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=@ '�hr=1 pmW� CU= 4|v=}t lQD R= |W=v |oOW=OH xm pw= ẁv "CU= xOW xO=O
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"OW Qw_vt x}v=F 30 QO
'=yx=ox}mD |x}L=v w Q}D pw] QO R}v w Q}D \Uw QO u=mt Q}}eD |Q}oxR=Ov= |=Q@
u=R}t "CU= xOW xO=iDU= 10�LVDT� |]N C=@F|@ u=mt Q}}eD pO@t OOa 5 R=
VvQm w |WWm QwD=tQ; VvQm 'uD@ |Q=Wi CtUk QO Q}D \Uw |x}L=v QO VvQm
xO=iDU= =@ '|D} wkD jQw pw] R= x]kv 9 QO pk=OL VvQm u}vJty w '|Q=Wi QwD=tQ;
xwqa "OW |Q}oxR=Ov= V}=tR; u=tR pw] QO |m} QDmr= |=yGvU VvQm ?Yv R=
|x}L=v QO R}v 11|m}v=mt GvU VvQm R= 'Q}D \Uw QO |m} QDmr= GvU VvQm Q@
R= '|m}rwQO}y lH Q} R QO Q=@ p=ta= |x}L=v QO "CU= xOW xO=iDU= 'uD@ |Q=Wi
=yx=ox}mD QO Q=@ `} RwD |DUQO R= u=v}t]= |=Q@ "OW xO=iDU= |vD 50 12GvUQ=@ l}

"OW xO=iDU= |vD 30 GvUQ=@ OOa wO R= R}v

xOWv C}wkD |=yxvwtv |rm MU=B
w I300 'I200� =yxvwtv R= OOa xU 'OW u=}@ =yxvwtv h} QaD CtUk QO xJv=vJ
"OvOW xO=O Q=Qk |Q=PoQ=@ CLD u=mt Q}}eD pQDvm |xw}Wx@ '|}=yv Q=@ OL =D �I500
'OW s=Hv= Q}PBh=]av= ,qt=m CQwYx@ w hr=4 pmW j@=]t xvwtv xU Qy Q=DiQ
|=yxWwo CQw=Ht QO w Q}D QO nQR@ Q=}U@ |=ypmW Q}}eD O=H}= R= TB xm |Qw]x@
Q=@ QO =yxvwtv |xty QO lQD u}rw= "OW EO=L uD@ |oOWOQN |Q=PoQ=@ |xLiY
\Uw |x}L=v QO |WWm |=yQwD=tQ; s}rUD "CU= xOW xOy=Wt uDw}vwr}m 25 =D 23
QmP x@ sRq "�?4 pmW� CU= xOW s=Hv= 'uDw}v wr}m 140 =D 120 Q=@ QO R}v Q}D
|WtN |=ylQD '=yQwD=tQ; s}rUD Q=@ w |oOQwNlQD Q=@ OL wO u}@ |Q=@ QO xm CU=
CQwYx@ 'V}=tR; OQwt |=yxvwtv R= l} Qy |=Q@ xm CUw}B ẁkw x@ =yQ}D QO |Qo}O
"OW C@F x]w@ Qt Q=@ u=R}t x=Qtyx@ |Q=PoQ=@ R= xrLQt Qy QO xOWO=H}= lQD 'u=tRsy
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O=Sv|
iwDU

tO
w=O

wQ=N
Di==

[Q
OtL

t "Oy=W |=yxvwtv |oOQwNlQD C=YNWt R= |}xYqN "3 pwOH
Sfcr�u Secr�l wdcr P ce "b�60 dacr xvwtv ẁv

95 152 0 28 81 1269 0 I200
87 115 0 26 95 1537 200 I300
83 124 0 12 79 1633 300 I500

(mm) Q}D \Uw R= |v=QL@ lQD |xrY=i %a
�u} QDU= wQm}t� |WWm QwD=tQ; QO �60fy VvD =@ Q_=vDt VvQm %b

(kN) �60fy VvD |xOvvm O=H}= Q=@ %c
(mm) �60fy VvD |xOvvm O=H}= Q=@ QO Q}D u}}=B QO lQD |oOWR=@ ZQa %d

