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PREDICTION OF THE SHEAR STRENGTH OF STEEL
FIBRE REINFORCED CONCRETE BEAMS

ALTAAN Saad !, ANAY' Rafal ?

Abstract

Shear failure is brittle and is initiated by diagonal tensile stresses created in the tension
zone. Designers usually avoid this type of failure by using shear reinforcement. Due to
their ability in enhancing the tensile strength of concrete, restraining and retarding cracks
and increasing the shear friction resistance, steel fibres can replace the conventional and
sometimes laborious shear reinforcement specially in thin members.

This paper review some of the available equations for the prediction of cracking and shear
strength of fibre reinforced concrete beams. These equations were applied to 44 beams to
predict the first crack shear stress and 100 beams to predict the shear strength. A method
IS proposed to estimate the first crack and shear strength of fibre reinforced concrete
beams. The proposed methods proved their superiority over the previously proposed
methods. It was statistically shown that the tensile strength of concrete affect the cracking
shear stress more than the shear strength which is more effected by the shear span /
effective depth ratio. The contribution of the steel fibres to the shear strength is more than
that at the onset of first shear cracking.

Keywords: Cracking, fibres, prediction, shear, steel, strength.

1. Introduction

The action of external loads on reinforced concrete members usually create axial forces,
shear forces, bending moments and torsion or a combination of two or more actions. Shear
failure is of a brittle type and initiated by diagonal tensile stresses created in the tension
zone. Designers usually avoid this type of failure by using shear reinforcement. Due to
their ability in enhancing the tensile strength of concrete, restraining and retarding cracks
and increasing shear friction resistance, steel fibres can replace the conventional and
sometimes laborious shear reinforcement specially in thin members [1,2].

Sharma [3] tested seven reinforced concrete beams in two groups, the first group was with
stirrups and the second group was with steel fibres. He found that steel fibres were
effective in increasing shear strength of reinforced concrete beams, and proposed the
following equation for predicting the unit shear strength V, of fibre reinforced concrete
(FRC) beams:
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Vu =(2fspgc /3)(d /av)o'25 1)
fspic = splitting strength of fibrous concrete, d = beam effective depth and a, = shear span.

Narayanan and Darwish [4] tested 49 FRC beams in two groups, one with stirrups and the
other with steel fibres. The variables included, fibres volume fraction, fibres aspect ratio,
concrete compressive strength, longitudinal reinforcement ratio and shear span / effective
depth. They found that the improvement in shear strength due to steel fibres addition is
similar to the improvement gained by using stirrups. They proposed the following equation
for predicting cracking shear stress, v, :

Vr =0.24 fopte +20p.d /a, +0.5F )

fspfc = splitting strength of fibrous concrete and the following equation was proposed to
estimate it:

feptc = feut /(20— F)+~/F +0.7 )

four = cube strength of fibrous concrete, p = longitudinal reinforcement ratio and F is fibre
reinforcing index and is equal to:

F=bsVs.Ls /Dy 4)

b is a fibre shape factor = 0.5 for plain smooth fibres, 0.75 for hooked fibres and 1.0 for
crimped fibres, V;, Ly and D; are the fibres volume fraction, length and diameter of steel
fibres respectively.

Another equation was also proposed for predicting the unit shear strength of FRC beams:

vy =€[0.24 fgpec +80p.d /@y ]+ vp (5)
e is a nondimensional factor representing the effect of the arch action and is equal to:
e=10 for aJ/d<28 (6a)
e=28d/a, for aJd > 238 (6b)
Vp, = pullout stress of steel fibres, calculated by:

Vp =0.41ry x F

(7)

7, = interfacial bond strength of steel fibres with concrete and equal to 4.15 MPa [5].

