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hrDNt C=Q}}eD w |}=yDv= |=y?qk =@ xm OvDUy |Oqwi h=}r= '|}xR=U uD@ QO
w Cqt w h=}r= u}@ |oDUw}B V}=Ri= ?@U 'h=}r= u}= pmW |wQ Q@ xOWs=Hv=
w |v=t}U Cqt |oOQwNlQD Q@ h=}r= Q}F-=D |ovwoJ "OvwW|t h=}r= Q}F-=D V}=Ri=
QO xm Qw]u=ty "CU= xOW xO=O u=Wv 2 pmW QO xv=oOvJ R} Q |=ylQD |Q}opmW
\UwD nQR@ |xv=o =OH |=ylQD 'h=}r= OwHw Crax@ 'OwW|t xOy=Wt pmW u}=
p@=k s=wO w |vt}= x=oO}O R= xm OvwW|t u} Ro}=H =ylQDwQm}t R= sm =QDt |}xawtHt

"CU= pw@k
OwHw FRC w |rwtat uD@ QO xmCU= |}=y|oS} w |=Q=O HPFRCC OvJ Qy
w |WywSB Qwt= x@ QDW}@ =yu; OQ@ Q=m '|}=QH= w |O=YDk= p�=Ut Cra x@ =t= 'OQ=Ov

[18]"ECC |rY= C=}YwYN "1 pwOH
|Q=Wi Ctw=kt |oOQwNlQD u}rw= Ctw=kt |}=yv |WWm Ctw=kt |}=yv |WWm VvQm nv=} pwOt |WtN Ctw=kt |r=oJ

(MPa) (MPa) (MPa) ��� (GPa) (MPa) (g/cc)

95�20 7�3 12�4 8�1 34�18 39�10 2 35�0 9

98



"""w
u}O

r=Q}N
|ra

'|Dt
y|

ra uO}UQ =D |]N |x]@=Ql} R= VWm CLD HPFRCC VvQm�VvD |vLvt
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440 200000 6200 0 15 0 0022 310
xOW ZQi Q}O=kt �

|Q=PoQwD=tQ; w |Q=PoQ=@ C=}�RH w ?=k u}= O=a@= "CU= xOW xOQw; 3 w 2 |=ypwOH
|Q=PoQ=@ w xOw@ Q=OQ}o =yx=ox}mD "CU= xOW xO=O u=Wv 10 w 9 |=ypmW QO R}v u;

"CU= xOW p=ta= ?=k x@ xOv}=Ri= |@v=H Q=@ CQwYx@
xU '3 w 2 |=ypwOH QO xOWx�=Q= C=YNWt w 10 w 9 |=ypmW x@ xHwD =@
O=a@= "CiQ Q=mx@ p}rLD G}=Dv uOQmxQ@}r=m |=Q@ hrDNt |=y|Ov@Vt =@ |r}rLD pOt
|=y|vLvt w 4 pwOH QO =y?=k u}= |]NQ}e p}rLD R= pY=L G}=Dv w =yu=tr=
xm Qw]u=ty "CU= xOW x�=Q= 11 pmW QO R}v ?=k 3 u}= |@v=H u=mtQ}}eD� wQ}v
55 O=a@= x@ w \UwDt |Ov@Vt =@ pOt 'OwW|t x_Lqt 11 pmW w 4 pwOH QO
OQwt pOt u=wvax@ =Pr &OQ=O |y=oW}=tR; Q=m =@ =Q j@=]D u} QDW}@ QDt|r}t 55 QO
=@ uD@ |]NQ}e p}rLD QO 'OwW|t x_Lqt xm xvwou=ty "OwW|t ?=NDv= |UQQ@
w |DNU xH}Dv QO w CU= xOW QDW}@ R}v =ylQD O=OaD '=yu=tr= OL R= V}@ V}=Ri=
u}ty x@ "OwW|t xO}t=v Vt |oDU@=w 'xO}OB u}= "O@=}|t Vy=m w[a |}=yv Q=@
xHwD =@ u=tr= |xR=Ov= xm CU= xOW O=yvW}B C=k}kLD R= |NQ@ QO xm CU= p}rO
"�3 |x]@=Q� OwW hQ]Q@ pmWt u}= =D OwW ?=NDv= uD@ |}=yv |WWm VvQm x@
"tu = 0 004� e�0 008h (3)

[22w21]"CU= uD@ |WWm |}=yvVvQm "tu w QDt|r}t x@ u=tr= Oa@ h 'x]@=Q u}= QO xm

100



"""w
u}O

r=Q}N
|ra

'|Dt
y|

ra "Cw=iDt |Ov@Vt =@ ?=k 3 p}rLD R= pY=L G}=Dv "4 pwOH
�u

�u(Experimental)

Pu
Pu(Experimental)

