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|L=Q] CQwY u}ty x@ R}v Qo}O CyH QO =Q p=O 'OQ=Ov =yp=O u}= Q=DiQ uDiQoQ_vQO
s}vm|t u=}@ =Q |L=Q] G}=Dv \ki w Q_vhQY C=@U=Lt |xYqN u=}@ R= "s}vm|t
QO p=O QF-wt ZQa x@ \w@ Qt G}=Dv "CU= xOW xOQw; 5 pwOH QO G}=Dv u}= xm
QO xv=yO hYv QO uwOv=D p}iwQB "CU= �p=O R= QDt 7 3� \Uw uwDU |L=Q]

"CU= xOW xO=O u=Wv 8 pmW QO y QwLt |=DU=Q
xO=t u}= |}xv=}=Q |R=UpOt x@ |Oa@ |=yVN@ QO C=}�RH u}= uDW=O =@

"s}vm|t |UQQ@ =Q xt=vu}}; \@=w[ uOw@?U=vt w s} R=OQB|t
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ra "1 p=Ft QO y QwLt |=DU=Q QO |L=Q] w p}rLD G}=Dv |xYqN "5 pwOH
OQor}t VvD u} QDW}@ VvD u} QDW}@ VvD u} QDW}@ VvD u} QDW}@ xOvR Q=@ xOQt Q=@ O=OaD

|Q=PoQ=@QO |rwtat QO |WWm QO |Q=Wi QO |Q=Wi QO |WWm
kN/m2 kN/m2 =yuwOv=D|}=yv Cr=L (MPa) |Q=OQ@xQy@ (MPa) |Q=OQ@xQy@ (MPa) p=kDv= (MPa) p=kDv=

16�12 7 88 2 5 6 0 0 0 2 0 7 4 23 |vwmUt
28�12 10 8 4 32 9 38 1 4 5 0 7 4 28 nv}mQ=B

|vD@ |xO}WmTB p=O |OOa |R=Ux}@W "7
uOw@xO}J}B 'VRNpFt uD@|D=P CqmWt Q@xwqa|vD@ `]=kt |OOa |R=Ux}@W QO
QO xr�Ut u}= "s}DUy wQ@ wQ R}v Oqwi w OQor}t u}@ T=tD |xr�Ut =@ """w Q=DiQ
T=tD u}= R= |@ wN |R=Ux}@W O}=@ w CU= syt Q=}U@ xO}WmTB |=yOqwi OQwt
xOy=Wt =Q =[a= u}= R= |QD|ak=w Q=DiQ |QDw}Bt=m |R=Ux}@W QO u=wD@ =D OQ}o CQwY

