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|rm |wQ}v 'utest '|oDUw}B VvD u}ov=}t |x@U=Lt |=Q@ "CU= sw=kt Qovr |wR=@
pw] QO uD@ =@ QwD=tQ; T=tD K]U Q@ 'Ab � fs '|Oqwi QwD=tQ; QO xOt;OwHwx@

%�7 |x]@=Q� OwW|t s}UkD �� � db � ld� xrYw

utest = Ab fs
� db ld

(7)

fs 'xrYw pw] Ld 'xOW xrYw |rw] QwD=tQ; l} `]kt K]U Ab x]@=Q u}= QO
V}=tR; G}=Dv R= |}xYqN '6 pwOH QO "CU= QwD=tQ; Q]k db w QwD=tQ; VvD
|=yVvD '�5 uwDU� QwD=tQ; QO xOt;OwHwx@ VvD '�4 uwDU� |}=yv |=yQovr pt=W
"CU= xOW x�=Q= �13 uwDU� |Q}PBpmW |=yXN=W w �6 uwDU� |}=yv |oDUw}B
w [10] OWx@U=Lt |oDUw}B VvD '6 pwOH QO 8 w 7 |=yuwDU QO u}vJty
'pwOH u}= 10 w 9 |=yuwDU QO "CU= xOW x�=Q= [16] ACI 318-11 |xt=vu}};
QO 4 uwDU QO xm Qw]u=ty "CU= xOW xU}=kt xOWx@U=Lt Q}O=kt =@ V}=tR; G}=Dv
w B-7 'B-2 'B-1 |=yxvwtv QO CUmW |}=yv Qovr 'OwW|t x_Lqt 6 pwOH "V}=tR; R= TB xvwtv |=yQ}D "11 pmW

69



"""xO
=iDU

==@
xDN

=UV
}BK

rUt
uD@

|W
tN

|=[
a=p

=YD
=

w |rwtat uD@ R= xOWxDN=U Q=OxrYw |Q}D |=yxvwtv G}=Dv [17]'ACI 318-11
"Ovm|t |v}@V}B |O=} R |oOvm =QB =@ w u}}=B CUO =Q UHPC

|y=oW}=tR; |=yxvwtv |Q}PBpmW "3"2"5
=yxvwtv u=mt Q}}eD- wQ}v |x]@=Q w 6 pwOH QO |Q}D |=yxvwtv |Q}PBpmW XN=W
xm 'u; G}=Dv R= w CU= xrYw Ok=i B-10 |xvwtv "CU= xOW x�=Q= 12 pmW QO
"OQm xO=iDU= |Q}PBpmW XN=W u=wvax@ u=wD|t 'CU= Q}PBpmW |WtN Q_v R=
|xt=vu}}; |xv}W}@ Q=Okt R= QDtm |WtN QwD=tQ; Q=Okt |=Q=O xvwtv u}=
xm OwW|t xOy=Wt 6 pwOH w 12 pmW x@ xHwD =@ "CU= [16] ACI 318-11
u}= R= xO=iDU= =@ "CU= xOW OQw;Q@ 2 11 OwOL xvwtv u}= |Q}PBpmW XN=W

"O=O Q=Qk |@=} RQ= OQwt =Q =yxvwtv Q}=U |Q}PBpmW u=wD|t Q=Okt
XN=W w 12 pmW QO B-2 w B-1 x@=Wt |xvwtv wO u=mtQ}}eD� Q=@ Q=Owtv
wO u}= xm OwW|t x_Lqt "CU= xOW x�=Q= 6 pwOH QO =yxvwtv u}= |Q}PBpmW
xDN=U xvwtv l} \ki =yxvwtv Q}=U R= p}rO u}= x@ "OvQ=O |y@=Wt Q=DiQ ,=@} QkD xvwtv