�u Pu =y u=tr= O=a@= pOt s=v
(mm) (kN) (mm�mm)

0 326 0 752 42 4 52 65 35�35 Fine Mesh

0 893 0 975 116 06 68 23 55�55 Medium Mesh

1 232 1 514 160 2 105 98 70�70 Coarse Mesh

1 1 130 70 � Experimental

"=ypOt |Q=Pos=v |xwLv "5 pwOH
"tu �0t f 0c(HPFRCC) f 0c(Concrete) |iQYt Kr=Yt pOt s=v��� (MPa) (MPa) (MPa)

- - - 28 |rwtat KrUt uD@ ?=k RC-28
1 3 28 � KrUt HPFRCC ?=k RH-28-3-1�
1 3 28 28 p=YD= pLt QO HPFRCC w KrUt uD@ ?=k RCH-28-3-1�
1 4 28 � KrUt HPFRCC ?=k RH-28-4-1�
1 4 28 28 p=YD= pLt QO HPFRCC w KrUt uD@ ?=k RCH-28-4-1�
1 5 28 � KrUt HPFRCC ?=k RH-28-5-1�
1 5 28 28 p=YD= pLt QO HPFRCC w KrUt uD@ ?=k RCH-28-5-1�
1 3 35 � KrUt HPFRCC ?=k RH-35-3-1�
1 3 39 � KrUt HPFRCC ?=k RH-39-3-1�
1 3 35 28 p=YD= pLt QO HPFRCC w KrUt uD@ ?=k RCH-35-3-1�
1 3 39 28 p=YD= pLt QO HPFRCC w KrUt uD@ ?=k RCH-39-3-1�

|vLvt Q@ p=mU=B=ot 3 |WWm Ctw=kt =@ HPFRCC Kr=Yt Q}F-=D "12 pmW
"KrUt uD@ ?=k |@v=H u=mtQ}}eD� wQ}v

w HPFRCC |}=yv |WWm Ctw=kt |xOvyOu=Wv �0t "CU= HPFRCC =}
"CU= �1 =yxvwtv |xty QO xm u; |}=yv |WWm VvQm |xOvyOu=Wv "tu

RCH-28-3-1� w RH-28-3-1� 'RC-28 |=y ?=k "1"3
xOW xO=O u=Wv 12 pmW QO QmPr=jwi |=y?=k |@v=H u=mtQ}}eD- wQ}v |=y|vLvt

"CU= xOt; 6 pwOH QO R}v =y?=k u}= p}rLD R= pY=L G}=Dv |xYqN "CU=
HPFRCC Kr=Yt |v} Ro}=H =@ 'OwW|t x_Lqt pwOH u}= QO xm xvwou=ty
'|Q}PBpmW '?=k u}= QO |rwtat uD@ |=H x@ p=mU=B=ot 3 |WWm Ctw=kt =@
V}=Ri= u} QDW}@ "Ov@=}|t V}=Ri= xv}W}@ |@v=H |wQ}v w |}=yv |@v=H u=mtQ}}eD
|wQ}v V}=Ri= u} QDW}@ '�75 7 OwOL QO |W}=Ri= =@ RCH ?=k QO |Q}PBpmW
|@v=H u=mtQ}}eD V}=Ri= u} QDW}@ w �38 4 OwOL =@ RH ?=k QO xv}W}@ |@v=H

"RCH-28-3-1� w RH-28-3-1� 'RC-28 ?=k 3 p}rLD R= pY=L G}=Dv "6 pwOH
�

�(RC)

�u
�u(RC)

Pu
Pu(RC)

� = �u
�Y

�u Pu �y Py pOt s=v
(mm) (kN) (mm) (kN)

1 1 1 3 078 116 06 68 23 37 70 58 93 RC-28
1 368 1 222 1 384 4 21 141 81 94 43 33 68 48 37 RH-28-3-1�
1 757 1 131 1 306 5 408 131 24 89 14 24 27 52 41 RCH-28-3-1�
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"RCH-28-3-1� ?=k |oOQwNlQD w s=Oyv= |wor= "15 pmW

VvQm ?@U x@ =t= "CU= QDtm =ypOt Q}=U R= ?=k u}= QO |oOW|Q=H |wQ}v w
|Q}tN VvQm x@ Ovv=wD|t =yQwD=tQ; '|D} RwBt=m Kr=Yt u}= |q=@ |}=yv |WWm
|}=yv |@v=H u=mtQ}}eD w xv}W}@ |wQ}v |=Q=O ?=k u}= =Pr w OvwW QDl}ORv OwN

"CU= |QDW}@

RCH-28-4-1� w RH-28-4-1� 'RC-28 |=y?=k "2"3
xOW xO=O u=Wv 16 pmW QO QmPr=jwi |=y?=k |@v=H u=mtQ}}eD� wQ}v |=y|vLvt

