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Shear Friction Strength based on Limit Analysis for
Ultra-High Performance Fiber Reinforced Concrete

Ji-Hyung Lee"

and Sung-Gul Hong"*

1)Dept‘ of Architecture & Architectural Engineering, Seoul National University, Seoul 151-744, Korea

ABSTRACT Ultra High Performance Fiber Reinforced Concrete (UHPFRC) is distinguished from the normal concrete by
outstanding compressive and tensile strength. Cracked normal concrete resists shear by aggregate interlocking while clamped by
transverse reinforcement, which is called as shear friction theory. Cracked UHPFRC is expected to have a different shear transfer
mechanism due to rather smooth crack face and post-cracking behavior under tensile force. Twenty-four push-off specimens with
transverse reinforcement are tested for four different fiber volume ratio and three different ratio of reinforcement along the shear
plane. The shear friction strength for monolithic concrete are suggested by limit analysis of plasticity and verified by test results.
Plastic analysis gives a conservative, but reasonable estimate. The suggested shear friction factor and effectiveness factor of
UHPFRC can be applied for interface shear transfer design of high-strength concrete and fiber reinforced concrete with post-cracking

tensile strength.

Keywords : UHPFRC, interface shear transfer, limit analysis, push-off test, shear friction strength
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Fig. 1 Construction of relationship between shear strength
7, and reinforcement parameter pf,. in an initially
uncracked push-off specimen (A. H. Mattock, 1969)
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(a) Normal-Strength Concrete (b) High-Strength Concrete

Fig. 2 Crack profiles and shear friction deformations (Mohamed

et. al., 1999)
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Table 1 UHPFRC composition (all by weight but SF)

W/B C Zr S F SP SF

0.237 1 0.25 1.1 0.8 |0.0085(0.0~1.5
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Fig. 3 (Left) Compressive strength test and (Right) Direct
Tensile strength test of UHPFRC

Table 2 Material properties of UHPFRC

Fiber volume| Compressive | Modulus of Tensile
ratio V; strength f/ elasticity strength f,
(%) [MPa] E [GPa] [MPa]
1.5 176.9 49.8 11.43
1.0 147.8 44.5 8.12
0.5 159.5 46.4 6.37
0.0 158.8 48.5 3.31

Table 3 Material properties of reinforcement bars

. Modulus of|  Yield Yield Ultimate
Reinforce . .
ment size elasticity | strength strain strength
[GPa] [MPa] (x10°) [MPa]
D10 170 470 2470 580
D13 183 510 2200 580
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Table 4 Specimen Details

Specimen | Steel fiber ratio | Tranverse reinforcement

Number (%) ratio (%)
F15-S00-1,2 1.5 0.00
F15-S09-1,2 1.5 0.89
F15-S16-1,2 1.5 1.58
F10-S00-1,2 1.0 0.00
F10-S09-1,2 1.0 0.89
F10-S16-1,2 1.0 1.58
F05-S00-1,2 0.5 0.00
F05-S09-1,2 0.5 0.89
F05-S16-1,2 0.5 1.58
F00-S00-1,2 0.0 0.00
F00-S09-1,2 0.0 0.89
F00-S16-1,2 0.0 1.58

(a)

(b) 300 mm

O
0

reinforced bar

150 mm

shear plane

T 200mm " 200mm " 200 mm
Q
EC
o
d

150 mm 150 mm
A = 150X200 mm?

n E
9
150 mm

Fig. 4 Specimen geometries for tests; (a) test specimen
with transverse reinforcements, (b) specimen dimension
and arrangement of reinforcements at cross section

B7E A8 D10, DI3Y F 7HA FHolH sigdd o
Aol ofgt &2 A2 Table 37

3.2 A8 A=

AA dee Table 49} 2l A2 dekde]
S % D10% D135 A7 wljasto] dekde] of
THIZ 0.00%, 0.89%, 1.58%% WGz F9lom, 74
3= 0.0%, 0.5%, 1.0%, 1.5%S H\F2 Fof 127

g
)

