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[12]%OwW|t xO=iDU= 10 |r= 7 \@=wQ xawtHt R= �c(t; t0) '|x@U=Lt |=Q@ xm

�c (t; t0) =
�

(t� t0)
A+ (t� t0)

�
(t0)

(7)

A = 750
�fcm

(8)


 (t0) = 1
2 3 + 3 5=pt0 (9)

�fcm =
� 35
fcm

�0 5
(10)

"Ov=xOW h} QaD p@k \@=wQ QO 'QwmPt \@=wQ QO xO=iDU= OQwt |=yQDt=Q=B xm

uD@ |oOW`tH pOt "2"2
%CU= CQwY u}=x@ FIB |xt=vu}}; QO l@U uD@ |=Q@ xOWx�=Q= |oOW`tH pOt
|xt=vu}}; QO |rwtat uD@ |oOW`tH R= |@} Q[ CQwYx@ 'l@U uD@ |oOW`tH
|xt=vu}}; QO |rwtat uD@ |oOW`tH "�11 |x]@=Q� OwW|t xDiQo Q_v QOFIB

[12]%OwW|t x@U=Lt 12 |x]@=Q j@]FIB

"lcs (t; ts) = � � "cs (t; ts) (11)

"cs (t; ts) = "cas (t) + "cds (t; ts) (12)

uD@ |oOW`tH "cs (t; ts) 'l@U uD@ |oOW`tH "lcs (t; ts) '=yu; QO xm
' LC16 |=yxHQO =@ l@U |=yuD@ |=Q@ 1 5 Q@=Q@ C@=F |QDt=Q=B � '|rwtat
t 'QDq=@ w LC20 |=yxHQO =@ l@U |=yuD@ |=Q@ 1 2 Q@=Q@ w LC8 w 'LC12
w RwQ ?ULQ@ uD@ uOW lWN x@ ẁQW u=tR ts 'RwQ ?UL Q@ uD@ Q_vOQwt uU

"CU= RwQ ?ULQ@ uD@ uOW lWN |xQwO t� ts
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VRN ?} Q[ 'l w Mpa ?UL Q@ xRwQ 28 uD@ |v=UWm pwOt Eci 'u; QO xm
|=H x@ '�1 |x]@=Q� l@U uD@ VRN |x]@=Q R= xO=iDU= =@ 25 |x]@=Q "CU=

"OwW|t pY=L '6QF-wt pwOt VwQ \@=wQ QO |rwtat uD@ VRN

l@U uD@ |oOW`tH |R=UpOt "4"3
u}= "OwW|t x@U=Lt 11 |x]@=Q j@] l@U uD@ |oOW`tH R= |W=v VvQm
|v=tR |=yxR=@ QO w OQi x@ QYLvt CQwYx@ xa]k Qy x@ =tO p=ta= =@ 'VvQm
|DQ=QL VvQmw |oOW`tH VvQm Q_=vD R= 'QwmPt |=tO "OwW|t |R=UpOt 'Q_vOt
Initial Conditions, QwDUO R= xO=iDU= =@ 'xOWx@U=Lt |=tO "OwW|t x@U=Lt

"OwW|t p=ta= type=TEMPERATURE

|oO}vDV}B|=yp@=m COtOvr@ w COtx=Dwm |oO=O=w |R=UpOt "5"3
p=ta=|oO}vDV}BVvD QO 0 75?} Q[ p=ta= =@|oO}vDV}BVvD COtx=DwmCi=
QUm =yp@=m x@ x}rw= |r=ta= VvD R= '|oO}vDV}B COtx=Dwm Ci= `k=w QO CU= xOW
24 w 23 |=yx]@=Q j@=]t u=tR pw] QO |oO}vDV}B |=yp@=m |oO=O=w "CU= xOW
QO w OQi x@ QYLvt CQwYx@ p@=m Qy x@ =tO p=ta= =@ 'VvQm u}= "OwW|t x@U=Lt
w |oO=O=w VvQm Q_=vD R= 'QwmPt |=tO "OwW|t |R=UpOt Q_vOt |v=tR |=yxR=@
Initial QwDUO R= xO=iDU= =@ 'xOWx@U=Lt |=tO "OwW|t x@U=Lt |DQ=QL VvQm