"CU= xOt; 7 pwOH QO R}v =y?=k u}= p}rLD R= pY=L G}=Dv |xYqN "CU=
HPFRCC Kr=Yt |v} Ro}=H =@ 'OwW|t x_Lqt pwOH u}= QO xm xvwou=ty
'|Q}PBpmW '?=k u}= QO |rwtat uD@ |=H x@ p=mU=B=ot 4 |WWm Ctw=kt =@
V}=Ri= u} QDW}@ "Ov@=}|t V}=Ri= xv}W}@ |@v=H |wQ}v w |}=yv |@v=H u=mtQ}}eD
|wQ}v V}=Ri= u} QDW}@ '�78 3 OwOL QO |W}=Ri= =@ RCH ?=k QO |Q}PBpmW
|@v=H u=mtQ}}eD V}=Ri= u} QDW}@ w �50 9 OwOL =@ RH ?=k QO xv}W}@ |@v=H
=@ "ODi=|t j=iD= RC ?=k x@ C@Uv �21 9 u=R}t x@ w ?=k u}ty QO |}=yv
?=k |oOW|Q=H |wQ}v 'HPFRCC Kr=Yt |}=yv |WWm Ctw=kt V}=Ri=

|vLvt Q@ p=mU=B=ot 4 |WWm Ctw=kt =@ HPFRCC Kr=Yt Q}F-=D "16 pmW
"KrUt uD@ ?=k |@v=H u=mtQ}}eD� wQ}v

s=Oyv= "ODi=|t j=iD= RC ?=k x@ C@Uv �22 2 u=R}t x@ w ?=k u}ty QO |}=yv
QO uw}U=Ovwi TBU 'OwW|t ẁQW p=YD= |xtWJ pLt R= =y?=k u}= QO |Q=Wi
|Q=Wi s=Oyv= '|@v=H |wQ}v V}=Ri= =@ "OwW|t s=Oyv= Q=JO uwDU x@ p=YD= pLt
|=ylQD "OwW|t s=Oyv= Q=JO uwDU TBU w O@=}|t VQDUo p=YD= |xtWJ QO
ẁQW uw}U=Ovwi x@ p=YD= pLt QO uwDU w p=YD= |xtWJ pLt R= R}v |WWm

uw}U=Ovwi x@ ,=D}=yv w Ov@=}|t VQDUo =yuwDU w Q}D QO =ylQD u}= TBU "OvwW|t
"OwW|t R=e; uw}U=Ovwi x@ uwDU p=YD= pLt R= R}v =yQwD=tQ; |oOW|Q=H "OvUQ|t
15 |r= 13 |=ypmW QO =y?=k u}= |WWm |oOQwNlQD w |Q=Wi s=Oyv= |wor=
CQ=UN u=R}t 'CU= XNWt =ypmW u}= QO xm xvwou=ty "CU= xOW xO=O u=Wv
?=k R= R}v w RCH-28-3-1� ?=k R= RC-28 ?=k QO |WWm w |Q=Wi R= sa=
|}=yv |WWm VvQm R= |W=v Ov=wD|t ẁ[wt u}= xm CU= QDW}@ RH-28-3-1�

"CU= |QDW}@ Q=Okt |=Q=O |rwtat uD@ x@ C@Uv xm OW=@ HPFRCC

|WWm Ctw=kt uOw@u}}=B Crax@ 'CU= XNWt 12 pmW QO xm xvwou=ty
xOW s=Hv= QD`} QU =yQwD=tQ; s}rUD 'RH-28-3-1� ?=k QO HPFRCC |}=yv

"RC-28 ?=k |oOQwNlQD w s=Oyv= |wor= "13 pmW

"RH-28-3-1� ?=k |oOQwNlQD w s=Oyv= |wor= "14 pmW

102



"""w
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r=Q}N
|ra

'|Dt
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ra "RCH-28-4-1� w RH-28-4-1� 'RC-28 ?=k 3 p}rLD R= pY=L G}=Dv "7 pwOH
�

�(RC)

�u
�u(RC)

Pu
Pu(RC)

� = �u
�Y

�u Pu �y Py pOt s=v
(mm) (kN) (mm) (kN)

1 1 1 3 078 116 06 68 23 37 70 58 93 RC-28
1 623 1 219 1 509 4 997 141 45 103 02 28 30 58 38 RH-28-4-1�
1 783 1 153 1 326 5 487 133 84 90 49 24 39 53 47 RCH-28-4-1�

"RCH-28-5-1� w RH-28-5-1� 'RC-28 ?=k 3 p}rLD R= pY=L G}=Dv "8 pwOH
�

�(RC)

�u
�u(RC)

Pu
Pu(RC)

� = �u
�Y

�u Pu �y Py pOt s=v
(mm) (kN) (mm) (kN)