2 AR 208 wEel F 24 ABAN o)
[e)
]

2

=
T
s

1

2 AFS paEglty ddde] g s Tk
) AAES stes A
om u PFRCPJ =T A

g ghksto] o] FE9 EolE Bl
AAskAE A3 A MY Fig. 4@t 2T} 100 ton

>
°f

oﬁ[‘
b mlo
WA S

ook Ok qf
of
= He



NZoo|E] 2 ALEEIY o, ML Ao]E E35) 0.01 mm/sec
s52 gl sgol B FRAL wel
Gy 2 AR e stglon, MEo AAZA glo]
Bl Fael AR AFEs A2 AgLe] o

o] kil

O

2
>
1o
4 >

T oof 12 N fE oo

-1 .
¥ §lo] Avrwe] 272 throl
3, SRS B o Uy

)
o
AA G BEAPPE GO Bk AU F

4. 48 #dn A 24

41 A8HA mazneE

| O-J'
:4: AT -J_T
I o-x o-x
d I':J _Fl_hlq_ -

— f
| o,

fV 4 v

r=— o, ,=—

b bd Y bt

O, = Prfy t P

A A

Post-cracking effect
due to fiber on shear plane

Clamping force
due to reinforcement rebars

Fig. 5 Stress states on a shear plane

2y O|E0f <

HEAAo] 71 &, #4 kel ot F-2917F ARl
Fig. 69 $ 192 dwbde] witE AH17F 0.89% %2
At At Faut F7bgel et & ¢ Qe 9t
Yooz ZAHrE debde] mily Ao oEs o
A 7 Sl Aol sk Az Eo] SR

AdE g HAG 5 9

- = =

42 80 ME MHEHST

Fig. 7@9 7% 182 5
Sl e] AWAES etk 2H7t 0.0% A5
A9l 9 BrAnede) Bt 34 0

1.0%2] AdH8= Aty A
RARGETS

sl nelo 2ag Fu

v o ZAEgke] Aolrt A okt ol AR
H] 1.0%2] ThE wligkel vl8) 22> 4FA 57 v e A
Uz AZtE B 4 ok
Fig. 7(a) 132X 370E A5 wlwste] debde] 47
o= wjZE HImlo mE AFS By, H Bt
S74eke wet AP EE Sk A3 fFEE
V;=0.0% V,;=0.5% V,=1.0% V;=15%
(p=0.89%) (p=0.89%) (p=0.89%) (p =0.89%)
U/ /
£=0.00% p=0.89% p=1.58%
(V,=1.5%) (V,=15%)

(V,=15%)
~

¥ 7

Fig. 6 Typical failure crack pattern of push-off tests

o ANF B ETMSRTR|E0| L ORE =4 K9 303



_—
Q
S—

— 35
]
o
2
0
(7]
[
-
[0
e
]
£
7 A/A=0.00%
—Vf=1.5%1 —Vf=1.5%-2
—Vf=1.0%-1 —VF=1.0%-2
VF=0.5%-1 — Vf=0.5%-2
Vf=0.0%-1  Vf=0.0%-2
15 2 2.5 3

vertical displacement (mm)
35

30 -

25 1

20 -

shear stress (MPa)

AJA.=0.89%

/? ‘—Vf=1.5%-1 —Vf=1.5%2
' . [ " | —Vvi=1.0%-1 —Vvf=1.0%-2
Tl ’ V=0.5%-1 V=0.5%-2
4 VF=0.0%-1 — Vf=0.0%-2

1 15 2 2.5 3
vertical displacement (mm)

— 35
©
o
= 301
S—
%
25
&
o 20
3
-5 15 ! ! ASIAC=1.58%
10 —Vi=1.5%1 —Vf=1.5%-2
’ Yo llg, | —VE1.0%1 —Vi=1.0%-2
5] § : Vf=0.5%-1 —Vf=0.5%2
. VI=0.0%-1  Vf=0.0%-2
0 S . : . :
0 0.5 1 15 2 25 3

vertical displacement (mm)