"OwW|t p=ta= Conditions, type=TEMPERATURE

|R=UpOt |HvUCLY "4
G}=Dv w OW |R=UpOt 'OwHwt pB pOt l} '|R=UpOt CLY R= u=v}t]= Qw_vtx@

"OvOW xU}=kt |y=oW}=tR; w |@ QHD

|UQQ@ OQwt pB C=YNWt "1"4
u=yH pO=aDt |}xQ] pB u} QDOvr@ xmCU= SwQv QwWm QO 7=trwDU= pB 'xar=]tOQwt pB
xOy=Wt 1 pmW QO u; |=yxv=yO |rm pmW w pw] xm CU= xv=yO xU pt=W w
QDt 1 Q@=Q@ xv=yO O}rm C=a]k w QDt 6 l} Qy 'uwDU |wQ QiY C=a]k [2]"OwW|t
XNWt 1 pmW QO xm xvwou=ty "OvQ=O QDt 4 9 Q@=Q@ |rw] 'C=a]k |k@=t'CU=
"�2 pmW� CU= Q}eDt xDiQ Q=mx@ C=a]k O=a@= 'xv=yO pw] QO 'QwmPt pB QO 'CU=
1 O}rm |xa]k 'QDt 6 QiY |xa]k xm CU= xa]k 61 pt=W pB |rY= |xv=yO
'|rY= |xv=yO R= |t}v |xQ] |=QH= |=Q@ "OvQ=O pw] QDt 4 9 C=a]k |k=@ w QDt
=yp@=m |t=tD xm CU= xDiQ Q=mx@ |oQUm} p@=m 20 w ?Yv p@=m 100 ẁtHt QO

[2]"=trwDU= pB "1 pmW

|oO}vDV}B |=yOqwi VvD Ci= u=R}t "CU= Mpa ?UL Q@ |oO}vDV}B QwD=tQ;
%O};|t CUOx@ 24 |x]@=Q R= sm |oO=O=w =@

�6 = fp:
log t
45 :( fp

fpu
� 0 55) (24)

|oO}vDV}B VvD fp 'Mpa ?UL Q@ |oO}vDV}B VvD Ci= u=R}t �6 'u; QO xm
|xOWu}t[D |}=yv Ctw=kt fpu 'Mpa ?UL Q@ COtx=Dwm |=yhqD= R= TB

"CU= Mpa ?UL Q@ |oO}vDV}B QwD=tQ;

xO=iDU=OQwt Q=Ri=sQv w p}rLD VwQ "3
ABAQUS 6,14 OwOLt <=RH= Q=Ri=sQv w OwOLt <=RH= VwQ R= 'Q[=LVywSB QO
|R=UpOt |=Q@ w C3D8 |Oa@xU u=tr= R= 'uD@ |R=UpOt |=Q@ "CU= xOW xO=iDU=
Q[=L VywSB QO "CU= xOW xO=iDU= T3D2 |}=B QN u=tr= R= |oO}vDV}B p@=m

"CU= xOW Q_vhQY xO}vDV}B Q}e |=yOQor}t |R=UpOt R=

pB |}xQ] |=QH= OvwQ |R=UpOt "1"3
u=tR pw] QO =Q xWQa |=yu=tr= O}=@ '=ypB |}xQ] |=QH= OvwQ |R=UpOt Qw_vt x@
TBU w hPL C=a]k |t=tD '|R=UpOt |=OD@= QO Qw_vt u}O@ &OQm xi=[= pOt x@
QO xa]k Qy |Qw;pta w =QH= =@ pO=at |v=tR |=ys=o QO xrLQt x@ xrLQt CQwYx@
change QwDUO R= xO=iDU= =@ 'QwmPt Q=Ri=sQv QO "OvwW|t xi=[= pOt x@ 'C}ak=w