"OW V}=tR; w
Qw]u=ty wCU= xOW x}yD 25 QwD=tQ; R= B-9 w B-7 'B-2 'B-1 |xvwtv Q=yJ
u}}aD 5 w 4 |=yx]@=Q ltm x@ =yxvwtv u}= |xrYw pw] Q=Okt 'OW xQ=W= ,q@k xm
1 3?} Q[ QO 5 w 4 |=yx]@=Q R= pY=L |xrYw pw] '=yxvwtv u}= QO "CU= xOW
xDN=UV}B C=a]k p=YD= pLt QO B-2 w B-1 |=yxvwtv QO "CU= xOW ?Q[
NSC |rwtat Ctw=kt =@ uD@ R= B-7 |xvwtv QO 'UHPC Ovtv=wD jwi uD@ R=
- Q=@ |x]@=Q "CU= xOW xO=iDU= HSC q=@ Ctw=kt =@ uD@ R= B-9 |xvwtv QO w
pwOH QO =yxvwtv u}= |Q}PBpmW XN=W w 12 pmW QO =yxvwtv u}= u=mtQ}}eD
x@=Wt |Q=DiQ =yxvwtv u}= s=tD 'OwW|t x_Lqt xm Qw]u=ty "CU= xOW x�=Q= 6
|=yxvwtv |Q}PBpmW XN=W "OvyO|t u=Wv OwN R= B-10 |xrYw uwO@ |xvwtv
R= w CU= 2 67 w 2 30 '3 30 '2 63 Q@=Q@ ?}DQD x@ B-9 w B-7 'B-2 'B-1

"CU= QDW}@ B-10 |xrYw uwO@ |xvwtv |Q}PBpmW XN=W
=@ u=wD|t =Q xDN=UV}B C=a]k p=YD= pLt QO UHPC R= xO=iDU= Q}F-=D
B-8 w B-6 'B-4 |=yxvwtv |Q}PBpmW XN=W w u=mtQ}}eD- Q=@ Q=DiQ |xU}=kt
w 12 pmW QO =yxvwtv u}= u=mtQ}}eD � Q=@ Q=Owtv "OQm |UQQ@ R}v B-10 |xvwtv =@
x_Lqt xm Qw]u=ty "CU= xOW xO=O u=Wv 6 pwOH QO =yv; |Q}PBpmW XN=W
Q=DiQ xJQ=Bm} CQwYx@ 'xrYw uwO@ |xvwtv x@=Wt '=yxvwtv u}= |xU Qy 'OwW|t
'4 41 =@ Q@=Q@ ?}DQD x@ =yxvwtv u}= |Q}PBpmW XN=W 'u}= Q@ xwqa "Ovvm|t
Q=Okt x@ xrYw uwO@ |xvwtv |Q}PBpmW XN=W R= xm &CU= 6 84 w 10 60
"OvDUy|rw@k p@=k |Q}PBpmW |=Q=O =yxvwtv u}= |xty 'u}=Q@=v@ "CU= QDW}@ |O=} R
|r= 2 |=yx]@=Q R= xO=iDU= CQwY QO Cio u=wD|t 'OW u=}@ xJv; x@ xHwD =@
'xrYw pw] |=Q@ 1 3 ?} Q[ p=ta= w xDN=UV}B C=a]k |xrYw |L=Q] |=Q@ 5
Qw]u=ty Qo}O hQ] R= "Ovm|t Q=DiQ xJQ=Bm} |xvwtv x@=Wt '?mQt |WtN w[a
|=yxvwtv QO xrYw |@v=H QwD=tQ; w pw] Q=Okt 'OwW|t x_Lqt 6 pwOH QO xm
u=Wv ?r]t u}= "CU= QDtm HSC w NSC |=yxvwtv x@ C@Uv ?D=Qt x@ UHPC

|DL xDN=UV}B C=a]k p=YD= pLt QO UHPC R= xO=iDU= CQwY QO OyO|t
"Ci=} CUO =yxvwtv QO xJQ=Bm} Q=DiQ x@ u=wD|t QDxO=U p=YD= C=}�RH =@

xm OvDUy B-4 w B-1 |=yxvwtv x@=Wt ?}DQD x@ B-5 w B-3 |=yxvwtv
|=Q@ 1 3 ?} Q[ R= um}r "CU= xOW xO=iDU= UHPC R= =yv; p=YD= pLt QO
=yxvwtv u}= u=mtQ}}eD � Q=@ Q=Owtv "CU= xOWv xO=iDU= |D=@U=Lt |xrYw pw]
Qw]u=ty "CU= xOW x�=Q= 6 pwOH QO =yv; |Q}PBpmW XN=W w 12 pmW QO

