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Abstract

To investigate the accuracy and the factors that affect elastic-plastic analytical error for piping systems under
excessive seismic loads, a series of benchmark analyses on existing experimental results were performed. The
benchmark analyses included (1) the first stage of the benchmark analysis on carbon steel pipes (BA_#01), (2)
parametric analyses on the same experimental results of the first stage of the benchmark analysis (PA), and (3) the
second stage of the benchmark analysis on stainless steel pipes (BA_#02). Based on the BA #01 results, the setting
of the yield stress has a significant effect on the analytical results, whereas the setting of the second inclination of
the bi-linear model and the approximation method of the stress-strain curve are not so significant. The PA results
revealed that conservative estimation can be accomplished by postulating the bi-linear approximation using a yield
stress that is 1.2 times the design yield stress, with the kinematic hardening law as the material property. The PA
indicated further that the difference in the analytical results were reduced by unifying the material property. For
stainless steel pipes, the BA #02 results indicated that the inelastic behavior could be well evaluated for elbow
pipes, and the modeling accuracy for pipe shape affected the results for tee pipes.

Key words: Excessive seismic motion, Elastic-plastic response, FEM analysis, Benchmark analysis, Parametric

analysis, Piping system, Pipe element
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Table 1-1 Time schedule for the three stages of benchmark analyses.

FY2014

FY2015 FY2016

The first stage of benchmark analysis

Parametric Analysis

Analyses for pipe element

Analyses for piping system model

The second stage of benchmark analysis

* First stage of benchmark analysis: July 2014 — March 2015

» Parametric analysis on pipe element test: December 2015

» Parametric analysis on piping system test: February 2016 — May 2016

» Second stage of benchmark analysis: March 2016 — December 2016
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Fig. 2.1-1 Number and attributions of the participants
in the first stage of the benchmark analyses.
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Fig. 2.2-1 Schematic diagram and photo of pipe element test.
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(b) Sinusoidal wave — 20 cycles
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Fig. 2.2-2 Input waveform for pipe element test.
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Fig. 2.2-3 Failure mode in the pipe element test
(Penetration test results) .
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Fig. 2.2-5 Input motion for the piping system test.
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Table 2.2-1 Contents of excitations applied to the piping
system model.

Max. Acc.

Input motion Iteration

[Gal]

Sinusoidal sweep
20 2
1.5Hz-3.5Hz
20, 40, 60, 80 2 for each

Narrow band 100, 400, 500 1 for each
random wave 700, 1400 2 for each

1850 14"

* A crack penetrated at the 14th excitation test

Crack penetration and leak of water

Y 2.2-6  FAESRHREISUHOME K PL
Fig. 2.2-6 Failure mode in the piping system test.
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Fig. 2.3-1 Pipe element analysis: Variation in the
modeling of the test specimens.
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Fig. 2.3-2 Pipe element analysis: Variation in the modeling
of the stress-strain relationship by bi-linear
approximation.



LA QR UL S LF I ITW T BN F X — U [l =9 RE

3231 MEFLREF LT OFREE OO I
Table 2.3-1 Pipe element analysis: Material property approximations for each group.

(a) Bi-linear approximation

Hardening rule Young's modulus Yield stress Second inclination of bi- EE
(E)[GPa] [MPa] linear model (£2) [MPa]

Group A Kinematic 203 370 884.3 0.004

Group E™! Kinematic 202 454 1809 0.009
Group G Kinematic 203 245 812 0.004
Group I Kinematic 203 374 1300 0.006

Group J Kinematic 203 362 1200 0.006

Group K Kinematic 203 380 1500 0.007
Group M Kinematic 202.35 384 5764 0.028

*1 Group E sets the tertiary slope in the range exceeding 10% of the true strain.

(b) Multi-linear approximation and others

Approximation Young's modulus | Yield stress
Hardening rule Note

method (E)[GPa] [MPa]
Group C Multi-linear Kinematic 206 364.62
Group F Multi-linear Combined 203 369.8
Group B Others Combined 203 362

. Three different constitutive

Group D Others Isotropic / Kinematic 205 375.8"1

laws were used

Non-linear kinematic

Group H Others 203 374

(Chaboche model)
Group L Others Multi-layer kinematic 203 371 Modified ASME method '9
Group O Others Non-linear kinematic 203 373

*1 Group D conducted the analyses with three different constitutive laws, and the yield stress listed in this table is one example of
those constitutive laws.

£232  TRBGHFOTHNE EBEG) 0L 5 58

Table 2.3-2 Element breakdown at the elbow (where the maximum strain was generated).