1 1 1 3 078 116 06 68 23 37 70 58 93 RC-28
1 809 1 221 1 592 5 57 141 71 108 6 25 44 60 87 RH-28-5-1�
1 928 1 137 1 386 5 933 131 94 94 54 22 24 59 32 RCH-28-5-1�

|vLvt Q@ p=mU=B=ot 5 |WWm Ctw=kt =@ HPFRCC Kr=Yt Q}F-=D "17 pmW
"KrUt uD@ ?=k |@v=H u=mtQ}}eD� wQ}v

Ctw=kt =@ HPFRCC Kr=Yt Cw=iDt |Q=Wi |=yCtw=kt Q}F-=D "18 pmW
"KrUt uD@ ?=k |@v=H u=mtQ}}eD� wQ}v |vLvt QO p=mU=B=ot 3 C@=F |WWm

Kr=Yt pt=m |v} Ro}=H =@ 'OwW|t x_Lqt pwOH u}= QO xm xvwou=ty
u}= QO |rwtat uD@ |=H x@ p=mU=B=ot 3 C@=F |WWm Ctw=kt =@ HPFRCC

"Ov@=}|t V}=Ri= xv}W}@ |@v=H |wQ}v w |}=yv |@v=H u=mtQ}}eD '|Q}PBpmW '?=k
|W}=Ri= =@ p=mU=B=ot 39 |Q=Wi Ctw=kt =@ ?=k QO |Q}PBpmW V}=Ri= u} QDW}@
|Q=Wi Ctw=kt =@ ?=k QO xv}W}@ |@v=H |wQ}v V}=Ri= u} QDW}@ '�37 5 OwOL QO
Qy QO |}=yv |@v=H u=mtQ}}eD V}=Ri= u} QDW}@ w �38 4 OwOL =@ p=mU=B=ot 28

w |Q=Wi s=Oyv= VQDUo ?}DQD w =y?=k u}= QO CQ=UN |wor= "O@=}|t V}=Ri=
"CU= |r@k Cr=L x@=Wt |WWm |=y|oOQwNlQD

RCH-28-5-1� w RH-28-5-1� 'RC-28 |=y?=k "3"3
xOW xO=O u=Wv 17 pmW QO QmPr=jwi |=y?=k |@v=H u=mtQ}}eD� wQ}v |=y|vLvt
"CU= xOt; 8 pwOH QO R}v =y?=k u}= p}rLD R= pY=L G}=Dv |xYqN "CU=
HPFRCC Kr=Yt |v} Ro}=H =@ 'OwW|t x_Lqt pwOH u}= QO xm xvwou=ty
'|Q}PBpmW '?=k u}= QO |rwtat uD@ |=H x@ p=mU=B=ot 5 |WWm Ctw=kt =@
V}=Ri= u} QDW}@ "Ov@=}|t V}=Ri= xv}W}@ |@v=H |wQ}v w |}=yv |@v=H u=mtQ}}eD
|wQ}v V}=Ri= u} QDW}@ '�92 8 OwOL QO |W}=Ri= =@ RCH ?=k QO |Q}PBpmW
|@v=H u=mtQ}}eD V}=Ri= u} QDW}@ w �59 2 OwOL =@ RH ?=k QO xv}W}@ |@v=H
=@ "ODi=|t j=iD= RC ?=k x@ C@Uv �22 1 u=R}t x@ w ?=k u}ty QO |}=yv
?=k |oOW|Q=H |wQ}v 'HPFRCC Kr=Yt |}=yv |WWm Ctw=kt V}=Ri=
w |Q=Wi s=Oyv= VQDUo ?}DQD w =y?=k u}= QO CQ=UN |wor= "O@=}|t V}=Ri=
R= pY=L G}=Dv |xOy=Wt =@ "CU= |r@k Cr=L x@=Wt |WWm |=y|oOQwNlQD
|wQ}v Q@ HPFRCC |WWm Ctw=kt V}=Ri= xm OUQ|t Q_v x@ 8 w 7 |=ypwOH
Q}F-=D |}=yv |@v=H u=mtQ}}eD |wQ w CU= QF-wt ?=k u}= |Q}PBpmW w xv}W}@ |@v=H

"OQ=Ov |v=OvJ
Ovm|t pta O=R=t QwD=tQ; Ovv=ty VWm CLD HPFRCC xm CU= u; Cra
HPFRCC xm |t=ovy =t= "OwW|t =yQwD=tQ; uOW|Q=H |wQ}v V}=Ri= ?@U w
xOWO=H}= Q}}eD 'OvQ}o|t pmW =ylQD w OwW|t |oOvwWCNU R=i OQ=w |WWm
u=ty x@ C@Uv QDq=@ |WWm Ctw=kt =@ |D} RwBt=m ?=k |@v=H pmWQ}}eD u=R}t QO
VvQm 'xar=]t u}= QO =Q} R "CU}v xHwD p@=k u=OvJ QDtm |WWm Ctw=kt =@ ?=k
|t=tD QO 'CU= pmWQ}}eD EL@ QO QF-wt QDt=Q=B xm HPFRCC |}=yv |WWm