(b)
— 3
E —Vf=1.6%-1 —Vf=1.6%-2 AJA.=0.00%
E, o | —vi=t.0%1 —vi=t.0%2|
t VF=0.5%-1 —Vf=0.5%-2
g 2 [ vr=0.0%  vesoon2 T[T [T
[+}] d: v
I YA =
©
15
K]
©
® 11
2
5
Qo5
0 : ; : . : ; ;
0 0.2 04 06 08 1 12 14
horizontal displacement (mm)
3
£ —Vf=1.5%-1 —Vf=1.5%-2 /A.=0.89%
E o5 || —VFE1.0%1 —Vi=1.0%-2 ’, ASA': Lo
2 Vf=0.5%-1 —Vf=0.5%-2
E 5 | Vf=0.0%-1  Vf=0.0%-2
@
3
— 1_5 4
Q
@ 1
T
= 1 ==
Q T d,
£ =] Lo
g 0.5 -
1
0- . ; . . . . .
0 02 04 06 0.8 1 1.2 14
horizontal displacement (mm)
— 3
E —VF=1.5%-1 —Vf=1.5%-2 AJA_=1.58%
Ez 5 | | —Vf=1.0%1 —Vi=1.0%-2 | | ¢ |
‘u:: Vf=0.5%-1 —Vf=0.5%-2
E o VF=0.0%-1  Vi=0.0%-2 | | 74
Q
Q
S /
Q15 | 7l
__g o [
E 14 =T .
-g dnl oY
2 0.5 -
1
0 & ! { ! ! | !
0 02 04 06 08 1 1.2 1.4

horizontal displacement (mm)

Fig. 7 Test results ; (a) nominal shear stress and vertical displacement relationship, (b) vertical displacement and horizontal

displacement relationship

ok &= Qlt} o] BAtd -9 HAEA] ke ¢
E57hs FAstAl veb, 1] 0.89%S) 1.58%
5 vlastd "] Fobe] mE Hudud s
Aol 3 APETF <F 2v) oY SUVEHE AYE HS
o} ©]= Fig. 7(b)e] A 7s3 A7 e d2
o] RAEA] 2 A= 74, 78 HW7F A A=

2174 4 wbd, do] BAgE AeE At

[¢}
of WA AG FEA B w
1

[e)
o] 7 ot
2 dewo] FAFS dvjshd, BAF mARoRE
5g mFol B u Ao FREw

304 | =232 ESlE| ==& Mi27H M3= (2015)

7F ity E AR E SAsk 4 Qluk e | envF 4
st A9 vt dojd wi, Weu| 7t Hekes 4
Fo FAE AES | E ekt

43 2470l 2t #9 F S #T 0 3k

AR glol& A Fav] 1.5%2] 45 At
| egzom grEglon, dTo] B =
987} S74ge] wet AE 9 A4S &

o] FElatA Helth A7t ARy 2

st AL Addyvz 71F3sk A, Fig. 5614

N

RS

)
T
=
L

O

flo & nx

z|
o

ot o,
o ook



- e
o N

tensile stress (MPa)
=]

5 6

crack width (mm)

Fig. 8 Tensile stress and crack width relationship of UHPFRC

Table 5 Test results of UHPFRC specimens

Post-cracking Clamping Nominal

Specimen | stress by direct| stress by shear stress

Number tensile tests | reinforcement [MPa]

v,
f,~f,IMPa] | prIMPa] |

F15-S00-1 7.49 0.00 27.58
F15-S00-2 7.49 0.00 25.77
F15-S09-1 7.49 4.27 32.03
F15-S09-2 7.49 4.27 31.22
F15-S16-1 7.49 7.58 32.84
F15-S16-2 7.49 7.58 31.84
F10-S00-1 4.60 0.00 15.26
F10-S00-2 4.60 0.00 23.47
F10-S09-1 4.60 4.27 26.93
F10-S09-2 4.60 4.27 26.53
F10-S16-1 4.60 7.58 27.37
F10-S16-2 4.60 7.58 26.53
F05-S00-1 2.72 0.00 16.63
F05-S00-2 2.72 0.00 19.27
F05-S09-1 2.72 4.27 24.67
F05-S09-2 2.72 4.27 25.13
F05-S16-1 2.72 7.58 27.20
F05-S16-2 2.72 7.58 27.37
F00-S00-1 0.0 0.00 13.72
F00-S00-2 0.0 0.00 13.81
F00-S09-1 0.0 4.27 21.03
F00-S09-2 0.0 4.27 22.54
F00-S16-1 0.0 7.58 20.35
F00-S16-2 0.0 7.58 20.35
%%¢¥ % UHPFRCO] w9 ¥ 2o ot 47t 9
Q3 V)EAT 0 A ARl dus
Ao G| o3t Ao, o, F AW TLHLYO
= gostal 9l

