHNEEOEE, RVEREZL LK
MEFRK An, v, SEBALTEIMA RS v ¥ — FOFHMER &5 (3 -2,
Fig. 4.2 13, F¥am, db ZHOT, 1 LEFVESHRT -4 2 EJMA 24 V¥~ F D%
WIFMEAR EicT oy bLIcbDTHS (BL, Mh3 1 ILHESEERATEAIBEL TWS ).
1ILRRT -3, oy bOBOIZEY, REFKETOERDS S HRENBEEo&%E
ELTVWS, ALOTAVALTRILUEFNED RO -XOHBEMBNS O (A y, Ay
>1)07T, HEROF-513, BERLOF—2 LD bELSLS, - THIERRKLD,
BICESEGU TEIMAD A — 7IES S HRAIRIE 2, L LEAS, Table 4.1 1C7R L
feEdkd,, d, KRSV TADH (EJMA /B ) »45 1.08 ~ 1.09 TH A DITHL,
MM NER A RE L EREXMICc L 5 (CONIC2 /BEAM 2 ) id, 1.02~1.03¢&
INE WV, Fi, MBUHBITTRA L, 1LEFVvOLEHBBRICLZ0TAHRPOEIGHKE
WOT, A/NRAROHEEL, BEOMALE L SICOERIBEL 5. #-T, 1LEFIVO
F— 8 B G An, G ZAVTHET S &3, 2N OMNEL S 505, FELRAMNSHY,
ZUTHBERBTLOEVINAL YL, &L A, Fig.3.1 ~Fig.34pobh s Lk, AR
AW 3D 1 IEF v (154, 2.0, 3.01), 42°~o-XEHEELLHE, KERS
W B EAEREOKHEREV) W HHBNICRIAITXETH S Do
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Table 4.1 Meridional Maximum Strain Ratio
(theory and EFM)
R ME % {ir QFLA4R BEAM 2 CONIC 2 BJMA *
(mm) (mm) Jull i l ] BEAM 2 i} i
9.0 | 9998 | 0991 | 1.029 | 4 og6
1.066 1.053 1,072
12 0 99?___-___0:?51_ 3 1.9%?__ i
1.8 1.122 1.148 1.029
14 0.999 0.991 1.029 "
1.139 1.198 1.000
20 0.999 0.991 1.029 "
1.186 1.242 1.020
6 |..__0.978 | 0.968 | 1.028 | ; 479
0.988 1.026 1.050
g |___0.98 | 098 | 1.028 | -,
2.0 1.067 1.040 1.099
10 0.978 0.968 1.028 i
1106 | 1162 | 1.006
4 |___0.98 | 098 | 1.028 |
1.135 1.217 1.008
4 ____.0:.95_55_ - ___O'_QEO ______ 1 :9.19___ 1.078
0.943 1.008 1.035
5 |.___0.961 | _0.950 | _1.016 |
3.0 1.005 1.011 1.078
7 |-__D0.0961_ | _ 0.5 | 1.016 |
1.052 1152 0.991
9 ____Q.EG_T____Q_.ESQ_ __1_.0_16__ "
1.094 1.200 0.979

EBY R/ N T AR A
TB . SR RIS AT

QFLA4R @ 3®RT¥ = VEH

BEAM 2
CONIC 2

L Bl HR

#PT R LI MNERR D BRERKT B,
* FERAEIE A

B0 EE

x VEEE



Table 4.2 Meridional Strain and Strain Ratio (with and without thickness distribution):t=2mm (nominal)

1 th E T v ~ o — z CONIC 2
s BEAM2 (& HEFE) CONIC2 (#ixt#r ¥ = VER) BEAM 2
sl IEPNE BE S A | el 2B BB RS H | gpe 25 |BE
Em Ep € | &m | Eb €, 22.‘;‘ Em | €b € | Em €p & gget & E?_‘n 2l &Et
6 | 30 | 3236|3266 |28 |3090 {3118 | 0.955| 138 | 3290 | 3428 | 136 | 3074 | 3210 { 0.936 | 1.050 {1.030
8 | 54 | 4358 | 4412 |32 |4142 | 4174 | 0.946 | 208 | 4640 | 4848 | 202 | 4392 | 4594 | 0.948 | 1.099 {1.101
10 | 98 | 6062 | 6160 | 84 | 5730 | 5772 {0.937 | 260| 5934 | 6194 | 256 | 5634 | 5890 | 0.951 | 1.006 |1.020
14 |168 | 8868 | 9036 | 82 {8524 | 8606 | 0.952 | 488 | 8622 | 9110 | 466 | 8130 | 8596 | 0.944 | 1.008 |0.999
Em : Membrane strain (ue)
€p Bending strain (ue)
€, Total strain (ue)
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Fig. 4.1 Strain Concentration due to Plasticity
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Displacement Range Aec (mm)