"CU= xOW Qw_vt �1 Q@=Q@ Cq=L

w RH-35-3-1� 'RH-28-3-1� 'RC-28 |=y?=k "4"3
RH-39-3-1�

xOW xO=O u=Wv 18 pmW QO QmPr=jwi |=y?=k |@v=H u=mtQ}}eD� wQ}v |=y|vLvt
"CU= xOt; 9 pwOH QO R}v =y?=k u}= p}rLD R= pY=L G}=Dv |xYqN "CU=
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=Ri=
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Oa

|U
QQ@"RH-39-3-1� w RH-35-3-1� 'RH-28-3-1� 'RC-28 ?=k 3 p}rLD R= pY=L G}=Dv "9 pwOH

�
�(RC)

�u
�u(RC)

Pu
Pu(RC)

� = �u
�Y

�u Pu �y Py pOt s=v
(mm) (kN) (mm) (kN)

1 1 1 3 078 116 06 68 23 37 70 58 93 RC-28
1 368 1 222 1 384 4 21 141 81 94 43 33 68 48 37 RH-28-3-1�
1 374 1 222 1 371 4 23 141 86 93 56 33 52 48 40 RH-35-3-1�
1 375 1 222 1 376 4 232 141 83 93 89 33 51 48 90 RH-39-3-1�

"RCH-39-3-1� w RCH-35-3-1� 'RCH-28-3-1� 'RC-28 ?=k 3 p}rLD R= pY=L G}=Dv "10 pwOH
�

�(RC)

�u
�u(RC)

Pu
Pu(RC)

� = �u
�Y

�u Pu �y Py pOt s=v
(mm) (kN) (mm) (kN)

1 1 1 3 078 116 06 68 23 37 70 58 93 RC-28
1 757 1 131 1 306 5 408 131 24 89 14 24 27 52 41 RCH-28-3-1�
1 676 1 146 1 449 5 16 133 06 98 89 25 78 56 16 RCH-35-3-1�
1 667 1 147 1 45 5 13 133 07 98 96 25 96 56 22 RCH-39-3-1�

"p}rLD G}=Dv R= |}xYqN "11 pwOH
�

�(RC)

�u
�u(RC)

Pu
Pu(RC)

� = �u
�Y

�u Pu �y Py pOt s=v
(mm) (kN) (mm) (kN)

1 1 1 3 078 116 06 68 23 37 70 58 93 RC-28
1 368 1 222 1 384 4 21 141 81 94 43 33 68 48 37 RH-28-3-1�
1 757 1 131 1 306 5 408 131 24 89 14 24 27 52 41 RCH-28-3-1�
1 623 1 219 1 509 4 997 141 45 103 02 28 30 58 38 RH-28-4-1�
1 783 1 153 1 326 5 487 133 84 90 49 24 39 53 47 RCH-28-4-1�
1 809 1 221 1 592 5 57 141 71 108 6 25 44 60 87 RH-28-5-1�
1 928 1 137 1 386 5 933 131 94 94 54 22 24 59 32 RCH-28-5-1�
1 374 1 222 1 371 4 23 141 85 93 56 33 52 48 40 RH-35-3-1�
1 375 1 222 1 376 4 232 141 83 93 89 33 51 48 90 RH-39-3-1�
1 676 1 146 1 449 5 16 133 06 98 89 25 78 56 16 RCH-35-3-1�
1 667 1 147 1 45 5 13 133 07 98 96 25 96 56 22 RCH-39-3-1�

|Q=Wi |=yCtw=kt =@ Cq=YD= QO xDiQQ=mx@ HPFRCC Kr=Yt Q}F-=D "19 pmW
"KrUt uD@ ?=k |@v=H u=mtQ}}eD� wQ}v |vLvt QO Cw=iDt

'|Q}PBpmW |rw "ODi=|t j=iD= RC ?=k x@ C@Uv �22 2 u=R}t x@ w ?=k xU
|=yCtw=kt =@ HPFRCC |=y?=k|}=yv|@v=H u=mtQ}}eD w xv}W}@|@v=H |wQ}v
u}= QO CQ=UN |wor= "OvQ=O Qo}Om} x@ C@Uv |tm Q=}U@ C=Q}}eD 'Cw=iDt |Q=Wi
|=yCr=L x@=Wt |WWm |=y|oOQwNlQD w |Q=Wi s=Oyv= VQDUo ?}DQD w =y?=k

