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x@ Oqwi |ak=w Q=DiQ xmv}= x@ xHwD =@ "CU= xOW xO=iDU= |Q=PoQ=@ |xNQJ � |Q}tN
C=}[Qi MU=B '=yQ=Owtv |t=tD QO 'CU= l}ORv Q=}U@ |@}mQD |oOWCNU Cr=L
u=}@ x@ "CU= xOW xU}=kt |@}mQD |oOWCNU ZQi G}=Dv =@ hrDNt |oOWCNU

"CU= xDiQ Q=m x@ xU}=kt CyH `HQt pOt u=wvax@ |@}mQD pOt 'Qo}O

Ctw=kt Q=}at G}=Dv "2"4
|oOWCNU|=ypOt R=l} Qy\UwD xOW|v}@V}B |wQ}v hqDN= OYQO '3 pwOH
|xv}W}@ |}=H@=H QO =Q �`HQt pOt� |@}mQD |oOWCNU pOt x@ C@Uv |Q}tN
QO xm pO=at |Q}tN VvQm w� Ctw=kt Q}O=kt u}= "Ovm|t x�=Q= lQD ẁQW R= p@k
uOQwNvlQD p}rO x@ JW50 Oqwi |=Q@ �CU= xOWEL@ u; OQwt QO Q=DWwv |xt=O=
G}=Dv "CU= |Q=PoQ=@ |xJN} Q=D |=yDv= x@ \w@ Qt '|Q=PoQ=@ pw] QO Oqwi u}=

%xm OyO|t u=Wv 3 pwOH
OQ=O |oDU@ |oOWCNU pOt ?=NDv= x@ \ki Ctw=kt |v}@V}B QO =]N OvwQ �

"CU= �pUo l}ORv =} w QwO pmDwQB R= xO=iDU=� |Q=PoQ=@ ẁv R= pkDUt w
VvQm �VvD |QwLtlD |vLvt QO OQou=Uty |oOWCNU syU xm |DQwY QO �
pOt |v}@V}B hqDN= '�AP110 w AW50 |=yOqwi Ovv=t� OW=@ R}J=v Oqwi

"CH pOt MU=B =@ lQD ẁQW R= p@k |xv}W}@ |}=H@=H Q}_v �KN ?ULQ@� xOW|v}@V}B |wQ}v |xU}=kt "3 pwOH
CH pOt =@ hrDNt |Q}tN |oOWCNU |=ypOt hqDN= OYQO pOt |v}@V}B u=mtQ}}eD

Oqwi s=vNLKH LKH LIH IH-T2 IH-T1 CH (mm)

NF FF NF FF NF FF NF FF NF FF NF FF NF�� FF�

�25 �24 �30 �30 6 5 11 11 14 12 167 170 180 210 IR-ST37
�12 �14 �12 �13 5 6 26 30 26 30 152 157 150 180 AW50
�4 �4 �27 �32 �7 �8 3 2 3 3 186 203 120 150 AP50
0 1 0 0 0 1 4 5 4 5 251 257 150 150 AP110
�8 �9 �37 �40 �29 �31 4 3 4 3 190 201 150 180 JP50
�23 �22 �50 �48 �38 �39 �1 0 �1 0 216 214 210 210 JW50
25 24 50 48 38 39 26 30 26 30 CH pOt =@ =ypOt R= l} Qy hqDN= OYQO |xv}W}@

"pUo l}ORv |Q=PoQ=@ �� "pUo R= QwO |Q=PoQ=@ �
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"IR-ST37 Oqwi |=Q@ |Q=PoQ=@ |xNQJ � |Q}tN |iqD= |SQv= Q=Owtv "8 pmW

|oDU@ |oOWCNU pOt ?=NDv= x@ \ki C}tm u}= |v}@V}B QO =y=]N OvwQ �
"CU= �pUo l}ORv =} w QwO pmDwQB R= xO=iDU=� |Q=PoQ=@ ẁv R= pkDUt w OQ=O
|x_Lr OQou=Uty |oOWCNU |=ypOt 'OQ=wt QDW}@ QO xm OwW|t xOy=Wt �
"Ovvm|t |v}@V}B |@}mQD |oOWCNU pOt =@ u=tRsy =} w QDQ}O =Q lQD ẁQW
QDOwR =Q lQD ẁQW u=tR OQ=wt QDW}@ QO =} wB |oOWCNU |=ypOt 'u}= hqNQ@

