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Evaluating Structural Performance of High-Strength Concrete Corbels
Containing Steel and Polypropylene Fibers

Jun-Mo Yang,” Joo-Ha Lee,” Kyung-Hwan Min,” and Young-Soo Yoon""

“Dept. of Civil, Environmental and Architectural Engineering, Korea University, Seoul 136-701, Korea
YInstitute of Tech., Samsung Engineering & Construction Co., Ltd., Seongnam 463-771, Korea

ABSTRACT In this study, high strength concrete corbels reinforced with steel fibers and polypropylene fibers, and subjected to
the vertical and horizontal loads were constructed and tested. The results showed that performance in terms of load carrying capac-
ities, stiffness, ductility, crack width, and number of cracks was improved, as the steel fibers and polypropylene fibers were added.
The polypropylene fiber reinforced concrete corbels resulted in higher ductility in presence of horizontal loads, but showed larger
crack width than the steel fiber reinforced concrete corbels. And, the heads of the headed bars provided excellent end anchorage
of the main tension tie reinforcement. Experimental results presented in this paper are also compared with various prediction mod-
els proposed by codes and researchers. The refined strut-and-tie model showed more accurate and conservative predictions in pres-
ence of horizontal loads, and the truss model proposed by Fattuhi provides fairly good predictions for fiber reinforced concrete corbels.

Keywords : corbels, steel fibers, polypropylene fibers, high strength concrete, headed bars
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2= Atk Cl series AAE= Z 600 mm, Z°] 600 mm
W 3 600 x 600 mm AAMLE 7150 R FAH
At} Cl1 series Al&A 2] 2174 Elo] AL o7l 15M 3
1—4: HE ARSI AL, 1 T = vhe] Sl = 2 50.8mm,
F7E 127 mmZE &It ACI 318-05° 2@ &=
FRAANZEINA (4,-4,)9 50% ool ) E
Y (#FEAo] H2)S FaZole 2/3 oo FAH €
o] Aol BT F55H HiAsloF st Fg3}
71 wzell 570 10M HHA=EHE 70 mm HH o2 w)
23 TE C2 series Al@AS] @I HZ v Cl
series A @A}t FLEA SFAARE, FH SR A SHE
£ C1 series AgA k= 8] C2 series A A= +34
O}TJJF a2 FAsEEY 20%e) sBshes TRl Al
of AlstE=E st
Table 1] YERd vie} o] £ AFdXM = 35 73,
HAE 2EHE 9 W52 sl AL Cl, 2 A Y

32 1o qet

llTTé

=Rl =
Ae AGE YA &S whE, C1-SFE, CI-PF, C2-SF,
C2-PF AlgAI= A E93}9 T} C1-SF, C2-SF A& A

o] 5 Omm, e A= 1,050 MPadl
Ft Ay AAF (Fig 2 v=075%2 H&2 £
9th. C1-PF, C2-PF A&@A|¢] 7=, 50 x 1.4 x 0.19 mm
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Fig. 1 Geometry of test specimens and layout of reinforcement
and strain gauges
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Table 1 Main variables of corbel specimens

Specimen Loading Type Fiber contents
P type of fibers (%)
Cl - -
Cl .
. C1-SF | Vertical Steel 0.75
series
C1-PF Polypropylene 1.00
& 2 Verical - -
> [Tcosp | oeah Steel 0.75
series Horizontal
C2-PF Polypropylene 1.00

o] A71E 71X AL, FAM] 7} 85011, 1A EE 500 MPa
Ql dAY FYxRFA AFE v=100%] &R &
1:1 0]’/\1\

2212 &Y

RE ANFAY ZAYEE 150 x 300 mm FAAE F
, B A= Aol FYHAeH, 3F

T A5
A 238} tE S F3FATE Table 200 A

do] UElYATE Table 2
7 ZAYES] dSA=
= AR7F E4EHA g Rl SARR - A=
20% =4 YERTE ol i & HHl ofa uig
AlZko] AoJR AL, o2 Qs F7|Fo] A7) Wi
o= gordn. AR B FAES AA8S AR5 4
3] Moregan et al.o] A|¢t3k o1 A% S (toughness
performance level)S ARS8 3L, 2 A3} C1-SF, C2-SF,
CI-PF, C2-PF A4 ZA2E9] 1 T TFL level =
vEbsTh AlEA AlEel] ARE-E H 29 442 Table 39
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Fig. 2 Picture of hooked steel fibers

Table 2 Concrete properties

1 &' I S
Specimen (MPa) | (mm/mm)| (MPa) (MPa)
(st. dev.) | (st. dev.) | (st. dev.) | (st. dev.)

