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"ECC |xQwLtlD |Q=Wi V}=tR; G}=Dv |xYqN "4 pwOH
|}=yv VvQm |}=yv Ctw=kt |Q=PoQ=@ CaQU O=OaD xvwtv��� (MPa) (mm/min) =yxvwtv

{ 50 6 0 6 10 |@amt
0 55 47 0 0 5 5 |}xv=wDU=

"|rwtat uD@ =@ xU}=kt QO ECC C} RwBt=m |Q=Wi VvQm� VvD Q=DiQ "8 pmW

"ECC |xQwLtlD |WWm VvQm� VvD Q=Owtv "6 pmW

"lQD RmQtD w |WWm |=yxvwtv OOaDt |oOQwNlQD "7 pmW
"ECC |xQwLtlD s}kDUt VWm V}=tR; G}=Dv |xYqN "3 pwOH

|}=yv Ctw=kt VvQm Ctw=kt Ctw=kt
xvwtvCtw=kt x@ |}=yv |}=yv lQD u}rw=

lQD u}rw= ��� (MPa) (MPa)

1 24 3 3 4 1 3 3 1
1 12 2 8 3 8 3 4 2
1 25 3 3 3 5 2 8 3
1 27 3 8 4 2 3 3 4

|}xR=U |=yOQ@ Q=m QO C} RwBt=m u}= uOW OQi x@ QYLvt ?@U |}=yv CUmW R=
|oOvwWCNU Q=DiQ x=Qty x@ 'xvwtv CUmW =D lQD u}rw= u=}t |xrY=i QO "OwW|t
xvwtv |r}]DUt CtUk QO uwQm}t 50 R= QDtm ZQa =@ |OOaDt |=ylQD '|WvQm
x@ `k=w QO =ylQD u}= "�7 pmW� CU= xOW Qy=_ Qo}Om} x@ l}ORv pY=wi QO
u=UWmQ}e VvQm V}=O}B ?@U w xOt; OwHwx@ xO=t QO |WWm VvD V}=Ri= p}rO
C} RwBt=m OQDCUmW?@U 'xv}W}@VvD uO}UQ =@ 'xDi=} RmQtD lQD "Ov=xOW =yxvwtv
xOWxDN=U |}xR=U |=[a= xm Cio u=wD|t =ylQD sm ZQa x@ xHwD =@ "OwW|t
x@ xOvQwN O=wt w ?; Pwiv R= xm =QJ 'Ow@ Ovy=wN |@ wN s=wO |=Q=O C} RwBt=m u}= =@
|=yuD@ =} w |DvU uD@ QO xm CU= sRq QmPD u}= "OW Oy=wN |Q}owrH w[a uwQO
xvwtv w O@=}|t V}=Ri= xOWO=H}= lQD l} ZQa 'VvD V}=Ri= =@ |rwtat |i=}r=

"OyO|t u=Wv |WvQm |oOvwWsQv Q=DiQ OwN R=
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"PVA h=}r= =@ ECC Q}D |xv=yO\Uw u=mtQ}}eD�|WtNVvD Q=Owtv "10 pmW

h=}r= =@ FRC Q}D |xv=yO \Uw u=mtQ}}eD� |WtN VvD Q=Owtv "11 pmW
[31]"|Oqwi

p@=k lQD u}rw= x_Lr u}= QO w O@=}|t V}=Ri= p=mU=B=ot 7 OwOL QO |v}ov=}t
Q=Okt x@ wQ}v =OD@= u; R= TB "CU= ? |x]kv =@ Q_=vDt xm OwW|t x_Lqt C} -wQ
|xOvyOu=Wv 'wQ}v V}=Ri= w Vy=m u}= "O@=}|t V}=Ri= xQ=@ wO w Ovm|t Ci= |tm
xvwtv R= |Qo}O |x]kv QO |oOQwNlQD R=e; w u; uOWTw@Lt TBU w lQD O=H}=
xOW |aU xm CU= lQD RQt QO =yh=}r= |Ov@ pB OQmrta Qou=}@ u}vJty "CU=
|oOvwWCNU Q=DiQ '|Q=PoQ=@ |xt=O= =@ "OwW xO}Wm Q} wYD x@ 12 pmW QO CU=
xmv; =D O@=}|t xt=O= Q}D |WWm xHw QO O}OH |=ylQD |xaUwD w O=H}= x=Qty x@
x@ =ylQD R= |NQ@ uDUw}B =@ "OUQ@ G |x]kv QO OwN |WtN Ctw=kt x@ xvwtv
R=e; |oOvwWsQv Q=DiQ s=Hv=QU '|WWm xHw R= x]kv l} QO lQD RmQtD w Qo}Om}
x@ Q}D xmv; =D O@=}|t V}=Ri= xOWRmQtDt lQD ZQa 'u=mtQ}}eD V}=Ri= =@ w OwW|t
|WtN VvD Q=Owtv QO xm xJv; Ovv=t |rwtat |i=}r= |=yuD@ QO "OUQ@ |oDN}Uo
'|B wmUwQm}t lQD u}rw= O=H}= R= TB 'OwW|t x_Lqt 11 pmW QO u=mtQ}}eD �
xDUw}B Qw] x@ lQD u}= ZQa 'u=mtQ}}eD V}=Ri= =@ w OwW|t R=e; |oOvwWsQv Q=DiQ