"Ovvm|t |v}@V}B
VvQm � VvD |QwLtlD |vLvt QO OQou=Uty |oOWCNU QF= xm |DQwY QO �
|=ypOt =@ |@}mQD |oOWCNU pOt |v}@V}B hqDN= 'OW=@ xHwD p@=k Oqwi
=} wB |]NQ}e w |]N |oOWCNU |=ypOt x@ C@Uv OQou=Uty |oOWCNU

"OwW|t QDtm

|Q}oxH}Dv "5
xO=iDU= OQwt |Q}tN |Q=DiQ pOt QO Oqwi |oOWCNU C=}[Qi QF= Q=DWwv u}= QO
lqyDU= u=R}t '|}xR=U w[a QO xOW O=H}= |wQ}v |xv}W}@ Ovv=t |}=yQ=}at QO
|Q=PoQ=@ pmDwQB wO "CU= xDiQo Q=Qk |UQQ@ OQwt |oDN}Uo R=e; u=tR w '|SQv=
ẁv 6 |=Q@ =yp}rLD "CU= xOW p=ta= |UQQ@ OQwt |xvwtv x@ pUo l}ORv w QwO

QO hrDNt |x}[Qi 6 uDiQo Q_v QO =@ w Cw=iDt |oOWCNU X=wN =@ Oqwi
QO xm OvDUy |}=yxvwtv u=ty C=}[Qi u}= R= |NQ@ "CU= xOW s=Hv= |Q=DiQ pOt
|]NQ}e |@}mQD |oOWCNU pOt "OvwW|t xO=iDU= |UOvyt |=yp}rLD ?re=

|Q}tN u=} QH |=OD@= QO OQou=Uty |oOWCNU QF= xmv}= x@ xHwD =@ 'Oqwi pUo
|@}mQD |oOWCNU pOt x@ C@Uv |Q}tN |iqD= |SQv= Q=Okt 'OwW|t p=ai
'OQou=Uty |oOWCNU QF= `=@W= w |Q=PoQ=@ |xt=O= =@ "OwW|t |v}@V}B QDtm
pOt \UwD xOW|v}@V}B Q=Okt R= |}=yDv= |=yxNQJ QO xOW|v}@V}B Q=Okt
|]N |oOWCNU |=ypOt QO u}vJty "OwW|t QDW}@ |@}mQD |oOWCNU
|=yxNQJ QO pOt wO u}= QO lJwm |Q}tN ?} Q[ x@ xHwD =@ =} wB w OQou=Uty
OvwQ u}= |Q=PoQ=@ |xt=O= =@ =t= 'OyO|t MQ |QDW}@ |Q}tN u=} QH '|}=OD@=

"OwW|t Twmat
R= |tm O=OaD '|Q}tN u=} QH R=e; QO 'xar=]t OQwt p=YD= |xUOvy x@ xHwD =@ �
|=ypOt |SQv= lqyDU= u=R}t u}=Q@=v@ "OvwW|t |Q}tN |x}L=v OQ=w =yu=tr=

"OvQ=O Qo}Om} =@ |R}J=v Cw=iD 'hrDNt
VvQm � VvD |QwLtlD |vLvt QO OQou=Uty |oOWCNU QF= xm |DQwY QO �
|=ypOt =@ |@}mQD |oOWCNU pOt |v}@V}B hqDN= 'OW=@ xHwD p@=k Oqwi
|oOWCNU |=ypOt x@ C@Uv OQou=Uty |]NQ}e w |]N |oOWCNU

"OwW|t QDtm =} wB |]NQ}e w |]N

lQD ẁQW u=tR Q=}at "4"4
|oOWCNU |=ypOt R= l} Qy |=Q@ 'lQD ẁQW |xNQJ |xQ=tW '4 pwOH QO
CW=OQ@ p@=k ?r=]t u}= 'QwmPt pwOH x@ xHwD =@ "CU= xOW x@U=Lt |Q}tN

