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Study on Structural Design Method by Inelastic Analysis(1)
— Investigation of design procedure —
(Research Report)

Naoto KASAHARA* and Masanori ANDO*

Abstract

Application of ‘design by inelastic analysis’ is expected to the rational structural design of fast
reactor components where creep deformations occur due to elevated temperature operations. A
main difficulty of the inelastic analysis method is a dependency of its solution to analysis
methods such as constitutive equations.

This study revealed that a dependency of ratchet strainis on constitutive equations increaées
when an elastic follow-up factor or a primary stress enhances. It was‘also clarified that
dependencies of strain ranges and fatigue damages on constitutive equations increase when an
elastic follow-up factor increases, but they are rather insensitive to a primary stress.

Furthermore, it became evident, from the systematic investigations of dependencies on
constitutive equations, that structures have elastic follow-up characteristics described by
relaxation locus, which is insensitive to constitutivé equations. _

Based on the above results, the authors have proposed an inelastic design approach. The
first step of the approach is the evaluation of elastic follow-up characteristics and primary
stresses by creep analyses with classical constitutive equations. The next step is the selection
of constitutive equations that give conservative solutions under certain elastic follow-up
characteristics and primary stresses. The third step is the detailed inelastic analyses with

selected constitutive equations.

*  Structure and Material Research Group, Advanced Technology Division, OEC, INC
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Table 2.1 Comparison of the elastic- plastic constitutive equation from the v1ewp0mt of

design application
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Table 2.2 Assumed failure modes and stress categorization
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Table 2.3 The problem of the constitutive equation in the inelastic analysis
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Table 3.1 Sensitivity of constitutive equation
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Stress: Se.n sitive

Strain : Insensitive
Stress : Insensitive

Strain : Sensitive

Stl’ain Strain

Load-controlled Displacement—controlled

Fig.3.1 Sensitivities of stress and strain to the constitutive equation

CNE T ER R S SRR R EIC A EL TR R T o TR, ET
Iz DO ORER S ThBY, AT Lo CHREIRERIMET 5L THETH
Do BT, W EHEE LI HIEE O RN ER ERBANTES D KR CEESNBM
PEBRERRE g (LA T ofE&FR 3, )2 E AT 5,

_4_



JNC TN9400 2001-087

A(sp + 6‘6)
(Ac,~Ac)/E

qg= (3.1)

X
X

B Fig. 3. 2005 71 — O3 B8R Tl AR B LB AT B2 SO AR
TREN. q=1R0TH—EOBRRIES, q=ciLSA—EORZREEFT. BED
R T ETE OB IICEEL 57— 0T 2B LR F A OEEL2S,

E(g. o0

v Uapc)

_ Strain
Fig.3.2 Elastic follow-up factor 'q' which quantifies the intermediate states between load-
controlled type and displacement controlled type
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Fig.3.3 Load/displacement-controlled model
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Table 3.2 Analysis case list
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Table 3.3 Coefficient of bi-linear approximations of dynamic stress-strain relationship

AR EEH

BAEEOTAIBRIE N oy | MITELIE %
Sn(MPa) B A £ /2(%) | (N/mm2) H'(N/mm?)
380 1.164E-01 94.86 88225
500 1.800E-01 108.48 65585

Table 3.4 Coefficient of bi-linear approximations of elastic-plastic stress-strain relationship
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RSB BRBEOTA | BRE Doy
Sn(MPa) A e (%) {(N/mm?) H'(N/mm32)
350 1.500E-01 96.76 24439
500 2.400E-01 103.05 16660
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Fig.3.6 Effect of the elastic follow-up factor on the inelastic membrane strain ( 10th cycle,
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Fig.3.11 Effect of the elastic follow-up factor on the inelastic equivalent strain (10th cycle,
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Fig.3.17 Effect of the elastic follow-up factor on the fatigue damage factor (10th cycle,
primary stress 20MPa / secondary stress intensity range 350MPa )
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Fig.3.18 Effect of the elastic follow-up factor on the strain range (10th cycle, primary
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Fig.3.19 Effect of the elastic follow-up factor on the fatigue damage factor (10th cycle,
tension peak hold, primary stress 20MPa/secondary stress intensity range 350MPa )
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Fig.3.20 Effect of the elastic follow-up factor on the strain range (10th cycle, tension peak
held, primary stress 20MPa/secondary stress intensity range 350MPa )
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Fig.3.21 Effect of the elastic follow-up factor on the fatigue damage factor (10™ cycle,
intermediate hold, primary stress 20MPa / secondary stress intensity range 350MPa )
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Fig.3.22 Effect of the elastic follow-up factor on the strain range (10th cycle, intermediate
“hold, primary stress 20MPa / secondary stress intensity range 350MPa )
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Fig.3.23 Effect of the elastic foliow—up factor on the creep damage factor (10th cycle,
tension peak hold, primary stress 20MPa / secondary stress intensity range 350MPa )
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Fig.3.24 Effect of the elastic follow-up factor on the initial creep stress (10th cyele, tension
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Fig.3.25 Effect of the elastic follow-up factor on the creep damage factor (10th cycle,
intermediate hold, primary stress 20MPa / secondary stress intensity range 350MPa )
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Table 4.1 Analysis cases with various constitutive equations .

