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Automated identification of material constants in complex constitutive equations
by an Evolutionary Algorithm and massively parallel processors

Nobuchika Kawasaki®, Suni] Felix**, Naoto Kasahara®,
Tomonari Furukawa™**, Shinobu Yoshimura™**, Genki Yagawa™™*

ABSTRACT

In the designs of pressure vessels and piping, the simple evaluations of the behaviors with
the margin factors have been adopted further than evaluating the precise stress-strain behavior.
As this result, an excessive margin of safety is given, and it raises the construction cost.
Therefore - inelastic analysis which can correctly estimate the stress-strain relations of the
structures is required to the commercial fast breeder reactors.

Meanwhile, it is leading to apply the detailed equations with the many internal variables for
the description of the material behaviors. However, such equations have complicated decision
processes of the material constants, and enormous works by the .triél and error are necessary.
Even if there are advantages of simple models, it is one of the reasons that prevent the
application of complex inelastic equations.

In this study, 23 material constants in the Chaboche model, which is one of the detailed
inelastic constitutive equations are identified by using Evolutionary Algorithm (EA). The
algorithm is the robust search technique only by value of objective function.

Results of this study are summarized as followings.

(1) Identification of material constants in the detailed inelastic constitutive equations
requires considerable computations load on the computer. To overcome this difficuity,
authors developed network system of EWS(SUN Sparc Station 10) for Evolutionary
Algorithms and massive parallel processors(CRAY-T3D) for fast parallel computations.

(2) By using the Evolutionary Algorithms, it was confirmed that the material constants used in
the detailed inelastic constitutive equations can be automatically identified.

Work performed with university of TOKYO
Construct No.084F040 .
PNC Liaison : Structure and Material Research Section Kasahara Naoto
*  Structure and Material Research Section, OEC
**  Structure and Material Research Section, OEC,
International fellow, Tenure, from H7.April to H9.March
Present at, Commissariat a I'Energie Atomique Direction des Reacteurs Nucleaires,Saclay, CEA
*** School of Engineering, University of TOKYO
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EA OREEENL, BIFISHES (CRAY-TID) DR A& EEL, Xy bI—2 DU —2
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0B 8RB L (kinematic hardening) &% 754 L’.(isotropic. hardening)tZ &> TH ¥+ 28]
DRI E RS IR FRAI N E CTHEBREN TEL, AFE T, BRBE
(yield surface) DML &% FE ¥ T 2 I ¥ 2 (viscoplastic potential) DHESITILRL 7=,
Chaboche DFEEHERE R FRREFI A WT, ZZICEND 23 BEOMB EHEFEL
Chaboche DHE—¥5¥E1% £ 5 /1(The Chaboche Unified Viscoplastic Model, CUVM)IL. 58}
WAlZ~A 7 2R T 7 F 4 OBERPHEINT X(Back Stress) R, 2 BEOER
A TETFELTE Y VYW & 52 Armstrong & Frederick D125 L 7- JERERE
Bl W2 AVCBMEEEEZEE LTV 5, SFELAIC VTR, BEEROTA %
BEIRT 5P/ R(drag stress)z T AEEOCEETH S Q ITHHEX¥ 2 Z & TR L
T3, TR FEAOHENEZTT,

Chaboche DHE—FE2E#E 7 /1 (The Chaboche Unified Viscoplastic Model, CUVM)

HEEPE TR

Q exp (a (o‘v / K)nH) 1)

~aln+1)
sl rall PN

oy =Jlo-X)—azR-k
o: ATV IN
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DHEREVHD. TN o IEEL OFBRICERML SN B ER L EYICRES 51
BARXBRTOFETH D &2 OFR IR V& & RTEEN A RS
NERENDHFETHD,