AlTaan and AlFeel [6] used the regression analysis to find an equation for predicting the
cracking shear stress (v.) from the experimental results of 38 previously tested FRC

beams [4,7], the following equation was found:

Ver =[H+260p(d/av)e+4.4Fbevf.Lf /D¢]/85 (8)
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e is a nondimensional factor representing the effect of the arch action, which was
considered to be:

e=1.0 for aJ/d<25 (9a)
e=25d/a, for aJd > 25 (9b)

Fpe = bond efficiency factor = 1.0 for plain fibres, 1.2 for hooked fibres and 1.3 for
duoform and crimped fibres.

AlTaan and AlFeel [6] proposed a method for predicting the shear strength of FRC beams,
based on the method proposed by Zsutty [8] and Placas and Rangan [9] for normal
reinforced concrete beams:

Vye = (10p f.d/a, Y3 for a,/d >25 (10a)
Vye = (160p £ )3 (d/a, )3 for a,/d <25 (10b)

f. = cylinder strength of plain concrete. The external bending moment caused by the shear
force assumed to be counteracted by the internal bending moment:

Vycbda, =0.85fl.ab(d-a/2)
(11)

The depth of the compression stress block, a, can be found from the above equation as
shown below:

a/d =1-/1-2.353(v./ f¢)(ay /d) (12)

To estimate the contribution of the steel fibres to the unit shear strength, the following
equation was used:

Vyt = oy (h—c)/d (13)

h= overall beam depth, ¢ = neutral axis depth = a / B; [10], B.= ratio of the depth of the
compression stress block to the neutral axis depth ¢ and oy, = post cracking tensile

strength of the fibrous concrete [11]:
Oy 20.5Tb XVf.Lf /Df (14)
7 = Interfacial bond strength of steel fibres with concrete and considered to be 4.15 MPa

[5]. The shear strength found from Equation (10) was added to that found from Equation
(13) to get the total shear strength v :

Vut = Vue +Vuf (15)

This value was then substituted in Equation (12) to get a better estimate of (a), then the
steps were repeated until the value of (a) converge to an acceptable degree of accuracy.

Another Equation was also derived for predicting the shear strength (v, ) from the

experimental results of 89 reviously tested FRC beams [1,4,7,12-14], using the regression
analysis, the following equation was found:

vy =[L.6y/fo +960(d /ay)e +8.5Fpe Vs L /D1]/9
(16)
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The effect of steel fibres on the behaviour and shear strength of high strength reinforced
concrete [15-18] and self compacted reinforced concrete beams are also reported [19-22].

The aim of this study is to review and assess some of the previously proposed shear
strength equations for FRC beams and to propose equation for predicting the cracking and
shear strength of FRC beams without shear reinforcement.

1.1 Assessment of the previously proposed equations for cracking shear stress

Experimental data of the cracking shear stress were collected from previously tested 44
FRC beams [4,7,12] whose geometrical and materials properties are shown in Table (1).
The methods proposed by Narayanan and Darwish [4] and AlTaan and AlFeel [6] were
used for predicting the cracking shear stress and the results are as shown in Table (2).
Tab. 1: Range of the properties of the tested FRC beams for cracking shear stress
. H B Lt D¢ Vs fe fee P o
Properties | (mm) | (mm) | (mm) | (mm) | (%) | MPa | mpa | (%) | (%)
Minimum | 150 75 20 03 |025| 242 | 291 |156| 0.0

Maximum. | 225 150 40 0.5 3.0 | 5264 | 63.6 | 5.67 | 3.75

2. Proposed method for the cracking shear stress

The experimental data for the cracking shear stress of the 44 FRC beams [4,7,12] were
used in a regression analysis between the shear stress and the factors influencing it, such as
the tensile strength of plain concrete, post cracking tensile strength of fibrous concrete, the
shear span / effective depth ratio and reinforcement ratio [23]. The following equation was
obtained:

Ver =[1.0154/ f. +84p(d/a,)e+1.87cy,1/7 (17)

e is a nondimensional factor representing the effect of the arch action taken as the
proposed value in reference [6]. The correlation coefficient for the above equation is 0.994
and the standard error is 0.02. The first term in the above equation is similar to that
recommended by the ACI Code [10] which is an indirect measurement of the contribution
of tensile strength of plain concrete to cracking shear stress. The second term is the
contribution of the arch action, which is not so effective at this stage since the beam
behaviour is almost like a homogenous uncracked beam. The third term is the contribution
of fibre concrete to cracking shear stress. It is worth noting that at this stage, fibres are not
fully mobilized as will be shown later for the ultimate stage which showed a higher value.
Figure (1) shows the histogram of the calculated / measured cracking shear stress with the
normal distribution curve. The results shown in Table (2), indicate that the proposed
method is better than the other two methods [4,6] in terms of the average value and
skewness, a. Skewness is an assessment of the symmetry of normal distribution and a zero
or small value indicate a symmetric distribution about the average, while a negative value
indicate a left tail longer than the right one and a positive value indicate a right tail longer
than the left one.
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Tab. 2: Results of the ratios of the predicted to the measured cracking shear stress

Method Average S.D. C.OV.% a Results within
+ 10%
Narayanan and Darwish [4] 0.95 0.1112 11.7 -0.43 80%
AlTaan and AlFeel [6] 0.99 0.1515 15.3 -0.105 68%
Present method 1.0 0.118 11.8 -0.066 80%

S.D., standard deviation, C.O.V. , coefficient of variation and o is the skewness.

%0;
a=-0.05

x{ 1. Mean =
] 1.0 2%
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Fig. 1: Histogram of the ratios predicted / measured cracking shear stress (proposed method)

Table (3) show the Standardized coefficients for the three terms in the above equation. It is
shown that (\f.) has a highest value, which is an index for cracks initiation and it has the
highest effect on the cracking shear stress. The post cracking tensile strength of fibrous
concrete has the second effect on the cracking shear stress, which is approximately 81% of
the first term and the second term has the least effect 19% of the first term at this stage.

Tab. 3: Statistical properties of the terms of Equation (17)

Variable e p(d/a,).e o1
Standardized Coefficient(5) 0.513 0.1 0.418
Significance 0.000 0.003 0.000

2.1 Assessment of the previously proposed equations for the shear strength
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Experimental data for the shear strength were collected from previously tested 100 FRC
beams [1,4,7,12-14,24-26] whose geometrical and materials properties are shown in Table
(4). The methods proposed by Sharma [3], Narayanan and Darwish [4] and AlTaan and
AlFeel [6] are used for predicting the shear strength and the results shown in Table (5).

Tab. 4: Range of the properties of the tested FRC beams for the shear strength

h B L¢ D¢ Vi fC’ féf P P
Properties | ‘mm | Mm | (mm) | (mm) | (%) | (MPa) Mpa) | (0) | (%)

Minimum 100 50 19 0.25 0.22 242 | 28.28 0.2 0.0

Maximum 375 152 40 1.335 2.0 52.64 | 57.5 2.39 3.75

2.2 Proposed methods for the shear strength (Method 1)

This method is a modification of the first method proposed by AlTaan and AlFeel [6]. The
first change is adding the contribution of the compression steel to the flexural strength in
equations (11-12), although this effect is not paramount. The second change is using the
post cracking tensile strength of fibrous concrete oy, instead of using equation (14) which

includes the interfacial bond strength 7, of steel fibres with concrete. The value of the

bond strength is highly variable in the range between 2.3 -8.3 MPa [23] which depends on
the method of testing (whether a flexural or a direct tension), number of fibres (single or a
group and the direction of the fibre with the applied stress), fibres texture, besides other
factors such as, matrix constituents and aggregate size. In the absence of experimental
results, the following equation proposed by Ahmed and Pama [27] can be used:

oy =0.3753f ¢ —0.806 (18)

f+ = flexural strength of fibrous concrete. Equation (12) was used first to estimate the

shear strength of the reinforced concrete beam. If a beam is single reinforced, equations
(11-12) are used to calculate the neutral axis depth. If a beam is double reinforced, the
following equation was used to calculate the neutral axis depth:

Vy.a, =Vychd.a, =0.85f .ab(d—a/2)+ AL f,(d—d’) (19)

As= area of the compression steel, f; = effective compression steel stress and d= depth of
the compression steel. Equation (13) is then used to estimate the contribution of steel fibres
to the shear strength. The shear stress found from Equation (10) was added to that found
from Equation (13) to get the total shear strength v, this value was then substituted in
Equation (12) to get a better estimate of (a) and the steps were repeated until the value of
(@) converge to an acceptable degree of accuracy. The procedure described above was
applied to the 100 FRC beams [1,4,7,12-14,24-26]. The average ratio of the predicted /
measured shear strength = 0.993, S.D. = 0.138, C.0.V. = 13.9% and skewness = 0.198.

3. Method 2

Experimental data for the shear strength were collected from the previously tested 100
FRC beams [1,4,11,14-16,24-26] and used in a regression analysis between the shear
strength and the factors influencing the shear strength such as tensile strength of concrete,

6
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post cracking tensile strength of fibrous concrete, the shear span / effective depth ratio and
the reinforcement ratio [23]. The following equation was obtained:

vy =[L.155\ fo +6240(d /2y ) + 45710y 117 (20)

The correlation coefficient for equation (20) is 0.994 and the standard error is 0.043. The
first term in equation (20) is about 14% more than that in equation (17) and to that
recommended by the ACI Code [9] which is an indirect measurement of the contribution of
the tensile strength of plain concrete. The second term representing the arch action and
equal to 7.4 times that at the first cracking stage. This large contribution of the arch action
at this stage is due the full mobilization of this action at this stage. The third term is the
contribution of the steel fibres to the shear strength which equal to 2.44 times that at the
first cracking stage due to the full mobilization of the steel fibres. The results shown in
Table (5), indicate that this proposed method is better than the other three methods [3,4,6]
in terms of the average value, coefficient of variation and the results within + 10% of the
average value. Figures (2,3) show the histogram and the normal distribution curves for the
two proposed methods.

Table (6) show the standardized coefficients for the three terms in the equation (20). It is
shown that the arch action effect have the greatest effect at this stage. The steel fibres has
the second effect, similar to the first cracking stage and is equal to 83% of the effect of the
arch action. The term (Vf.) has the least effect at this stage and equal to 67% of the arch
action since this effect is vanished when the cracks are well developed prior to the ultimate
stage.

Tab. 5: The ratios of the predicted to the measured cracking shear stress

Method Average S.D. C.OV.% A Results within
+10%
Sharma [4] 0.88 0.237 26.9 -0.206 32%
Narayanan and Darwish [5] 0.90 0.15 16.7 -0.27 45%
AlTaan and AlFeel [7]" 0.91 0.177 19.5 0.333 29%
AlTaan and AlFeel [7]° 0.96 0.124 12.9 0.155 57%
Present porposed method 1 0.993 0.138 13.9 0.198 54%
Present proposed method 2 1.01 0.125 12.3 0.171 61%
Tab. 6: Properties of the independent variables for the shear strength Equation
Variabl G
artanie P(d/av )-e Otu fe
Standardized Coefficients ( 3) 0.422 0.351 0.286
Significance 0.000 0.000 0.000

Figure 4, shows the predicted shear strength using the first proposed method with the
measured shear strength of references [4,13] for a shear span/effective depth ranging from
1.5 to 3.5 and different types of steel fibres, volume fraction and aspect ratio. Figure (4)
also shows the close agreement between the predicted and the measured shear strength.
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Fig. 4: Comparison between predicted and measured shear strength

4. Conclusions

The proposed methods for the cracking shear stress and shear strength of the investigated
FRC beams showed better prediction than the other previously proposed methods. The
statistical analysis showed that the tensile strength of concrete affect the cracking shear
stress more than the shear strength which is more effected by the shear span / effective
depth ratio. The contribution of the steel fibres to the shear strength is more than that at the
onset of first shear cracking. More experimental data will refine the proposed methods that
can be used as a design guide.