Element Thickness Element Thickness
Hoop (°) | Axial (°) Hoop (°) | Axial (°)
type (layer) type (layer)
Group A Shell 7.5 3.75 - Group H Shell 9 3 -
Group B Shell 9 9 - Group I Shell 2.5 2.5 -
Group C Solid 7.5 4.5 3 Group J Solid 7.5 3 1
Group D Solid 11.25 >3.46 4 Group K Solid 10 ~2.143 6
Group E Solid 5.625 1.875 6 Group L Shell 10 3 -
Group F Shell 9 6 - Group M Solid 10 ~3.46 6
Group G Shell ~4.615 3 - Group O Shell 5 5 -
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Fig. 2.3-3 Pipe element analysis: Load-deflection relationship.
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an input displacement of +30 mm (Experimental results and analytical results).
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Fig. 2.3-6 Pipe element analysis: Schematic illustrations of the estimation items for the variation evaluation.
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Table 2.3-4 Pipe element analysis: Comparison of the experimental results and the analytical results — Load range.

Value [kN] Analytical results / Experimental results
+15mm +30mm +70mm +15mm +30mm +70mm
Experiment 100.62 190.28 259.76
Group A 101.05 191.15 262.51 1.00 1.00 1.01
Group B 98.78 188.08 282.58 0.98 0.99 1.09
Group C 104.74 192.74 258.68 1.04 1.01 1.00
Group D 93.69 173.99 - 0.93 0.91 -
Group E 93.01 183.46 289.12 0.92 0.96 1.11
Group F 107.12 204.85 304.90 1.06 1.08 1.17
Group G 78.53 96.49 - 0.78 0.51 -
Group H 98.03 186.43 276.91 0.97 0.98 1.07
Group I 100.39 191.55 277.10 1.00 1.01 1.07
Group J 106.19 216.62 - 1.06 1.14 -
Group K 94.38 180.43 - 0.94 0.95 -
Group L 100.73 178.23 274.20 1.00 0.94 1.06
Group M 98.26 193.07 316.84 0.98 1.01 1.22
Group O 94.49 179.08 - 0.94 0.94 -
Average 0.97 0.96 1.09
Standard deviation (SD) 0.07 0.14 0.07
Coefficient of variation (COV) 0.07 0.15 0.07
Average (without Group G) 0.99 0.99
SD (without Group Q) 0.05 0.06
COV (without Group G) 0.05 0.06
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Table 2.3-5 Pipe element analysis: Comparison of the experimental results and the analytical results — Hoop strain range
at the flank of the elbow.

Value [%] Analytical results / Experimental results
+15mm +30mm +70mm +15mm +30mm +70mm
Experiment 0.3385 0.9629 2.7422
Group A 0.3538 0.9880 2.6071 1.05 1.03 0.95
Group B 0.3605 0.9091 2.5094 1.06 0.94 0.92
Group C 0.3502 1.0261 3.0933 1.03 1.07 1.13
Group D 0.1789 0.7221 - 0.53 0.75 -
Group E 0.3236 0.7711 2.7744 0.96 0.80 1.01
Group F 0.3613 1.0096 2.7343 1.07 1.05 1.00
Group G 1.2515 2.5174 - 3.70 2.61 -
Group H 0.3595 0.9759 2.8511 1.06 1.01 1.04
Group I 0.3660 0.9885 2.5307 1.08 1.03 0.92
Group J 0.3532 0.6977 - 1.04 0.72 -
Group K 0.3133 0.8160 - 0.93 0.85 -
Group L 0.3947 0.9785 2.8476 1.17 1.02 1.04
Group M 0.3401 0.8098 2.4975 1.00 0.84 0.91
Group O 0.3817 1.2404 1.13 1.29
Average 1.20 1.07 0.99
Standard deviation (SD) 0.73 0.47 0.07
Coefficient of variation (COV) 0.61 0.44 0.07
Average (without Group G) 1.01 0.95
SD (without Group G) 0.16 0.16
COV (without Group G) 0.16 0.16
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Table 2.3-6 Pipe element analysis: Comparison of the experimental results and the analytical results — Residual strain in
the hoop direction at the flank of the elbow.

Value [%] Analytical results / Experimental results
+15mm +30mm +70mm +15mm +30mm +70mm
Experiment -0.0063 0.0356 1.2141
Group A 0.0044 0.1471 0.5912 -0.71 4.13 0.49
Group B 0.0038 0.0538 1.2354 -0.60 1.51 1.02
Group C 0.0132 0.0209 -0.1858 -2.11 0.59 -0.15
Group D 0.0000 0.1581 -0.01 4.44 -
Group E 0.0000 0.0702 0.0509 -0.01 1.97 0.04
Group F 0.0057 0.2344 3.7066 -0.91 6.59 3.05
Group G 1.5256 2.5212 -243.92 70.83 -
Group H 0.0337 0.2723 4.0870 -5.39 7.65 3.37
Group I 0.0030 0.2320 2.5581 -0.49 6.52 2.11
Group J 0.0476 0.2246 -7.61 6.31 -
Group K 0.0083 0.0265 -1.32 0.74 -
Group L 0.0903 0.5425 1.0645 -14.45 15.24 0.88
Group M 0.0761 0.4247 0.9067 -12.17 11.93 0.75
Group O -0.0042 -0.2748 0.67 -7.72 -
Average -20.64 9.34 1.28
Standard deviation (SD) 64.44 18.52 1.27
Coefficient of variation (COV) -3.12 1.98 0.99
Average (without Group G) -3.47 4.61
SD (without Group G) 4.97 5.67
COV (without Group G) -1.43 1.23