Case Analysis Type Constitutive Equation Power

E Elastic Elastic =1
C3 Elastic-Creep Norton’s Law m=3 |
C5 | Elastic-Creep Norton’s Law m=5
Cc7 Elastic-Creep Norton’s Law - m=7
P5-C7 | Elastic-Plastic- | Ramberg-Osgood n=5
Creep Norton’s Law m=7

CBL Elastic-Creep Blackburn —

P3 Elastic-Plastic Ramberg-Osgood n=
P35 Elastic-Plastic Ramberg-Osgood =
P7 Elastic-Plastic Rambérg—Osgood n=
PP Elastic-Plastic Perfectly plastic -
PB Elastic-Plastic Bi-linear —
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Fig.4.8 Plastic strain contours by various constitutive equations
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Fig.4.9 Two-bar model to describe elastic follow-up mechanism
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Eﬁ‘thi HIEFMMTEER L, ¥ v'— R L AEOERRICSR 2 BISEE RO RE
EOFEELTEND B,
(1) fEHTHE
WP SESAE AR 3 A7 & FINAS for Windows versionl3. 0 %Jﬁb‘f’ﬁ’ﬁﬁgﬂﬁﬁﬁ
FRER L, AEEOARTERTS b, EWEANEEE L, ST
BWTH, Bx OWEEEREEFVTEORVEA T, M. BIFZEE &k -
ARFBCETL, BEARESELL 25 LE2 b3 RBRENSL L,
(2) fEres |
Fig. 4. 10 R TR FEASKILER) D BIRERHEE C2@Eiids L +5, FIR
ERMTETO 20, EROBRHFAEZEFT ML L, Fig 4 11 25T L 5 2ERAE
9600mm, £& 7500mm OMEERIAE AR & AR LT,
BFRERETFNVEERTDICHE->T, REFAKXREBMETA Yy =M 2mm
DEFZE, ESFRCREELERICEONTA vy Yo ImmOEREHER Lz,
ET NOVERLIZIE FEMAPYT. 1 2 Wi, FRRERET V% Fig 4. 1212, EFVEIER
HEER LEERO—E% Table 4. 2 17T,
(3) WEEM _
BATICHi=o T, UTOWEERER L,
- BOEEE R ORI 2B
MIE 1. 52X 10°Pa (ZE)
BE175X10ke (ATER)
(@) FRY TR ER
WHM T FY U LOBESRER WEEEZEE L. KB 2000CH» 5 400°CORMICEAL %
880mm, 400°C7* 5 550°CORIT 350mm F kU ¥ MERIA ERT B b0 LT 5,
(5) it
FRATIZ I3 316FR DYtk E & A Lic, ﬁ%ﬂfkﬁiﬂﬂ Lt%ﬁfﬁ% Table 4.3 IZR 7T,
(6) ##EEkFHEN
RATICE A D R AT, TOEEEFB7=DIZLUTO X 5235 2
— & L L,
Ramberg—0sgood &l

e=cf/E+Ao”  (E=16200,A=1.0X10"%,n=3,5,7) (4. 8)
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5 BROB{LENC IR EFELRIE A e, FERMEMEIT ORI — X % Table 4.4 IZF7,

EYEMREATIC 2, BRI NBEROBEESMEZ 1 0 0 TREES LSS0, #
EEERORIBIEO U TAEFZEH 2/, 7V —7OFHROBELTHRS
e, UTFTOXTENRETNERLTHEY V- HREERIT 2T/, T2V —7
W 2R RN IO AR v,

Norton H|

é,=Bo"  (B=5.86X1071°,m=3,5,7) | (4. 10)
Blackburn % |

£, =C1(1—e""r )+C2(1—e"")+émt | (4. 11)

fEMT 4 — R % Table 4.5 12RT,
(1) ERGH
FEITICHTe> T, WALRGEUTOX S ICRE L. ,
FEFIFRERIEZEEELTH, RE L LRI EEFMICERERKZ®S, FHE
TRERBTIREBAE L T2, SEOETCIIERE T ANEFRICHaR WD,
SRS OREAREEEOSHMECRERBERZEZDILRARVWEELLNS,
FEATICR W BEER &M & . BITET ANREORESA ¥ Fig. 4. 13 [TRT, #
HMXLLTO®BY TH B, _
- BEFREARR LA 100C—E LT 5,
C P ASAFEN LT B Y A LR L OBVRERE S o =930W/'K LT 3,
- BETRABRAEO LD 100m OHEE 100°COMRY A L DBYREER & 55,
» BEW LAY A L OBMSEREIISTRMEEZ BB U o =5. 82W/n’K &5,
- BFFEEBAEOLEND 1300m F TOHETHERRASBRE SN T, s
R =0.64V/mK T, IN—FALBEBEETLILDLET D, ZOLEHNA—HR
BEENX, T RUVAREICERLTELTAZEEL, UTOXSTREL:,