(mm) �60fy VvD =@ Q_=vDt =ylQD u}@ \UwDt pY=wi %e
(mm) |}=yv Q=@ QO =ylQD u}@ \UwDt pY=wi %f

Q=DiQ R= |m =L 'CU= |WQ@ |wQ}v w |WtN Qovr |xv}W}@ Q}O=kt |=Q=O xm =yQ}D
Q}D |WWm xHw QO |v=QL@ lQD |oOWR=@ ZQa u}vJty "CU=yxvwtv CUQO
Q]k =@ |=yxvwtv |=Q@ 'Q}D |@v=H xHw QO lQD ZQa x@=Wt '�pwOH 5 uwDU�
QO lQD \UwDt |xrY=i |xU}=kt "CU= |QDW}@ Q=Okt |=Q=O QDnQR@ OQor}t
'�pwOH 7 w 6 uwDU� |}=yv Q=@ w =yOQor}t s}rUD VvD �60 |xOvvm O=H}= Q=@
|xrY=i Vy=m u=mt= 'T} wQU Q=@ R= QDnQR@ |=yQ=@ p=ta= =@ xm OyO|t u=Wv
|=Q@ xm OvQw=@ u}= Q@ u=QoVywSB XwYN u}= QO "OQ=O OwHw R}v =ylQD u}@
|WWm |=yQwD=tQ; |=Q@ |v=QL@ VvD l} 'QDt|r}t 75 OwOL =D uD@ VWwB
=Q VvD Q=Okt u}= [6]"OwW|t C@=F =ylQD u}@ pY=wi 'u; QO xm OQ=O OwHw
pmW x@ xHwD =@ "Ov=xOQm QmP �20�30 ksi� p=mU=B=ot 200 =D 140 OwOL
u}= QO "OQ}o|t Q=Qk uDw}v wr}m 65 =D 45 Q=@ |xOwOLt QO jwi VvD Q=Okt ?4
|xrY=i C}a[w 'OwW|t xOy=Wt hr=5 pmW QO xJv=vJ 'R}v Q=@ |xOwOLt
QO xOWO=H}= |=ylQD |UQQ@ "CU= xO}UQv Q=O}=B Cr=L x@ Rwvy =ylQD u}@
VvD OwOL QO xm OyO|t u=Wv |WWm |=yOQor}t hrDNt V}=Q; =@ |=yQ}D
Q=O}=B ,=@} QkD Cr=L x@ '|WtN |=ylQD u}@ pY=wi '|WWm |=yQwD=tQ; s}rUD

"OvUQ|t

xtQ;uD@ |=yQ}D QO lQD p}rLD
QO 1971 p=U R= 'z C}tm VwQ R= xO=iDU= =@ |WtN |=ylQD pQDvm |xr�Ut
|xOW KqY= |x]@=Q R= VwQ u}= "OW ^=LrACI 318 '=m} Qt; uD@ |xt=vu}};
x@ \w@ Qt C=aq]= R= |Q=t; |@=} RQ= l} T=U=Q@ xm '�2 |x]@=Q� RDwr � |roQo

"CU= xOW xDiQo [7]'Ot; CUO x@ C=W}=tR; R= pY=L |=ylQD ZQa
wb = 1 102� 10�5�=fs 3pdcA (2)

|xrY=i C@Uv � 'QDt|r}t x@ lQD u}}=B |oOWR=@ ZQa u} QDW}@ wb x]@=Q u}= QO
|=yQwD=tQ; RmQt =D |FvN QwLt |xrY=ix@ `]kt |WWm Q=D u} QDQwO R= |FvN QwLt
|x}L=v QO uD@ ^i=Lt VWwB dc 'p=mU=B=ot ?ULQ@ OQor}t VvD fs '|WWm
CL=Ut A w QDt|r}t ?ULQ@ QwD=tQ; RmQt R= xOWx@U=Lt |WWm |=yQwD=tQ;
xOy=Wt xJv=vJ "CU= mm2 ?ULQ@ |WWm |=yOQor}t h=Q]= *uD@ \UwDt QF-wt
w OQ=O lQD ZQa pQDvm QO |U=U= Vkv uD@ VWwB jwi |x]@=Q QO 'OwW|t
u}kkLt "OvwW|t uD@ VWwB Vy=m x@ ?}eQD 'lQD ZQa Vy=m |=Q@ u=L=Q]

