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TBU "OwW|tXNWt 'OwW|t u}}aD|v=QL@ |xQiL OWQ MQv R= xO=iDU= =@ xm O=wt
5 |x]@=Q CQwYx@ CN=wvm} Q=@ CLD CUmW XN=W |=v@t Q@ CUmW Q=}at

%OwW|t x�=Q=
FImonotonic =

Z "criticalp

0
exp(1 5T )d"p=�monotonic (5)

C}iQ_ x@ OwHwt |xQiL OWQ C@Uv |xOvyO u=Wv FImonotonic 'u; QO xm
|v}@V}B CUmW ẁQW &OW=@ QDW}@ 1 R= FImonotonic |Dkw "CU= xQiL OWQ

"OwW|t
|=Q@ |L} QY CQ=@a pt=W [10]'�1969� |U} QD w T}=Q VGM pOt
R= |Q=}U@ QO xJQo = "CU= |Q}tN VvQm w |QwLtxU VvD |R=UxJQ=Bl}
VvD R= u=wD@ xm CU= |}xR=Ov= x@ O=wt pmWQ}}eD u=R}t 'O=wt |ak=w |=yC}akwt
xm |ak=wt QO |DL "OQm Q_vhQY �CU= O=wt |xUOvy x@ xDU@=w xm � |QwLtxU
xOW QmP |xr�Ut CU= umtt R}v 'OW=@ `} QU Q=}U@ |Q}tN VvQm C=Q}}eD u=R}t
CU= |Q}tN VvQm x@ xDU@=w Q}e |QwLtxU VvD '=yCr=L QDW}@ QO "OW=@ jO=Y
pOt w O};|t uwQ}@ p=QoDv= R= '2 |xrO=at QO p=QoDv= pN=O CQ=@a xH}Dv QO w

%OwW|t xO=O u=Wv 6 |x]@=Q CQwYx@ VGM

ln
�
R
R0

�critical
monotonic

= C exp(1 5T ):d"criticalP (6)

%OQm u=}@ 7 |x]@=Q CQwY x@ u=wD|t =Q |v=QL@ |Q}tN VvQm =Pr

"criticalP =
ln
�
R
R0

�critical
monotonic

C exp(1 5T )
=

ln
�
R
R0

�critical
monotonic
C

exp(1 5T )

(7)

=yu; u=wD|t =Pr &OvDUy xO=t |x}=B ?} Q[ CU=Q CtU CQ=@a wO Qy 'u; QO xm
%�8 |x]@=Q� OQm u} Ro}=H � s=v x@ xO=t QDt=Q=B l} =@ =Q

� =
ln
�
R
R0

�critical
monotonic
C

(8)
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Qw;Q@[19]"u=Q=mty w jO=Y s}yi VywSB QO RBS p=YD= =@ ?=k QO uwDU w Q}D C=YNWt "1 pwOH

VvD p=} QDt w[a O=a@= w[a
(MPA) |}=yv (MPA) s}rUD (mm)