B SR R TR AR E 4205 2019 F 3 B

1.5

2.5 .

1.5

Strain range [%e]

0.5

fat

U 1 T 1
0 20 40 60 30

Input disp. [mm]
B Group A = Group B B Group C = Group D B GroupE

B Group F B Group G B GroupH B Group I uGroupJ
5 Group K Group L Group M 9 Group O +Exp.

v 237 REYZ N TIVRRERE RS 0T AOVT AR XS5 DE

Fig. 2.3-7 Pipe element analysis: Variation of the strain range of the hoop direction at the elbow flank.
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Fig. 2.3-8 Pipe element analysis: Variation of the residual strain of the hoop direction at the elbow flank.
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Table 2.3-7 Piping system analysis: Modeling methods
of the test specimen for each group.

Modeling method of the specimen
Group A Hybrid
Group B Zoom-up
Group D Full
Group E Hybrid
Group F Hybrid
Group G Zoom-up
Group I Hybrid
Group J Full
Group L Full
Group N Zoom-up
600
500
400
=
‘% 300
B
ol 4
200
— —Mactnal Ltest —.—Gu.nup A
100 ——Gronp E -=¥--CGroup G (dynamic) ||
—#—Group G (static) ——Group I
s (130 J e (roup N
0 . : T
] 005 01 015 02
Strain [-]

Y2310 SRS R RS ICL ST B
ECION) T—32 3 >

Fig. 2.3-10 Piping system analysis: Variation in the
modeling of the stress-strain relationship by bi-
linear approximation.
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Table 2.3-8 Piping system analysis: Material property approximations of each group.

(a) Bi-linear approximation

Young's modulus Second inclination of bi-
Hardening rule Yield stress [MPa] E) E
(E) [GPa] linear model (£2) [MPa]
Group A Kinematic 203 297.2 927.2 0.005
Group E Kinematic 202 350 1700 0.008
Group G
. Kinematic 203 215 24360 0.120
(Dynamic)
Group G
. Kinematic 203 215 812 0.004
(Static)
Group 1 Kinematic 203 286 1280 0.006
Group J Kinematic 203 289 7.5 0.000
Group N Kinematic 202 258 2020 0.010

* In Group G, the bi-linear approximation of the material properties is different between the dynamic analysis and the static analysis.

(b) Multi-linear approximation and others

Approximation Young's modulus
Hardening rule Yield stress [MPa] Note
method (E) [GPa]

Group F Multi-linear Combined 2.3 296.652
Group B Others Combined 203 285.3
Group D Others Kinematic 205 280

Multi-layer Modified ASME
Group L Others 202.83 268

kinematic method!4

#239  HEFORIES OTHFTABICHER UL 5P ED)LARIYT LH® 0% 5 2750

Table 2.3-9 Piping system analysis: Element type used at the strain estimation point and the element breakdown at the elbow

central section.