"Oy=W |=y xvwtv QO lQD |oOWR=@ ZQa � Q=@ w lQD xrY=i � Q=@|vLvt "5 pmW

"lQD pY=wi w xOvvm pQDvm VWwB xrY=i w VvQm |]N C=Q}}eD "6 pmW

u}= QO� Q}D `]kt |WWm Q=D u} QDQwO =D lQD ZQa |Q}oxR=Ov= pLt |xrY=i d1
|=yQ=@ QO 'OwW|t xOy=Wt ?5 pmW QO xJv=vJ "CU= �QDt|r}t 30 j}kLD
QwD=tQ; O=OaD =@ |=yQ}D QO |WtN lQD u} QDnQR@ ZQa *|oOWR=@ *Q=Okt |w=Ut
C}a[w x@ \w@ Qt C=W}=tR; G}=Dv R= |}xYqN 3 pwOH QO "CU= QDW}@ 'QDsm

"CU= xOW xOQw; xOWvC} wkD |=yxvwtv QO xOW O=H}= |=ylQD
|v=}t |x}L=v |m}ORv QO xOWO=H}= |v=QL@ lQD 'OwW|t xOy=Wt xJv=vJ
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"""|
=yl

QDZ
Qaw

pY
=wiQ

@OQ
or}t

V}
=Q;C

=QF=

MPa x@ |WWm QwD=tQ; QO VvD fs w mm x@ =ylQD u}@ |xrY=i lc u; QO xm
%OwW|t xO=iDU= ?8 w hr=8 \@=wQ R= lf |x@U=Lt |=Q@ x]@=Q u}= QO "CU=

lf = 9e0 + (0 65 + 0 35e0)(�� 10) if � > 10 mm (hr=8)

lf = 9e0 if � � 10 mm (?8)

c0 = c=� 'e0 = (0 8 + 0 2c0)e w QDt|r}t x@ QwD=tQ; Q]k � '8 |x]@=Q QO
`]kt ZQa b 'QDt|r}t x@ uD@ Xr=N VWwB c u; QO xm CU= e = b=(m�) w
ZQa |x@U=Lt |=Q@ u}vJty "CU= Q}D |WWm OQor}t O=OaD m w QDt|r}t x@ Q}D

[10]%OW O=yvW}B 9 |x]@=Q �d � 300mm� =yQ}D QO lQD
Ws;max = 2Wf

�
1� 400� fs

400 + 500Wf

�
(mm) (9)

"CU= |WWm |=yOQor}t R=QD QO lQD ZQa |oOWR=@ |xv}W}@Ws;max u; QO xm
"OwW|t x@U=Lt 10 |x]@=Q R= R}v Wf

Wf = 0 007�e0 + 0 2�(1 + 0 4e0)	 (mm) (10)

11 |x]@=Q R= '�Wt;max� Q}D |WWm K]U QO lQD |oOWR=@ ZQa QFm =OL
"CU= QDt|r}t x@ Q}D |rm jta 'h xm &O};|t CUOx@

Wt;max = Ws;max f1 43(h=d)� 0 43g (11)

|Q=@ QO 'Oy=W |=yxvwtv QO =ylQD |oOWR=@ ZQa Q}O=kt 'jwi OQ=wt x@ xHwD =@
\@=wQ \UwD xm lQD ZQa Q}O=kt w |WWm |=yQwD=tQ; s}rUD VvD �60 pO=at
u=Wv 4 pwOH QO 'CU= xOW xQ=W= =yu; x@ j}kLD u}= QO xm 11 w 6 '3 '2
2 \@=wQ 'OwW|t xOy=Wt pwOH u}= QO xOWx�=Q= G}=Dv R= xJv=vJ "CU= xOW xO=O
|=Q@ '�=vU=}B� 11 w �TQ@� 6 \@=wQ x@ C@Uv �lD=twQ=m � 3 w �RDwr � |roQo �
CU= QmP x@ sRq "OyO|t x�=Q= =Q |QD|ak=w Q}e G}=Dv 'lQD ZQa |v}@V}B
ZQa |v}@V}B |=Q@ 'u; R= p@k |=yxNUv w ACI 318�95 |xt=vu}}; QO xm
O}OH V}=Q} w QO |rw OW|t xO=iDU= RDwr�|roQo C=k}kLD G}=Dv R= 'lQD |oOWR=@
xO=iDU= lQD ZQa |v}@V}B |=Q@ TQ@ |=yxDi=} R= 'ACI 318�02 |xt=vu}};

