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C} wkD |=yxvwtv x@ \w@ Qt Q}O=kt u} QDW}@ w s}kDUt |xrYw =@ |rQDvm |xvwtv x@

"KrUt uD@ <=RH= p;xO}= |]N wO |vLvt "15 pmW
"=yxvwtv |Q}PBpmW C}iQ_ "5 pwOH

|Q}PBpmW �u(mm) �y(mm) xvwtv
7 83 54 6 9 WL-C

5 35 30 5 6 SL-C

5 69 41 7 2 HL-C

7 43 75 10 1 WL-S

7 60 77 10 1 SL-S

6 45 71 11 0 HL-S

"CU= xOW x�=Q= 5 pwOH QO w G=QNDU= |y=oW}=tR;
� = �u

�y
(1)

'xrYw pLt QO |rw] |=yOQor}t VRer p}rO x@ SL-C |rQDvm |xvwtv QO
u; |Q}PBpmW w OQm Ci= CaQU x@ wQ}v |xv}W}@ x@ uO}UQ R= Oa@ |Q@ Q=@ C}iQ_
|xvwtv |=B uD@ "Ci=} Vy=m �32 u=R}t x@ xrYw Ok=i |rQDvm |xvwtv x@ C@Uv
w O}O |O=} R |xtOY 'u; |xDUy QO |Q=Wi |x}L=v p}mWD p}rO x@ HL-C

Vy=m �27 R= V}@ xrYw Ok=i |rQDvm |xvwtv x@ C@Uv u; |Q}PBpmW xH}Dv QO
|rQDvm |xvwtv x@ C@Uv WL-S |xOW C} wkD |xvwtv |Q}PBpmW C}iQ_ "CW=O
xm 'Ci=} Vy=m �5 u=R}t x@ |}=yv |}=Hx@=H xHwD p@=k V}=Ri= seQ|ra 'WL-C

� |WtN x@ |}xQ=wyo x@W R= |Q=DiQ Owt Q}}eD w s}rUD |}=Hx@=H V}=Ri= p}rO x@
w CFRP I}B QwO =@ Q=O@qk |xrYw =@ uwDU `]kt?U=vt |Q}oQwO =@ "CU= |WQ@
|xOW C} wkD |xvwtv |Q}PBpmW '=y?qk u}@ |Q=Wi |x}L=v Q=O}=B p}mWD u=mt=

"CW=O V}=Ri= �13 u=R}t x@ Q_=vDt |rQDvm |xvwtv x@ C@Uv HL-S

|Dv=mU |DNU "3"4
|=yu=mtQ}}eD QO xv}W}@ Q=@ |x]kv u}@ pY=w \N ?}W |=v@t Q@ |Dv=mU |DNU
2 |x]@=Q R= xO=iDU= =@ w h} QaD 16 pmW j@=]t pm}U Qy |ivt w C@Ft
|=y|}=Hx@=H |=Q@ |y=oW}=tR; |=yxvwtv |Dv=mU |DNU [34]"OwW|t x@U=Lt

"CU= xOW x�=Q= 17 pmW QO w G=QNDU= hrDNt |@Uv
Ki = Fmi

Dmi

Fmi = 1
2 (jF+

i j+ jF�i j)
Dmi = 1

2 (jD+
i j+ jD�i j) (2)
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"=yxvwtv CQ=UN XN=W "20 pmW

|=yxvwtv x@ C@Uv xOW C} wkD |=yxvwtv pO=at T} RQD}Uy |}=Q}t "CU= xDi=}
|=yxvwtv |=Q@ QwmPt QDt=Q=B xm|}xvwo x@ 'CU= xDW=O|}x_Lqt p@=kV}=Ri=|rQDvm
|@Uv |}=Hx@=H QO \UwDt Qw] x@ Q_=vDt |rQDvm |=yxvwtv x@ C@Uv xOW C} wkD
�4 |@Uv |}=Hx@=H QO w �95 OwOL �3 |@Uv |}=Hx@=H QO '�76 OwOL �2

"CU= xDi=} V}=Ri= �103 OwOL

CQ=UN XN=W "6"4
CU=|vD@ <=[a= x@ xOQ=w |=yCQ=UN|:tm|@=} RQ= |=Q@ |Q=}at 'CQ=UNXN=W
lQ=B CQ=UN XN=W [35]"CU= xOW O=yvW}B u; |x@U=Lt |=Q@ |irDNt \@=wQ w
lryDUt |SQv= w |}=yv |}=Hx@=H |]N ?}mQD R= =Q xOQ=w |=y?}U; '16nv= w
?U=vt j=@]v= w |oO=U p}rO x@ w [36]'Ovm|t |v}@V}B 4 |x]@=Q R= xO=iDU= =@ xOW
R= =yxvwtv CQ=UN |:tm |UQQ@ |=Q@ =Pr "OQ=O |v=w=Qi OQ@ Q=m '|y=oW}=tR; G}=Dv =@