554 445 A992 617� 230� 13� 23 (W24� 94) Q}D
h� b� t� s

494 378 A992 621� 326� 15� 24 (W24� 131) uwDU
h� b� t� s

jO=Y s}yi |xOW s=Hv= |=yV}=tR; R= =OD@= "OQm |@=} RQ= 'OvwQ|t V}B s=Oyv=
|=Q@ uwDU hPL |w} Q=vU R= xm [27]'�2014� u}m}=U w [19]'�2010� u=Q=mty w
xOQm xO=iDU= CN=wvm} Q=@ CLD xDi=}Vy=m `]kt =@ Q}D |=yp=YD= C}iQ_ |UQQ@
'xt=O= QO "OW xO=iDU= |v=QL@VvQmXNWtVvD pOt |HvUCLYCyH 'OvOw@
'�CVGM� |rm}U |Q=PoQ=@ CLD =yxQiL OWQ pOt VwQ R= u=v}t]= CyH
|@=} RQ= w |R=UpOt [20]'�2014� u=Q=mty w |r Q=DWwv QO V}=tR; OQwt p=YD=
'|rm}U w CN=wvm} Q=@ CLD Q}PBpmW CUmW |=ypOt R= u=v}t]= R= TB "OW
=@ �RBS� xDi=}Vy=m `]kt =@ Q}D ẁv R= xOW O}}-=D V}B R= |WtN p=YD= 5
ltm x@ |rm}U w CN=wvm} Q=@ CLD =yu; C}iQ_ w |R=UpOt 10Twm =@; Q=Ri=sQv
|@=} RQ= Twm =@; Q=Ri=sQv QO CVGM w SMCS CUmW |=ypOt |U} wvu}DwQ@=U
'uwDU |m}ORv QO Q}D h}a[D =@ xm CU= |WtN p=YD= ẁv l} RBS "OvOW
p}iwQB w jQw R= xOW xDN=U |=yQ}D QO w OwW|t QwO uwDU Q@ R= |Q}tN |x}L=v

"OQ=O OQ@ Q=m

|HvUCLY "4
w OWQ |Qw�D w CN=wvm} Q=@ CLD |HvUCLY "1"4

=yxQiL |oDUw}Bsyx@
CN=wvm} |Q=PoQ=@ CLD =yxQiL OWQ |xOW xO=U pOt G}=Dv R= u=v}t]= CyH
|WtN |=y?=k RBS |=yp=YD= QO Q}PBpmW CUmW |UQQ@ |=Q@ �SMCS�
QO xm [19]'�2010� u=Q=mty w jO=Y s}yi Q=DWwv QO V}=tR; OQwt ?=k '|Rri
[27]'�2014� u}m}=U |QDmO RD QO 'xt=O= QO w xOW V}=tR; u=o}W}t x=oWv=O
CyH &Ow@ xOW |R=UpOt [28]'Twm =@; Q=Ri=sQv R= xO=iDU= =@ uwDUw@ x=oWv=O QO
w jO=Y s}yi V}=tR; QO "CU= xOW xO=iDU= Q[=L VywSB QO |R=UpOt
w uwDU 3 R= pmWDt |@=k QO uwDU hPL |w} Q=vU R= [19]'�2010� u=Q=mty
T=U=Q@ SMCS u=ty =} xOWxO=UVGM pOt |=yQDt=Q=B "OW xO=iDU= Q}D 2
|=Q@ �monotonic u=ty =} w � Q=Okt "OvOt; CUOx@ [27]'u}m}=U |QDmO RD
p=YD= QO uwDU w Q}D C=YNWt "OW ?=NDv= 0 62 Q@=Q@ A992 p=} QDt
R= |]N CQwYx@ xR=U Q@ xOQ=w Q=@ "CU= xOW x�=Q= 1 pwOH QO |UQQ@OQwt
p=ta= xvwtv x@ |v=}t uwDU QO s�=k CyH QO QDt|r}t 860 u=mtQ}}eD =D QiY

"OW
|}xQo Q=yJ SHELL u=tr= R= Twm =@; Q=Ri= sQv QO =yp=YD= |R=UpOt CyH
CyH"CU= xOW |iQat Twm =@; QO |]NwO CQwYx@ xDiQ Q=mx@ p=} QDt w xO=iDU=
|vt[ R}r=v; R= |rm}U |Q=PoQ=@ CyH w K} QY R}r=v; R= uwDU hPL |w} Q=vU
O}kt |rYit CQwYx@ |Q=vm |=yuwDU |v}}=B w |}q=@ CtUk "CU= xOW xO=iDU=