"O@=}|t V}=Ri= Q}D CUmW |x_Lr =D
|rmW Q}}eD C}iQ_ ECC xm OvyO|t u=Wv Kw[w x@ xOt;CUO x@ G}=Dv
u=mtQ}}eD Q@=Q@ |WtN VvD l} QO u}vJty "OQ=O FRC x@ C@Uv |QDq=@ Q=}U@
"CU= FRC Q}D |=Q@ u; Q_=vDt Q=Okt R= QDnQR@ =yQ=@ ECC |=Q@ xv=yO \Uw
|xv}W}@ |x]kv QO xv=yO pw] x@ Q}D \Uw u=mtQ}}eD C@Uv u}ov=}t 'xvwtv |=Q@
u; Q_=vDt Q=Okt Q@=Q@ 15 xm CU= �0 32 OwOL QO ECC |=Q@ |WtN VvD
Q=DiQ uO=Ou=Wv =@ ECC R= xOWxDN=U Q}D Cio u=wD|t u}=Q@=v@ "CU= FRC |=Q@

"hrDNt |Q=Wi |=yVvQm QO |}xv=wDU= |xvwtv |oOQwNlQD |wor= "9 pmW

"|}x]kv Q=yJ VtN V}=tR; G}=Dv "5 pwOH
Q=DiQ u=mtQ}}eD Ctw=kt u}ov=}t |}=yv Ctw=kt

xvwtv xO=t|oOvwWCNU x@ \Uw |WtN |WtN
|WvQm ��� xv=yO (MPa) (MPa)

OQ=O 0 21
7 84

7 12 1
ECC

OQ=O 0 50 10 4 2
OQ=O 0 26 7 21 3
OQ=O 0 24 6 63 4
OQ=Ov 0 018

6 74
6 48 1

FRC[32]OQ=Ov 0 009 7 22 2
OQ=Ov 0 039 6 52 3

xHwD p@=k |}xRQr |=yQ=@ Ovv=t O}OW |=y|Q=PoQ=@ R= TB u; VR} QwQi R= |Q}owrH
"OW=@

|}x]kv Q=yJ VtN V}=tR; "3"6
|=yQDt=Q=B '|rwtat |i=}r= uD@ w ECC |WtN OQmrta Cw=iD uO=Ou=Wv |=Q@
2004 p=U QO |WywSB QO xm |rwtat |i=}r= uD@ l} =@ xO=t u}= |WtN OQmrta
h=}r= |tHL �1 |=Q=O |i=}r= uD@ u}= [30]"OwW|t xU}=kt 'CU= xOW V}=tR;

"CU= OwHwt xO=t; w |Q=HD CQwYx@ u; |v=t}U Q}tN w CU= |Oqwi
u; =@ Q_=vDt |xv=yO \Uw u=mtQ}}eD w �u |}=yv |WtN Ctw=kt '5 pwOH
u=mtQ}}eD� |WtN VvD Q=Owtv "OyO|t u=Wv |rwtat |i=}r= uD@ w ECC |=Q@ =Q
u=Wv 11 w 10 |=ypmW QO ?}DQD x@ FRC w ECC |=yxvwtv |=Q@ xv=yO \Uw
xOWC@F Q}O=kt u}ov=}t '=yQ=Owtv u}= QO xv=yO \Uw pmWQ}}eD "CU= xOW xO=O