"CU= xOW xO=iDU= xOW QmP XN=W

DI = �max

�u
+ �
Qy:�u

Z
dE (4)

|}=Hx@=H C}iQ_ �u w |Q=PoQ=@ s=o Qy QO |}=Hx@=H |xv}W}@ �max 'u; QO xm
=Q =yu; |@ QHD \@=wQ R= u=wD|t xm OvDUy CN=wvm} |Q=PoQ=@ CLD |}=yv
Q=Okt w |QwLt |wQ}v '|WQ@ |wQ}v x@ xDU@=w QDt=Q=B � [38w37]"OQm u}}aD
wtv dE w s}rUD Ctw=kt Qy u}vJty "CU= |[Qa w |rw] |=yOQor}t
G}=Dv R= dE w Qy '�max |=yQDt=Q=B Q}O=kt "OvDUy xOW lryDUt |SQv=
Q@=Q@ V}=tR; R= pY=L (�n) |}=yv |}=Hx@=H "O};|t CUOx@ =yxvwtv |y=oW}=tR;
Ci= �20 u=R}t x@ wQ}v |xv}W}@ x@ C@Uv wQ}v xm CU= |}x]kv Q_=vDt |}=Hx@=H

"Ovm|t
20 pmW QO w G=QNDU= |y=oW}=tR; |=yxvwtv |=Q@ CQ=UN XN=W Q}O=kt
|=yxvwtv x@ jraDt ?}DQD x@ CQ=UN XN=W Q}O=kt u} QDW}@ "CU= xOW x�=Q=
xOW C} wkD |=yxvwtv CQ=UN XN=W "CU= WL-C w HL-C 'SL-C |rQDvm
XN=W xm |}xvwo x@ 'CU= xDW=O |}xOta Vy=m |rQDvm |=yxvwtv x@ C@Uv
x@ Q_=vDt |rQDvm |=yxvwtv x@ C@Uv HL-S w SL-S 'WL-S |=yxvwtv CQ=UN
Vy=m �38 w �54 '�25 ?}DQD x@ hrDNt |@Uv |=y|}=Hx@=H QO \UwDt Qw]
x@ C@Uv xrYw =@ xOW C} wkD |=yxvwtv QO CQ=UN XN=W Vy=m "CU= xDW=O
|R=Uy@ VwQ QDW}@ Q}F-=D |xOvyOu=Wv xm Ow@ QDW}@ xrYw Ok=i xOW C} wkD |xvwtv

"CU= xrYw =@ |=yxvwtv QO

"=yxvwtv |atHD |xOW lryDUt |SQv= "18 pmW

"=yxvwtv pO=at T} RQDU}y |}=Q}t "19 pmW
|=y|}=Hx@=H QO xOW C} wkD |=yxvwtv QO xOW lryDUt |SQv= u=R}t "CU= xOW
C}iQ_ QO xrYw ẁv lOv= Q}F-=D |xOvyOu=Wv xm 'Ow@ Q@=Q@ sy =@ ,=@} QkD u=Um}
|atHD |xOW lryDUt |SQv= u=R}t "CU= xOW QmP |=yxvwtv |SQv= lqyDU=
x@ xm CU= QDW}@ |xrYw =@ |rQDvm |=yxvwtv x@ C@Uv xrYw Ok=i |rQDvm |xvwtv
C}iQ_ "CU= xrYw Ok=i |xvwtv QO uwDU |rw] |=yOQor}t uOW |Q=H Cra
V}=Ri= Q_=vDt |rQDvm |=yuwDU x@ C@Uv xOW C} wkD |=yuwDU |SQv= lqyDU=
xOW C} wkD |=yxvwtv |SQv= lqyDU= C}iQ_ xm |}xvwo x@ 'CW=O |yHwD p@=k
�4 '�2 |@Uv |=y|}=Hx@=H QO \UwDt Qw] x@ Q_=vDt |rQDvm |=yxvwtv x@ C@Uv

"CU= xDi=} V}=Ri= �253 w �198 '�115 ?}DQD x@ �6 w

pO=at T} RQDU}y |}=Q}t "5"4
QO xOW lryDUt T} RQDU}y |SQv= C@Uv |=v@t Q@ pO=at T} RQDU}y |}=Q}t
=@ w h} QaD 16 pmW j@] pO=at u=UWm |xOW lryDUt |SQv= x@ pm}U l}
=yxvwtv pO=at T} RQDU}y |}=Q}t OYQO [34]"OwW|t x@U=Lt 3 |x]@=Q R= xO=iDU=