"OQ=O OwHw hrDNt pL=Qt QO =yu=tr= hPL w ?Yv u=mt= 'model

|oO}vDV}B |=yp@=m |R=UpOt "2"3
VvD Q@=Q@ |WWm VvD l} =OD@= '|oO}vDV}B |=yp@=m |R=UpOt Qw_vt x@
'OwW|t p=ta= |oO}vDV}B |=yp@=m Q}_v |}=B QN |=yu=tr= x@ 'Q_vOt |oO}vDV}B
uOw@ xDU@=w Cra x@ xm OvwW|t uwiOt uD@ uwQO QO QwmPt |=yu=tr= TBU
"O@=}|t p=kDv= uD@ x@ xOWp=ta= VvD 'uD@ u=tr= w =B QN |=yu=tr= |O=R; |=yxHQO
VvD u=wD|t 'Initial Conditions, type=Stress QwDUO R= xO=iDU= =@
|=QH= OvwQ j}kO |R=UpOt |=Q@ "OQm p=ta= Q=Ri=sQv QO =Q Q_vOt |oO}vDV}B
p@=m |=yDv= wO QO u; Q=yt w lH R= xO=iDU= =@ '=yp@=m VWm |va} '|oO}vDV}B
Prestress Hold QwDUO R= |oO}vDV}B p=ta= |xrLQt QO '|R} QCwQo TBU w
|R=UpOt =Q xO}WmTB |xO}@UJv |=yp@=m \}=QW `k=w QO xm OwW|t xO=iDU=
hPL =@ TBU "CU= C@=F w u=Um} p@=m pw] QO VvD '|vwvm |xrLQt QO "Ovm|t
p=ta= �CwQo j} QRD R=TB\}=QW� xO}@UJ p@=m\}=QW 'Prestress Hold QwDUO
=} Vy=m Ov=wD|t pB |=QH= OvwQ x@ xDU@ '=yp@=m VvD 'Cr=L u}= QO xm OwW|t

"OW=@ Q}eDt Ov=wD|t R}v p@=m pw] QO w OW=@ xDW=O V}=Ri=

l@U uD@ VRN |R=UpOt "3"3
pw] QO QF-wt|v=UWm pwOtuDiQo Q_vQO =@ R}r=v; QOVRN Q}F-=D 'QF-wt pwOtVwQj@=]t
u=tR pw] QO uD@ QF-wt |v=UWm pwOt =OD@= xm |}xvwo x@ 'OwW|t xDiQo Q_v QO u=tR
QO 'xa]k Qy Qta =@ Q_=vDt |v=UWm pwOtTBU w OwW|t x@U=Lt 25 |x]@=Q j@]
"O@=}|t X=YDN= OQi x@ QYLvt CQwYx@ 'C=a]kl}=m} x@ Q_=vDt |v=tR |=ys=o
E(t) = Eci

1 + 'l
(25)
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xQ=t
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35
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|xQ
wO'

�13
98

Q=y@
�h

}QW
u=Qt

a|
UOv

yt |UQQ@ OQwt p=U 3 pw] QO =trwDU= pB |xv=yO \Uw p=O `=iDQ= G}=Dv "2 pwOH
[2]"pB |Ov@ Q=R@= R= pY=L

xO=O CW=OQ@ M} Q=D (m) pB p=O `=iDQ=
1998 11 11 42 662
1999 09 16 42 626
2001 01 10 42 583
2001 11 27 42 564

pY=L|UQQ@ OQwt p=U 3 pw] QO =trwDU= pB |xv=yO\UwCUWv G}=Dv "3 pwOH
[2]"pB |Ov@ Q=R@= R=

Q_v OQwt |v=tR |xR=@ (mm) xv=yO \Uw CUWv
1999 09 16 |r= 1998 11 11 36
2001 01 10 |r= 1999 09 16 43
2001 11 27 |r= 2001 01 10 19