"CU= |r@k

w RCH-35-3-1� 'RCH-28-3-1� 'RC-28 |=y?=k "5"3
RCH-39-3-1�

xOW xO=O u=Wv 19 pmW QO QmPr=jwi |=y?=k |@v=H u=mtQ}}eD� wQ}v |=y|vLvt
"CU= xOt; 10 pwOH QO R}v =y?=k u}= p}rLD R= pY=L G}=Dv |xYqN "CU=

HPFRCC Kr=Yt |v} Ro}=H =@ 'OwW|t x_Lqt pwOH u}= QO xm xvwou=ty
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ra uD@ |=y?=k QO |Q}PBpmW QDW}@ V}=Ri= xm |r=L QO "OwW|t xOy=Wt 'OvwQ|t
"OwW|t xOy=Wt HPFRCC Cq=YD= =@ KrUt

|Q}o xH}Dv "4
|=Q@ HPFRCC u=wva =@ QDQ@ Kr=Yt R= |Y=N ẁv 'Ovtv=wD |=yuD@ VQDUo =@
Q}_v OQ=wt |Q=}U@ QO Ovv=wD|t Ovtv=wD Kr=Yt u}= "CU= xOW O=H}= R=U w CN=U
p}mWD "OvwQ Q=mx@ |}xR=U |=yRw}i |xrRvtx@ R}v w |}xR=U |=[a= |}xRQr |R=Uy@
"CU= Kr=Yt u}= |WWm |Q}PBpmW u}t-=D |rY= pt=a xv=oOvJ R} Q |=ylQD
|v} Ro}=H w |t}tQD C=}rta s=Hv= |=Q@ =Q HPFRCC xm |}=y|oS} w R= |m}
'uD@ =@ u; |Q=DN=U Cy=@W x@ xHwD =@ xm CU= u}= OR=U|t ?U=vt '|rwtat uD@
|v} Ro}=H =@ "OQ=O OwHw C} RwBt=m u}= w |r@k uD@ u}@ |wk |oDUw}B O=H}= u=mt=
\ki =} pt=m pmW x@ KrUt uD@ ?=k QO |rwtat uD@ |=H x@ HPFRCC Kr=Yt
"O@=}|t V}=Ri= ?=k u}= |}=yv pmWQ}}eD w |Q@ Q=@ C}iQ_ 'p=YD= |xtWJ QO
Ow@y@ QO u; |Q=Wi Ctw=kt R= V}@ |D} RwBt=m Kr=Yt u}= |}=yv |WWm Ctw=kt

"CU= QF-wt KrUt uD@ ?=k |}xR=U C=}YwYN

|=H x@ p=mU=B=ot 3 C@=F |WWm Ctw=kt w Cw=iDt |Q=Wi |=yCtw=kt =@
|}=yv |@v=H u=mtQ}}eD '|Q}PBpmW 'KrUt uD@ |=y?=k Cq=YD= QO |rwtat uD@
?=k QO |Q}PBpmW V}=Ri= u} QDW}@ "Ov@=}|t V}=Ri= xv}W}@ |@v=H |wQ}v w
|@v=H |wQ}v V}=Ri= u} QDW}@ '�75 7 OwOL QO |W}=Ri= =@ RCH-28-3-1�
u=mtQ}}eD V}=Ri= u} QDW}@ w �45 OwOL =@ RCH-39-3-1� ?=k QO xv}W}@
=@ "ODi=|t j=iD= RC ?=k x@ C@Uv �14 7 u=R}t x@ w QN; ?=k 2 QO |}=yv |@v=H
'|Q}PBpmW 'Cq=YD= QO xDiQQ=mx@ HPFRCC Kr=Yt |Q=Wi Ctw=kt V}=Ri=
"OvQ=O Qo}Om} x@ C@Uv |tm C=Q}}eD |}=yv |@v=H u=mtQ}}eD w xv}W}@ |@v=H |wQ}v
p=mU=B=ot 28 uD@ =@ p=mU=B=ot 39 w 35 |=yuD@ QO �10 OwOL |iqDN= |rw
w |Q=Wi s=Oyv= VQDUo ?}DQD w =y?=k u}= QO CQ=UN |wor= "OwW|t xOy=Wt

"CU= |r@k |=yCr=L x@=Wt |WWm |=y|oOQwNlQD
xOQw; 11 pwOH QO =y?=k u}= |wQ Q@ xOWs=Hv= |=yp}rLD G}=Dv R= |}xYqN
?=k l} s=tD =} |WN@ |v} Qo}=H =@ |rm Qw]x@ xm OvyO|t u=Wv G}=Dv "CU= xOW
|@v=H |=yQ=@ ptLD w |Q}PBpmWV}=Ri=Ea=@ HPFRCC Kr=Yt =@ KrUt uD@
'Kr=Yt u}= =@ KrUt uD@ ?=k pt=m |v} Ro}=H 'OQ=wt |xty QO ,=@} QkD "OwW|t
Q=mx@ Cq=YD= QO \ki xm |v=tR x@ C@Uv |@v=H Q=@ QO |QDW}@ V}=Ri= Ea=@