"CU= V}=tR; |xvwtv hQ] wO QO xOWxO=O Q=Qk LVDT wO \UwD
|v=}t swU l} |xt}v QO =Q lQD l} \ki '|Oqwi h=}r= =@ xOWxDN=U Q}D
Q_=vDt x_Lr u}= [31]"OwW|t R=e; |oOvwWsQv Q=DiQ u; R= TB w Ovm|t x@ QHD OwN
u=mtQ}}eD QO xm CU= u=mtQ}}eD� |WtN VvD Q=Owtv QO |WtN VvD |xv}W}@ =@
CUmW Ov}=Qi =t= "OyO|t MQ �0 022 OwOL QO |tm Q=}U@ |xv=yO pw] x@
Q@ Q_=vDt \=kv |iQat =@ xt=O= QO xm CU= OOaDt |=y|oOQwNlQD x=Qty x@ ECC

|R} Q Q=}U@ |=ylQD =OD@= QO "OW Oy=wN xO=O KQW 2 |xQ=tW |xvwtv Q=Owtv |wQ
u=mtQ}}eD� VvD Q=Owtv ?}W Vy=m ?@U xm 'OyO|t MQ xvwtv |v=}t |xt}v QO
R=e; |xOvyOu=Wv xm CU= 10 pmW QO hr= |x]kv =@ Q_=vDt 'x_Lr u}= "OwW|t
VvD =D =yxvwtv |Q@ Q=@ TBU "CU= |v=UWm ?} Q[ Vy=m =@ xvwtv |]NQ}e Q=DiQ
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"OW=@ |Q=Wi |=yVvD QO xO=t u}= R= u=tr= l} � � " Q=DiQ Qov=}@ Ov=wD|t
Ov=xOW xOvm =QB T} QD=t QO CN=wvm} CQwYx@ ECC CN=U u=tR QO =yh=}r= �O
QO |DN=wvm} sOa p}rO x@ xHwD p@=k |a[wt ha[ Q=JO |}xR=U w[a =Pr w

"CU}v =yh=}r= `} RwD

ECC Kr=Yt |Q=DiQ pOt "1"7
OOaDt |=y|oOQwNlQD =@ ECC Ovv=t OQDx@W =} w OQD Kr=Yt |Q=DN=U Q=DiQ
=Hv}= QO xm VRN 'Ci= Ovv=t COtR=QO C=QF= w 9Q=Wi QO |oOWOQN 'VWm QO
u=wD|t =Q xDUw}B |=y\}Lt QO |oOQwNlQD "OwW|t h}YwD 'CU}v Q_v Ot
VvQm T=U= Q@ lQD pOt 'xOWx} RHD VvQm =@ xOWVNB lQD pOt VwQ xU x@
p}rO x@ =Hv}= QO xm OQm |R=UpOt |v=UQ}tN T=U= Q@ lQD |=ypOt w 'pm
lQD pOt R= ECC |Q=DiQ Ca}@] =@ VwQ u}= C=}[Qi Ck@=]t R}v w |oO=U
xOWVNB |oOQwNlQD pOt QO "CU= xOW xO=iDU= xOWx} RHD VvQm =@ xOWVNB
|x} RHD |=v@t Q@ xm hr=13 pmW j@=]t 10xDyH OvJ C@=F lQD pOt u=ty =}
R=e; O}=@ 'OvwW|t |Ov@pwtQi |oOQwNlQD VvQm w u=UWm VvQm x@ pm VvQm
VQ@ |=v@t Q@ |WQ@ Q=DiQ w |oOQwNlQD R= TB |WWm Q=DiQ '|oOQwNlQD
|=yVvD Cr=L QO |Q=Wi Q=DiQ h}YwD |=Q@ u}vJty "OvwW h} QaD xOv=t}k=@
xQwLtlD |Q=Wi Ctw=kt R= |Q=Wi VvD uOWQDW}@ u=mt= xm 'xQwLt OvJ
|xOvvmh}YwD xm |v=UQ}tN pOt =@ Ov=wD|t |oOQwNlQD pOt u}= 'OQ=O OwHw
|=Q@ Qo =QB� Qo =QO pOt X=N Qw] x@ "OwW ?}mQD 'OW=@ Kr=Yt |oOWOQN
=Q |oOQwNlQD pOt u}= =@ ?}mQD C}r@=k OQDx@W Kr=Yt |Q=Wi Q=DiQ |R=UpOt