R= xO=iDU= =@ w CU= xDU@=w p=} QDt |Q}PB?}U; x@ xm CU= |@} Q[ � 'u; QO xm
[14]"O};|tCUOx@ OwOLt <=RH= R}r=v; =@ s-=wD p=} QDtl}vwDwvwt w |rm}U |=yuwtR;
|xty `tH R= 'pO=at |Q}tN VvQm u=wvax@ w CU= CQ=UN Q}eDt "c u}vJty
"OwW|t u}}aD |r=ta= |Q=PoQ=@ CLD |Q=Wi |=ypm}U QO |Q}tN |=yVvQm
|Q=PoQ=@ R= xm |D}iQ_ Vy=m CyH 8|Wy=m |}=tv `@=D l} '13 |xrO=at QO
u; R= xO=iDU= pY=L xm xOW xO=iDU= 'CU= xOt; CUOx@ p=} QDt |=Q@ l}vwDwvwt

"CU= |rm}U |Q=PoQ=@ CLD p=} QDt C}iQ_ u}}aD
|Q=PoQ=@ CLD �VGDCYCLIC� =yxQiL OWQ |=[=kD '12 |xrO=at j@=]t

%OwW|t u}}aD 14 |x]@=Q CQwYx@ |rm}U
V GDcyclic =

X
tensile

Z "2

"1
EXP (j1 5T j)

� X
compressive

Z "2

"1
EXP (j1 5T j) � 0 (14)

'Ci=} Oy=wNVy=m wV}=Ri= ,=@ w=vDt|rm}U |Q=PoQ=@CLD V GDCY CLIC
V GDCY CLIC CQ=@a =Pr 'CW=O Oy=wNv |vat xQiL |ivt sHL xm =Hv; R= =t=
Vy=m QiY Q} R x@ 14 |xrO=at pY=L |Dkw u}= Q@=v@ "Ow@ Oy=wN C@Ft xW}ty
xQ=@ wO |WWm |=ypm}U QO =D Ov=t@ |k=@ QiY V GDCY CLIC Q=Okt O}=@ 'O@=}
CUmW '|WWm |rm}U |Q=PoQ=@ =@ x@=Wt "O@=} V}=Ri= QiY |q=@ x@ u; Q=Okt
9R=}vOQwt |=yxQiL sHL xm OyO|t MQ |v=tR |rm}U |Q=PoQ=@ CLD ELCF

CQ=@a x@ "OwQ QD=Qi �cyclic xDi=}OWQ |=yxQiL sHL C}iQ_ R= VGDCYCLIC

Oy=wN h} QaD 15 |x]@=Q j@=]t FIcyclic CQ=@a "OwW FIcyclic � 1 'Qo}O
%OW

FIcyclic = V GDcyclic
�cyclic

(15)

|Q=PoQ=@ ZQat QO xm ELCF CUmW |v}@V}B |=Q@ CVGM pOt u}=Q@=v@
|=yxQiL OWQ xm CU= Q=wDU= =v@t u}= Q@ 'Ov=xDiQo Q=Qk q=@ Q=}U@ |xvt=O =@ |rm}U
=yxQiL OWQ C}iQ_ u=tRsy w O@=}|t V}=Ri= V GDCY CLIC |=[=kDOQwt

[26w25]"O@=}|t Vy=m O=wt |atHD CQ=UN QF= QO (�cyclic)

VywSB VwQ "3
`]kt =@ Q}D p=YD= 5 |}=yv C}iQ_ xm CU= u; Q@ |aU 'Q[=L VywSB QO
R= xO=iDU= =@ CN=wvm} Q=@ CLD u}vJty w |rm}U Q=@ CLD =Q RBS |xDi=}Vy=m
|ak=wt QO u=wD@ =D OQm |v}@V}B |[=} Q |=ypOt w Q}PBpmW CUmW |=y|Qw�D
CtU x@ |Dkw =Q =yxR=U |ak=w Q=DiQ 'CU}v x=oW}=tR; QO =yp=YD= uwtR; u=mt= xm
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"|HvUCLY CyH Q[=L

s}yi pOt =@ Q[=L VywSB QO |R=UpOt R= pY=L |=yQ=Owtv j=@]v= "5 pmW
QO |Q=vm |=yuwDU |ki= |=yu=mtQ}}eD |xU}=kt |=Q@ [19]'u=Q=mty w jO=Y