"OQm
O=OaD CU= sRq |vD@ |=yxvwtv QO xmv}= w C=@U=Lt |q=@ sHL x@ xHwD =@ =Pr
=y|R=Ux}@W u}= 'OwW xO=iDU= |Oqwi |=yxvwtv x@ C@Uv |QDW}@ ?D=Qt x@ u=tr=
u=tRsy |xO=iDU=|xO}= "s}yO|t s=Hv= ABAQUS Q=Ri=sQv R= xO=iDU= =@ =Q
QO 's=OmQy |=Q@ =RHt |Lw]U h} QaD ?r=k QO |@=QN w |Q}tN |=ypOt R=
`@=wD u}= OQ@ Q=m =D xOW VqD |Q=}U@ w [9�6]'CU= xOW |UQQ@ w j}kLD xDWPo
uO=Ou=Wv x@ QO=k |}=yvDx@ |Q}tN `@=wD [12�9]"O@=} VQDUo uD@ Q=DiQ |UQQ@ QO
|@=QN `@=wD p@=ktQO w OvDU}v |oOQwNlQD R= |W=v Kr=Yt QO xOWO=H}= ha[
|rOt u}=Q@=v@ 'OvDU}v Kr=Yt QO Q}PB=vCWoQ@ |=yVvQm uO=Ou=Wv x@ QO=k R}v
Kr=Yt |v=UWm |DNU C=Q}}eD u=tRsy Qw]x@ Ov=wD@ xm uD@ Q=DiQ |=Q@ ?U=vt
|=ypOt ?}mQD R= O}=@ 'Ovm |R=UpOt Kr=Yt QO =Q Q}PB=vCWoQ@ |=yVvQm w
|Q}tN ?}U; |=ypOt x@ =ypOt u}= xm OW=@ xOW p}mWD |Q}tN w |@=QN
|r OQou=Uty |Q}tN ?}U; pOt R= uD@ |R=Ux}@W |=Q@ 'Q=DWwv u}= QO "Ov=hwQat
"s}vm|t xO=iDU= hrDNt |Ov@ Qm}B wO R= pOt u}= QO "OwW|t xO=iDU= R}v} wvi w
|v=UWm pwOt w VvQm w VvD Ovv=t xO=t |ak=w C=YNWt xm |@=QN =@ |Ov@ Qm}B
u=Wv ��� uwO@ =Hv}= QO w OyO|t u=Wv =Q xO=t |ak=w """uwU=wB ?} Q[ w
xO=t C=YNWt u; QO xm CU= |[Qi |Ov@ Qm}B 'Qo}O |Ov@ Qm}B "OwW|t xO=O
uOQmQ_vhQY =@ """w uwU=wB ?} Q[ w |v=UWm pwOt w VvQm w VvD %Ovv=t
xm OvwW|t h} QaD xO=t |Q=PoQ=@ u}L |xDi=}OWQ =} w |D=P ?w}a Q}F-=D R=
xO=O u=Wv ��� Ctqa =@ =Hv}= QO w s}} wo|t |@=QN uwO@ |Ov@ Qm}B u; x@

"OwW|t

"2 p=Ft "9 pmW

"2 p=Ft QO =DU=Q wO Qy QO =yuwOv=D p}iwQB "10 pmW

|=yOqwi xDWQ R= uOQmxO}WmTB |=Q@ "CU= xOW xO=O u=Wv 10 pmW QO w x@=Wt
"s}vm|t xO=iDU= 140 mm2 `]kt K]U =@ 270 |x@DQ |oO}WmTB

R=Ht Q}O=kt "CU= xOW xOQw; 6 pwOH QO |L=Q] w p}rLD G}=Dv |xYqN
4 pwOH QO p=mU=B=ot 50 Ctw=kt =@ uD@ |=Q@ R}v xv}W}@ |Q=Wi w |WWm VvD
=DU=Q wO Qy QO 'CU= uQ=kDt hQ] wO Qy QO p=O xmv}= x@ xHwD =@ "CU= xOW xOQw;

"s}vm|t xO=iDU= 6 pwOH |L=Q] G}=Dv R=
"2 p=Ft QO |L=Q] w p}rLD G}=Dv |xYqN "6 pwOH

OQor}t VvD u} QDW}@ VvD u} QDW}@ VvD u} QDW}@ VvD u} QDW}@ xOvR Q=@ xOQt Q=@ O=OaD
|Q=PoQ=@QO |rwtat QO |WWm QO |Q=Wi QO |Q=Wi QO |WWm

kN/m2 kN/m2 =yuwOv=D|}=yv Cr=L (MPa) |Q=OQ@xQy@ (MPa) |Q=OQ@xQy@ (MPa) p=kDv= (MPa) p=kDv=
34�12 8 09 2 88 5 42 0 0 2 0 9 08 48 |vwmUt
42�12 10 5 4 2 8 9 1 34 5 0 9 08 58 nv}mQ=B
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[14]"|rY= |=yVvD |=[i QO s}rUD K]U "11 pmW

"xQwLtlD CUD QO wk QDt=Q=B hrDNt Cq=L "12 pmW

pmWt |rm Cr=L QO �dt w dc� |WWm w |Q=Wi |@=QN |=yQDt=Q=B |x@U=Lt
=yQDt=Q=B u}= uOQw;CUOx@ |=Q@ =Q |DqO=at R}v} wvi w |r xrtH R= |v=kkLt "CU=
R= xm OW xO=O u=Wv 2008 p=U QO u}vJty "Ov=xOQm u=}@ hrDNt |=yVvQm QO