2y Ol E0

S 2oy
I o e
I _a }' il
ooy L ol
2 o o

N

=) b
>, 1o,
;H i
3 1
N 2
1o o
20 o
R
_EL -
1 =
jus}

oﬁ, oX, nx g
rln

O,

2
47
ri
=2
R

S

N oH
o~
oY =°

7} 79 “bﬂﬂ Oi
A FH| 7t ﬂﬂﬂoﬂ upe} &
STt AT A7) mAlE RS A oA
g Zo] sk AJHFE IR LT Hojje o]
e Yu)gitt st o] wAstd kol
o] wj WA= AFAZ T A EF
29| 1A (toughness)e} A=

il

0,
o
N
N

2o
X
, 1o
H 44

Ho2 o (i e 2 op2 o B2 g o
o b XX ¢ ™
N
offl
o
14
N O,
ﬁu

ottt oA7IA fi= HulJ1EH
2 Z3AH F11] 0.0%Y we] AFF T} 2t A3
Aele olste] Fo AP e Ho A ES
elsh Table 59 #th

5. 40|20l 2fgt MTIx 2E

A A Fef ofst A= AAJol2e gt A
a2 Aojst 4= Qlt}. Jensen, B.C.2] H&H 7
Zalul Mattock, A.H. ete. al.,?9]
A2 FE7F FAbstTE AdolEe] gtk A
= 7]%94 Actvpzho] 29 HL:'° 4“)’0}04

= =

1o o
»

g, oX
L
,

A

i)

Y
o I E

5.1 20|20 22t X ME iy 2™

AR ARl sREE VRe R 3
SHAG el M o] =gk el sttt Fig. 9% dWE &
YE°| Agy= 74 FTF Zdel st 33 7|Fo]
o} HAAAEE vnEF 33 sliding failure)ol] o3t =
T RYEE AoHa, o7 ARe JAFHEE uHst
2] 3} (separation failure)S &7 1183t Flo] =4
mdoltt o]2]dt 7 7HA] #¥ R == UHPFRC A
SAYNA G5 G Al At ZAES} vzt
Az g FARE7E FEHEH YebdS E1E 5 3l
ChFig. 3). 53] vzl 33 7oA ddde] b=
o] g3k A= JAEH o dEH Y A3t
o 71&7 pell gt Be)rh Adnpdol g3t FAstthi
7H8E 4 St

X

ofst AR BY EDSRIRIS| HEF OR A FoH 305

—



of 4oz Aol wTHe] Yo} FAWe
F&eo] g3, ol FAW| Fgoti
el 4= itk o] Fig. 99 ool sk
FAy Fole ATl FRATT A4S 1
ig_ae x%u]—uﬂoﬂ ofj s+ @:LE7L;<H3] Ig]_—uﬂﬁ HE 31
3to} pf, 2 LhEbd & glom, AeY iz vl Pat
Ao7g Zgst= ArZAY BEEo duk-edS 7Sk gk
oltt.

Fig. 10(b)= &
dojd A9 33 wWiAUFS Hehd Zlojrh #H--5
Aol dh Melu7t GEA I ol F=
A p=tanp X k3t Hlwste] oulE 71A]

A 2] wAY St odA BE

ol ZHgske d5-sEel e dd-gHe AAE
&5 O‘E}l‘” a7]' ot #& A dds

=

o
= 2 3

(KT A )
-1 N Jo |o |o

I&NINHUHUW

Fig. 99} &2 7} ¥H, o7t o R 22
$98 ool et Ao e ofelg 40 st
Aol #af vekd 5= 9lan, d20] S
ShA] eFal AP Eof osjAut olvA 7} AAkE =
(azo) ;qp]_oeﬂ o }\L}F%l'o] 5]1—4_ °LZ7OLE7]- o
of vl A A3, FUGHYEHE 7P 24