—%, HESOREENLEEDEE LLALL, 2B ERERBRICEBIRE L
LD ETEHRB RSN TE e, FBMEERFRRNOMBERFEER, SR #E <
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N, HESERAVEEBELRELE LT, BROAEFSRE Vv BBt T
E{k LT < BELER Newton-Raphson ¥ & W o I EEHER ., 4TI v s Fnss
7, BEATTY XAGAYD ), ELET A=) XAEA) Ok o 7 BRRATRE
R DEERERERZITOND, ZORCHEMEERITERIL, HERENK S EL
DR GFBRAPEEIEA T 3EERERORD, MEEREOERIRETHY &
AFIv 7l I I TOBRIEERE AT ZEMELELTIERENRLOT
55, BEROEERBRNL BBEEROEOHZ BV CTHREMPERTES GAZ O
LB LERCAPRFETH D, & DITEERY Mk s hi-BErERAE
&L LTRDL, EREMBERICET 5 EA I3 GA T~ et R o B EL R
EIRERFETH B, Figl ILEA O7AITY Xa%F T e iz, UTB-TED
NEZIRR3B,

START

Initialization

Selection

Calculation of stress-strain
connection by the Chaboche model
using given constants on MPP

Recombination

Evaluation

minY. abs(c™Y: — o)

NO R

YES

D)

Fig.1 An algorithm of EA
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EA BEBFRCBNTAROELL TV BREFEE L TEXHSNELOTHY .,
fEH£%% ( population of individuals) 75 ¥ H. (D485 % ( recombination N &Y | WA next
generation )DOBAEHELER L, EMNEREZB/MET 3 EERSEEB - TN

(evaluation) e EREHY BT TATY XA TH S, BEEBELERSLE LT, —
BOZRBRRPHELELZ NS,

(i) #1#{b (Initialization )

VIO, REORMBRE LD NPEERLERTS (R4) . THEKE LCiEE
LcBEEEX D2 L b T& 308 REM S KNIBIC P RRE ERTADICT L& A
IREHEGE 2 AR LRFRICHE SRV E 5107 3, GA THBEFOREHREI-L
DE2ERA Y I TEEEEETMEL TV B, BA TR CILEE 2o DR
12 L7 B2 M TREDEFALETTS,

P! xf,...,xi}eX;”, (t=0) ' (4)

IIZT A REEE %, X BRQTRINBAETAMEERS <Y M sE
LTEL, t R E2EKT S,

x’ =(a:n:k‘:KoaaK:aRaalacisazacz9¢msbsﬂ15/82:r17r2:y5m:7?:#9Q09Qmax:Q:) (5)
(i) #EF X (recombination )

EATE, BFEEEHEI PARBLTO A1), EILICET 5EE bk
B L2 ofERLE 25, 2% 0 GA THEBZ X (crossover) & 224875 B (mutation)
THEZEIT O OIR L. EA CIIAREMN L BRER R L OVBEREZ ART 5, 7

+1 1+

DIBRTx, %, WK, x, ,x; B UL ERTBFEE, 1 B ERDHICE S B
I L LB, Dk S ICRRbTE B,

xéﬂ = r"(xfz,x;;) =(1-4)-xL + p-x}}

t+1 ©

xg  =r"(xg.xg) = pag +(1-p)-x
ZIT rANIEXEYDBEBRLRERT A,

(iii) #FH ( evaluation )

A R AN LB BB f(x) B BUMET B & 5 cfTot, 2O, RS
BADEREENENEFIcB O THEE L TREREZ TR T 5, FRE2EISED
AR B E TR CERSEDIEMIC A L TBTFETH LT 30 78R DA
TWa, BREZEOERIZ WL 5 ZEH MK & REE SRt 5,
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B, TN6DR/EL EA OV 7 =T ITRBMN GAs Y7 bV =7 ThHD
Grefenstette ‘2> GENESIS Ver.5.0 (2400 17) % 200 TREXBE LA LD THY.,
GENESIS MIF & A F 4+ _RTOEIRKEELZFIF T TH B,
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EA D7) A 53, F—O BB EEREEOR 1T IRIIC O -5 i &
BRTAITI AL THD, ERTITRITAEEST, BEHERICHTIAHT A—%
DHTHY | PORERSE, HHBRRBTETTHB, 2Fh, Y=Af bar bo—iom
L O RIBHERRERZLT, EIULOFEILHLTHB I ENTE B,