=yCWwv=B
1. high performance �ber reinforced cementitious composite

(HPFRCC)
2. high performance concrete (HPC)
3. �ber reinforced concrete (FRC)
4. textile reinforced concrete (TRC)
5. micro-cracking
6. Poly-Propylene
7. Poly Vinyl Alcohol
8. Ductal
9. engineered cementitious composite (ECC)

�References� `@=vt
1. Aveston, J., Cooper, G.A. and Kelly, A. \Single and

multiple fracture" In Conf. Proc. on the Properties of
Fiber Composites, pp. 15-24, National Physical Labora-
tory, IPC Science & Technology Press, Guildford, UK
(1971).

2. Krenchel, H. and Stang, H. \Stable microcracking in ce-
mentitious materials", In Brittle Matrix Composites 2,
A.M. Brandt and J.H. Marshall, eds., pp. 20-33 (1989).

3. Curbach, M. and Jesse, F. \High-performance textile-
reinforced concrete", Structural Engineering Interna-
tional, 9(4,1), pp. 289-291(3) (1999).

4. Reinhardt, H.W., Kr�uger, M. and Gro�e, C.U. \Con-
crete prestressed with textile fabric", Journal of Ad-
vanced Concrete Technology , 1(3), pp. 231-240 (2003).

5. Allen, H.G. \Sti�ness and strength of two glass-�ber re-
inforced cement laminates", Journal of Composite Ma-
terials, 5(2), pp. 194-207 (1971).

6. Naaman, A.E. and Reinhardt, H.W. \Setting the stage:
Toward performance-based classi�cation of FRC com-
posites", In High Performance Fiber Reinforced Cement
Composites (HPFRCC4), Proc. of the 4th Int'l RILEM
Workshop, A.E. Naaman and H.W. Reinhardt, eds. Pub-
lished by RILEM S.A.R.L. (2003).

7. Fukuyama, H.Y., Matsuzaki, Y., Sato, M. Iso and
Suwada, H. \Structural performance of engineered ce-
mentitious composite elements", Composite and Hy-
brid Structures, 6th ASCCS International Conference
on Steel-Concrete Composite Structures, pp. 969-976
(2000).

8. Brandt, A.M., Cement-Based Composites: Materials,
Mechanical Properties and Performance, London, E&FN
Spon, pp. 470 (1995).

9. Bache, H. \Densi�ed cement/ultra-�ne particle-based
materials", CBL Rapport No. 40, Aalborg Portland,
ISBN 87-89132-00-9 (1981).

10. Chanvillard, G. and Rigaud, S. \Complete character-
ization of tensile properties of ductal UHPFRC ac-
cording to the French recommendations", In Proc. of
High Performance Fiber Reinforced Cement Composites
(HPFRCC4), A.E. Naaman and H.W. Reinhardt, eds,
RILEM Publications S.A.R.L., pp. 21-34 (2003).

11. Li, V.C. \From micromechanics to structural
engineering- the design of cementitious composites
for civil engineering applications", JSCE J. of Struc.
Mechanics and Earthquake Engineering, 10(2), pp.
37-48 (1993).

105



"""u
D@?

=k|
Q@Q=

@C
}iQ_

V}
=Ri=

|O
Oa

|U
QQ@

12. Fischer, G., Wang, S. and Li, V.C. \Design of engi-
neered cementitious composites for processing and work-
ability requirements", Seventh International Symposium
on Brittle Matrix Composites, Warsaw, Poland, pp. 29-
36 (2003).

13. Kong, H.J., Bike, S. and Li, V.C. \Development of a
self-compacting engineered cementitious composite em-
ploying electrosteric dispersion/stabilization", Journal
of Cement and Concrete Composites, 25(3), pp. 301-309
(2003).

14. Wang, S. and Li, V.C. \High early strength engi-
neered cementitious composites", ACI Materials Jour-
nal, 103(2), pp. 97-105 (2006).

15. Wang, S. and Li, V.C. \Materials design of lightweight
PVA-ECC", In Proc., HPFRCC, A.E. Naaman and
H.W. Reinhardt, eds., Ann Arbor, MI, pp. 379-390
(2003).

16. Lepech, M.D., Li, V.C., Robertson, R.E. and Keoleian,
G.A. \Design of ductile engineered cementitious compos-
ites for improved sustainability", ACI Materials Journal,
105(4), pp. 350-366 (2007).

17. Li, V.C. and Yang, E.H. \Self-healing in concrete materi-
als", In Self Healing Materials: An Alternative Approach
to 20 Centuries of Materials Science, S. van der Zwaag,
ed., pp. 161-193 (2007).