%CU=
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U "CH pOt QO lQD ẁQW K]U ZQi =@ lQD ẁQW |xNQJ |xQ=tW "4 pwOH

|Q}tN |oOWCNU pOt
Oqwi s=vNLKH LKH LIH IH-T2 IH-T1 CH

NF FF NF FF NF FF NF FF NF FF NF FF

28 33 27 32 32 36 32 36 33 36 32 36 IR-ST37
28 32 28 32 33 37 33 37 33 37 30 35 AW50
27 33 23 33 29 33 29 33 29 33 28 33 AP50
29 33 29 33 30 33 30 34 30 34 29 33 AP110
29 34 25 32 28 34 29 34 29 34 30 35 JP50

u; |ak=w Q=DiQ x@ xHwD uwO@ Oqwi |OOa |R=Ux}@W xm |DQwY QO u}=Q@=v@
'OwWv xDiQo Q_v QO OQou=Uty w =} wB |oOWCNU |@}mQD C=QF= w OQ}PB CQwY
w |Q}tN |iqD= |SQv= 'wQ}v |=yC}tm R= |OOa pOt OQw;Q@ QO |yHwD p@=k |=]N
xmCU= xO=O u=Wv G}=Dv Q=DWwv u}= QO "CU= Q=_Dv= p@=k xv}W}@ pO=at |Q}tNVvQm
Z=te= p@=k u=wva I}y x@ xm 'Ovvm|t Qw@a sy �50 RQt R= =y=]N OQ=wt |NQ@ QO
|R=Ux}@W ẁ[wt x@ =Q |y=oWv=O w u=UOvyt |xat=H xHwD xDmv u}= "CU}v
pOt uOQmxQ@}r=m Qw_vt x@ xmv}= x@ xHwD =@ 'Qo}O hQ] R= "O@r]|t Oqwi QDj}kO
CQwY QO 'CU= |QwLtlD |}xNQJ V}=tR; s=Hv= x@ R=}v '|@}mQD |oOWCNU
p}rLD wO %OwW|t x}YwD |}=OD@= |UQQ@ u}= 'V}=tR; u}= G}=Dv x@ |UQDUO sOa
xm |DQwY QO 'OQ}o CQwY OQou=Uty w =} wB |]NQ}e |oOWCNU |=yZQi =@
p}rLD G}=Dv xm CU= u; |vat x@ 'OW=@ lJwm QwmPt p}rLD wO |=yMU=B hqDN=
pY=L G}=Dv x@ u=wD|t u}=Q@=v@ w OQ=Ov |O=} R C}U=UL |oOWCNU pOt x@
|oOWCNU ZQi xmv}= x@ xHwD =@ Cr=L u}= QO "OQm u=v}t]= x}[Qi wO u}= R=
x}[Qi u}= R= CU= QDy@ 'Ovm|t x�=Q= u=v}t]= CyH QO |r}rLD ?re= =} wB |]NQ}e

"OwW xO=iDU=

QO "CU= xDiQ Q=m x@ `HQt pOt u=wva x@ Ovtv=wD pOt l} u=wva x@ |Jw@=J
|iQYt |=yOqwi 'xDiQ Q=m x@ |Q=PoQ=@ |=ypmDwQB '|UQQ@ OQwt p=YD= |xOwOLt
u}= x@ |rY= G}=Dv 'Q=DWwv u}= QO xar=]t OQwt |Q}tN |oOWCNU |=ypOt w

%CU= xOW pY=L KQW
R=e; u=tR w |mqyDU= |SQv= 'Ctw=kt |=yC}tm |v}@V}B QO =y=]N OvwQ �
ẁv R= pkDUt w OQ=O |oDU@ |oOWCNU pOt ?=NDv= x@ \ki '|oDN}Uo

"CU= �pUo l}ORv =} w QwO pmDwQB R= xO=iDU=� |Q=PoQ=@
C}U=UL u=R}t u} QDtm w u} QDW}@?}DQD x@ 'lQD ẁQW u=tR wCtw=kt |=yQ=}at �

"OvQ=O =Q |Q}tN |oOWCNUpOt ?=NDv= x@ C@Uv

�VvD |QwLtlD |vLvt QO OQou=Uty|oOWCNU syUV}=Ri= =@ |rm Qw]x@ �
|oOWCNU pOt =@ OQou=Uty |oOWCNU |=ypOt hqDN= 'Oqwi VvQm
ẁQW u=tR w |SQv= lqyDU= C}iQ_ 'p=YD= |}=yv Ctw=kt |v}@V}B QO |@}mQD