"|v=}t uwDU s�=k |=yu=mtQ}}eD Q@=Q@

|xNQJ sm |oDUN |Qw�D w |rm}U Q=@ CLD |HvUCLY "2"4
O}OW

CyH �CVGM� |rm}U |Q=PoQ=@CLD =yxQiL OWQ pOt VwQ R= u=v}t]=CyH
|WtN |=y?=k RBS |=yp=YD= QO �ELCF� O}OW |xNQJ sm|oDUN|UQQ@
R= xO=iDU= =@ [20]'�2014� u=Q=mty w |r VywSB QO V}=tR; OQwt p=YD= '|Rri
|=yQDt=Q=B 'UVARM u}DwQ@=U R= xO=iDU= =@ w [28]OvOW |R=UpOt Twm =@; Q=Ri=sQv
T=U= Q@ xDi=}Vy=m |=yQ}D |=Q@ �monotonic w � Q}O=kt "OvOt;CUOx@ CVGM

"OW ?=NDv= 2 5 w 1 25 Q@=Q@ ?}DQD x@ [30w29]'�2009� xOv} wv=m w RQ}=t C=ar=]t
Q=Owtv "CU= xOW x�=Q= 2 pwOH QO |UQQ@ OQwt p=YD= QO uwDU w Q}D C=YNWt
[20]'u=Q=mty w |r V}=tR; j@=]t Twm =@; Q=Ri=sQv QO xOW pOt |xR=U Q@ xOQ=w Q=@

"OwW|t xOy=Wt 6 pmW QO SAC |Q=PoQ=@ T=U=Q@
�6Ci} QO pw= pm}U QO|oDN}Uo [20]'�2010� u=Q=mty w|r G}=Dv T=U=Q@
Twm =@; Q=Ri=sQv QO xOW |R=UpOt |HwQN G}=Dv QO "�7 pmW� OW Oy=wN O=H}=
Q=Okt '�6 Ci} QO pw= pm}U |=yDv= QO R}v Q[=L VywSB |HvUCLY CyH
"�8 pmW� CU= xOW EO=L |oDN}Uo |va} 'CU= xDiQ QD=Qi 1 R= FICYCLIC

Ci} QO pw= pm}U QO ,=k}kO xm OwW|t xOy=Wt FICYCLIC Q=Okt '9 pmW QO
|=yDv= xm 67 pm}U QO xm CU= XNWt 10 pmW QO "CU= xDiQ QD=Qi 1 R= �6

QO QDt|r}t 851 u=mtQ}}eDw �14 Ci} QO QO RBS p=YD= |oDN}Uo "1 pmW
[19]"jO=Y s}yi \UwD xOW |R=UpOt ?=k

[19]"jO=Y s}yi \UwD Q=Ri=sQv QO xOW |R=UpOt ?=k "2 pmW

"|HvUCLY CyH Q[=L VywSB QO Twm =@; =@ xOW |R=UpOt ?=k "3 pmW

C_=iL |x}L=v R= GQ=N QO =yQ}D u}vJty w =yuwDU |@v=H pmWQ}}eD R= w xOW
[19]'�2010� u=Q=mty w jO=Y s}yi G}=Dv T=U=Q@ "CU= xOW |Q}owrH xOW
QDt|r}t 851 u=mtQ}}eD QO |v=}t uwDU x@ l}ORv Q}D |v}}=B p=@ QO |oDN}Uo
u=tR QO Q}D QO xOW ptLD VNQJ "CU= xDi=} VQDUo Q}D u=H QO w xOW O=H}=
|xvwtv '2 pmW QO "�1 pmW� CU= xOt; CUO x@ u=}O=Q 0 14 Q@=Q@ |oDN}Uo
xOW |R=UpOt |xvwtv 3 pmW QO w [19]�2010� jO=Y s}yi |xOW |R=UpOt
u=mtQ}}eD R}v Twm =@; Q=Ri=sQv |HwQN G}=Dv QO "OwW|t xOy=Wt Q[=L VywSB QO
u}vJty "�4 pmW� CU= xOW EO=L |oDN}Uo 0 14 VNQJ w QDt|r}t 851
|Q=vm |=yuwDU |ki= u=mtQ}}eD x@ C@Uv |v=}t uwDU s�=k u=mtQ}}eD '5 pmW QO
QO |HvUCLY CyH xOW xDN=U pOt w u=Q=mty w jO=Y s}yi VywSB QO