Tgoe=0. 89Ty, —19(C) (4.12)
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L4, ERBFEFATRY —<wAT 4 FOBERPBMEEER T ER TS 2L T
Lz, PRBAE 1000mmBl FOSE, EBZIIET A L OBZBREHD L
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TEMEARAT B OSBRI AENTRE R %, Fig 4 14 OEH—UOFHME L THEB L,
F7- 10 0 FREfDSHEMN S V-7 BIFORRE% Fig. 4.15 OIEH—-UOTHREET
mﬁbtaéBKFmAJGK#ﬁﬁﬁﬁk%&v—fﬁﬁmﬁﬁéﬁmfﬁfoﬁ?
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Table 4.2 Finite elements for thermal and inelastic analyses
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-Table 4.3 Material properties of 316FR

ar | voomu|arys | FREERER ae (xpvol simmm xeo|  wm
{(°C) | (N/mm*x2) x4 mm/mm/°C) kg/m#**3) | kcal/mm=s-°C) |(kcal/kg°C)}
20 | 154E+05 | 03 15.15 797 3.5556 G114
50 | 154E+05 | 03 15.65 7.97 3.6389 0.117
75 | 154E+05 | 03 16.07 7.97 3.7500 0.118
100 | 154405 | 03 16.48 797 3.8611 0.120

125 | 154405 | 03 16.86 7.97 39722 | o122
150 | 154405 | 03 17.22 7.97 4.0556 0.123
175 | 1546405 | 03 17.55 7.97 4.1667 0.125
200 | 154E+05 | 03 17.85 7.97 42778 0.127
225 | 1.54E+05 | 03 18.12 7.97 4.3611 0.127
250 | 1.54E+05 | 03 18.36 7.97 44722 0.128
275 | 154E+05 [ 03 1858 7.97 45556 0.129
300 | 154E+05 | 03 18.79 797 agttt | 0130
325 | 1.54E+05 | 03 18.99 797 47222 0.130
350 | 154E+05 | 03 19.19 797 4.8056 0.132
375 | 154405 | 03 19.39 7.97 48889 0.133
400 | 1546405 | 03 19.57 7.97 49722 0133
425 | 154E+05 | 03 19.75 797 5.0278 0.133
450 | 1548405 | 03 19.93 7.97 5.1388 0.134
475 | 1546405 | 03 20.11 7.97 5.0222 0.136
500 | 154E+05 | 0.3 20.28 7.97 5.3056 0.136
525 | 1548405 | 03 20.45 7.97 5.3889 0.137
550 | 1.54E+05 | 0.3 20.60 7.97 5.5000 0.137
575 | 154E:05 | 03 20.74 7.97 5.5556 0.138
600 | 154£+05 | 03 20.87 7.97 5.6389 0.138
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Table 4.4 Elastic plastic analysis cases with various constitutive equations

case Analysis Type Constitutive Equation Power

te Elastic Elastic n=1

ramberg n=3 Elastic—Plastic Ramberg—Osgood =3

ramberg n=b Elastic-Plastic Ramberg-Osgood n=>5

ramberg n=7 Elastic—Plastic Ramberg—0Osgood =7

ludwik n=3 Elastic—Plastic  [Ludwik n=3

ludwik n=b5 Elastic—Plastic  |[Ludwik n=b

ludwik n=7 Elastic—Plastic Ludwik n=7

DD Elastic—Plastic ~ |[Perfectly Plastic oo

bi-linear 0.5 [Elastic-Plastic. [Bi—linear (At=0.5%)
| bi-linear 1.0 [Elastic-Plastic  Bi-linear (At=1.0%)

Table 4.5 Elastic creep analysis cases with various constitutive equations

case Analysis Type Constitutive Equation Power
norton (m=3) Flastic—Creep Norton' s Law m=3
norton (m=5) Elastic—Creep Norton s Law m=5
norton (m=7) Elastic—Creep Norton' s Law m=7

blackburn

Elastic—Creep

Blackburn
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Fig.4.10 Reactor vessel subjected to thermal loading
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Fig.4.11 Reactor vessel model
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Fig.4.12 Finite element mesh model
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Fig.4.13 Thermal boundary conditions of reactor vessel model

300

* remberg n=3
| remberg n=5
» rambarg =7
* fudwik n=3

= ludwik =6 ||

= ’ » ludwik n=7
4 + PR
R N * bi~finear 0.5

s - bi-lingar 1.0
R s H
&+

250

w
8

(5]
o

mises stress (MPa}
B K’
5 H
... a

-
=3
<

50

1} 005 o1 015 02 028 63
equivalent strain (35)

Fig.4.14 Elastic plastic analysis results with various constitutive equations
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Fig.4.15 Elastic creep analysis results with various constitutive equations
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Fig.4.16 Comparison of creep analysis results with elastic plastic one
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Fig.5.1 Design Apﬁroacli by Inelastic Analysis
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Fig.5.4 Example of Inelastic design approach on piping systems
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Fig.5.5 Applicable area of constitutive equations to ratchet analyses
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Fig.6.1 Sensitivity of residual stress to constitutive equation
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