"CU= xOW x�=Q= 19 pmW QO w G=QNDU= hrDNt |@Uv |=y|}=Hx@=H QO
�eqi = Ei

2�FmiDmi = Ei
4�Ae (3)

QO |}=Hx@=H |xv}W}@ w wQ}v |xv}W}@ \UwDt ?}DQD x@ Dmi w Fmi 'u; QO xm
xQ}NP |WvQm |SQv= Ae w i |xNQJ QO xOW lryDUt |SQv= u=R}t Ei 'i |xNQJ

"OvDUy |m}D=DU= Cr=L QO pO=at |]N u=UWm sDU}U l} QO xOW
�1 |@Uv |}=Hx@=H =D =yxvwtv pO=at T} RQDU}y |}=Q}t '19 pmW j@=]t
|xaUwD =@ u; R= TB w CU= RwmU} w |}=Q}t Q=Okt u=ty xm CU= 0 05 OwOL QO
V}=Ri= |}=Q}t Q}O=kt 'T} RQDU}y |=yxkrL K]U V}=Ri= w |]NQ}e |=yQ=DiQ

83



"""|
=yOQ

or}t
=@K

rUt
uD@

|=y
uwDU

|y=
oW}

=tR;
|@=}

RQ=|=yOQor}t Q}PBpmW Q=DiQ w |Q=DiQ Owt Q}}eD p}rO x@ T} RQDU}y |=yxkrL
"CW=O |UwULt V}=Ri= |Oqwi NSM

w s}kDUt |xrYw =@ |rQDvm |xvwtv x@ jraDt |Dv=mU |DNU Q}O=kt u} QDtm �
|=yxvwtv |DNU V}=Ri= "Ow@ xOW C} wkD |=yxvwtv x@ \w@ Qt Q}O=kt u} QDW}@
<=RH= x@ CQ=UN Vy=m xH}Dv QO w |@v=H u=mtQ}}eD Vy=m Ea=@ xOW C} wkD

"CU= xOW xrRrR QF= CLD u=tDN=U |}xR=UQ}e
w s}kDUt |xrYw =@ |rQDvm |xvwtv x@ \w@ Qt |SQv= lqyDU= u=R}t u} QDtm �
|SQv= lqyDU= C}iQ_ "Ow@ xOW C} wkD |=yxvwtv x@ jraDt Q}O=kt u} QDW}@
lqyDU=C}iQ_ xm|}xvwo x@ 'CW=O|yHwD p@=kV}=Ri= xOWC} wkD |=yxvwtv
\UwDt Qw] x@ Q_=vDt |rQDvm |=yxvwtv x@ C@Uv xOW C} wkD |=yxvwtv |SQv=
�253 w �198 '�115 ?}DQD x@ �6 w '�4 '�2 |@Uv |=y|}=Hx@=H QO

"Ci=} V}=Ri=
|rQDvm |=yxvwtv x@ C@Uv xOW C} wkD |=yxvwtv pO=at T} RQD}Uy |}=Q}t �
|=yxvwtv T} RQDU}y |}=Q}t xm |DQwY x@ 'CW=O |}x_Lqt p@=k V}=Ri=
|=y|}=Hx@=H QO \UwDt Qw] x@ Q_=vDt |rQDvm |=yxvwtv x@ C@Uv xOW C} wkD

"CW=O V}=Ri= �103 w '�95 '�76 ?}DQD x@ �4 w �3 '�2 |@Uv
|R=Uy@ "CU= xOw@ |rQDvm |=yxvwtv x@ \w@ Qt CQ=UN XN=W Q=Okt u} QDW}@ �
QO xS} w x@ =yu; CQ=UN XN=W Vy=m Ea=@ |}xRQr C=}�RH Ok=i |=yuwDU

"CU= xOW |rw] |=yOQor}t |xrYw =@ |=yuwDU

QmWD w Q}OkD
C}=tL w u=QyD x=oWv=O u=Qta |UOvyt |xOmWv=O R= Q[=L Q=DWwv u=oOvU} wv
x@ �=vR=� u=Q}= S=}r;wQi `}=vY CmQW w uw}=B u=R=Usw=kt CmQW 'Q} wm Oqwi `tDHt
"Ovvm|t QmWD Q[=L |WywSB |xSwQB QO |iQYt Kr=Yt R= |WN@ u}t-=D ?@U
O}tL TOvyt u=}=k; xS} w x@ u=QyD x=oWv=O |xR=U x=oW}=tR; u=U=vWQ=m R= u}vJty
QO =yu; syt Vkv w |vi |=y|v=@}DWB |x]U=w x@ '|v=tLQ Ow=O TOvyt w Q̀=R