FMAETIE. AWLE EIHEXTELZBEEE O BHEKE Y = — 1 2865
STEH (CRAY T3DWZE&, AMIEL FEIEFELRVEA BEDO 7 LS X Aa%
U—7 A7 —3a ¥ (SUNSPARC 10) LIZEW, ZOLT, Xy NV —7 THEELRE
TR, Parallel Virtual Machine (PVM) 222V $5#7 4 V> SS10 225 T-3D * A EEIEGIE ¥
R LTRADB I TAT Y Y= — R F AR EE LT,

PVMIiZ | Xy b —Z RSN ESB o Vo — S8, RESREF 2 v
2a—Z L LTHIATOZLEMEICTE Y7 I =T VAT ATH D, FOEHTFE
L T3-D O 36 8D PE It LAIRIERAT A—# x' 22EL. T OEMEE
) BRR b S TRIMB, AT AOMREE Fig2 \CE R Ui BHEHES Table

1 12”7, EA OFFHE~DERIZ, EA OFEE P = —/A % 300 fTRESRE LT 7,
EA Z3R3RERFF L TV BIS BB O BIBE S ORI, TOXEHEFL T3,

SS10
Csmarr)

Initialization

Recombination PVM

T-3D

PE1 object function 1

j
/
Evaluation &"
] PE36 obiject function 36
Terminate . )

(Cenn)

Fig.2 A chart of PVM system
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Tablel A condition of PVM

MACHINE Sun SpareStation 10 CRAY T3D/128
OS Sun OS 4.1.3-JL 1 sundm  [UNICOS-MAX 1.3.0.3
PVM VERSION [Ver.3.3.7 Ver.3.3.7(Cray Version 2.1.2)|
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5. BHIBEEE R AE

Table2 (TR RBRIEE 550°COEEGEL S BV EERBROERTFAoAF—FE AN
THEERDREEZIT-1,

Table 2 Experimental condition

TEST NAME | MATERIAL |STRAIN RANGE| STRAIN RATE | SATURATED
(mm/mm) (mm/mm -s) CYCLE
TEST No.1 SUS304 4.88E-3 1.00E-3 600
TEST No.2 SUS304 1.01E-2 1.00E-3 80
TEST No.3 SUS304 1.54E-2 1.00E-6 75
TEST No.4 SUS3064 6.64E-3 1.00E-3 140

B A9BSR, RROIIZER T A 7B T, RBIVESWBIENE o, LRk
AT LV ES NS B o DRZICHL, BAHBRER TERIOER w, 21T
b DEERALE,

£ =YW, (6, (6) 0™ (6, x'))? ®

i=]
m:  anumber of evaluation points in the cycle

E the number described test name

BRERGHARIZBNT, TF MM EZBNHEERIT 3 E TSN EA 07
DAL T, (6) D BEBEE £, £, £ ERBCERAMET B L5081 T 5, BAYE%K
R /IMELTZHT R ESE: Table 312, AT R BB RO LLB% Fig3,Fig 4 Fig 5 1277,
o FREICRAW &M UAO—B2GE IR TR AR RET 5720z, REL:
MEESZ AV TOT SHE 6.64E-3 mm/mm, O AEE 1.00E-3 mm/mm + s . EFFA

277V 140 &5 TEST No.4 (2343 LB 24T o 7= (Fig.6) .
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Table 3 The constants obtained by EA