"CU= xOW

xOWC}wkD |=yxvwtv |rm MU=B
7 pmW QO xOW C} wkD |=yxvwtv |=Q@ Q}D \Uw u=mt Q}}eD � Q=@ |=y|vLvt
|=Q@ u=mt Q}}eD � Q=@ |vLvt |xOvyOu=Wv hr=7 pmW "CU= xOW xO=O u=Wv
u} Q} R xHw |wQ Q@ CFRP |=yjQw 'Q=@ xvwoQy p=ta= R= p@k xm CU= |}=yxvwtv

xm OvOQm xO=iDU= lQD u}}=B |oOWR=@ ZQa u} QDW}@ |x@U=Lt |=Q@ 3 |x]@=Q R=
[8]"CU= 2 |x]@=Q x@=Wt u; |=yQ}eDt |xty

wb = 8 407� 10�5�=fs 4pA (3)

Ea=@ '=yQwD=tQ; |wQ Q@ uD@ QDW}@ VWwB xm xOW C@=F Q}N= C=k}kLD j@]
'lQD ZQa |x@U=Lt *O}OH \@=wQ QO p}rO u}tyx@ "OwW|t uD@ s=wO \}=QW Ow@y@
QO lQD ZQa |oOWR=@ '|m} R}i OQm} wQ l} QO "OwW ^=Lr xr�Ut u}= xOW |aU

[7]%CU= xOW xO=O u=Wv 4 |x]@=Q =@ |WWm |=yQwD=tQ; K]U
wc = "s=Sc (4)

u}@ |xrY=i Sc '|WWm Oqwi VvQm "s = fs=Es 'lQD ZQa wc u; QO xm
QO "CU= |WWm QwD=tQ; |a=HDQ= pwOt Es w |WWm Oqwi VvD fs '=ylQD
CQwYx@ lQD |xrY=i pw] QO |WWm QwD=tQ; xm CU= u; Q@ ZQi 4 |x]@=Q
|WWm VvQm p@=kt QO uD@ |WWm VvQm R= u}vJty "OwW|t xO}Wm CN=wvm}
|WWm VvQm R= Q_v hQY "CU= xOW Q_v hQY 'u; sm Q=Okt p}rOx@ 'QwD=tQ;

"OwW|t lQD ZQa R= |QDxv=Q=mx_i=Lt u}tND x@ QHvt 'uD@
xv}W}@ x@ =ylQD u}@ pY=wi [9]'xOWs=Hv= |r}rLD w |@ QHD C=k}kLD T=U=Q@
|x]kv |xrY=i *Q@=Q@ |Q_v |=ylQD |xrY=i u} QDsm "OQ=O |oDU@ uD@ VWwB
C@Uv u}vJty "OW xDiQo Q_v QO QwD=tQ; u} QDl}ORv RmQt =D |oOQwNlQD ẁQW
K}[wD x@ xHwD =@ "CiQo Q_v QO 2 pO=at =Q =ylQD |xv}tm x@ xv}W}@ pY=wi u}@

%OW xO=O u=Wv 5 |x]@=Q pmW x@ =ylQD u}@ pY=wi 'jwi
Sc = 	s; d� (5)

pmW j@=]t� xOvvmpQDvm VWwB |xrY=i d� '|oOQwNlQD |xrY=i Sc 'u; QO xm
'lQD |xrY=i u} QDsm |=Q@ 	s = 1 0� lQD |xrY=i ?} Q[ 	s w �?6
|xv}W}@ "CU= �lQD |xrY=i u} QDW}@ |=Q@ 2 w lQD |xrY=i \UwDt |=Q@ 1 5
|x]@=Q CQwYx@ 4 |x]@=Q R= xO=iDU= =@ Q}D |WWm xHw QO lQD ZQa |oOWR=@