QO xOWO=H}= |=yVvD |xU}=kt 'u}= Q@ xwqa "OvDUy Q@=Q@ Qo}Om} =@ ,=@} QkD B-9
QO OwHwt VvD xm OyO|t u=Wv B-9 w B-7 'B-2 'B-1 |=yxvwtv QO QwD=tQ;
u}= w CU= QDW}@ QwD=tQ; |tU= uOW|Q=H VvD R= =yxvwtv u}= |xty QO '=yQwD=tQ;
C}iQ_ x@ Q}D w Ov=xOW |Q=H =yxvwtv u}= |xty QO =yQwD=tQ; OyO|t u=Wv ?r]t
w xOW xDN=U QDt|r}t 25 Q]k x@ QwD=tQ; R= =yxvwtv u}= "CU= xO}UQ V=|}=yv
pLt QO "CU= xOW ?=NDv= 5 w 4 |=yx]@=Q pw] Q@=Q@ 1 3 =yv; |xrYw pw]
B-1 |=yxvwtv |xrYw pLt QO w |rwtat uD@ R= B-9 w B-7 |=yxvwtv |xrYw
B-1 |=yxvwtv |xrYw pw] '6 pwOH QO "CU= xOW xO=iDU= UHPC R= B-2 w
K]U At "CU= xOt; CUO x@ 0 71 =yv; At=S C@Uv w QDt|r}t 350 'B-2 w
Q}O=kt u}= "CU= xrYw |@v=H |=yQwD=tQ; |xrY=i S w xrYw |@v=H QwD=tQ; `]kt
424 ?}DQD x@ B-9 |xvwtv QO w 1 83 w QDt|r}t 647 ?}DQD x@ B-7 |xvwtv QO
CQwY QO 'OwW|t x_Lqt xm Qw]u=ty "CU= xOt; CUOx@ 1 83 w QDt|r}t
u=wD|t QDtm|@v=H QwD=tQ; Q=Okt w xrYw pw] =@ p=YD= pLt QO UHPC R= xO=iDU=
'B-4 |=yxvwtv |xU}=kt QO ?r]t u}= "OQm =O}B CUO CUmW |}=yv C}iQ_ x@
R= B-4 |xvwtv |xDN=UV}B C=a]k p=YD= pLt QO "CU= jO=Y R}v B-8 w B-6
|xU}=kt "CU= xOW xO=iDU= |rwtat uD@ R= B-8 w B-6 |=yxvwtv QO w UHPC

VvD OyO|t u=Wv B-8 w B-6 'B-4 |=yxvwtv QO QwD=tQ; QO xOWO=H}= |=yVvD
CU= QDW}@ QwD=tQ; uOW|Q=H VvD R= =yxvwtv u}= |xty QO =yQwD=tQ; QO OwHwt
Q}D w Ov=xOW |Q=H =yxvwtv u}= |xty QO =yQwD=tQ; OyO|t u=Wv ?r]t u}= w
|xrYw At=S C@Uv w QwD=tQ; |xrYw pw] "CU= xO}UQ V=|}=yv C}iQ_ x@
w 1 83 w 468 'B-6 |xvwtv QO w 0 71 w QDt|r}t 180 ?}DQD x@ B-4 |xvwtv

