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Prediction of Flexural Capacities of Steel-Fiber Reinforced Concrete Beams

Woo-Suk Kim"*, Yoon-Keun Kwak", and Ju-Bum Kim”

"Kumoh National Institute of Technology, Yangho-dong 1, Gumi 730-701, Korea
DClarkson University, Potsdam, NY 13699, USA

ABSTRACT The results of previous tests by many researchers have been compiled to evaluate the flexural strength of steel-
fiber reinforced concrete beams. Existing prediction equations for flexural strength of such beams were examined, and a new
equation, based on mechanical and empirical observations, was proposed. In other words, the constitutive models for steel fiber
reinforced concrete (SFRC) were proposed, which incorporate compressive and tensile strength. A steel model might also
exhibit strain-hardening characteristics. Predictions based on the model are compared with the experimental data. For the
collection of tests, a variation of the Henager equations, modified to apply to fiber-reinforced concrete beams, provided reliable
estimates of flexural strength. The proposed equations accounted for the influence of fiber-volume fraction, fiber aspect ratio,
concrete compressive strength and flexural steel reinforcement ratio. The proposed equations gave a good estimation for 129

flexural specimens evaluated.
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Beam designation Fibe.r volume Tension steel Comp. strength | Modulus of rupture
fraction V(%) ratio p (%) steel Jex (MPa) J» (MPa)

NSCVO0p1 0 1.0 2-#8 34.21 3.29
NSCVIpl1 0.75 1.0 2-#8 35.44 5.90
NSCV2pl 1.5 1.0 2-#8 17.23 4.40
NSCV0p2 0 2.0 4-#8 3247 3.05
NSCVI1p2 0.75 2.0 4-#8 36.98 5.70
NSCV2p2 1.5 2.0 4-#8 15.44 4.57
HSCV0p1 0 1.0 2-#8 78.14 7.26
HSCVipl 0.75 1.0 2-#8 64.59 6.26
HSCV2pl 1.5 1.0 2-#8 61.98 7.25
HSCV0p2 0 2.0 4-#8 74.42 6.57
HSCVip2 0.75 2.0 4-#8 65.23 7.72

H(N)SCV1pl

Steel reinforcement ratio

Pl = 1%, p2 > 2%)

Fiber volume fraction

V=0%—>0, V=0.75%—>1, V;=15% —2)
High strength concrete(N : Normal)
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Table 2 Summary of test tesults
Beam Vy fok M, P, A
designation| (%) | (MPa) | (\N'm) | (kN) | (mm) | (mm)

J7a

NSCV0pl| 0 3421 | 183.98 |344.92| 12.70 | 42.67 | 3.36

NSCVIipl1] 0.75 | 35.44 | 210.69 |395.00| 13.97 | 38.61 | 2.74

NSCV2pl| 1.5 1 1723 | 187.06 |350.70 13.97 | 37.34 | 2.67

NSCV0p2] 0 3247 | 309.25 [579.78 | 1473 | 25.15 | 1.72
NSCV1p2| 0.75 | 36.98 | 356.55 [668.43 | 16.00 | 35.81 | 2.24

NSCV2p2) L5 | 1544 | 254.93 {477.92| 13.97 | 37.08 | 2.64
HSCVOpl1| 0 78.14 | 24239 |454.43| 15.75 | 63.25 | 4.00

HSCVipl{ 0.75 | 64.59 | 254.23 {476.63| 15.75{89.92 1 574

HSCV2pl1| 1.5 | 61.98 | 263.68 |494.33| 18.54 | 1194 | 6.53

HSCVO0p2| 0 7442 | 396.24 |742.85(17.02 | 35.81 | 2.10

HSCV1p2j 0.75 | 65.23 | 433.63 |812.96! 16.76 | 82.30 | 492

* H= AO/Ay
4 : the displacement at the ultimate load
A, : the displacement when the steel reinforcement is yielded
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Fig. 3 Load-deflection curves: (a) Normal strength concrete
(NSC) series; (b) High strength concrete (HSC) series
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Fig. 4 Relationships between ductility index and tensile
reinforcement ratio
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Fig. 5 Relationships between ductility index and compressive
strength, steel fiber volume fractions
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Table 3 Steel model parameters (stress unit: MPa)
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Bar size Yield stress Yield strain | Strain hardening stress | Strain hardening strain | Maximum stress | Ultimate strain
o, g Oy, € o, €y
#8 510 0.00263 510 0.008 779 0.2
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ACI code Eq. without strain-hardening| Eq. without steel fiber Proposed Eq.

Investigator| Specimen | a/d |M,, s Qi=Q= =10, Q=0 =0, Q=20 Q=015 Q,=
M | M| My |5 Moy | Mg | M | 00 M | Mg | M 5 | g | e
This NSCVIrl | 2.8 [ 211 | 180} O | 180 |1.17| 178 | 16.6 | 195 | 1.09 | 204 | O | 204 | 1.03| 204 | 2.8 | 207 | 1.02
investiga- HSCVIrl| 2.8 {229 | 187 | 0 | 187 |1.22] 185 |31.6| 217 |1.06|233| 0 |233 (098|233 53 |238{0.96
tion HSCV2rl| 2.8 | 216 | 187 | 0 [ 187 |1.15| 184 | 319} 216 |1.00| 231 | O | 231 (093|230 54 |235(091
HSCV1r2| 2.8 | 386|356 | 0 |356|1.08| 353 | 359|389 | 099|402 | 0 |402 (096|401 | 6.6 | 408|095
DRI1 [639(233(167| 0 [16.7[140|16.1| 64 [225]|1.04|19.1| 0 |19.1]122]189| 1.1 {20.0]1.16
DR12 1639|23.8(167| 0 [167|143|16.1| 69 (23.0|1.03}{19.1| 0 |19.1]125]|19.0| 1.2 |202{1.18
Swamy” | DR21 |6.47(33.7(266] 0 [266]127]257| 7.5 |332(1.02{289] 0 {289|1.17|286]| 14 |[300]1.12
et al. DR22 |647(351(270| 0 |27.0|130|259| 88 |347|1.01|294| 0 |294|1.19|29.1| 1.6 |30.7|1.14
DR31 (639{286(21.7| 0 |21.7|13221.0| 57 | 267} 1.07|240| 0 |24.0|1.19|23.8| 1.0 |24.8]| 1.15
DR32 [639(308|21.8| 0 [21.8|141|21.1| 64 |275|1.12|242| 0 |242|127|24.1| 1.1 |252]|1.22