"CU= � = 1 0 + 0 08dc x]@=Q u}= QO "OW u=}@ 6
wc = 2 fs

Es
�
r
d2
c +

� s
2
�2

(6)

=ylQD u}@ pY=wi |x@U=Lt |=Q@ 7 |@ QHD |x]@=Q '|r}rLD |xar=]t l} QO
O=yvW}B �d � 300mm� QDt|r}t 300 smCUO QF-wt jta =@ xtQ;uD@ |=yQ}D QO

[2]"OW
lc =

�200
fs

+ 0 5
�
lf (7)

"(mm) u=kkLt Q}=U \@=wQ =@ Oy=W |=yxvwtv QO lQD ZQa |v}@V}B |xU}=kt "4 pwOH
ẁv lQD ZQa 2 |x]@=Q OY QO 3 |x]@=Q OY QO 6 |x]@=Q OYQO 11 |x]@=Q OY QO

xvwtv (mm) �RDwr�|roQm � =]N �lD=twQ=m � =]N �TQ@� =]N �u=Q=mty w =vU=}B� =]N
I200 0 28 0 3482 24 0 3264 17 0 3291 18 0 3145 12
I300 0 26 0 3058 16 0 3015 16 0 2133 18 0 2471 5
I500 0 12 0 2416 101 0 2532 111 0 1553 29 0 1762 47

=]N \UwDt 47 48 22 21
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t u=Wv |}=yxvwtv |=Q@ =Q u=mt Q}}eD � Q=@ |vLvt ?7 pmW "Ov=xOW xOv=@UJ =yu;
'=yu; QO w xOQm x@ QHD =Q u=UWm |x}L=v Q=@ �70 OwOL 'C} wkD R= p@k xm OyO|t
=yQ}D u}= QO xOWO=H}= |WtN |=ylQD ZQa "CU= xOW O=H}= |WtN |=ylQD
R= '=yxvwtv |x}rm QO |oOW=OH "OUQ|t QDt|r}t 0 3 OwOL x@ |Q=OQ@ Q=@ R= p@k
"CU= xOW s=Hv= uDw}v wr}m 180 =D 160 OwOL |Q=@ QO w |v=}t |oOW=OH ẁv
3 pk=OL Ct=N[x@ uD@ VWwB R= |}x}q ,qwtat '|D} wkD jQw |oOW=OH s=ovy
pYDt |D} wkD jQw K]U x@ QDt|r}t 40 =D 30 Ct=N[ =D |OQ=wt QO w QDt|r}t
pmW QO "CU= xOW s=Hv= uD@ |x}q QO |oDN}Uo OyO|t u=Wv xm 'Ov=t|t
C=R}yHD x=Qtyx@ CFRP C=LiY =@ xOWC} wkD |xtQ;uD@ Q}D R= |rm |}=tv 'hr=8
QO "CU= xOW xO=O u=Wv |D} wkD jQw |oOW=OH |x_Lr QO 'u; x@ pYDt |@v=H