Element Thickness Element Thickness
Hoop (°) | Axial (°) Hoop (°) | Axial (°)
type (layer) type (layer)
Group A Shell 7.5 3.75 - Group G Shell 4.615 3 -
Group B Shell 9 9 - Group [ Shell 2.5 2.5 -
Group D Solid 11.25 1.875 3 Group J Solid 22.5 15 2
Group E Shell 5.625 1.875 - Group L Shell 10 3 -
Group F Shell 9 6 - Group N Shell 9 3.1 -
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B A ) | e Table 2.3-10 Piping system analysis: Natural frequencies
ENo) % 0.5% 12T L TWwe. iz, %"{’3— %) by the analysis and the experiment.
Rep¥en-kid, A D~ K% A RS T 1st mode 2nd mode 3rd mode
‘=TI —"7, Y7 K ORE KA ﬁc’(%é 1.5 Experiment 2.78 - -
~3Hz LAV —T, - KuHRDENS Group A 2.83 7.34 10.37
FETORDEETOR ﬂ&btbw A Group B 2.83 7.49 10.47
MITW . Group D 2.88 7.10 9.49
(2) fAAeRG B %4 Group E 2.74 6.69 9.07
(a) A f AT Group F 2.77 7.61 10.21
7 2.3-10 (2 § [EARS 0 O A 19 EG Group G 2.86 75 10.7
AL P KR ARSI EV R EL TR Group I 2.81 7.03 9.50
FARSHBCIDE o NRHIGE L DHOET Group J 2.84 7.10 9.50
AT, F23-1012AT XD, WTNOERS Group L 2.79 7.08 9.49
- KBRS KERE LSER LTV Group N 2.72 6.32 8.77
(Unit: Hz)
#2.3-11 ARSI M TR O A
Table 2.3-11 Piping system analysis: Summary of the fatigue analysis.
) ) Number of the 1850Gal input
Evaluation The procedure of the fatigue
Fatigue curve excitations until the cumulative
position evaluation
fatigue damage index is unity.
Hoop strain time histories at the
Inner surface Fatigue curve proposed .
Group A evaluation point. Ratchet strain is 48
of Elbow 1 by NUPEC!'®
ignored. Rain flow method.
Inner surface ) Fatigue curve proposed
Group B Experimental formula by Asada'® 7
of Elbow 1 by NUPEC'
Hoop strain time histories at the | Fatigue curve by the
Inner surface
Group E evaluation point. Rain flow method. | modified universal | 15
of Elbow 1
Multi-axial effect is considered. slope method
Inner surface | Hoop strain time histories at the | Fatigue curve proposed
Group N 14
of Elbow 1 evaluation point. Rain flow method. | in a reference!®

* Calculated from the cumulative fatigue damage by the single input motion from the analysis reported by the participants.
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Table 2.3-12 Piping system analysis: Comparison of the experimental results and the analytical results (A03X).

Experimental and analytical results (value) [Gal]
80Gal 700Gal 1850Gal
RMS PP RMS PP RMS PP
Experiment 420 2500 1280 8530 2086 11015
Group A 210 1575 1097 6948 1633 7984
Group B 492 3203 1694 9464 2372 11221
Group D 98 603 793 5098
Group E 329 1822 1703 8999 2347 11465
Group F 391 2098 1249 7007
Group G 218 1764 1029 5605
Group I 255 1841 1206 7513 1721 8903
Group J 306 2062 1375 7864 1778 9373
Group L 206 1522 1209 7220 1772 9293
Group N 350 2308 1611 8523 1988 9705
Analytical results / Experimental results
80Gal 700Gal 1850Gal
RMS PP RMS RMS PP RMS
Group A 0.50 0.63 0.86 0.81 0.78 0.72
Group B 1.17 1.28 1.32 1.11 1.14 1.02
Group D 0.23 0.24 0.62 0.60
Group E 0.78 0.73 1.33 1.05 1.13 1.04
Group F 0.93 0.84 0.98 0.82
Group G 0.52 0.71 0.80 0.66
Group I 0.61 0.74 0.94 0.88 0.83 0.81
Group J 0.73 0.82 1.07 0.92 0.85 0.85
Group L 0.49 0.61 0.94 0.85 0.85 0.84
Group N 0.83 0.92 1.26 1.00 0.95 0.88
Average 0.68 0.75 1.01 0.87 0.93 0.88
Standard deviation
(SD) 0.27 0.26 0.23 0.16 0.15 0.11
Coefficient of variation
(coV) 0.39 0.35 0.23 0.19 0.16 0.13
Average
(without Group D) 0.73 0.81 1.06 0.90
SD (without Group D) 0.23 0.20 0.20 0.14
COV (without Group D) 0.31 0.25 0.19 0.15
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Table 2.3-13 Piping system analysis: Comparison of the experimental results and the analytical results (DO1).

Experimental and analytical results (value) [mm]