[15]%OQw; CUOx@ =Q =yQDt=Q=B u}= u=wD|t 24 w 23 |=yx]@=Q

dc = 1� exp(�ac"p) (23)

dt = 1� exp(�at"p) (24)

CUD QO |Q=Wi w |WWm |@=QN QDt=Q=B uOQmxQ@}r=m =@ ac w at '=yx]@=Q u}= QO xm
"Ov};|t CUOx@ xv}W}@ |Q}tN VvQm x@ xHwD =@ w |Q=Wi w |WWm |xQwLtlD

dcj"pc="pc;max
= 1 (25)

dtj"pt="pt;max
= 1 (26)

CLD uD@ Q=DiQ |OOa |R=Ux}@W QO |}q=@ |}=v=wD |=Q=O |Q}tN ?}U; pOt u}=
=@ w xQwLtlD CQwYx@ =yuwOv=D w =yOqwi "CU= ?w=vDt w xQwLt xU |=y|Q=PoQ=@
ABAQUS Q=Ri=sQv |}=v=wD R= xO=iDU= =@ "OvwW|t pOt u=W|}=yv Ctw=kt x@ xHwD
u=wD|t �PRESTRESS HOLD� =yuwOv=D QO x}rw= VvD uDW=Oxov C@=F QO

[17w16]"OQm |R=Ux}@W |@ wNx@ =Q =yuwOv=DQO |oO}WmTB

R}v}wvi w |r |Q}tN pOt "1"7
|xt=vQ@ QO [14]&OW p}tmD 1998 p=U QO w [13]'x�=Q= 1989 p=U QO =OD@= xm pOt u}=
Q} R CQwYx@ |t}rUD K]U |=Q=O w OwW|t xO=iDU= ABAQUS OwOLt |=RH=

%CU=
F = 1

1� �
�
�I1 +

p3J2 + �H(�max)
�� ck = 0 (15)

VvD �max 'O}=U} wy `@=D hQat H 'Oa@|@ C@=F ?}=Q[ � w � '15 |x]@=Q QO
Cw=iDt |Q=Wi w |WWm Cr=L wO QO xm CU= |oOv@UJ ck w xv}W}@ |rY=
16 |=yx]@=Q =@ w CU= |i=QLv= VvD swO Q}eDt=v J2 w VvD pw= Q}eDt=v I1 "CU=

%OvwW|t h} QaD 17 w
I1 = �11 + �22 + �33 (16)

I2 = 1
6
h
(�11 � �22)2 + (�11 � �33)2 + (�22 � �33)2i+

�212 + �213 + �223 (17)

"CU= xOW xOQw; 11 pmW QO |rY= |=yVvD |=[i QO s}rUD K]U u}= pmW
xDU@=wQ}e ,=tDL O}=@ C=Rri hqNQ@ |vD@ |=ypOt QO �F p� |Q}tN p}Uv=DB `@=D
`@=D R= pOt u}= QO "OyO u=Wv |@ wNx@ =Q |}xv=O O=wt w uD@ Q=DiQ Ov=wD@ =D OW=@

"OwW|t xO=iDU= Qo =QB Qm =QO |Q}tN p}Uv=DB
F p =

p3J2 + �pI1 (18)

%OwW|t x@U=Lt Q} R CQwYx@ |Q}tN VvQm w
@F p

@�
= Sijp3J2

+ �p�ij (19)

_"p = _�@F
p

@�
(20)

?=NDv=|}xvwox@ �p QDt=Q=B "CU= xO=t `=UD=?} Q[ �p '20|r= 18 |=yx]@=Q QO
'|i=QLv= VvD Sij "O}; CUOx@ 0 3 =D 0 2 u}@ |vD@ Kr=Yt \=U@v= xm OwW|t
"CU= |Q}tN VvQm |�RH C=Q}}eD MQv _"p w O};|t CUOx@ |Q=oR=U \QW R= _�

R}v}wvi w |r |@=QN pOt "2"7
%Ov=xOW x�=Q= |Ov@ Qm}B wO QO VvD u}@ Q} R |=yx]@=Q |@=QN uO=Ou=Wv |=Q@

� = [1�Dk]� (21)

Dk = 1� (1� dc)(1� (1� wk)dt) (22)

w |Q=Wi |@=QN QDt=Q=B ?}DQDx@ dt w dc 'pO=at |@=QN QDt=Q=B Dk '=yx]@=Q u}= QO
|Q=WiVvD R= xO=t xm|Dr=L QO xmCU= OOHt |oOvwWCNU QDt=Q=Bwk w |WWm
VvDOv=wD|tv w OQwN|t lQD xO=t� wt = 0 0Q@=Q@ OwW OQ=w |WWm VvD x@
OwW OQ=w |Q=Wi VvD x@ |WWm VvD R= xO=t xm|Dr=L QO w �Ovm ptLD |WWm
�Ovm ptLD |Q=Wi VvD Ov=wD|t xO=t w OwW|t xDU@ =ylQD� wc = 1 0Q@=Q@
"OyO|t u=Wv xQwLtlD CUD QO =Q wk QDt=Q=B hrDNt Cq=L 12 pmW "CU=
QO |@=QN QDt=Q=B 'VvQm V}=Ri= =@ xm OwW|t XNWt |y=oW}=tR; G}=Dv R=
QQmt uOWxDU@ w R=@ p}rOx@ '?w=vDt |=y|Q=PoQ=@ QO "Ovm|t =O}B V}=Ri= xO=t

"OwW|t QD`} QU |@=QN QDt=Q=B V}=Ri= sR}v=mt '=ylQD
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"1 p=Ft p=O R= |rm |=tv w |Ov@Vt "13 pmW

"p=kDv= Cr=L QO u=mtQ}}eD "14 pmW

"p=kDv= Cr=L QO p=O Q} R QO |@=QN "15 pmW

"|Q=OQ@xQy@ Cr=L QO u=mtQ}}eD "16 pmW

1 p=Ft |OOa |R=Ux}@W "8
QO |iQYt Kr=Yt |}=yv Ctw=kt "CU= xOW xO=O u=Wv 1 pmW QO p=O u}= uqB
7 pwOH QO |OOa |R=Ux}@W |=Q@ uD@ C@=F ?}=Q[ w CU= xOW xOQw; 1 pwOH
3 pw=OH QO =DU=Q wO Qy QO =yOQor}t w =yuwOv=D O=OaD u}vJty "CU= xOW xOQw;

"Ov=xOW xOQw; 5 w
QwLt |=DU=Q QO xm uwOv=D 19 R= xO=iDU= =@ w nv}mQ=B |Q@ Q=m |=Q@ |R=Ux}@W
=@ "s} Q}o|t Q_vQO |}xQo 3 |QwLt |=yu=tr= CQwYx@ =Q 'CU= xOW s=Hv= x