A (flow rule)= ©]&

=oAL o b
F10 rﬁ @ ﬂHN'

Sliding failure 7 =—¢+ O

I |
_tangp=u Woye

D Foe,
g7

L

Separation failure 9 = /£

T

////’

Sliding failure 7 =c— G

':-——-—-——i---—--v 'u—-—-)§><——-q—-=

Fig. 9 Failure criteria of Modified Coulomb material

(a) (b)

|P

—
LU

T

I—: reinforcement
i vl i h
i !
. |
! ! !
l—!—l |
©opl ©opl
Fig. 10 Force set of initially cracked specimen; (a)Specimen
subjected to shear, (b)Failure mechanism in specimen

subjected to shear

>

306 | =238 ESe| ==4 M27H X3= (2015)

r
a=p; T—f—ﬂptamp %)
7 1l-sina
= > > —
0<a<g; 7~ 20080 +aptana = Vp(1—1)
T 1
Oz—O, f—L_E

- AE mpE 7]'.:_(;1—tang0)

c AE AZ A (e=f.(1—sing)/(2cosp))

a @ FEAAL EASHL g W WY 4%
g 2 FEA A e A A2y = pf,/f,)

o 6

AR A AR AdAA A4 R Ao
2 A FZ2A= Fig 10(b)et 2ol Hdst AAAETS
SHA] okt A et Aol ot Aste
TOR AT At UAZE RS HE R dAY 7 x
ALl Aeke AG)ETE 1 gho] #HAl drk & A
of FaE A dxkel] ot FA| @AY A4
zA10] FefE M, Jensen> At s WS o
HAek-s8 o] Fa A (effectiveness factor) voll 23] &9
Etta 714t Hofbeck et al.?9] A A3E A
2 AJOlEORE o T AT o 37°, v 0.67
224 At ZagEe] i8] A& = qlrh

240|20] 2|8t UHPFRCE| HE M&

UHPFRCE] A Ato] 93t FA] @3 A3 o] Ay}
S Table 59 om, #dHo| o7 283}= T
&8 o FHo) 0176133( pf)ﬂoﬂt PR SIS P a=

B RS wd F AR(=f,-f,)7F I #
7

d
P

i
BF
)

d

5.2.1 ANOIZ0] QoJot oA A
F7) 78S A4S wl, Table 52 A¥FARE 1
#Bz= JeR™ Fig. 117} 2t H42 UHPFRC &5

0.6

- 3]
hay UHPFRC failure criteria
3
> 05 ! S SN
0.4
0.3 /’I ~upperlimit of shear stress = 0.257.
0.2
0.16
0.1 tests results
008y | -e--- plastic theory : virgin material
—— plastic theory : monolithic concrete
0
0 0.1 0.2 0.3 0.4 0.5 0.6
(Pfy + fr'fcr) / r.c'

Fig. 11 Failure criteria of UHPFRC by plasticity theory



Table 6 Effectiveness factors for monolithic RC and UHPFRC
by limit analysis

cohesion | angle of | effectiven
factor | frictions |ess factor

c ©® v

clamping stress
on shear plane

RC 017 | 37° 0.67 o,

UHPFRC | 0.08 54° 0.5 pfy = 1o

FHOoR ALt T4
D F AR QBBE(=(of , +f,—f.)/F)F A2
1 oFo tq], TFEgo]| sk H A

=
rr

0 10 o o
o L)
1) 1o
(OO
M Jo
0_>LJ>HU

B UrE}% T AUTE AAA F2A)

A
A A5 e Aw s 4E7
0

Jo o KB
fof e
_*_1’