80Gal 700Gal 1850Gal
RMS PP RMS PP RMS PP
Experiment 0.62 3.75 2.03 13.63 4.00 28.62
Group A 0.39 2.90 2.13 16.56 3.56 25.51
Group B 0.68 4.43 2.44 17.10 3.69 23.94
Group D 0.19 1.21 1.20 7.47
Group E 0.55 3.07 2.99 21.21 3.55 27.50
Group F 0.61 3.32 2.15 15.19
Group G 0.42 3.40 2.17 15.73
Group I 0.39 291 1.95 16.50 3.12 24.63
Group J 0.48 3.29 2.18 15.21 3.25 25.21
Group L 0.30 2.19 1.85 13.52 3.13 22.97
Group N 0.49 3.22 241 17.09 3.55 27.50
Analytical results / Experimental results
80Gal 700Gal 1850Gal
RMS PP RMS RMS PP RMS
Group A 0.62 0.77 1.05 1.21 0.89 0.89
Group B 1.09 1.18 1.20 1.25 0.92 0.84
Group D 0.30 0.32 0.59 0.55
Group E 0.89 0.82 1.48 1.56 0.89 0.96
Group F 0.99 0.88 1.06 1.11
Group G 0.68 0.91 1.07 1.15
Group I 0.63 0.78 0.96 1.21 0.78 0.86
Group J 0.77 0.88 1.07 1.12 0.81 0.88
Group L 0.48 0.58 0.91 0.99 0.78 0.80
Group N 0.78 0.86 1.19 1.25 0.89 0.96
Average 0.72 0.80 1.06 1.14 0.85 0.88
Standard deviation
(SD) 0.24 0.22 0.23 0.25 0.06 0.06
Coefficient of variation
(coV) 0.33 0.28 0.21 0.22 0.07 0.07
Average
(without Group D) 0.77 0.85 1.11 1.21
SD (without Group D) 0.19 0.16 0.17 0.15
COV (without Group D) 0.25 0.18 0.15 0.13
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Table 2.3-14 Piping system analysis: Comparison of the experimental results and the analytical results (S043H).

Experimental and analytical results (value) [%]
80Gal 700Gal 1850Gal
RMS PP RMS PP RMS PP
Experiment 0.018 0.110 0.065 0.521 0.137 1.083
Group A 0.013 0.101 0.089 0.906 0.159 1.295
Group B 0.019 0.151 0.078 0.787 0.132 1.159
Group D 0.004 0.022 0.025 0.153
Group E 0.014 0.080 0.082 0.679 0.168 1.356
Group F 0.010 0.056 0.039 0.332
Group G 0.015 0.123 0.078 0.567
Group I 0.013 0.100 0.078 0.824 0.137 1.264
Group J 0.024 0.161 0.038 0.351 0.048 0.426
Group L 0.008 0.057 0.046 0.381 0.088 0.688
Group N 0.018 0.119 0.122 1.081 0.214 1.713
Analytical results / Experimental results
80Gal 700Gal 1850Gal
RMS PP RMS RMS PP RMS
Group A 0.73 0.91 1.37 1.74 1.16 1.20
Group B 1.02 1.37 1.20 1.51 0.96 1.07
Group D 0.19 0.20 0.38 0.29
Group E 0.79 0.73 1.27 1.30 1.22 1.25
Group F 0.57 0.51 0.60 0.64
Group G 0.83 1.12 1.21 1.09
Group I 0.73 0.91 1.20 1.58 1.00 1.17
Group J 1.28 1.46 0.59 0.67 0.35 0.39
Group L 0.42 0.51 0.71 0.73 0.64 0.63
Group N 0.97 1.08 1.88 2.07 1.55 1.58
Average 0.75 0.88 1.11 1.26 0.98 1.04
Standard deviation
0.31 0.40 0.42 0.51 0.39 0.40
(SD)
Coefficient of variation
0.41 0.45 0.38 0.41 0.40 0.38
(CoV)
Average 0.81 0.96 1.11 1.26
(without Group D)
SD (without Group D) 0.25 0.34 0.42 0.51
COV (without Group D) 0.31 0.35 0.38 0.41
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Fig. 2.3-13 Piping system analysis: Comparison of the experimental results and the analytical results (all participants).
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Fig. 2.3-14

Piping system analysis: Comparison of the experimental results and the analytical results (participants who

use the bi-linear approximation and the kinematic hardening rule as the material properties).
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Table 3.2-1 Parametric analysis on the pipe element test: analytical condition.

Analytical condition Yield stress™! Sec?nfi inclinatiori Input displacement Note
of bi-linear model™

PA-E #01-1 1.28, E/100 +30 mm Compliant condition with the
PA-E #01-2 1.28) E/100 +70 mm analytical guideline
PA-E_#02-1 1.0Sy E/100 +30 mm

PA-E_#02-2 1.5S, E/100 +30 mm

PA-E_#03-1 1.2y E/30 +30 mm

PA-E_#03-2 1.28, E/300 +30 mm

PA-E #04 1.28, E/100 +30 mm Coarse element mesh

*1: $,=245[N/mm?], 1.25,=294[N/mm?], 1.55,=367.5[N/mm?] / Yield stress by the material test = ~360[N/mm?]
*2: £=203,000[N/mm?], E/100=2,030[N/mm?], E/30=6,766.7[N/mm?], E/300=676.67[N/mm?]
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Fig. 3.2-1 True stress- true strain relationship used in the parametric analysis of the pipe element test.
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Table 3.2-2 Participants in the parametric analysis of the pipe element test and element mesh information used in the FEM model.
Element mesh (basic) Element mesh (PA-E_#04)
Element
FEM Code Thickness Thickness
type Hoop Axial Hoop Axial
(Meshes) (Meshes)
Group I ABAQUS Shell 7.5° 3.75° - 15° 7.5° -
Group 1T ANSYS Solid 7.5° 2.25° 3 15° 7.5° 3
Group IIT FINAS/STAR Shell 10° 3° - 20° 7.5° -
Group IV_solid2 ANSYS Solid 7.5° 3.5° 1 15° 7.5° 1
Group IV_shell2 ANSYS Shell 7.5° 3.5° - 15° 7.5° -
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Table 3.2-3 Load ranges at the £30 mm input displacement and their variations.