"OvQ=O sy =@ |@U=vt j=@]v= xm OwW|t xOy=Wt Q[=L VywSB
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VvD p=} QDt w[a O=a@= �� w[a
(MPA) |}=yv (MPA) s}rUD (mm)

424 345 A992 950� 424� 24� 43 Q}D
h� b� t� s

490 420 A572 914� 610� 50� 50 �box� uwDU
h� b� t� s

"FICYCLIC T=U=Q@ |HvUCLY |xvwtv QO |oDN}Uo ẁQW pm}U "9 pmW

`]=kD T=U=Q@ |HvUCLY |xvwtv QO |oDN}Uo ẁQW pm}U "10 pmW
"VGDCYCLIC w �CY CLIC |=y|vLvt

CU= xDiQ QD=Qi �cyclic R= VGDCYCLIC Q=Okt 'CU= �6 Ci} QO pw= pm}U
"CU= CUmW ẁQW Qov=}=tv xm

Q=@ QF= CLD RBS |=yp=YD= C}iQ_ |UQQ@ "5
|rm}U Q=@ w CN=wvm}

VywSB x@=Wt 'CN=wvm} |Q=Po Q=@ QF=CLD RBS |=yp=YD=C}iQ_|UQQ@CyH
u; R= Q[=L VywSB |HvUCLY QO xm [8]'�2013� u=Q=mty w jO=Y s}yi
xm |}=yuwDU w =yQ}D "OW xO=iDU= uwDU hPL |w} Q=vU R= 'CU= xOW xO=iDU=
s}yi VywSB x@=Wt 'CU= xOW x�=Q= 11 pmW w 3 pwOH QO =yu; C=YNWt
u}}=B CtU x@ pOt QO |oDN}Uo O=H}= u=tR =D |v=}t uwDU w |R=UpOt 'jO=Y

"SAC |Q=PoQ=@ "6 pmW

[20]"u=Q=mty w |r pOt QO xOW xDN}Uo p=YD= "7 pmW

"�6 Ci} QO pw= pm}U QO |HvUCLY |xvwtv QO |oDN}Uo "8 pmW
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yt "uwDU hPL |w} Q=vU CLD xOW |R=UpOt |=yp=YD= QO VNQJ "4 pwOH
?=k |=yp=YD= QO VNQJ |v=}t uwDU u=mt Q}}eD Q}D pw] xvwtv�u=}O=Q� lQD ẁQW u=tR QO �QDt|r}t� lQD ẁQW u=tR QO �QDt�

0 17 1025 6 1
0 17 1025 6 2
0 158 1425 9 3
0 162 975 6 4
0 147 1300 9 5

pLt w uwDU hPL |w} Q=vU CyH 1 |xvwtv =@ xOW |R=UpOt ?=k "12 pmW
"|v=}t p=YD= QO lQD ẁQW

x�=Q= 3 pwOH QO |UQQ@OQwt |=yuwDU w =yQ}D C=YNWt "OwW XNWt O}OW
xO=iDU= FICYCLIC Q=Okt G=QNDU= CyH UVARM u}DwQ@=U R= "CU= xOW
?=NDv= 5 w 2 '1 Q@=Q@ ?}DQD x@ ST�37 p=} QDt �monotonic w � Q=Okt "OwW|t