"Tmar=@ w O@=}|t Vy=m lQD

=yCWwv=B

1. cyclic
2. strain hardening
3. kinematic
4. isotropic
5. constitutive model
6. multi-surface models
7. two-surface models
8. endochronic models
9. elastic-perfectly plastic
10. Bauschinger e�ect
11. cyclic hardening/softening
12. ratchetting
13. relaxation
14. accumulated (e�ective) plastic strain
15. Prager's hardening rule
16. Armstrong-Frederick hardening rule
17. dynamic recovery
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"OvwW|t xO=iDU= Oqwi Qy
VvD 'Ov=xOW xO=O V}=tv nvQ QB CQwYx@ xm |Q}tN VvQm � VvD Q}O=kt

"OvDUy |UOvyt |xv}W}@ VvD Q}_v |k}kL |Q}tN VvQm-|k}kL

xar=]t OQwt |=yOqwi |SQv= lqyDU= C}iQ_ �?
\w@ Qt O=Oa= '|Q}tN u=} QH u}}=B Q=Okt p}rO x@ '|Q=PoQ=@ |}=OD@= |=yxNQJ QO

"CU}v =vDa= p@=k u=OvJ hqDN= OYQO x@

CUw}B
xar=]t OQwt |=yOqwi |Q}tN C=YNWt �hr=

x�=Q= xar=]t OQwt |=yOqwi R= l} Qy |Q}tN VvQm-VvD Q}O=kt �hr=1 pwOH QO
x@ \w@ Qt 'Ov=xOW XNWt nvQ QB CQwYx@ xm |}=yxO=O u}vJty "CU= xOW
|oOWCNU h} QaD |=Q@ "OvDUy OQou=Uty w =} wB |]N |oOWCNU h} QaD
|=Q@ xOWx�=Q= |=yxO=O |t=tD pw= ẁv OQou=Uty |]NQ}e w =} wB |]NQ}e '|@}mQD

"Q=DWwv QO xar=]t OQwt |=yOqwi |k}kL |Q}tN VvQm |k}kL VvD |vLvt Q}O=kt- �hr=1 pwOH
[20] JW50 [20] JP50 [20] AP110 [20] AP50 [20] AW50 [19] IR-ST37

VvQm VvD VvQm VvD VvQm VvD VvQm VvD VvQm VvD VvQm VvD
|Q}tN (MPa) |Q}tN (MPa) |Q}tN (MPa) |Q}tN (MPa) |Q}tN (MPa) |Q}tN (MPa)

0 000 310 0 000 310 0 000 758 0 000 345 0 000 345 0 000 281
0 020 724 0 036 547 0 036 796 0 036 589 0 008 345 0 021 353
0 043 513 0 081 554 0 081 816 0 081 609 0 023 417 0 051 433
0 106 573 0 136 587 0 106 837 0 106 630 0 048 479 0 101 495
0 600 689 1 330 614 0 136 918 0 136 642 0 072 525 0 151 532
2 330 786 2 330 910 1 330 945 0 142 645 1 195 1034 0 168 541
3 330 910 3 330 924 2 330 958 1 330 827 8 563 3447 1 000 800
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"CH pOt QO lQD ẁQW K]U ZQi =@ lQD ẁQW |xNQJ |xQ=tW �?1 pwOH
xNQJ xQ=tW pOt s=vpUo l}ORv |Q=PoQ=@ pUo R= QwO |Q=PoQ=@ |oOWCNU Oqwi34 33 32 31 30 29 27 25 23 20 15 10 5 37 36 35 34 33 32 30 28 25 20 |Q}tN

541 498 413 342 277 225 143 92 69 63 58 56 28 480 437 353 283 218 166 86 36 6 0 pOt |v}@V}B

IR-ST37
(KN.m) CH

3 3 2 0 �2 �3 �7 �10 �10 �6 �5 �4 �6 7 7 6 5 4 4 2 0 �7 �18 IH-T1 OYQO1 1 0 �1 �2 �3 �7 �10 �10 �6 �5 �4 �6 5 5 5 4 4 3 2 0 �7 �18 IH-T2 =@ hqDN=4 4 4 4 3 3 1 0 0 1 1 2 1 6 6 6 6 5 5 4 4 4 5 LIH
CH pOt�14 �13 �10 �8 �5 �2 5 13 16 10 9 4 7 �17 �16 �15 �13 �11 �9 �5 0 10 10 LKH

�15 �14 �12 �10 �7 �5 2 9 13 7 6 2 5 �18 �18 �16 �15 �13 �11 �8 �4 5 5 NLKH

518 476 394 325 262 211 132 85 64 58 53 52 26 459 418 336 268 204 155 76 29 3 0 pOt |v}@V}B