S o
e mu
i

[ SR = o S /N P w R B T\ )

oX,
o
i
2
o
=
o\‘ C'
"U
T
=
@)
L
w2
JN'
-1> k
o
o
o
o
N
iu
=y
i
)
4> r

pe 1.40]aL ?ﬂ% = AR 025f
EFZ2ESl vlwshd Table 63 2},

5.2.2 {20 o[|

Flg 6-/] /\164 é‘,,].g]_ 1—0] E]
T AAR Qe A sbs AESe] wAstaL X%EP
WMol Agehs THo] 4T AT nny szt
obd 2EZE] 37k g ek wﬂ 4% 7]
A o] gAE Fheje] AXY vy

A2 FERANA =

— H
oz ATddS AL 5 ok T HojAd

n bl oox Uy
oot

4 ]
(2o

ﬂol-N_olékﬂrHJ

ofN B kT ooy r[f

o
Ao
Iy rlo &L
K
>
o
[kl
>
il
iih)
i
=2
>
m}(_al
ry
=2
1o,
=
1
by

B )
o
o,
o
2
A
2
=
X
1o
olo
i
M
5]
o
&
il
ki
o
ol
2

(R
éjooﬂ,_fl
s ol OL
o ¥
ENS

)
J
" oo
ol
ol
fe ¢
o
H
_\'i_L
o
et
:(o
rQ
o
miv)
=2
1o
o
o
i
oX, -HN'
re
By
e

*1 fraAss 42899 3 % Jo) ATt He
g, %H}iiaE/] fraATs 0.67%1
= 05% 71 Fo] XA e A

S EAS o Uttt of
e *“OEOH 7INks Folon, Age AFAE A
go] gl FRIEVY UAFAE AdATFve vl
T Atk v GEFA T whlE(v=0.6(1—r,/250))3t4
At &g AdAF 2 UHPFRCA ASEHEE
tfdstd oF 0.170] Hw & AFtel &gt FaAF 055
t G4 #Ah 7]E oA UHPFRC O 0173} Qr&o] of

W Ad A Aol 9 AeAATe A =
A skl 0.5, A B 5 sk 0.7= Al el
oal hEHBEAZ dtayrt F Ao ® yEbE?, ut
F7MA 2 UHPFRCO] A=A ATE 2 F4=ol=
wretal el os) ARyt ek AvkE o
B

Aol ZA Ee] ofafjArt o] Fof
A5tk k(upper limit of shear stress)
5312 ovlate, F4 o3 A
W TEAY AL 2
ojui= A 0.25f/ 2 T

Q]
=
o]

=

EEEE R

e
ik
[
1o
2oy
X
[
v
>
oo
iin
BS)
o
=
=]
ol
ol
2
oY,
ol
(e}
ol

g
-
o oo
nx 4o
Shd
e
=
rd
X
ALk
(m
2,
oY
=
Jo
fz
ol
rd
KN
ALk

Ffm ey e o

31, UHPC7} ofd =1 7
AH7F 514 %4542417} o) ik pAolEo =
A5 oA AadE @ Ak ZAgets 74
S AFAEE Az, o W FeH 7

Fig. 98] 4 & Rdof o3t yrjFo

A 37152 FQ W9l pgko] UHPFRCSF +AFSH
Zo] FQsith 1AE ZATEE AHA AR
7F A9 glo] mizey gk oFdo] fAetRE fEAd
Aol L3 o w Adtalie)

Kahn¥} Mitchell'2 30~100 MPa°] o] 2= 8] Eo]
oiste] 2 A fARs A4 A APS FAsge
] o] A¥e] A= ACI3182] 80 MPa ©]3F AT E
5 Agst A FERA Ad wpE FE Al ¥kg
H20th? Fig. 125 Kahn¥ Mitchell®] A3 At 234
I 9 A v A AQH(6)s UHPFRCE] A4
gl AJol&el ot dt 7|FE ¥ vlwgt Iyolth

v, =0.05f, +14pf, < 0.2f, (6)