8



FIBRE CONCRETE 2015
September 10-11, 2015, Prague, Czech Republic

References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

8]

[9]

[10]

[11]

[12]

[13]

[14]

BATSON, G., JENKIS, E., and SPATENY, R. Steel Fibers as Shear Reinforcement
in Beams”, ACI Jour., Proceedings, Vol. 69, No. 10, Oct. 1972, pp. 640-644.

WILLIAMSON, G.R., and KNAB, L.I. Full Scale Fibre Concrete Beams Tests.
Proceedings of RILEM Symposium on Fibre Reinforced Cement and Concrete. The
Construction Press Ltd., London, Sept. 1975, pp. 209-14.

SHARMA, A.K. Shear Strength of Steel Fibre Reinforced Concrete Beams. ACI
Jour., Proceedings, Vol. 83, No. 4, July-August 1986, pp. 624-628.

NARAYANAN, R., and DARWISH, 1.Y.S. Use of Steel Fibres as Shear
Reinforcement. ACI Structural Jour., Vol. 84, No. 3, May-June 1987, pp. 216-227.

SWAMY, R.N., MANGAT, P.S., and RAO, S.V.K. The Mechanics of Fibre
Reinforcement of Cement Matrices. Fibre Reinforced Concrete, ACI SP-44, Detroit,
Michigan, 1974, pp. 1-28.

AL-TA’AN, S.A., and AL-FEEL. Evaluation of Shear Strength of Fibre Reinforced
Concrete Beams. Cement and Concrete Composites, Vol. 12, No. 1, Jan. 1990, pp.
87-94.

KADIR, M.R.A., SAEED, J.A. Shear Strength of Fibre Reinforced Concrete Beams.
Jour. of Engineering and Technology, Iraq, Vol. 4, No. 3, 1986, pp. 98-112.

ZSUTTY, T.C. Shear Strength Prediction for Separate Categories of Simple Beam
Test. ACI Jour., Proceedings, Vol. 68, No. 2, February 1971, 138-143.

PLACAS, A. and RANGAN, P.E. Shear Failure of Reinforced Concrete Beams.
ACI Jour., Proceedings, Vol. 68, No. 10, October 1971, pp. 763-73.

ACI COMMITTEE (318-14). Building Code requirements for Structural Concrete
(318-14) and Commentary. American Concrete Institute, Farmington Hills, Ml,
2014, 524 pp.

[11] HANNANT, D.J. Fibre Cement and Fibre Concrete. John Wiley and Sons,
Chichester, 1978, pp. 61-80.

MANSUR, M.A., ONG, K.C.G., and PARAMASIVAM, P. Shear Strength of
Fibrous Concrete Beams Without Stirrups. Jour.of the Structural Division,
Proceedings of ASCE, Vol. 112, No. ST9, Sept. 1986, pp. 2066-2079.

UOMOTO, T., RANJAN, K., WEERARATNE, FURUKOSH, H., and FUJINO, H.
Shear Strength of Reinforced Concrete Beams With Fibre Reinforcement.
Proceedings RILEM Symposium, FRC 86 on Development in Fibre Reinforced
Cement and Concrete, Vol. 2, RILEM Technical Committee 49-TFR, July 1986, pp.
553-562.

LIM, T.Y., PARAMASIVAM, P., and LEE, S.L. Shear and Moment Capacity of
Reinforced Steel Fibre Concrete Beams. Magazine of Concrete Research, Vol. 39,
No. 140, Sept. 1987, pp. 148-160.