=Q =yuwOv=D uwQO QO wQ}v =OD@= 'OwW|t =QH= xO}WmTB CQwYx@ p=O xmv}= x@ xHwD
QO wQ}v Q=Okt Cr=L u}= QO "OvUQ@ pO=aD x@ uD@ =@ =yuwOv=D =D s} Q}o|t Q_vQO C@=F
QO xOt;OwHwx@ |=yCi= u; R= TB "s} Q}o|t Q_vQO p=kDv= Cr=L Q@=Q@ =Q =yuwOv=D
|Q=OQ@xQy@ Cr=L Q@=Q@ =Q =yuwOv=D QO OwHwt |wQ}v w s} Q}o|t Q_vQO =Q COtR=QO
pt=W Q=@ u}= "s}vm|t OQ=w |H} QOD CQwYx@ =Q Q=@ =yDv= QO w s} Q}o|t Q_vQO
u; R= |rm |}=tv w p=O |Ov@Vt 13 pmW QO "CU= xR=U |R=UwQ w xOvR Q=@
w xOW xO=O u=Wv p=kDv= Cr=L QO u=mtQ}}eD '14 pmW QO "CU= xOW xO=O u=Wv
0 53 OwOL p=kDv= Cr=L QO p=O u}= QO �q=@ x@ wQ� C@Ft R}N xm CU= XNWt
XNWt 'CU= xOW xO=OV}=tv 15 pmW QO xm p=O Q} R QO |@=QN "CU= QDt|Dv=U
|@=QN Q=Okt xD@r= "O};|t OwHwx@ =yx=ox}mD u} Q} R CtUk QO |@=QN xm OR=U|t
uwO@ OQwt QO xt=vu}}; ZQi |rw 'CU= 0 2 OwOL QO xv}W}@ w CU= R}J=v Q=}U@
p=O u}= u=mtQ}}eD R}v '16 pmW QO "OwW|tv xOQw;Q@ Cr=L u}= QO `]kt uOw@lQD
Rwvy R}N p=O R= |Q=}U@ |=yCtUk QO "CU= xOW xOQw; |Q=OQ@xQy@ Cr=L QO
'CU= sRq Q=Okt R= V}@ |oO}WmTB Q=Okt xm OyO|t u=Wv u}= w CU= C@Ft
w xOQt Q=@ s=tD w �p=mU=B=ot 5� nv}mQ=B |xOvR Q=@ s=tD uOWOQ=w OwHw =@ uwJ
xm OUQ|t QDt|Dv=U 0 47 x@ �u}}=B x@ wQ� |ivt u=mtQ}}eD Rwvy p=O OwN uRw
Qy QO O=} R |oO}WmTB |xOvyOu=Wv u}= w "CU= xt=vu}}; R=Ht Q=Okt R= QDtm Q=}U@
CU= xOW xOQw; |Q=OQ@xQy@ Cr=L QO |@=QN 17 pmW QO 'C}=yvQO "CU=DU=Q wO
|Q=OQ@xQy@ Cr=L QO =yp=O u}= uOw@lQD uwO@ OQwt QO xt=vu}}; ZQi sy R=@ xm
QO |@=QN u}= xD@r= "OUQ|t 0 9 OwOL x@ Cr=L u}= QO |@=QN w OwW|tv C}=aQ
ZQi |rw 'OQ=Ov xR=U |wQ Q@ |O=} R Q}F-=D w ODi=|t j=iD= |mJwm Q=}U@ CtUk
|Q=OQ@xQy@ w p=kDv= Cr=L wO R= s=OmI}y QO p=O uOv=tlQD uwO@ Q@ |v@t xt=vu}};

"OwW|tv C}=aQ

"|OOa |R=Ux}@W |=Q@ uD@ C@=F ?}=Q[ "7 pwOH
Q=Okt uD@ C=YNWt
38 8 �GPa� x}rw= nv=} pwOt E

0 2 uwU=wB ?} Q[ �

50 �MPa� |Q=Wi |}=yv Ctw=kt f 0c
4 9 �MPa� |WWm |}=yv Ctw=kt f 0t
0 2 `=UD= ?} Q[ �p

0 12 s}rUD K]U QO xO=t C@=F �
7 7 s}rUD K]U QO xO=t C@=F �

0 0076 uD@ |Q=Wi |oDN}Uo VvQm "pc:max

0 0009 uD@ |WWm |oDN}Uo VvQm "pt:max
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"2 p=Ft |Ov@Vt w p=O R= |rm |=tv "18 pmW