A© & Avsh A AfE adE 2ase
9] AA At AE Ao 3] RyFor Ak
ZAfolth 7)E APk A THE e F2
e o 7nk BkA vk UHPFRCE 4 ¥ A 8ad4d=
7F Bl Aol A9 F&H o R Zgstty 7

od_

=

sttt 1 A3 Fig. 128} o] Y E 7]FolA Al

ShaL gl AwbAQl vpd A& Al 149 FAE ¢

ofgt Zedw 2 =dsE32|E9| ME o 24 H|eh| 307



W 0.28

~, 0.26 |
0.24 -
0.22 I } I ] ] _/,«_'
0.2 A ®
0.18 - /
0.16 A
0.14
0.12 -
01 1
0.08 ¢

0.06 -
0.04 {008

® HSC test results (30~100MPa)
——Kahn and Mitchell (2002)

© UHPFRC test results (170MPa)
0.02 | ===—- plasticity theory

0 0.04 0.08 0.12 0.16 0.2 0.24 0.28
(pf y¥ ft'fcr) / fc'

Fig. 12 Comparison of HSC test results

of Slg AW A 02f, & BF 25T 5 Qi Ao
vebste webd 7] b9 frashd de e

Egtg|of| A
Fetgko® A ejselnt. ol
YEoME AFAT Aol 2ol g3l Al‘E o0.2f,HTt
AAANR ] AFE 2ok 08477 0] A A7) wliEel
ol ByAow y#s Ayolvk AAAEE f,.= 2
T2 golehA] 2l #AMAAE £, 2 a5k, AASHTO-
LRFD 9} wP7EA| = v Al Geeol] 23A1ZTE 1 A3 o
A2 FZA oA UHPFRCE ¢ 2.0 MPa, p= 142 &
IR

I/:de = CA(’L’ + H© (fnd +fctd/K) Acc (7)
+f,a(psina +cosa) 4, < 0.84f%°4,

c AR AR AT
poo AR AR Al
fo 2 2A S

o

Foa 2 2A

308 | =232 ESlE| ==& Mi27H 3= (2015)

A, » ASEY] R WA

A, AERIA ] T A

fog 2 AR FHO2 Agsh= A FFSH
foa » AGRAA ] AAFELE

a  AGEZAY7E ddw) o] 7 E

\,
[Ih]
r

o Aol A Fnlel A e s iR
247]¢] UHPFRC XA AT A3 o] thafl FA] 9 A
2

=4
de Fasgon, e g

1) UHPFRC?] FA
O v e
= GAsieh 4 Aol A
7kl vt AP AGd =
Atd o] Hto]
gata FHohA
Ay Bl =3 A F
7tgke] wet fgde] ZEr
Fojulel HIu7F A2 A=
7F o vk, <l A =Tt V&
o] Wl A 7t g Aol s
T FAYE AEF] Mg

=

2) 2AolELS AR 93]

f
o b
b =
\lmglé
o
o 2
,‘oxrir
\'Ag_\.zoﬁoﬁl
Uol'ﬂ—{o—ﬁ‘
219 ok
ﬂm&zﬁ;&
o
. ruol\?(%“_&
- O
O = i T 9

-
S
12 Eoox

" o
2y
oo
=
N

w, 2

2

oL B Koo ol fff 4R o N o rl

n
=
el

O
rlr

)
>
0

o & o

g
o
Pl

ol

ki
)
LN
N
ks

]

o
2=

[kl
>,
el
iih)
M
fo
=
=
ol
2
o
olN
o
¥
|o

N,
A to
=
jus}
B

3) 7]

i R

2 %9,

fLorr 2
'
¥
il
filo
bl
]
_0|L
4
>

_‘I

¢

ol sl AA
©F UHPFRCY

N

d

r
o
=
(]
1>
[
2
>
ol
ol

2
id)

g -
Iy

AN

13 A

oy g H
o
9

RS 2

i oot
1
=2
=

B
vy
s
1o
ofk

w1

=

AR =

o] 4= FEWFHN ST EAAFA
(SUPER Structure 2020)2] 17"8] =] &l G353l
FUth ool ZA=RYT



o 2 [0 2 I N g o

18

References

. Birkeland, P. W. and Birkeland, H. W., “Connections in
Precast Concrete Construction”, ACI Journal, Vol. 63, No.
3, 1966, pp. 345-368.

. Hofbeck, J. A., Ibrahim, I. O. and Mattock, A. H., “Shear
Transfer in Reinforced Concrete”, ACI Journal Proceedings,
Vol. 66, No. 2, 1969, pp. 119-128.