Experimental and analytical results (value) [kN]

BA™! PA-E #01-1 | PA-E #02-1 | PA-E #02-2 | PA-E #03-1 | PA-E #03-2 PA-E #04
Exp. 191.26 191.26 191.26 191.26 191.26 191.26 191.26
Group I 191.51 174.68 156.09 189.95 176.37 174.19 174.57
Group II 193.03 172.79 153.25 191.38 174.89 171.98 172.87
Group III 178.23 185.43 166.95 201.47 186.99 184.98 185.19
Group
217.57 178.44 158.54 194.44 179.96 178.13 223.75
IV_solid2
Group
- 184.95 166.07 200.29 186.91 184.31 184.47
IV_shell2
Analytical results/Experimental results
BA™! PA-E_#01-1 | PA-E_#02-1 | PA-E_#02-2 | PA-E #03-1 | PA-E_#03-2 PA-E_#04
Group I 1.00 0.91 0.82 0.99 0.92 0.91 0.91
Group IT 1.01 0.90 0.80 1.00 0.91 0.90 0.90
Group III 0.93 0.97 0.87 1.05 0.98 0.97 0.97
Group
1.14 0.93 0.83 1.02 0.94 0.93 1.17
IV_solid2
Group
- 0.97 0.87 1.05 0.98 0.96 0.96
IV_shell2
Average 1.00 0.94 0.84 1.02 0.95 0.93 0.98
SD*2 0.09 0.03 0.03 0.03 0.03 0.03 0.11
cov™ 0.09 0.03 0.04 0.03 0.03 0.03 0.11
Evaluation results in PA-E_#04 without Group IV_solid2
Average 0.94
SD 0.03
cov 0.04

*1 BA: Benchmark analysis
*2 SD: Standard Deviation

*3 COV: Coefficient of variation
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Table 3.2-4 Strain ranges at the £30 mm input displacement and their variations.

Experimental and analytical results (value) [%]
BA™! PA-E #01-1 | PA-E #02-1 | PA-E #02-2 | PA-E #03-1 | PA-E #03-2 PA-E #04
Exp. 0.963 0.963 0.963 0.963 0.963 0.963 0.963
Group I 0.988 1.169 1.233 0.969 1.092 1.331 1.036
Group II 1.026 1.177 1.221 1.006 1.124 1.182 1.153
Group III 0.978 1.190 1.337 1.019 1.130 1.217 1.153
Group
0.698 0.578 0.576 0.521 0.568 0.579 0.410
IV _solid2
Group
- 1.113 1.163 0.948 1.029 1.300 1.019
IV_shell2
Analytical results/Experimental results
BA™! PA-E #01-1 PA-E #02-1 PA-E #02-2 | PA-E #03-1 PA-E #03-2 PA-E #04
Group I 1.03 1.21 1.28 1.01 1.13 1.38 1.08
Group 11 1.07 1.22 1.27 1.04 1.17 1.23 1.20
Group III 1.02 1.24 1.39 1.06 1.17 1.26 1.20
Group
0.72 0.60 0.60 0.54 0.59 0.60 0.43
IV_solid2
Group
- 1.15 1.21 0.98 1.07 1.35 1.06
IV _shell2
Average 0.92 1.08 1.15 0.93 1.03 1.16 0.99
SD*2 0.17 0.27 0.31 0.22 0.25 0.32 0.32
cov™ 0.18 0.25 0.27 0.23 0.24 0.28 0.33
Evaluation results without Group IV_solid2
Average 0.96 1.22 1.31 1.04 1.16 1.29 1.16
SD 0.14 0.04 0.08 0.03 0.05 0.07 0.08
Ccov 0.15 0.03 0.06 0.03 0.04 0.06 0.07

*1 BA: Benchmark analysis
*2 SD: Standard Deviation
*3 COV: Coefficient of variation
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Table 3.2-5 Analytical results at the £70 mm input displacement and their variations.