"=trwDU= pB ABAQUS pOt "3 pmW

|R=UpOt |Ov@u=tR "4"4
u=tR `@=D |=ypmWQ}}eD |UQQ@ 'Q[=L VywSB h=Oy= R= |m} xmv; x@ xHwD =@
=@ j@=]t 'pB |=QH= OvwQ w xa]k Qy Qta pw] O}=@ |R=UpOt QO =Pr 'Ow@ Kr=Yt
w xDiy 1 'xa]k Qy |Qw;pta w |R} QuD@ |=Q@ =Pr 'OW|t xDiQo Q_v QO C}ak=w
|oO}vDV}B |=yp@=m uO=OQ=Qk w xv=yO |=QH= |=Q@ xDiy 32 ' ẁtHt QO u}=Q@=v@
pB |R=Ov=x=Q w |R=UwQ |=QH= |=Q@ xDiy 3 u; R= TB "OW xDiQo Q_v QO |oQUm}
'QwmPt Q=Ri=sQv QO 'xOWQmP |v=tR |=yxQwO R= l} Qy QO "CU= xOW xDiQo Q_v QO
R= l} Qy u=tR `@=D C=YNWt w OwW|t xDiQo Q_v QO =RHt �Step� |xrLQt l}
'Q_vOQwt u=tr= |=Q@ xOW|QBU u=tR =@ j@=]t '=tO w |v=UWm pwOt pt=W '=yu=tr=
u=}=B R= TB p=U 30 =D s_vt |v=tR |=yxQwO QO OvwQ u}ty w OwW|t Q=Ri=sQv OQ=w

"Ovm|t =O}B xt=O= pB CN=U

|R=UpOt w |k}kL G}=Dv |xU}=kt "5"4
s=tD= R= TB p=U 3 =D |Ov@ Q=R@= |=yxO=O w OW |Ov@ Q=R@= 'CN=U R= TB =trwDU= pB
p=U 3 pw] QO pB |xv=yO \Uw CUWv G}=Dv "CU= OwHwt pB |}=QH= C=}rta
u=tR pw] QO xv=yO CUWv u=R}t [2]"CU= xOW x�=Q= 2 pwOH CQwYx@ '|UQQ@
OwOLt <=RH= |R=UpOt =@ "OQm |Ov@`tH 3 pwOH CQwYx@ u=wD|t =Q |UQQ@OQwt
"Ot; CUOx@ 4 pwOH G}=Dv 'CU= xOy=Wtp@=k 3 pmW QO pOt Q} wYD xm 'pB
|Ov@ Q=R@= w |R=UpOt G}=Dv j@=]D u=R}t 'OwW|t xOy=Wt 4 pmW QO xm Qw]u=ty

[2]"=trwDU= pB QO xO=iDU=OQwt C=a]k "2 pmW

?Yv |=yp@=m "OvQ=O 1670mm2 Q@=Q@ |a]kt K]U w OvDUy 12T15 ẁv R=
xO}Wm 1244 74Mpa VvD =@ |oQUm} |=yp@=m w 1626 66Mpa VvD =@

[13]"OvwW|t

xDiQ Q=mx@ Kr=Yt C=YNWt "2"4
|Ov@ Q=R@= xm pB |v=}t w |rY= |xv=yO 'OwW|t xOy=Wt 1 pmW QO xm xvwou=ty
p}mWD l@U uD@ w |rwtat uD@ ẁv wO R= 'CU= Q[=L VywSB Q_vOQwt w xOW
|rwtat uD@ [14]"CU= xOW xDN=U l@U uD@ R= 'xv=yO \Uw QDt 186 xm OwW|t
XwYNt uRw w E = 41707Mpa |v=UWm pwOt =@ C65 uD@ 'xO=iDU=OQwt
|v=UWm pwOt =@ LC60l@UuD@ 'xO=iDU=OQwtl@UuD@ wCU= 2440 kg=m3

[14]"CU= 1931 kg=m3 XwYNt uRw w E = 31380Mpa

E = Q@=Q@ '|oO}vDV}B |=yp@=m |=Q@ xO=iDU= OQwt Oqwi |v=UWm pwOt
C=YNWt 'CU=T} wQU |xOwOLt QO R}r=v; xm =Hv; R= [14]"CU= 190000Mpa