58.1 0.0019 7.38 4.58

1, C2
€L, ¢ (1.38) | (0.0001) | (0.54) (0.34)
70.2 0.0020 8.24 731
CI-SF, C2-5F (2.90) | (0.0001) | (0.74) (0.44)
CLPF, C2-PF 63.0 0.0020 8.58 4.84

(2.48) (0.0001) (0.30) (0.23)




Table 3 Steel properties

. Desig- | Area b & E fu

Specimen | ion | (mm?) | MPa) | (%) | %) | (MPa)

10M | 100 | 419 | 023 | 124 | 634

CLC2 v | 200 | 491 | 034 | 147 | 657
series

20M | 300 | 418 | 023 | 144 | 618

23AMEA MY

Fig. 33} o] RE AlFEAE 11,400 kN &3] UTM
(universal testing machine)S ©]-&3te] A&t Cl
series AlFA= Z 101.6 mm, 7 254mm Z°] 520 mm
o] wloy FHEE 4F 7% FHAANA 175 mm A
o AAANFN L (AEA ko] ¥, a/d=0.32), WL
o #&akERks AstataAth. C2 series A @A = 28t
o 2 A 20%° AEshE FHITS Al
Astatitt. o] FHsES AL de FAe T,
L=y, FZ Wy 7|93 sF S =, ACI 318-05"
AAZNZE (2007)70A & W 9o
-

A

QIR e §

FAS FastdA AFHS
‘l nlEEo] QA e F A
% V2l 20% ©)’Fo =2 stofof gt
Atz FHsES T Alst
271 9] 1016X254><520mm oy ZHolE
1.3°9] ZAAMzES 7H 73R 29 olA & &3¢ W
A]*E*W 47N A =Fste] *Wo} E} ‘4217” Cl1

go] *1:%4 t'o“ékgi n e A=

¥ 7 Ho]y EHolE Afold %

(Fig. 3 (b)).
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Fig. 3 Test setup and locations of LVDTs
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Fig. 4 Shear load versus center deflection responses
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Table 4 Summary of test results

Specimen V. v, V., A, A, A, Stiffness Ductility
(kN) (kN) (kN) (mm) (mm) (mm) (KN/mm) (4,/4,)
Cl1 625 2,646 2,817 0.35 2.11 2.60 1,148 1.23
se(r:iles C1-SF 839 (1.34)* | 2,996 (1.13) | 3,282 (1.17) 0.43 1.96 2.72 1,410 (1.23) 1.39 (1.13)
C1-PF 645 (1.03) 2,688 (1.02) | 2,973 (1.06) 0.37 2.08 2.92 1,195 (1.04) 1.40 (1.14)
C2 210 1,872 2177 0.56 4.49 7.75 423 1.73
seiizes C2-SF 308 (1.47) 2,011 (1.07) | 2,408 (1.11) 0.64 3.06 5.74 704 (1.66) 1.88 (1.09)
C2-PF 250 (1.19) 1,923 (1.03) | 2,404 (1.10) 0.72 3.08 6.65 709 (1.68) 2.16 (1.25)