M,; : moment by steel, M,,,: moment by steel fiber

Table 5 Statistical evaluation of test specimens (total of 129 beams)

M, tes/ Mu, cal
ACI code Eq. without strain-hardening | Eq. without steel fiber Proposed Eq.
Q,=0, Q=0 Q=10, Q=0 Qi=0, Q,=2.0 Q;=0.15, Q,=2.0
Mean 1.22 0.84 1.08 1.01
Standard deviation 0.20 0.14 0.15 0.14
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Fig. 11 Evaluation of Proposed equation (Q;=0.15, Q,=2)
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Table 6 Comparison of test moments and calculated moments (unit: kN-m, 10beams)

Existing equations (M, ca)

M/ M/ M/ M| M/

Investigator | Specimen | M, | Henager | Crai Imam Jindal | Proposed
Eq (9) Eq ( 1 §) Eq ( 11 ) Eq ( 1 2) Eq (2 1) Mu,Heg M{,cra Mu,[mam Mu,Jindal Mup
NSCVIpl 211 181 130 195 208 207 1.16 1.17 1.08 1.01 1.02
This HSCVIpi 229 190 190 206 |. 223 238 1.21 1.21 1.11 1.03 0.96
Investigation | HSCV2p1 216 192 191 223 229 235 1.12 1.13 0.97 0.94 091
HSCVI1p2 386 357 356 371 380 408 1.08 1.08 1.04 1.01 0.95
DR11 23.3 17.4 17.5 18.1 232 20.0 1.34 1.33 1.28 1.00 1.16
DRI12 23.8 18.1 18.1 19.5 25.1 20.14 1.31 1.32 1.22 0.95 1.18
Swamy” DR21 337 27.1 26.7 27.6 31.1 29.96 1.24 1.26 1.22 1.08 1.12
et al. DR22 35.1 279 272 29.0 33.0 30.72 1.25 1.29 121 1.06 1.14
DR31 28.6 222 221 229 27.6 2224 1.29 1.30 1.25 1.04 1.15
DR32 30.8 23.0 22,6 242 289 2298 1.34 1.36 1.27 1.07 1.22

# M, :ultimate moment by test, M,,: ultimate moment by proposed eq.
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Fig. 12 Comparison of observed flexural strength with predicted strength

Table 7 Statistical evaluation of expressions for flexural strength
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1. ACI Committee 544, “State-of-the Art Report on Fiber

Mean value of M,, /M, ..;(Standard deviation)
Test series No. of beams Henager Craig Imam Jindal Proposed
Eq(9) Eq (10) Eq(11) Eq(12) Eq(2D)
This investigator 4 1.14 (0.05) 1.15 (0.05) 1.05 (0.06) 1.00 (0.04) 0.96 (0.04)
Swamy” 6 1.30 (0.04) 131 (0.04) 1.24 (0.03) 1.03 (0.05) 1.17 (0.03)
Lim” 5 0.95 (0.03) - 0.92 (0.04) - 0.82 (0.02)
Alsayed” 4 1.29 (0.04) 1.21 (0.06) 1.25 (0.05) - 1.12 (0.04)
Ashour” 9 141 (0.34) 1.38 (0.31) 1.35 (0.31) 0.83 (0.12) 1.06 (0.23)
Tan® 4 1.10 (0.02) 1.10 (0.04) 1.08 (0.01) 0.74 (0.01) 0.98 (0.03)
Henager” 3 1.00 (0.01) 0.95 (0.03) 0.94 (0.03) 0.61 (0.05) 0.87 (0.02)
Craig” 2 1.16 (0.12) 1.19 (0.17) 1.09 (0.12) 0.94 (0.13) 1.03 (0.17)
Imam'” 3 1.14 (0.02) - 1.12 (0.02) - 0.88 (0.02)
Batson'” 47 1.17 (0.10) - 1.15 (0.10) - 1.02 (0.10)
Casanova'” 1 0.91 (0.00) 0.88 (0.00) 0.89 (0.00) - 0.81 (0.00)
Kwak'™"? 19 1.26 (0.28) 1.23 (0.27) 123 (027) 0.83 (0.17) 1.04 (0.23)
Mansur'” 1t 1.13 (0.08) 1.10 (0.06) 1.09 (0.07) 0.87 (0.05) 1.00 (0.06)
Murty'® 3 1.13 (0.17) - 111 (0.18) - 1.04 (0.16)
Narayanan'” 4 1.08 (0.01) 1.11 (0.05) 1.00 (0.01) - 0.96 (0.02)
Oh'"® 4 1.11 (0.06) 107 (0.04) 1.11 (0.06) 0.74 (0.07) 0.96 (0.05)
All tests 129 1.18 (0.19) 1.19 (021) 1.15 (0.18) 0.85 (0.15) 1.01 (0.14)
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