Q@ OQ=w |=yVvD G}=Dv "OvwW|tv OQ=w pOt QO w OvQ=Ov |D}ty= Kr=Yt |Q}tN
"Ovm|t O}}-=D =Q |Q}tN |xOwOLt x@ Kr=Yt OwQw sOa R}v 'R}r=v; pw] QO =yu=tr=
x@ `]=kt QO |oO}vDV}B |=yp@=m R= |W=v xm |yHwDp@=k |Q=Wi VvD x@ xHwD =@
xD@r= xm 'CW=O Oy=wNv OwHw |WWm xHwDp@=k |=yVvD OwHw u=mt= 'O};|t OwHw
Q_vQO w |R=UpOt R= =Pr Ovvm|t O}}-=D =Q xDmv u}= R}v R}r=v; R= pY=L |=yVvD

"CU= xOW Q_vhQY uD@ QO |oOQwNlQD uDiQo

|Q=PoQ=@ w |RQt \}=QW "3"4
hQ] wO QO pB xm =Hv; R= w xOW =QH= pO=aDt |}xQ] VwQ x@ pB xmv; x@ xHwD =@
'xOWs=Hv= |R=UpOt QO uQ=kD pY= R= xO=iDU= =@ 'CU= uQ=kDt 'xv=yO \Uw `]kt
|WQ@ pYit 'u; |xv=yO \Uw QO w CU= xOW pOt |v=}t |xv=yO R= |t}v \ki
xHwD =@ 'x=ox}mD Q@ QO 'u; Q@ xwqa "CU= xOW xDiQo Q_v QO �s�=k |O=R; xHQO�
Q=OQ}o `]kt OwHw ZQi 'uwDU hQ] wO QO xQ] OwHw u}vJty w xWQa ?}W x@
Q=Ri=sQv \UwD xm xWQa |xOQt Q=@ Q@ xwqa "CU= xOW p=ta= �|O=R; xHQO uwO@�
Cr=iU; Q=@ |=Q@ 150 kg=m2 |xOQDUo Q=@ 'pB |xWQa |wQ Q@ 'OwW|t x@U=Lt
x}rkv \�=Uw |xOvR Q=@ |=Q@ 300 kg=m2 |xOQDUo Q=@ u}vJty w pB C=R}yHD w

"CU= xOW xDiQo Q_v QO
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"xar=]t OQwt pB QO C=a]k |Q}oQ=Qk u=mt w O=a@= '|rw] p}iwQB "5 pmW

"xar=]t OQwt pB QO xDiQ Q=mx@ C=a]k O=a@= w pmW "6 pmW

QO w xOW pOt |v=}t |xv=yO R= |t}v \ki xOWs=Hv= |R=UpOt QO 'uQ=kD pY=
uwO@� Q=OQ}o `]kt x=ox}mD Q@ QO w �s�=k |O=R; xHQO� |WQ@ pYit 'xv=yO \Uw
Q=Ri=sQv \UwD xm 'xWQa |xOQt Q=@ Q@ xwqa "CU= xOW xDiQo Q_v QO �|O=R; xHQO
Cr=iU; Q=@ |=Q@ 150 kg=m2 |xOQDUo Q=@ 'pB |xWQa |wQ Q@ 'OwW|t x@U=Lt
x}rkv \�=Uw |xOvR Q=@ |=Q@ 300 kg=m2 |xOQDUo Q=@ u}vJty w pB C=R}yHD w

"CU= xOW xDiQo Q_v QO

|R=UpOt |Ov@u=tR "3"5
u=tR `@=D |=ypmWQ}}eD |UQQ@ 'Q[=L VywSB h=Oy= R= |m} xmv; x@ xHwD =@
=@ j@=]t 'pB |=QH= OvwQ w xa]k Qy Qta pw] O}=@ |R=UpOt QO =Pr 'Ow@ Kr=Yt
w xDiy 1 'xa]k Qy |Qw;pta w |R} QuD@ |=Q@ =Pr 'OW|t xDiQo Q_v QO C}ak=w
'|oQUm} |oO}vDV}B |=yp@=m uO=O Q=Qk w xv=yO |=QH= |=Q@ xDiy 13 ẁtHt QO
"CU= xOW xDiQo Q_v QO pB |R=Ov=x=Q w |R=UwQ |=QH= |=Q@ xDiy 2 u; R= TB w
QO =RHt �Step� |xrLQt l} 'Q=Ri=sQv QO 'xOWQmP |v=tR |=yxQwO R= l} Qy QO
w |v=UWm pwOt pt=W '=yu=tr= R= l} Qy u=tR `@=D C=YNWt w xOW xDiQo Q_v
QO OvwQ u}ty w xOW Q=Ri=sQv OQ=w 'Q_vOQwt u=tr= Q@ xOW|QBU u=tR =@ j@=]t '=tO