"CU= xOt; CUO x@ 1 83 w 307 'B-8 |xvwtv QO
QO "OvDUy B-4 w B-1 |=yxvwtv x@=Wt ?}DQD x@ B-5 w B-3 |=yxvwtv
w 4 |=yx]@=Q R= pY=L |xrYw pw] 'UHPC uD@ R= B-5 w B-3 |=yxvwtv
|}=yv Qovr 'OwW|t x_Lqt xm Qw]u=ty "CU= xOWv ?Q[ 1 3 ?} Q[ QO 5
w B-1� x@=Wt |=yxvwtv x@ C@Uv =yxvwtv u}= |=yQwD=tQ; |WWm VvD w CUmW
QwD=tQ; uOW|Q=H VvD x@ =yxvwtv u}= QwD=tQ; VvD p=L u}= =@ "CU= QDtm �B-4
u}= CUmW um}r "OvQ=O Q=Qk uOW|Q=H |xv=DU; QO =yQwD=tQ; w CU= l}ORv
?@U =yxvwtv u}= |xrYw pw] uOw@x=Dwm "Ow@ xOvvmW w OQD CQwYx@ =yxvwtv
w OwW|t QDtm |vD@ |=yQ}D |WtN pmWQ}}eD R= =yQwD=tQ; |WtN pmWQ}}eD
xrYw pLt QO uD@ |xDUwB Ci=mW Ea=@ xDUwB uD@ x@ =yQwD=tQ; |m}v=mt Q=Wi

"OwW|t
C@Uv Q=}at h=QLv= w u}ov=}t Q=Okt OwW|t x_Lqt 6 pwOH 9 uwDU R=
CUOx@ 0 10 w 1 27 Q}O=kt ?}DQD x@ UHPC |=yxvwtv QO utest=uEsf
x@ C@Uv UHPC |oDUw}B Ctw=kt xm OyO|t u=Wv ?r]t u}= "CU= xOt;
x@ u=wD|t [10]'Vwv=}m w |v=yiY= |x]@=Q R= p=L u}= =@ "CU= QDW}@ |rwtat uD@
UHPC Q=OxrYw |Q}D |=yxvwtv |oDUw}B Ctw=kt u}tND |=Q@ xv=Q=m^i=Lt Qw]
QO utest=uEsf C@Uv Q=}at h=QLv= w u}ov=}t Q=Okt '6 pwOH QO "OQm xO=iDU=
xOt; CUO x@ 0 05 w 1 10 Q}O=kt ?}DQD x@ |rwtat uD@ =@ xOWxrYw |=yxvwtv
|=yxvwtv |=Q@ [10]'Vwv=}m w |v=yiY= |x]@=Q OyO|t u=Wv ?r]t u}= "CU=

"OyO|t CUOx@ xv=Q=m^i=Lt w |k]vt |=y?=wH |rwtat uD@ =@ xOWxrYw
u}ov=}t Q=Okt 'CU= xOW xO=O u=Wv 6 pwOH 10 uwDU QO xm Qw]u=ty
UHPC =@ xOWxrYw |=yxvwtv QO utest=uACI 318�11 C@Uv Q=}at h=QLv= w
|rwtat uD@ =@ xOWxrYw |=yxvwtv QO w 0 18 w 2 75 Q}O=kt ?}DQD x@
|xt=vu}}; Cio u=wD|t u}=Q@=v@ "CU= xOt; CUO x@ 0 39 w 1 93 ?}DQD x@

70



"""w
|v=y

iY=
=[Q

OtL
t'Q

yt|
v=WN

Qxr
=Qyt

"|Q}D hrDNt |=yxvwtv |Q}PBpmW "12 pmW

|y=oW}=tR; |xt=vQ@ u}= |=yxvwtv QO "OwW pY=L u=v}t]= xOQ=w |=yQ=@ QF= CLD
xOW =yxvwtv Q}PBpmW Q=DiQ x@ QHvt 5 w 4 |=yx]@=Q Q=Okt Q@=Q@ 1 3 xrYw pw]
QO ?}DQD x@ u=wD|t =Q =yxvwtv |Q}PBpmW QO |WWm QwD=tQ; Q]k Q}eDt Q}F-=D "CU=
|xU}=kt "OQm |UQQ@ �B-1 w B-4� w �B-9 w B-8�'�B-7 w B-6� |=yxvwtv
V}=Ri= =@ OyO|t u=Wv =yxvwtv u}= |Q}PBpmW XN=W w u=mtQ}}eD - Q=@ Q=Owtv