"OwW|t |v=OQOk =yV}=tR; s=Hv=

|Q}oxH}Dv "5
|=yOQor}t =@ |t}Ok KrUt uD@ |=yuwDU |}xRQr OQmrta 'Q[=L |xar=]t QO
CQwY x@ �NSM� K]U l}ORv QO |Q=PoK}rUD VwQ x@ xOW |R=Uy@ |xO=U
uwO@ %pt=W '|rw] |=yOQor}t hrDNt |=yxrYw Q}F-=D w OW |@=} RQ= |y=oW}=tR;
"OW |UQQ@ Q=O@qk |v=WwBty |xrYw =@ w 's}kDUt |v=WwBty |xrYw =@ 'xrYw
hrDNt |=yxrYw =@ |rQDvm |xvwtv xU pt=W '0 5 T=}kt =@ uwDU |xvwtv VW
|=yOQor}t =@ NSM VwQ x@ xOW C} wkD |xvwtv xU w |}xRQr C=}�RH Ok=i
V}=tR; |}xNQJ |@v=H w C@=F |QwLt |=yQ=@ CLD w xDN=U u=Q}= CN=U |Oqwi
'|DNU '|Q}PBpmW 'Ctw=kt %pt=W '=yxvwtv |}xRQr Q=DiQ |rY= |=yQDt=Q=B "OvOW
G=QNDU= CQ=UN XN=W w pO=at T} RQDU}y |}=Q}t '|SQv= lqyDU= C}iQ_

%CU= xOW x�=Q= xt=O= QO xYqN CQwY x@ |rY= G}=Dv "OvOW |UQQ@ w OvOw@
w Ow@ |}xQ=wyo x@W CQwY x@ |rQDvm |=yxvwtv |@v=H pmWQ}}eD ?r=e Owt �

"OW RmQtDt uwDU |=B lQD QO '=yv; pmWQ}}eD |rY= -=Wvt
s}kDUt |xrYw =@ w xrYw Ok=i|rQDvm |=yxvwtv `=iDQ= QO|tm|WtN |=ylQD �
|x}L=v p}mWD ?@U x@ Q=O@qk |xrYw =@ |rQDvm |xvwtv QO "Ci=} VQDUo
xQ=W= |xO}OB "OW Qy=_ xrYw |x}L=v QO |O}OW ?}U; '=y?qk u}@ |Q=Wi
R= TB Q=O@qk |xrYw =@ |=yuwDU |QwLt |Q@ Q=@ C}iQ_ Vy=m Ea=@ xOW

"OQ=O |}q=@ C} wrw= '=yu; |}xRQr |R=Uy@ =Pr 'OwW|t xrRrR
|x}L=v QO C=tOY VQDUo R= 'Q=O@qk |xrYw =@ |xvwtv |=B?U=vt |Q}oQwO =@ �
V}=Ri= Ea=@ =y?qk u}@ |Q=Wi |x}L=v Q=O}=B p}mWD w OW |Q}owrH xrYw

"OW |}xRQr |=yQDt=Q=B Ow@y@ w |@v=H Ctw=kt
V}@ |@Uv |}=Hx@=H QO |Oqwi NSM |=yOQor}t 'xOW C} wkD |=yxvwtv QO �
Q@=Q@ 10 `=iDQ= x@ |}x}L=v QO I}B QwO |oDN}Uo Ea=@ xm OvOQm Vv=tm �5 R=
'uOW h=Y w Vv=tm pm}U OvJ R= TB ,=D}=yv w OW NSM |=yOQor}t Q]k

"OvDUmW |}xNQJ sm |oDUN p}rO x@ NSM |=yOQor}t
K]U '|WtN Ctw=kt xHwD p@=k V}=Ri= ut[ 'xOW C} wkD |=yuwDU QO �

=yCWwv=B
1. jacket
2. �ber reinforced polymer (FRP)
3. high performance �ber reinforced cementtious composite

(HPFRCC)
4. externally bonded reinforced (EBR)
5. near surface mounted (NSM)
6. stainless steel
7. without lab splice
8. straiht lap slices
9. hooked lap splices
10. load cell
11. linear variable displacement transducer (LVDT)
12. Quasi-roching mode
13. low cycle fatigue
14. pinching
15. self-centering
16. Park and Ang damage index
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