"OQ=O
|oOQwNlQD wO u=}t |x} w=R w|WWm `]k Q=}at =@|rm Qw] x@|oOQwNlQD R=e;
CQwYx@ Q=}at wO O}=@ lQD l} jiwt ẁQW |=Q@ xm OwW|t h} QaD 11|r=wDt
QDW}@ VvD |xv}W}@ R= |rY= |WWm |=yVvD xmv; pw= "OvwW <=[Q= u=tRsy
Q=Okt R= |rY= |WWm |=yVvD w OwHwt |=ylQD u=}t |x} w=R xmv; swO w 'OwW
R=e; u; QO xm 'xOWVNB lQD pOt |=v@t x@ xHwD =@ "Ovm Rw=HD xv=DU; |x} w=R
=Hv}= QO swO Q=}at |iQat 'OwW|t h} QaD |WWm `]k Q=}at =@ \ki |oOQwNlQD
j@=]t w C@=F ẁv R= |WWm `]k Q=}at =@ |oOQwNlQD R=e; u}=Q@=v@ "CU}v sRq

"CU= xOW h} QaD ?13 pmW
C}Y=N|=Q=O s}kDUtVWm |=yV}=tR;G}=Dvj@=]t xm 'ECC|WWm Q=DiQ
h} QaD w (fct) |oOQwNlQD u}rw= VvD QDt=Q=B =@ 'CU= |WvQm |oOvwWCNU
Qw_vt u}= |=Q@ "OwW|t |R=UpOt |oOQwNlQD R= TB |WvQm |oOvwWCNU Q=DiQ

"xDyH OvJ C@=F lQD =} xOW VNB lQD pOt "13 pmW

"lQD RmQtD w ECC Q}D |WWm xHw QO OOaDt |=y|oOQwNlQD "12 pmW
C}iQ_ 'wQ}v Ci= R= p@k =D OOaDt |=y|oOQwNlQD R= |W=v |WWm |oOvwWCNU
FRC p@=kt QO "Ovm|t sy=Qi =Q |}q=@ Q=}U@ |WWm |WvQmCtw=kt w |SQv= ?PH
w |SQv= ?PH C}iQ_ 'lQD l} \ki O=H}= R= pY=L |WWm |oOvwWsQv Q=DiQ =@

"OQ=O |mOv= Q=}U@ |WWm |WvQm Ctw=kt

|Q}tN Cr=L |=v@t Q@ ECC |R=UpOt "7
=@ ECC |}xR=U Q=DiQ |OOa |R=UpOt |=Q@ xO=U ,=D@Uv |WwQ VN@ u}= QO
|xDU@ u; s=Hv= |=Q@ xm CU= xOW O=yvW}B OwOLt <=RH= |=yp}rLD R= xO=iDU=
|=ypOt '=yu=tr= R=|rt=m |xawtHt uDW=O x@ xHwD =@ TNO-DIANA |Q=Ri=sQv
u}vJty w '=yC} RwBt=m w |vD@ Kr=Yt |=Q@ |}xS} w |=ypOt ,=YwYN Kr=Yt
u}= |O=yvW}B VwQ QO "CU= xOW ?=NDv= |v=UQ}tN pOt OvJ ?}mQD u=mt=

%CU= xOW Qw_vt C=}[Qi
|rw@k p@=k OL =D s}kDUt VWm V}=tR; |r@tO |=yxvwtv |WWm Q=DiQ �hr=

"OvDUy ECC |WWm Q=DiQ u=}@ x@ QO=k
QO Qo = |DL 'VWm QO u; OOaDt |=y|oOQwNlQD w ECC |WWm Q=DiQ �?
V}=tR; =@ |R=Ux@=Wt p@=k 'OyO MQ nQR@ O=a@= =@ s}HL w[a l} |vwQOVN@
w[a sHL uwQO R= |r@tO |xvwtv Qo = 'Qo}O CQ=@a x@ "CU= s}kDUt VWm
|r@tO |=yxvwtv x@=Wt |OQmrta 'OQ}o Q=Qk s}kDUt VWm CLD w OwW xO}W=QD
|Q}oCyH p}rO x@ xm CU= sRq QmPD u}= "CW=O Oy=wN =Q ?r=k QO xOWxDN} Q