"p=kDv= Cr=L QO u=mtQ}}eD "19 pmW

"p=kDv= Cr=L QO p=O |wQ QO |@=QN "20 pmW

"p=kDv= Cr=L QO p=O Q} R QO |@=QN "21 pmW

"|Q=OQ@xQy@ Cr=L QO |@=QN "17 pmW

2 p=Ft |OOa |R=Ux}@W "9
|iQYt Kr=Yt C=YNWt "CU= xOW xO=O u=Wv 9 pmW QO |v=}t p=O u}= uqB
O=OaD u}vJty w 7 pwOH QO |OOa |R=Ux}@W |=Q@ uD@ C@=F ?}=Q[ w pwOH QO
|Q@ Q=m |=Q@ |R=Ux}@W w xOW xOQw; 6 pwOH QO =DU=Q wO Qy QO =yOQor}t w =yuwOv=D
xHwD =@ "CU= p@k p=Ft x@=Wt xr�Ut u}= |Q=PoQ=@ |xwLv "CU= xOW s=Hv=nv}mQ=B
QO "OwW|t |OOa p}rLD w x} RHD p=O u}= sQ=yJ l} CyH wO Qy QO p=O uQ=kD x@
xO=iDU= |D}B}OvQU |}xQo 20 |q=@ xHQO |=yu=tr= R= uD@ |=Q@ p=O u}= |OOa R}r=v;
pmW "s} Q}o|t Q_vQO |}xQo 3 |QwLt |=yu=tr= CQwYx@ =Q =yOqwi w s}vm|t
QO u=mtQ}}eD 19 pmW QO "OyO|t u=Wv =Q xvwtv |Ov@Vt w p=O R= |rm |=tv 18
u}= QO �q=@ x@ wQ� C@Ft R}N xm CU= XNWt "CU= xOW xO=O u=Wv p=kDv= Cr=L
|Q=Okt "OW=@|t O=} R Q=}U@ xm CU= QDt|Dv=U 1 6 OwOL p=kDv= Cr=L QO p=O
xv=yO \Uw QO p=O |q=@ CtUk w =yx=ox}mD CQw=Ht QO u} Q} R CtUk QO |@=QN
V}=tv 21 pmW QO p=O Q} R QO w 20 pmW QO p=O |wQ QO |@=QN 'O};|t OwHwx@
0 35 OwOL QO |@=QN |xv}W}@ Q=Okt xD@r= "�p=kDv= Cr=L QO� CU= xOW xO=O
QO `]kt uOw@lQD uwO@ OQwt QO xt=vu}}; ZQi |rw 'CU= R}J=v Q=}U@ xm CU=
p=O u}= u=mtQ}}eD R}v 22 pmW QO "OwW|tv xOQw;Q@ R}v p=O u}= QO w Cr=L u}=
C@Ft Rwvy R}N p=O |=yCtUk s=tD QO "CU= xOW xOQw; |Q=OQ@xQy@ Cr=L QO
=@ uwJ 'CU= sRq Q=Okt R= V}@ |oO}WmTB Q=Okt xm OyO|t u=Wv u}= w CU=
OwN uRw w xOQt Q=@ s=tD w �p=mU=B =ot 5� nv}mQ=B |xOvR Q=@ s=tD uOWOQ=w OwHw
QDt|Dv=U 0 607 x@ u; Q=Okt w CU= �q=@ x@ wQ� C@Ft p=O QO u=mtQ}}eD Rwvy p=O
=yp=O u}= uOQmxO}WmTB xm OwW|t XNWt xDmv u}= QDW}@ p=Ft u}= QO "OUQ|t
QO p=O Q} R QO |@=QN 23 pmW QO 'C}=yvQO "CU= |O=YDk=Q}e CyH wO Qy QO
uOw@lQD uwO@ OQwt QO xt=vu}}; ZQi sy R=@ xm CU= xOW xOQw; |Q=OQ@xQy@ Cr=L
OwOL x@ Cr=L u}= QO |@=QN w OwW|tv C}=aQ |Q=OQ@xQy@ Cr=L QO =yp=O u}=
|O=} R Q}F-=D w ODi=|t j=iD= |mJwm Q=}U@CtUk QO |@=QN u}= xD@r= "OUQ|t 0 48
p=Ft Ovv=ty p=O uOv=tlQD uwO@ Q@ |v@t xt=vu}}; ZQi |rw 'OQ=Ov xR=U |wQ Q@
"�18"3"3 Ov@� OwW|tv C}=aQ |Q=OQ@xQy@ w p=kDv= Cr=L wO R= s=OmI}y QO p@k
CU= R=}v OQwt Q=Okt R= V}@ jwi p=O QO |oO}WmTB Q=Okt xmv}= x@ xHwD =@
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