EeoETE

Experimental and analytical results (value)

Load range [kN]

Strain range [%]

BA™ PA-E_#01-2 BA™ PA-E_#01-2
Exp. 261.27 261.27 2.745 2.745
Group I 263.08 224.92 2.607 3.185
Group II 258.86 215.36 3.093 3.000
Group IIT 272.99 254.13 2.848 3.274
Group IV _solid2 - 230.04 - 1.573
Group IV_shell2 - 242.52 - 2.593
Analytical results/Experimental results
Load range Strain range
BA™ PA-E_#01-2 BA™ PA-E_#01-2
Group I 1.01 0.86 0.9498 1.1602
Group II 0.99 0.82 1.1268 1.0929
Group III 1.04 0.97 1.0374 1.1928
Group IV_solid2 - 0.88 - 0.5732
Group IV _shell2 - 0.93 - 0.9446
Average 1.01 0.89 1.04 0.99
SD*? 0.03 0.06 0.09 0.25
Ccov™ 0.03 0.07 0.09 0.26
Evaluation results without Group IV_solid2
Average 1.10
SD 0.11
cov 0.10

*1 BA: Benchmark analysis
*2 SD: Standard Deviation

*3 COV: Coefficient of variation
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Fig. 3.2-2 Parametric analysis on the pipe element test: Analytical results according to the analytical guideline
(Load-deformation relationship).
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Fig. 3.2-3 Parametric analysis on the pipe element test: Analytical results when varying the yield stress (Load-
deformation relationship).
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Fig. 3.2-4 Parametric analysis on the pipe element test: Analytical results when varying the second inclination of bi-
linear model (Load-deformation relationship).
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Fig. 3.2-5 Parametric analysis on the pipe element test: Analytical results with coarse element mesh (Load-
deformation relationship).
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Fig. 3.2-6 Parametric analysis on the pipe element test: Analytical results according to the analytical guideline (Time
history of the strain).
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Fig. 3.2-7 Parametric analysis on the pipe element test: Analytical results when varying the yield stress (Time history
of the strain).
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Fig. 3.2-8 Parametric analysis on the pipe element test: Analytical results when varying the second inclination of bi-
linear model (Time history of the strain).
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Fig. 3.2-9 Parametric analysis on the pipe element test: Analytical results with coarse element mesh (Time
history of the strain).
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Fig. 3.2-10 Parametric analysis on the pipe element test: Residual strain of the hoop strain at
the inner surface of the elbow flank.
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Table 3.3-1 Parametric analysis on the piping system test: analytical condmon.
Second inclination of
Analytical condition Yield stress™! Input acceleration Note
bi-linear model "

PA-S #01-1 1.28y E/100 700Gal Compliant condition with the
PA-S_#01-2 1.28, E/100 1850Gal analytical guideline
PA-S #02-1 1.0Sy E/100 700Gal
PA-S_#02-2 1.58y E/100 700Gal
PA-S_#03-1 1.28y E/30 700Gal
PA-S_#03-2 1.28, E/300 700Gal

*1: §,=215[N/mm?], 1.25,=258[N/mm?], 1.55,=322.5[N/mm?] / Yield stress by the material test =

*2: =203,000[N/mm?]

>

E/100=2,030[N/mm?], E/30=6,766.7[N/mm?],

E/300=676.67[N/mm?]

~285[N/mm?]
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(1.28), Sy, and 1.5S))
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Fig. 3.3-1 True stress- true strain relationship used in

Strain [%o]
(b) Variation of the second inclination of bi-linear model
(E/100, E/30, and E/300)
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the parametric analysis of the pipe element test.
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W R 2 WES OT AR X I <A ES N
Hode. HERRD EF THERILI NI 1IHT Y

FERDIARDINT A N T ERBIT ) —T &8 T — T DfERZE 3%

Table 3.3-2 Participators in the parametric analysis of the piping system test and element mesh information used in the FEM model.

Modeling method of the Element type Element mesh at the elbow
FEM Code o
piping system model Elbow Other parts Hoop Axial Thickness
Group [ ABAQUS Hybrid Shell Beam 7.5° 3.75°
Group III FINAS/STAR Full Shell Shell 10° 3° -
Group IV ANSYS Full Solid Solid 7.5° 3.5° 4"

*1 The element mesh is modified from the condition at the benchmark analysis
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Table 3.3-7 Parametric analysis of the piping system test: Results of each analytical condition by the same analysis group
(Analytical result/Experimental results).