CQwYx@ =yv; CUmW w CU}v Q}PBpmW =yxvwtv u}= Q=DiQ 'OwW|t x_Lqt xm
�xrYw pw] uOw@sm p}rO x@� =yQwD=tQ; |m}v=mt Q=Wi =yxvwtv u}= QO "CU= OQD
"OwW|t =yxvwtv u}= OQD CUmW xH}Dv QO w uD@ Ci=mW ?@U uD@ |xDUwB Q@
l} O}=@ UHPC ltm x@ xDN=UV}B C=a]k p=YD= |=Q@ Cio u=wD|t u}=Q@=v@
=yxvwtv |xJQ=Bm} Q=DiQ R= =D OwW xDiQo Q_v QO =yQwD=tQ; |=Q@ xv}tm |xrYw pw]

71



"""xO
=iDU

==@
xDN

=UV
}BK

rUt
uD@

|W
tN

|=[
a=p

=YD
=%OW pY=L G}=Dv

1 14 |v=kwi QwD=tQ; QF=?} Q[ 'UHPC |=yxvwtv |oDUw}BCtw=kt OQwt QO "1
=@ w |rwtat |=yuD@ QO |v=kwi QwD=tQ; QF= ?} Q[ R= QDtm xm 'CU= xOt; CUOx@
UHPC |xOvyOp}mWD C=QP uOw@uoty 'OUQ|t Q_v x@ "CUq=@ Ctw=kt
QF= Vy=m ?@U |a[wt uDN=}v?; w pNrND uOw@sm 'C=QP |oOW=OH sOa w

"CU= xOW q=@ Ctw=kt w |rwtat uD@ x@ C@Uv UHPC |v=kwi QwD=tQ;
|D=@U=Lt |xrYw pw] QO 1 3 ?} Q[ p=ta= =@ xOW|L=Q] |=yxvwtv "2
|oDUw}B Ctw=kt |=Q=O 'xDN=UV}B |=[a= p=YD= pLt QO |r@k |O=yvW}B
|@v=H QwD=tQ; Q=Okt R= xO=iDU= 'CQwY u}= QO "OvDUy |@U=vt |Q}PBpmW w

"OUQ|t Q_vx@ |i=m p@k |D=@U=Lt
C=}�RH =@ 'xDN=UV}B C=a]k p=YD= pLt QO UHPC R= xO=iDU= CQwY QO "3

"Ci=} CUO |@U=vt |=y|Q}PBpmW w Ctw=kt x@ u=wD|t QDxO=U p=YD=

p=L u}= =@ "O@=}|t Vy=m |}x_Lqt p@=k Q=Okt x@ =yxvwtv |Q}PBpmW 'QwD=tQ; Q]k
"OvyO|t u=Wv |rw@k p@=k |Q}PBpmW OwN R= =yxvwtv u}= s=tD

|Q}oxH}Dv "6
|=[a= p=YD= pLt QO UHPC R= xO=iDU= |HvUu=mt= 'VywSB u}= R= hOy
|Q}PBpmW 'Ctw=kt ?mQt w[a xm |Qw]x@ "CU= xtQ;uD@ |xDN=UV}B |WtN
|UQQ@ |=Q@ =OD@= '|y=oW}=tR; |xt=vQ@ u}= QO "OW=@ xDW=O |i=m |oJQ=Bm} w
QDt|r}t 25 w 14 |=yQ]k x@ |Oqwi QwD=tQ; 36 'UHPC uD@ |oDUw}B Ctw=kt
?mQt |Q}D |xvwtv 9 'u}= Q@ xwqa "Ov=xOW xO}Wm uwQ}@ UHPC |=ylwr@ R=
u}= 'xar=]t u}= T=U= Q@ "OvOW V}=tR; xDN=UV}B Q}D wO R= xOWxDN=U Q=OxrYw