AW50
(KN.m) CH

4 3 0 �2 �5 �7 �13 �18 �17 �12 �10 �9 �10 8 8 6 5 4 3 1 0 0 �4 IH-T1 OYQO4 3 0 �2 �5 �7 �13 �18 �17 �12 �10 �9 �10 8 8 6 5 4 3 1 0 0 �4 IH-T2 =@ hqDN=5 5 4 3 3 2 1 �1 �1 0 0 0 0 5 5 4 3 3 2 1 1 1 0 LIH
CH pOt�7 �6 �5 �4 �3 �1 2 6 7 4 4 2 3 �8 �8 �7 �6 �5 �5 �3 0 3 2 LKH

�6 �6 �5 �4 �2 �1 3 7 8 4 4 2 3 �8 �7 �7 �6 �5 �4 �2 1 4 3 NLKH

454 413 331 266 206 162 96 60 46 43 40 40 21 411 371 289 224 164 120 53 17 2 0 pOt |v}@V}B

AP50
(KN.m) CH

10 10 9 9 8 7 1 �5 �5 1 4 6 3 15 16 17 18 20 22 30 43 63 30 IH-T1 OYQO9 9 9 8 7 6 1 �5 �5 1 4 6 3 14 15 16 18 20 22 30 43 63 30 IH-T2 =@ hqDN=18 19 21 22 23 24 24 20 17 21 22 23 17 21 22 24 27 30 34 45 63 99 56 LIH
CH pOt4 6 11 15 21 26 38 46 43 36 35 32 28 14 15 16 18 20 22 30 43 63 30 LKH

�2 �1 �1 0 1 1 3 3 3 2 2 1 1 21 22 24 27 30 34 45 63 99 56 NLKH

365 326 249 189 136 100 49 28 22 22 21 21 14 340 301 223 164 111 74 24 4 0 0 pOt |v}@V}B

AP110
(KN.m) CH

1 1 �1 �3 �5 �6 �6 �3 �2 �2 �1 �1 0 3 3 1 0 �2 �2 �2 �1 �1 0 IH-T1 OYQO1 1 �1 �3 �5 �6 �6 �3 �2 �2 �1 �1 0 3 3 1 0 �2 �2 �2 �1 �1 0 IH-T2 =@ hqDN=3 3 2 2 1 1 1 1 2 2 2 2 1 4 3 3 2 2 2 2 2 1 0 LIH
CH pOt3 3 2 2 2 2 2 2 2 2 2 2 1 3 3 3 3 2 2 2 2 1 0 LKH

0 0 0 0 �1 �1 �1 �1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 NLKH

478 437 354 287 226 180 109 70 54 50 46 45 23 430 389 306 239 179 132 62 22 3 0 pOt |v}@V}B

JP50
(KN.m) CH

6 6 6 5 4 3 �3 �9 �9 �4 �1 1 �2 11 12 13 14 15 17 21 29 41 26 IH-T1 OYQO6 6 6 5 4 3 �3 �9 �9 �4 �1 1 �2 11 12 13 14 15 17 21 29 41 26 IH-T2 =@ hqDN=9 10 14 17 21 24 32 35 34 29 28 26 23 5 6 9 12 16 20 30 47 89 65 LIH
CH pOt0 1 6 10 15 20 31 39 39 31 30 26 25 �4 �3 1 5 9 14 26 45 91 66 LKH

�6 �5 �4 �3 �1 0 3 6 6 3 3 2 2 �7 �7 �6 �5 �4 �3 0 3 11 12 NLKH

496 453 366 296 232 183 110 69 53 50 46 45 23 450 407 320 250 186 138 64 22 2 0 pOt |v}@V}B

JW50
(KN.m) CH

4 4 4 3 2 1 �3 �8 �8 �4 �2 �1 �2 8 8 8 9 10 12 16 24 44 56 IH-T1 OYQO4 4 4 3 2 1 �3 �8 �8 �4 �2 �1 �2 8 8 8 9 10 12 16 24 44 56 IH-T2 =@ hqDN=4 5 9 13 17 22 32 38 37 30 28 25 24 �1 0 3 6 10 14 26 45 105 115 LIH
CH pOt�4 �2 3 7 12 18 31 41 41 32 30 26 25 �8 �7 �3 0 5 9 22 44 106 117 LKH

�8 �7 �4 �2 2 6 14 21 21 15 14 11 11 �12 �11 �9 �6 �3 0 8 20 58 85 NLKH
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