. Walraven, J. C., “AGGREGATE INTERLOCK: A theoretical
and experimental analysis”, Delft University Press, 1980,
pp. 197.

. Mohamed, A. A. and Richard, N. W., “Enhanced Concrete
Model for Shear Friction of Normal and High-Strength
Concrete”, ACI structural Journal, Vol. 96, No. 3, 1999, pp.
348-361.

. CEN, “EN 1992-1-1 Eurocode 2: Design of Concrete Structures
- Part 1-1:General Rules and Rules for Buildings”, uropean
Committee for Standardization, Brussels, 2004, pp. 92-94.

. AASHTO, “AAHSTO LRFD Bridge Design Specifications”,
American Association of State Highway and Transportation
Officials, 2012, pp. 5-78~5-80.

. Association Frangaise de Génie Civil (AFGC), “ltra High
Performance Fiber-Reinforced Concretes Recommendations”,
revised edition. French Civil Engineering Association, Paris,
2013, pp. 110-111.

. Korea Concrete Institute, Concrete Design Code and Commentary,
Kimoondang Publishing Company, Seoul, Korea, 2012, pp.

10.

11.

12.

13.

. Nielsen, M. P.,

. Leutbecher, T. and Fehling,

128-130.

. ACI Committee 318, “Buiding Code Requirements for

Reinforced Concrete (ACI 318M-11)”, American Concrete
Institute, 2011, pp. 186-189.

Korea Concrete Institute, Design Recommendations for Ultra-
High Performance Concrete K-UHPC, KCI-M-12-003, Korea,
2012 (in Korean).

Hsu, T. T. C., Mau, S. T., and Chen, B., “Theory of Shear
Transfer Strength of Reinforced Concrete”, ACI Structural
Journal, Vol. 84, No. 2, 1987, pp. 149-160.

Kim, M. J., Lee, G. Y., Lee, J. S. and Kim, W., “Bi-Axial
Stress Field Analysis on Shear-Friction in RC Members”,
KCI Journal, Vol. 24, No. 1, pp. 25-35.

Jensen, B. C., “Ultimate strength of joints”, RILEM/CEB/CIB
Symp. Mech. & Insulation Properties of Joints of Precast
Reinforced Concrete Elements, Athens, Sept., 1978, Vol. 1,
pp-223-240, Vol. 111, pp. 279-290.

“Limit Analysis and Concrete Plasticity”,
2nd edition. CRC press, 1999, pp. 711-723.

E., “Structural Behaviour of
UHPC under Tensile Stress and Biaxial Loading”, Proceedings
of Internaional Symposium on Ultra High Performance
Concrete, Kassel, Germany, 2004, pp. 435-446.

. Kahn, L. F. and Mitchell, A. D., “Shear Friction Tests with

High-Strength Concrete”, ACI Structural Journal, Vol. 99,
No.1, 2002, pp. 98-103.

oF AAdf B 231735 SATYEUHPFROE Hod 45 2 JAFZAEE 7HA T Sl ARtk Ayl S EE 44
A F dho] FHoR BAgE HTY 15 E FAgE o R P& b HE‘ e FA wEY Soll g3 #dwe] AH
= npE AR Bdste] A v s xuom Tl UHPFRCE A HEY AL oy 769 228 o3t
A F aFgo] Ags] F EHo] glow, o]gd 54L& Aok vpF Fre H&OéElO%Ok glo] gldaltt. B Ao s Ak
o] B7dd 24709 AH AAIAE Agste] FA] 0 AS STt AT ATE A4 o2 & A
v o2 HE Ak viF ASet FE AFE TEIUT 24 Olioﬂ 16_ Aok wpE el v1E Ay 9 v)E do
2 =23 v skl Bl S AEslg o, #E 4 02 UHPFRCS #9 T QAAEE va st A4 x4 Agt upz
=28 Aetst
A0 1 MR HA XAs BILIE, HOIEDED, ANOIE TA| QU AY FoH O AT

2y Ol E0

ofst 4R BY EMSRIRS| HE O

d=A MeH 309