(a) Group I
A03X D01 S043H
RMS PP RMS PP RMS PP
Benchmark Analysis 0.86 0.81 1.05 1.21 1.37 1.74
PA-S_#01-1 1.16 0.95 1.13 1.21 1.51 1.70
PA-S_#02-1 1.04 0.81 1.04 1.10 1.42 1.49
PA-S #02-2 1.32 1.14 1.26 1.35 1.65 1.89
PA-S_#03-1 1.16 0.98 1.14 1.21 1.48 1.53
PA-S #03-2 1.15 0.95 1.13 1.21 1.59 1.86
(b) Group III
A03X D01 S043H
RMS PP RMS PP RMS PP
Benchmark Analysis 0.94 0.85 0.91 0.99 0.71 0.73
PA-S #01-1 1.19 1.03 1.15 1.34 1.05 1.29
PA-S_#02-1 1.09 0.89 1.07 1.25 1.00 1.22
PA-S_#02-2 1.33 1.20 1.26 1.39 1.11 1.29
PA-S_#03-1 1.20 1.05 1.16 1.34 1.05 1.21
PA-S #03-2 1.19 1.02 1.14 1.34 1.04 1.35
(c) Group IV
A03X DO1 S043H
RMS PP RMS PP RMS PP
Benchmark Analysis 1.07 0.92 1.07 1.12 0.59 0.67
PA-S_#01-1 1.40 1.13 1.13 1.20 1.49 1.62
PA-S #02-1 1.21 1.00 1.00 1.13 1.35 1.47
PA-S_#02-2 1.70 1.34 1.32 1.28 1.64 1.62
PA-S #03-1 1.43 1.14 1.15 1.20 1.50 1.53
PA-S_#03-2 1.39 1.13 1.12 1.20 1.49 1.65
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Fig. 3.3-3 Parametric analysis of the piping system test: Residual strain of the hoop strain at the flank of Elbow 1.

Parametric analysis of the piping system test: Response acceleration at Elbow 3 by PA-S #01-1, PA-S_#03-1,
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Code Groups
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Fig. 4.2-1 Setup of the elbow pipe element shaking test.
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Table 4.3-1 Analysis of the elbow: Analytical conditions of each group.

Element mesh at the central section
of the elbow
Material property Element - Modeling of the geometry
type Hoop (%) | Axial () Thickness
p (layer)
Bi-linear Nominal dimension for both pipe
Group A Kinematic hardening Shell 23 1.89 ) shape and thickness
Bi-linear Nominal dimension for both pipe
Group B Kinematic hardening Shell 73 4.29 ) shape and thickness
Bi-linear Nominal dimension for both pipe
Group € Kinematic hardening Shell 75 375 ) shape and thickness
Multi-linear Nominal dimension for both pipe
Group D Combined hardening Shell 73 2.6 ) shape and thickness
Bi-linear . Nominal dimension for both pipe
Group E Kinematic hardening Solid > 23 > shape and thickness
Bi-linear Nominal dimension for both pipe
Group Kinematic hardening Shell 73 375 ) shape and thickness
Bi-linear Nominal dimension for both pipe
Group G Kinematic hardening Shell 73 375 ) shape and thickness
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Table 4.3-2 Analysis of the tee: Analytical conditions of each group (1/2).

Material Element Element mesh at the Modeling of the geometry

property type tee Pipe shape Wall thickness distribution

Bi-linear Based on the 3-D
Group A Kinematic Shell geometry
hardening measurement data
Bi-linear Based on the 3-D
Group B Kinematic Shell geometry
hardening measurement data
B L
T -
Bi-linear Based on the nominal “ :m et B
Group C Kinematic Shell and provided R . —%—-4 S
hardening dimension” w 1 :

1.4 times of the nominal

thickness

-— 1
Multi-linear —i% Based on the 3-D
Group D Combined Shell geometry
hardening measurement data o EEHE

Using the measurement data

* "R" is the curvature radius at the branch base, obtained from 3-D geometry measurement data
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Table 4.3-2 Analysis of the tee: Analytical conditions of each group (2/2).

Material Element Element mesh at the Modeling of the geometry
property type tee Pipe shape Wall thickness distribution
Bi-linear Based on the nominal
Group E Kinematic Solid and provided R Nominal thickness
hardening dimension”
— 18
Bi-linear 13 Based on the nominal
— 3
Group F Kinematic Shell . and provided R
hardening dimension”
Bi-linear Based on the 3-D
Group G Kinematic Shell geometry
hardening measurement data
Using the measurement data

*"R" is the curvature radius at the branch base, obtained from 3-D geometry measurement data
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Fig. 4.3-8 Analysis of the tee: The first mode’s natural
frequency.
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Table 4.3-3 Analysis of the tee: Ratio of the analytical results to the experimental results of the strain range.

Group A Group B Group C Group D Group E Group F Group G
Strain Y 0.98 0.82 0.55 1.04 0.72 0.94 0.88
Strain X 1.82 1.02 0.38 0.42 0.47 0.58 1.36
Average 1.40 0.92 0.47 0.73 0.60 0.76 1.12

* "Strain Y" is the strain to the branch direction, "Strain X" is the strain perpendicular to the Strain Y. See Fig. 4.2-8.
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Fig. 4.3-10 Analysis of the tee: Comparison of the 3-D geometry measurement data and the analysis model shape.
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