=yCWwv=B
1. ultra high performance concrete (UHPC)
2. pullout
3. spliced-bar beams
4. concentric pullout
5. eccentric pullout
6. linear variable displacement transducer (LVDT)

�References� `@=vt
1. Firas, S.A., Gilles, F. and Robert, L. \Bond between

carbon �ber-reinforced polymer (CFRP) bars and ultra
high performance �ber reinforced concrete (UHPFRC):
Experimental study", Construction and Building Mate-
rials, 25(2), pp. 479-485 (2010).

2. Graybeal, B. \Behavior of ultra-high performance con-
crete connections between precast bridge deck elements",
Ductal Science library, CBC, pp. 1-13 (2010).

3. Achillides, Z. and Pilakoutas, K. \Bond behavior of
�ber reinforced polymer bars under direct pullout con-
ditions", Journal of Composites for Construction, 8(2),
pp. 173-181 (2004).

4. ASTM C234-91a., Standard Test Method for Comparing
Concretes on the Basis of the Bond Developed with Rein-
forcing Steel, ASTM Annual Book of Standards, Section
4, Construction, Philadelphia (1991).

5. Esfahani, M.R. and Rangan, B.V. \Local bond strength
of reinforcing bars in normal strength and high-strength
concrete (HSC)", ACI Structural Journal, 95(2), pp. 96-
105 (1998).

6. Esfahani, M.R. and Rangan, B.V. \Bond between nor-
mal strength and high-strength concrete and reinforcing
bars in splices in beams", ACI Structural Journal, 95(3),
pp. 272-279 (1998).

7. Turk, K., Benli, A. and Calayir, Y. \Bond strength of
tension lap-splices in full scale self-compacting concrete
beams", Turkish J. Eng. Env, Sci., 32(6), pp. 377-386
(2008).

8. Aziznamini, A., Pavel, R., Hat�eld, E. and Ghosh, S.K.
\Behavior of lap-spliced reinforcing bars embedded in
high-strength concrete", ACI Structural Journal, 96(5),
pp. 826-835 (1999).

9. Cohn, M.Z. and Barlett, M. \Computer-simulated 
ex-
ural tests of partially pre-stressed concrete sections",
ASCE Journal of Structural Division, 108(ST12), PP.
2747-2765 (1982).

10. Esfahani, M.R. and Kianoush, M.R. \Develop-
ment/splice length of reinforcing bars", ACI Structural
Journal, 102(1), pp. 22-30 (2005).

11. Mohammadzadeh, B., Esfahani, M.R. and Shooshtari,
A. \Ductility analysis of lap-spliced reinforced concrete
beams", Journal of Civil Engineering, 22(1), pp. 63-82
(2011).

12. Ma, J. and Schneider, H. \Properties of ultra-high-
performance concrete", LACER, 7, pp. 25-32 (2002).

13. Graybeal, B. and Davis, M. \Cylinder or cube: Strength
testing of 80 to 200 MPa (11.6 to 29 ksi) ultra-high-
performance �ber reinforced concrete", ACI Materials
Journal, 105(6), pp. 603-609 (2008).

14. Esfahani, M.R., Kianoush, M.R. and Lachemi, M. \Bond
strength of glass �ber reinforced polymer reinforcing bars
in normal and self-consolidating concrete", Canadian
Journal of Civil Engineering, 32, pp. 553-560 (2005).

15. Esfahani, M.R., Lachemi, M. and Kianoush, M.R. \Top-
bar e�ect of steel bars in self-conolidating concrete
(SCC)", Cement & Concrete Composites, 30(1), pp. 52-
68 (2008).

16. ACI Committee 318, Building Code Requirements for
Structural Concrete (ACI 318-11) and Commentary,
Farmington Hills, MI, pp. 473 (2011).

72