*Rate of increase comparing to the result of the plain concrete corbel specimen (C1, C2) in each series

cracking stiffness)S YEFHATE Fig. 49} Table 49 e}
woupe}l o], AAHF 3 ZEjzEdd AR EYs
%3] CI1-SF, C1-PF A dAI= Cl1 A A BT} 23%, 4%,
C2-SE, C2-PF A|gA= C2 AIFAHT} 66%, 68% =71¢
73S BT} T3 C2 seriest Cl series®] oF 50%
o] 7S HAFAAT, C2 series?] A EUS £33
740l 7182 C1 series Bt @ O A Ve
Table 4% Eg ZE UIgk AJgAle] A4
Stal ok dRbH o =m AFA ] AL FAY HZe
Hzx FE A A gk A stsolAe] A HE
At £ vt FgzEgdd JaE 279 CI-PR
C2-PF AdA+= 7= B7E CI-SF, C2-SF A g4
oF fFAREAY v S8 AAS BT B3 C2
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series Al @A e dkstsd ZF f1x|oA ] M E X
HAAE e ek A gdo] TAEy] doll 7k 9
Ao Mol MAPES Ao A S Holtprk A +
o] AL YA 7177 FE s st B
AgA 9] Fe Elo] e F33kT AN &
FEEP, T Fo 7L Ao] 2 2HYELE I
al7] AlzFekdTh. el C2 series®] 73
o] &y wj$ Z HYES KBSl b, Cl s
= FoatFolA g 2 38 ¥

oY, o JI-E =i i

750 | R AR E5HS

=27%| M20A 65 (2008)
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Fig. 5 Strains in the main tension tie and the secondary crack
control reinforcement
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Fig. 6= EE AgA] F3delolx e 48 s
e oz itk ZE AlEAY] A E2 R 7]
9] AA A BAAEA I, 2EHe F7F 97t A
Atk F WA g2 wWoly ZEolE U BAlE
Fol A B, 7 WRIRER ] JAFHS] A
7HA RAste] w3 A7EA] g Fag #98 IS
ark A 749 e AT Yol oJdl Cl series=
34%, C2 seriess 47% S718IR 3, EE|z=z23 HH
EYol 28l Cl seriess= 6%, C2 seriess 12% =713}
A #9AA a3 AR EYol ¥ a4HA Rew

et =38k, A5 EJBI7E 0.5%, 0.75%% S7HS
o, 212} 6%, 12%2] A +4 6‘}% 7He B3Th
BE ANAAE 270l 3 #¥€ FFE Holtprt HAE
A FEo] S Holw F= l’JrJJQ‘:‘ HAG 9y
R E (beam-shear failure mode)E YUERJS L, ol 4¥
Aol 2HES 7 YR e BAdw sares o
ERlE A &o] dthe old A7AE Ve A3 Aze)
et 2d, C2 series®] Bt HEE 9%
wFol] Cl series®] A9 thad o2 3] A4S B
Atk BE Cl series A @A 8] F17% Blo] F22 93

c,>'o

H

Figs. 73} 8& RE AgA9] 4 S AW oY
7kzk T AlskaL Q) 1 series®] 739, Adf<t &
23 Aol EYoR s A ohr-J 60%= 7142
AHEsEEoll A e #EHI #E U FaEAT T
Elo] o] mjZ® YA Hf #gZL Cl, Cl-
SF, C1-PF Al&A|7} zk2F 034, 0.20, 0.16 mmES YJERA S

E A
(6 e

o rd

(b) C2 series

Fig. 6 Crack patterns at peak load
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Fig. 7 Shear load versus number of cracks
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Fig. 8 Shear load versus maximum crack width
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74k F-2] $H sloll A ZE|RlEl 2 et FElzEYg g Aoy Aol WatH e 7104’5‘}% —‘?—-Ero] s Ao

gl Af7F R e] yAaS A7 e A4S 2 AFgety Y 2Ez-Elo] Y (refined strut-and-tie

HEAAZE F e Aoz AdEn model) & A|QHSFATE o] 2dle Fig. 99} 7o] Fo%

Elo] A3 8 Alo] Ho] BT FET Fof] Y

340EzEte| vl ol F= At 7P gl Fig. 9914 Elo] (BB)=

o5 2" 4E Aol A& ofnsta, 2 +¥E Al

B Aol 38 H4F 435 ACI 318-05Y F54] Ao FAld AXdva Mgt o] dqErds o

2 oje] ARSI o] A Qkek A QkA]z} v s Kok & 59 vlasste] BW, Table 59 Wehd vpeh 2+

3, 71 ¥ A= Table 50| YeERASITE H3 ¥E o], T ZEE-Eo] U%ED} o AEg &S st
)