30 O : test data (without correction)
@ : test data (with correction)
A : 42B bellows test data 4) (Low T1)
EJMA fatigue curve (428)
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Fig. 4.2 Fatigue Life (Nf vs Ae) 2.0t
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1) Standards of the Expansion Joint manufacturers Association, Inc, 5th edition,
1980.

2) &IEER BB ORIEE WV {EY A 2 VBN, BAEMIES, 1983,
3) B, MEAS (L4), dl—BR, #HE, 1974,
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6) GEMEIENIZRIENT -4 =, N 15 ( 1979)
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Table Ap. 1 Meridional Maximum Stress Ratio
(theory and FEM)

WO |6/ 1] QFLA4R BEAM 2  |CONIC2(M#&Ii)CONIC 2 (#h i) EJMA
(mm)| Cmm) | 58 ift Ayl i | BEAM2(SK&IT BEAM 2 (#h&ifi)| 14! i
g | 0.989 | 0.912 | 1.065 | 1.087 | 4 ogg
0.762 0.662 1. K2 1.161
12 (.0.989 | _0.912 | 1.065 | _ 1.087 | 4 0ge
0.668 0.581 1.109 1.148
1.5
_0.989 | | 0.912 | _ 1.065_ | _1.087
14 70614 0.534 1.106 1.145 1.086
20 __Q'_g_gg_._.._.._pz_glz___-._.]'.09_5 _____ 1.087 __ 1.086
0.456 0.397 1.216 1.243
6 |_0.974_ | 0.%02 | 1.080_ | _ 1.107 _| 4 g79
0.789 0.704 1115 1.159
8 _E-PZ“___J. = 9'_9_[@ A . _] ;0?'9._ A l.]_O'/’_ ot 1.079
0.691 0.592 1.158 1.194
2.0
10 _9'._924_ U S 9'_99% L _] :_Ogo_ 0 _lj 9_7_ = 1.079
0.624 0.548 1120 1.154
16 | 0874 | ¢ 0.902 | _ 1.080 | 1.107 | 4. 079
0.480 0.444 1.137 1.157
4 |- ,0_' ??8_..__- - _0.‘8_8.6.__.h = _1 :Ug’@_._.- = _]_:1_23. i) 1.078
0.763 0.689 1.128 1.167
5 _%%g__“ﬁﬁ@__+_L®§ _____ 1.123 _ | 1.078
0.687 0.600 1.162 1.199
3.0
" A 9‘_..9&8_ . 2‘.?%6._ S N ]..@?. —_t 1.123 1.078
0.568 0.497 1.187 1217
g [9-348 | _ 0.886 | _1.083 | 1.123_ | 4 g78
0.484 0.423 1.200 1.226
LB D Z AR QFLA4R @ 3RTY = VEE
TFB . e KT BEAM?2 30

CONIC2 : #fidFrR3z v EX ( 42BRo—-X)
FBTHE T ERWOERIE Y BREERT 5,



Table Ap. 2 Stresses and

Strains at Root (FEM)

2 inner : inner
- Stress (kg/mm?) supface Strain (ue) Surtac
Bellows | Thickness | Disp. inner outer outer inner outer outer
Size (mm) (mm) surface surface surface surface surface surface
Oum Oc Oy Oc Oy Oc Eu Ec Eu €c En €c
1.5 10.0 -81.28 | - 5.60 | 82.26 | 43.47 | 0.988 | 0.129 | -4000 | 944 | 3478 | 944 | 1.150 | 1.0
428 2.0 7.0 -77.11 | -10.69 | 78.70 | 36.06 | 0.980 | 0.296 | -3714 | 625 | 3411 | 626 | 1.088 | 0.998
3.0 4.5 -75.02 | -14.94 | 77.57 | 30.84 | 0.967 | 0.484 | -3545 | 380 | 3433 | 380 | 1.033 | 0.1
Ou : Meridional stress, 0c : Circumferential stress
€ : Meridional strain, €c ¢ Circumferential strain :

6“—

% (au _“oc) 3

Ec = % (oc -voy)

inside ;
outside

]
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