the constants name symbol value
viscoplasticity threshold exponent n 1.4162E+01 |
initial value for elastic limit k 6.8554E+01
initial factor for the threshold normalization| K, 1.6848E+02
K isotropic evolution coefficient ag 0.0600E+00
threshold isotropic evolution coefficient @ 0.0000E+00
viscosity coefficient @ 1.0704E+07
plastic strain coefficient a; 1.1141E+02
reference term coefficient c; 5.8655E+02
normalization factor for restoration 2 1.7528E+03
restoration term exponent r; 4.5925E+00
plastic strain coefficient a, 1.4065E+02
reference term coefficient cy 5.2613E+01
normalization factor for restoration £ 2.9031E+01
restoration term exponent r; 8.8322E+00
reference term multiplying coefficient D, 1
isotropic stress hardening coefficient b 9.5189E+00
restoration effect coefficient ¥ 8.7465E-06
restoration term exponent m 8.9365E+00
O maximal value Qe | 6.8600E+G2
Q stabilized value Q.* | 1.3082E+02
initialization of internal variable O 30
| O evolution law coefficient X 7.5083E+00
Jactor linking g with the piastic strain 7 6.8987E-02
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Fig.3 Stress-strain curve about test 1 at 600 cycle
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Fig.4 Stress-strain curve about test 2 at 80 cycle



PNC TY9602 97-001

STRESS [Mpa]

x10?

L3
[

_
o L)
e
N
M

4 /
v /
-1.0 —
20 [ — ,/
.......... = - - - - - -experiment
3.0 analysis

-8.0 -6.0 4.0 20 00 20 40 60 8.0

-3
STRAIN [mm/mm] x10

Fig.5 Stress-strain curve about test 3 at 75 cycle
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Fig.6 Stress-strain curve about test 4 at 140 cycle
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EERMBERFETOHD EA LBV THEERLZOREEL RO, &FEH
IZH RS ENMBEBOHERNLETHD, SS10 IZXARETIL 1 A0 (50 Bl BB
FOFHE)IZ, 10 PREORMELELLK, SS101281)5, BRYEE 1 m4Sos-ErRI
1CPU ¥72Y 4.8 hour/CPU/individual T¥, T3-D 233V Tid. 100 #{(36PE)& 40 BRR T
HBOT, 1PE Y72V 0.4 hour/PE/individual £%25, ZhiL, PE BEDRES A 12 fi7, 5
{BIZ X BN 36 5. 3 432 fFOH ERARN TWAZERERT S, T, MHEERFIED
I3 B BBEROHEIH T 2ETTREL, BEESDLRWT —R T, EF PE LR
M HEHIL TR B33, SEORETIE, TATYVXLRFEETBOIC 1 % 36 fEiE T+
53 ToHh-olzlc®, 36PE AL, BHEHOELZEHARILIIT oy, WROESWE

3
RLICbO% Fig.7 1D T, B, BRBROE ) f(x) i 3 BEOEZ D>V
J=1

(ZR2oTRY, YAV EDIEAREDEELPEFEBRLTWS,

x10%
7
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PERFORMANCE
-9
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Fig.7 History of performance
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ARFE T, FMEBEERIEAOMBIEREZRET 2 — KA1 - BRI
Z LT, #EJFIEFNC Chaboche DRSEMEET V2B Y RIF, OTAEHE, O HE
ERERLIFBREIIBIT 28V E USH-OFHEREZERT 2 RE R EEEKR D -,
VAT AT EMBEEOELIIERICHIETE D LI BEMBEEDE Y 2 — 2 MI L
TeHEY— L LTHH S EHEEL,

LTIz 0B R ONAZEERFIET S,

BRFEAOELER, SEVHEET A 7 MVIIRBITHE—JIEHEBE KOK
URREENTERESND, ) OFRZ BN E TR, BHBERICEY—ZIShi
B SHET ERABEROREER T A INSEATEZ LI o THBEREZRTE
T&S, TOHRIE, ar. axPEERTFHREND,

HEORIETHELRET 2L, KWHRBEREEZ2Lo27 ) —TEFRBR T
BBR7—FIERTHZ L TEEL 725, 7272 L, Chaboche DF5EEMET T /LI3R5EE
HERNRDO_REREPEV-DERRICEHROTHEZE L, HENFEZEEE b,
HREREZEEE LTEHELIERRREM A ERT 2RICBTORICEERSLETH
b

REOXEIZ. FREICHTIMBEROT -7V EERT D Z L TRETE S,
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BEEELE,
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