"CU= xOQm =O}B xt=O= pB CN=U u=}=B R= TB p=U 30 =D s_vt |v=tR |=yxQwO

xar=]tOQwt pB QO xDiQ Q=mx@ Kr=Yt C=YNWt "4"5
l@U uD@ |=ypB Q=DiQ QO Kr=Yt u=tR `@=D pt=wa Q}F-=D l} QDt=Q=B |UQQ@ Qw_vtx@
=@ LC40 'E = 31380Mpa |v=UWm pwOt =@ LC60 uD@ ẁv xU '|}xQ]
E = 24660 |v=UWm pwOt =@ LC25 w 'E = 27940Mpa |v=UWm pwOt

pY=L|UQQ@ OQwt p=U 3 pw] QO =trwDU= pB |xv=yO\UwCUWv G}=Dv "4 pwOH
"OwOLt <=RH= pOt R=

Q_v OQwt |v=tR |xR=@ (mm) xv=yO \Uw CUWv
1999 09 16 |r= 1998 11 11 39
2001 01 10 |r= 1999 09 16 45
2001 11 27 |r= 2001 01 10 21

"pB |xv=yO \Uw CUWv |OOa w |@ QHD G}=Dv |xU}=kt "4 pmW

pO=aDt |}xQ] |=QH= OvwQ K}LY |R=UpOt R= u=wD|t =Pr 'CU= pw@kOQwt pB
3 |=ypwOH G}=Dv |xU}=kt "OQm pY=L u=v}t]= ABAQUS Q=Ri=sQv QO =ypB

"CU= xOW xO=O u=Wv 4 pmW QO '4 w

p}rLD G}=Dv w xar=]t OQwt pB |UQQ@ w R}r=v; "5
|UQQ@ OQwt pB C=YNWt "1"5

w QDt 74 |v=}t |xv=yO "CU= 5 pmW j@=]t w xv=yO 3 pt=W xar=]t OQwt pB
l} Qy 'uwDU |wQ QiY C=a]k "OvQ=O pw] QDt 37 l} Qy |Q=vm |xv=yO wO
4 9 Q@=Q@ |rw] 'C=a]k |k@=t 'OvDUy QDt 1 Q@=Q@ xv=yO O}rm C=a]k w QDt 4 4

"OvQ=O QDt
ZQa "CU= QDt|r}t?UL Q@ pmW |wQ O=a@= w 6 pmW x@=Wt C=a]k pmW
\=kv QO xJ}y=t 4 w CU= 7m Q@=Q@ |v=DLD p=@ ZQa w9m Q@=Q@ |v=kwi p=@
"CU= xOW x}@aD 900mm pw] w 30mm `=iDQ= =@ u=H w |v=kwi p=@ p=YD=
Ct=N[ 250mm 'xv=yO pw] s=tD QO |v=kwi p=@ w 350mm `]kt u=H
xm CU= 700mm '�uwDU |wQ� xv=yO |=OD@= QO |v=DLD p=@ Ct=N[ =t= OQ=O

"OUQ|t 250mm x@ xv=yO \Uw QO |]N C=Q}}eD =@
'CU= xDiQ Q=mx@ |oQUm} p@=m 4 w ?Yv p@=m 18 ẁtHt QO 'QwmPt pB QO
"OvDUy 1670mm2 Q@=Q@ |a]kt K]U =@ w 12T15 ẁv R= =yp@=m |t=tD xm
938Mpa VvD =@ |oQUm} |=yp@=m w 1377Mpa VvD =@ ?Yv |=yp@=m
|=y|oO}vDV}B QO xt=vu}};?}=Q[ x@ xHwD =@ 'COtx=Dwm |=yCi)= w OvwW|t xO}Wm

"CU= xOW xDiQo Q_v QO xOWQmP

|Q=PoQ=@ w |RQt \}=QW "2"5
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