18. Yang, E.H. and Li, V.C. \Strain-hardening �ber cement
optimization and component tailoring by means of a
micromechanical model", Journal of Construction and
Building Materials, 24(2), pp. 130-139 (2007).

19. Ziaei, M. and Peighale, A. \A guidance to model with
ABAQUS software", Tehran, Iran, (In Persain)(2009).

20. Cranston, W.B. and Cracknell, J.A. \Tests on reinforced
concrete frames 2: Portal frames with �xed feet", Cement
and Concrete Association, London, TRA/420 (1969).

21. Bazant, Z.P. and Oh, B.H., \Crack band theory for frac-
ture of concrete", Material and Structures, 16(93), pp.
155-177 (1983).

22. Kheyroddin, A. and Mortezaei, A.R., \The e�ect of ele-
ment size and plastic hinge characteristics on nonlinear
analysis of RC frames", Iranian Journal of Science and
Technology, Transaction B, Engineering, 32(5), pp. 451-
470 (2008).

106



A
bs

tr
ac

ts
of

P
ap

er
s

in
E

ng
lis

h

Sharif Civil Engineering Journal
Volume 29, Issue 3, Page 97-106, Original Article

c
 Sharif University of Technology

� Received 3 September 2011; received in revised form 13 De-
cember 2011; accepted 7 January 2012.

Abstract
High Performance Fiber Reinforced Cementitious Com-
posites; HPFRCC, are cement matrices with strain hard-
ening responses under tension loading. In these com-
posites, the cement mortar with �ne aggregates is rein-
forced by random distributed �bers and may be used for
various applications, such as rehabilitation of structural
members. In this paper, the mechanical properties of
HPFRCC materials are reviewed brie
y. Moreover, a
one-bay and one-story reinforced concrete frame, which
had been tested by Cranston, is selected and investi-
gated, using high performance materials with di�erent
tensile and compressive strengths, instead of concrete,
in the connection zone and the whole frame. Analyti-
cal results show that using HPFRCC material instead
of regular concrete increases the ductility and loading
capacity of the frame. In this investigation, by increas-
ing the amount of compressive and tensile strength of
HPFRCC, the loading capacity of the composite frames
increased about 40% compared to the RC frame. Duc-
tility factors of these composite frames also increased
about 50% and 70% compared to the RC frame, re-
spectively. The cracking patterns of these frames are
compared to each other. Cranston's experimental inves-
tigation was undertaken to corroborate the analytical
work and lend further insight into the nature of �nite
element items in the frame structure. The structural
properties of normal concrete are constant during this
investigation, but the structural properties of HPFRCC
are variable, including di�erent compressive and tensile
strengths. Compressive strengths of HPFRCC are 28, 35
and 39 MPa, and tensile strengths are 3, 4 and 5 Mpa.
Lateral load-de
ection curves and cracking patterns of
the RC (full reinforced concrete frame), RH (full rein-
forced HPFRCC frame) and RCH (reinforced concrete

frame with HPFRCC material in its connections) frames
with "tu = 1% are investigated. Analytical results show
that maximum ductility occurs in the RCH frame with
compressive and tensile strengths of 28 and 5 MPa, re-
spectively. The maximum amount of ultimate lateral
load occurs in the RH frame with compressive and ten-
sile strengths of 28 and 5 MPa, respectively. The max-
imum amount of ultimate lateral displacement occurs
in the RH frame with compressive and tensile strengths
of 35 and 3 MPa, respectively. This improvement in
the lateral behavior of frames with HPFRCC materi-
als is concluded from the large ultimate tensile strain
of the HPFRCC material, which is altered instead of
normal concrete with low "tu = 1% and, consequently,
increases both the load and de
ection capacity of the
structure. In addition, another factor that has an im-
portant role to play in the ascending trend of the men-
tioned curves is steel reinforcements. When concrete is
altered by HPFRCC, because of the higher "tu = 1%
of HPFRCC, steel rebars can reach a closer amount of
the plastic strain value of steel and, hence, lateral de-

ection and force increase simultaneously. In the other
word, the main role of HPFRCC is to assist the work of
steel by keeping the unity of the HPFRCC and steel as
a composite material by forming multiple cracking and
avoiding a concentrated failure plane. It can be used in
critical parts of reinforced concrete frames to increase
the capacity of the structure.

Key Words: HPFRCC, reinforced concrete, frame, duc-
tility, cracking.

131

USING HPFRCC FOR INCREASING
THE CAPACITY OF A R.C. FRAME

A. Hemmati
ahemmati2000@yahoo.com
Islamic Azad University
Semnan Branch
A. Kheyroddin(corresponding author)
kheyroddin@semnan.ac.ir
M. K. Sharbatdar
msharbatdar@semnan.ac.ir
Dept. of Civil Engineering
Semnan University