"CU= xOW xO=O u=Wv jQw |v=}t |oOW=OH R= l}ORv |}=tv R}v ?8 pmW
xOWC} wkD |=yQ}D \Uw |QDt 2 pw] QO xOWO=H}= |=ylQD \UwDt |xrY=i
hr=5 pmW |vLvt =@ pmW u}= |xU}=kt "CU= xOW xO=O u=Wv hr=9 pmW QO
|=yQ=@ pO=at |Q=@ QO xOWC} wkD Q}D QO =ylQD u}@ |xrY=i xm OyO|t u=Wv
Q=@ Q=Okt u=ty QO xOWvC} wkD Q}D QO =ylQD u}@ |xrY=ix@ C@Uv '|Q=OQ@xQy@
|=yQ=@ QO ,q@k xm xJv; R= Q}e |O}OH |=ylQD Qo}O CQ=@ax@ "CU= |w=Ut ,=@} QkD
"OwW|tv O=H}= xOWC} wkD Q}D QO 'Ow@ xOW O=H}= Q}D QO C} wkD R= p@k w |Q=OQ@xQy@
pmW Q}}eD � Q=@ |vLvt |OwaY |xN=W |]N ?}W R= u=wD|t =Q C}ak=w u}= xD@r=
QO 'OwW|t xOy=Wt hr=7 pmW |vLvt QO xJv=vJ "OQm \=@vDU= �?7 pmW�
Q}D \Uw u=mt Q}}eD � Q=@ |vLvt ?}W QO lOv= |Wy=m uDw}v wr}m 40 OwOL |Q=@
|xU}=kt "CU= |D} wkD |=yxvwtv QO =ylQD u}rw= O=H}= Qou=}@ xm CU= xOW O=H}=
Vy=m xvwoI}y ,=@} QkD Q}D xm OyO|t u=Wv Kw[wx@ ?7 pmW |vLvt =@ |vLvt u}=
C} wkD R= p@k xm xOWC} wkD |=yQ}D OOHt |Q=PoQ=@ 'Qo}O CQ=@ax@ w OQ=Ov |DNU

|=y xvwtv QO lQD |oOWR=@ ZQa � Q=@ w lQD xrY=i � Q=@ |=y|vLvt "9 pmW
"xOWv C}wkD

"xOW C}wkD |xtQ;uD@ |=yQ}D |=Q@ pmW Q}}eD � Q=@ |vLvt "7 pmW

jQw |oOW=OH R= l}ORv |=tv w V}=tR; OQwt |=yQ}D R= |rm |=tv "8 pmW
"|D}wkD

37



"""|
=yl

QDZ
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=Q;C

=QF="|D}wkD jQw uOW =OH |x_Lr QO xOW s=Hv= C=W}=tR; R= GQNDUt G}=Dv |xYqN "5 pwOH
xvwtv P 1

d (kN) �2
max (mm) "3

f max(� s) D4
a (mm) W 5

max (mm) G6 (kN.mm)

I221 180 24 1 9910 N.A. N.A. 3261
I321 170 25 22 1 6867 N.A. N.A. 2894
I521 169 5 19 9 6190 N.A. N.A. 2473

I221-CR 168 75 23 9 5584 83 1 78 3004
I321-CR 173 75 23 5 6520 77 1 54 3221
I521-CR 173 21 1 5940 69 1 35 2766

&=ylQD u}@ \UwDt |xrY=i "4 &|D} wkD jQw |rw]VvQm u} QDW}@ "3 &Q}D \Uw QO xv}W}@ u=mt Q}}eD "2 &|oOW=OH |}=yv Q=@ "1
"Q}D \Uw u=mt Q}}eD � Q=@ |vLvt Q} R K]U "6 &|WtN lQD u} QDnQR@ ZQa |oOWR=@ xv}W}@ "5

QO |WtN |=ylQD uOWZ} Qa w uOW R=@ =@ xm R}=tD u}= OwHw &OvwW|t R}=tDt
R=e; |=Q@ |}xv=Wv Ov=wD|t 'CU= x=Qty |D} wkD jQw CQw=Ht QO w Q}D u} Q} R xHw

"OW=@ |D} wkD jQw QO |a[wt |=y|oOW=OH
|=yQ}D QO lQD C=YNWt pQDvm |v}@V}B |=Q@ |r}rLD |}x]@=Q \U@ Qw_vtx@
u}= R= "CU= xOW xO=iDU= 12 |x]@=Q R= CFRP C=LiY =@ xOWC} wkD |xtQ;uD@
|=ypOt QO 13jQw |}=yDv= |oOW=OH QO =ylQD u}@ pY=wi |x@U=Lt |=Q@ x]@=Q

[12w11]"OwW|t xO=iDU= sy 14|}xv=OvO uD@
amin

�
us
X

Obars + up � bp
�

= Ae fru (12)

QwD=tQ; u}@ |oOv@UJVvD us '|WtN |=ylQD u}@ |xrY=i xv}tm amin u; QO xm
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