"OW=@v CUQO OQ=wt |xty QO ZQi u}= CU= umtt =yh=}r= |iO=YD
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l =m]Y= |x} w=R |Q}oxR=Ov= "OvwW|t ZQi C@=F ,=twta xm 'OvwW xDiQo Q_v QO
|}xO}J}B |=yV}=tR; OvtR=}v w CU= Q=wWO Q=}U@ Kr=Yt `=UD= |x} w=R w |rN=O
Qw] x@ =t= "CU= xOw@v Q_v OQwt |}=yV}=tR; u}vJ s=Hv= =Hv}= QO xm 'OvDUy
|=yu=tr= QO Qo =QB� Qo =QO pOt R= xO=iDU= |=Q@ xOWs=Hv= |=yx}YwD T=U= Q@ |rm
10 |x} w=R R= u=wD|t '\UwDt |Q=Wi Ctw=kt =@ |vD@ Kr=Yt =@ |}xLiY VvD
Kr=Yt |xQwLtOvJ Ctw=kt 'CQwYu}= Q}e QO "OQm xO=iDU= �h} QaD |=Q@ xHQO
xm '|}xLiY VvD |=yu=tr= QO u}vJty "OW Oy=wN OQw;Q@ |ak=w Q=Okt R= V}@
QO w OwW|tv ?wULt |QwQ[ |xO=O l}  QDt=Q=B 'CU= xDiQ Q=m x@ =Hv}= QO
xm CU= sRq QmPD u}= "OQm ZQi  = � u=wD|t QDW}@ |oO=U |=Q@ Cr=L u}=
VvD V}=Ri= ?} Q[ =@ |}xLiY |=yVvD |=Q@ Qo =QB� Qo =QO Q=}at |R=U?U=vDt
6 |x]@=Q CQwYx@ |rN=O l =m]Y= |x} w=R Cr=L u}= QO w OQ}PB|t CQwY a

%OwW|t xDWwv
sin� = 3�f

2 + �f
= 3a� 31

5a� 3 (6)

|x} w=R w fc |xQwLtlD |Q=Wi Ctw=kt R= R}v C pO=at |oOv@UJ ?} Q[
%OwW|t x@U=Lt 7 |x]@=Q j@=]t |rN=O l =m]Y=

C = fc
1� �f
�

= fc
1� sin�
2 cos�

(7)

x@ '|R=UxO=U R= TB xm OvDUy pOt Qr=mU= |=yC}tm � w �f '\@=wQ u}= QO
|=Q@ xm CU= sRq QmPD u}= "OvwW|t p}O@D 7 w 6 \@=wQ CU=Q CtU CQ=@a
QO xQwLtwO w xQwLtlD |Q=Wi Ctw=kt C@Uv 'pwtat Ctw=kt =@ |vD@ Kr=Yt
=@ Q@=Q@ |m =m]Y= |x} w=R 7 w 6 |=yx]@=Q Cr=L u}= QO xm CU= 1 16 OwOL
|=yQDt=Q=B [31]"OvyO|t CUO x@ C � 0 42fc =@ Q@=Q@ |oOv@UJ w � � 100

7 w 6 |=ypwOH QO hrDNt |=y|Q=PoQ=@ QO ECC Q=DiQ h} QaD |=Q@ |OwQw
"CU= xOW xYqN

|R=UpOt VwQ "2"7
xO=iDU= =@ u}vJty w swU Oa@ QO Ct=N[ ZQi =@ w |Oa@ wO CQwYx@ |R=UpOt
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� = 1 w OwW|tv xO=O Vy=m G u=UWm |WQ@ pwOt pt=m |xOv=t}k=@ VQ@ QO
DII

sec ant =1 |oOQwNlQD Cv=mU |WQ@ |DNU 'Qo}O CQ=@a x@ =} "Ow@ Oy=wN
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1. high performance �ber reinforced cementitious composites

(HPFRCC)
2. �ber reinforced concrete (FRC)
3. engineered cementitious composites (ECC)
4. poly vinyl alcohol (PVA)
5. shotcrete
6. four-point bending test
7. 
y ash
8. crack localization
9. compressive crushing

10. smeared crack
11. threshold angle
12. shear retension
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