AlS= (COV, coefficients of variation)e Z+zte] of| x4 N3, FHI}TS e 2 /\]?éxﬂ o thalAE ACP,
o] A3 Y= WFE viEoE AAEHAL d 8 & Solank1 et al b, Russo et al.” dZrd R} o HFea
o], Fattuhi’9] o|Zmdle Hfo J&Fe yejsta A stal e ALSRE YEhyith 2y, o]

HI
zi
ro.
é

gk £slee] dEe AEEL A 7] wEel, Bt Zé%‘ *EF—* EM mde A &0 L LHEL
# AEAFE AR EFHUL FHsET AstE Al AA 7] wfgel Afrh E9E W] Aes A
Al (C1, CI-SE, CI-PF A|@AN)E 72 ARTE AT 2~ 3] 5T 5 se M2 2ES-Eo] md 9] sl
Egl-glo] A’ ACI 318-05" 4], Solanki et al.'"9] FHQsvy seEh

o]Zxd, Russo et al.Ve] o]Snde 355 JF ACI 318059} ZAE F2AAZIFE (2007)714 F
S sk AR, AR dFe LSt YA B At e dEage Aoz og majep A9
Hagberg'?¢] o]Z=2d 3} Foster et al.”e] o]&2d)

] o 3rEo| o]s ¥y E BT I dle] YRR HAuE S
Yotz YFS aHskA R A, A Yo IF
AA] REFE o] UA] oF
@ 2EZ-Eo] 29 (simplified strut-and-tie model)

& ACI 318-05%, CSA A23.3-04"", 232 E F24A)7
F (2007)79] H-Zof Ao} ek o] mdE Y < %
HRER Yo st e gEYS Ue TAYE X2E
2 (stru), AL W A Bl (o), 2E3IF El )
& d4ds= 2 (node)o® FAEE T EFAZE 9] d,-0.5c,
A & ATk AR £, o] B 2ES g
o] rule #F& wjadE HA FY Ao F2L e =
sk, A4 AANME o] F7HHl #G Ao} Fael
Nwg BAST QI W3 AgEE sl 7
& AR 1EET ek mebA, o Rde Table |
59 Azhst o] S BEHS AE2 S Hrk a;+0.5c.
Mitchell et al.”S ZLS Ho| tat Ad BA A} Fig. 9 Refined strut-and-tie model
Table 5 Test-to-predicted ratios for all corbel specimens
Vs |Simplified| Refined At ) ) ) ) Fattuhi”
Specimen (kﬁ) STM® STM® S.he.ar Flexure Solanki® | Hagberg” | Foster Russo” | Flexural | Truss
friction model model
Cl1 2,817 1.26 1.03 1.54 1.04 0.96 1.00 1.36 1.03 1.04 1.03
C1-SF 3,282 1.43 1.16 1.80 1.20 0.92 1.13 1.58 1.14 0.97 1.01
C1-PF 2,973 1.31 1.07 1.63 1.09 0.93 1.04 1.43 1.06 0.93 0.97
C2 2,177 1.41 1.12 1.19 0.85 0.78 2.43 1.05 0.86 0.80 0.80
C2-SF 2,408 1.53 1.22 1.32 0.93 0.71 2.64 1.16 0.90 0.71 0.74
C2-PF 2,404 1.54 1.23 1.32 0.93 0.79 2.66 1.16 0.92 0.75 0.78
Mean 1.33 1.08 1.37 0.94 0.87 1.00 1.36 0.94 0.98 1.00
COvV 0.054 0.041 0.128 0.102 0.102 0.000 0.000 0.093 0.046 0.027

“The means and coefficients of variation were calculated based on just plain concrete corbel specimens (C1, C2)

®The means and coefficients of variation were calculated based on just plain concrete corbel specimens subjected to only vertical loads (C1)

“The means and coefficients of variation were calculated based on the corbel specimens subjected to only vertical loads (C1, CI-SF,
C1-PF)
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