FIBRE CONCRETE 2015
September 10-11, 2015, Prague, Czech Republic

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

10

KWAK, Y., EBERHARD, M., KIM, W., and KIM, J. Shear Strength of Steel Fiber
Reinforced Concrete Beams without Stirrups”, ACI Structural Jour., Vol. 99, No. 4,
August 2002, pp. 530-538.

HAMRAT, M., CHEMRROUK, M. and AMZIANE, S. Shear Behaviour of
Reinforced High Strength Concrete Beams Without Transverse Reinforcement. Proc.
Of the 8" international Congress on Concrete in the Low Carbon Era, Dundee
(U.K.), 10-12 July 2012, pp. 45-59.

ASHOUR, S.A., HASANAIN, G.S., and WAFA, F.F. Shear Behavior of High
Strength Fibre Reinforced Concrete Beams”, ACI Structural Jour., Vol. 89, No. 2,
March-April 1992, pp. 176-184.

IMAM, M., VANDEWALLE, L., and MORTELMANS, F. Shear Capacity of Steel
Fibre High Strength Concrete Beams”, High-Performance Concrete, SP-149, V.M.
Malhotra, ed., ACI, Farmington Hills, Mich. 1994, pp. 227-241

ALTAAN, S. A. and ALNEIMEE. Shear strength of steel fibres self-compacting
reinforced concrete beams. Proc. Of the 8" international Congress on Concrete in
the Low Carbon Era, Dundee (U.K.), 10-12 July 2012, pp. 1289-1303.

GREENOUGH, T. and NEHDI, M. Shear Behaviour of Fibre-Reinforced Self
Consolidating Concrete Slender Beams. ACI Materials Jour., Vol. 105, No. 5, Sept.—
Oct. 2008, pp. 468-478.

CUENCA, E. and SERNA, P. Shear Behaviour of Self-Compacting Concrete and
Fibre-reinforced Concrete Beams. Sixth Inter. RILEM Symposium on Self-
Compacting Concrete, 4™ North American Conference on the Design and Use of
SCC, Montreal (Canada), September 26- 29, 2010, pp. 1273- 1282.

HELINCKS, P., CORTE, W. E., BOEL, V. and SCHUTTER, G. D. Influence of
Steel Reinforcement on the Shear Resistance and Crack Pattern Formation of Self-
Compacting Concrete Beams. Jour. of Key Engineering Materials, Nov. 2010, Vol.
452-453, pp. 669-672.

WADIE', R. N. Study of the strength of fibre reinforced concrete beams under
combined loading. M. Sc. Thesis, Mosul University, IRAQ, January 2006, 122 pp.

TAN, K.H., MURUGAPPAN, K., and PARAMASIVAM, P. Shear Behavior of Steel
Fibre Reinforced Concrete Beams. ACI Structural Jour., Vol. 90, No. 1, Jan.-Feb.
1993, pp. 3-11.

FURLAN, S., and HANAI, J.B. Shear Behavior of Fiber Reinforced Concrete
Beams. Cement and Concrete Composites, VVol. 19, May 1997, pp. 359-366.

CUCCHIARA, C., MENDOLA, L.L., and PAPIA. M. Effectiveness of Stirrups and
Steel Fibres as Shear Reinforcement. Journal of Cement and Concrete Composite,
Vol. 26, 2004, pp. 777-786.

AHMED, H.l. and PAMA, R.P. Ultimate Flexural Strength of Reinforced Concrete
Beams With Large Volumes of Short Randomly Oriented Steel Fibres. Proc. of the
Fourth International Symposium, RILEM, UK, Vol. 1, July 1992, pp. 467-487.



	Abstract
	1. Introduction
	1.1 Assessment of the previously proposed equations for cracking shear stress

	Properties
	2. Proposed method for the cracking shear stress
	2.1 Assessment of the previously proposed equations for the shear strength
	2.2 Proposed methods for the shear strength (Method 1)

	1. Mean = 1.0
	Properties
	3. Method 2
	4. Conclusions
	Mean = 0.993
	α = 0.198
	Mean = 1.017