[31]"CU= xOW
x�=Q= 3 pwOH QO =yu; C=YNWt xm p=YD= |xvwtv 5 'Q[=L VywSB QO
pOt w �CN=wvm} |Q=PoQ=@ CyH� uwDU hPL |w} Q=vU VwQ 2 x@ 'CU= xOW
xO=iDU= =@ �6�14�1 |xNUv� Twm =@; Q=Ri=sQv QO �|rm}U |Q=PoQ=@ CyH� xQ]
`]=kt =@ =Q =yp=YD= C}iQ_ u=wD@ =D OvOW xDN=U |}xQoQ=yJ SHELL u=tr= R=
xOWQmP p=YD= QO |oDN}Uo w lQD ẁQW u=mt w u=tR u}vJty w xDi=}Vy=m
a; b; c; r |=yQDt=Q=B '11 pmW QO "OQm |UQQ@ |rm}U w CN=wvm} Q=@ CLD =Q
'3 pwOH QO "OvwW|t xOy=Wt 'OvDUy Q}D `]kt |xDi=}Vy=m CtUk CyH xm

"CU= xOW x�=Q= xvwtv Qy CyH xYqN CQwYx@ QwmPt |=yQDt=Q=B
|=yp=YD= VNQJ w |v=}t uwDU |Owta |}=Hx@=H w Q}D pw] '4 pwOH QO
QO "Ov=xOW x�=Q= uwDU hPL |w} Q=vU w CN=wvm} Q=@ CLD xOW |R=UpOt ?=k
ẁQW pLt u}vJty w xOy=Wt 1 |xvwtv CyH xOW |R=UpOt ?=k '12 pmW
xDi=}Vy=m `]kt =@ p=YD= p=@ |xv=}t xm 0 17 VNQJ QO RBS p=YD= QO lQD

"OwW|t xOy=Wt 'CU=
xOW|R=UpOt|=yp=YD= QO|oQ=B w lQD ẁQWpLt '16|r= 13|=ypmW QO
|=yp=YD= |t=tD QO '=yu; j@=]t xm OwW|t xOy=Wt uwDU hPL |w} Q=vU QO
w xOW ẁQW u}}=B p=@ R= xDi=}Vy=m |x}L=v RmQt QO lQD ẁQW 'xOW |R=UpOt
Q@=Q@ xOWQmP p=YD= 5 VNQJ u}ov=}t "CU= xDi=} VQDUo p=YD= Q}D u=H QO
CLD 5 |r= 1 |=yxvwtv |oDN}Uo G}=Dv R= "OwW|t xOR u}tND u=}O=Q 0 161
R= Q}D `=iDQ= V}=Ri= =@ '|UQQ@OQwt |=yxvwtv QO xm OwW|t XNWt CN=wvm} Q=@

"|r}rLD |=yxvwtv R= s=Om Qy QO xOW xO=iDU= p=} QDt w |O=a@= C=YNWt "3 pwOH
�xDi=} Vy=m |x}L=v C=YNWt w[a O=a@= xQ=tW
r c b a h� b� t� s(mm)

400 52 5 395 262 5 Q}D
1400� 350� 10� 30

uwDU
400� 350� 12� 30

400 52 5 395 262 5 Q}D
2400� 350� 10� 50

uwDU
400� 350� 12� 30

1200 52 5 700 262 5 Q}D
31000� 350� 20� 30

uwDU
1000� 350� 12� 30

1200 52 5 700 262 5 Q}D
41000� 350� 12� 30

uwDU
1000� 350� 12� 30

1200 49 5 700 262 5 Q}D
51000� 350� 20� 30

uwDU
1000� 350� 12� 30
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lQD ẁQW '|rm}U |Q=PoQ=@ QF= CLD RBS |=yp=YD= C}iQ_ |UQQ@ CyH
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