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CEVIK Abdulkadir! , GULSAN Mehmet Eren?

Abstract

In this study, ultimate load capacity of steel fibre reinforced concrete corbels have been
formulated using nonlinear regression. For the formulation of the proposed empirical
expression, an extensive literature survey has been conducted and experimental studies
have been gathered to form an experimental database. Total of 84 tests from 6 seperate
studies have been used for the formulation of ultimate load capacity of sfrc corbels. The
correlation coefficient was found to be quite high (R2=0.95) which shows that the
proposed formulation fits very well with experimental results.
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1. Introduction

Corbels are structural elements primarily used in reinforced concrete and precast
structures. The main function of corbels is to transfer vertical and horizontal loads to the
members to which they are connected (Figure 1) [1]. Corbels can be the overhanging
portion of beam with a small span length. Their shear span to effective depth ratio (a/d)
islessthan unity [2].

Strength and ductility of corbels should be increased to improve their mechanical behavior.
This improvement is possible either by increasing the percentage of transverse steel
(generaly achieved by horizontal stirrups) or by adding steel fibre to the reinforced
concrete as secondary shear reinforcement replacing stirrups[3].

The aim of the current study is to propose an empirical formula for ultimate load capacity
of steel fibre reinforced concrete (sfrc) corbels based on experimental studies and to
determine significant parameters which are effective on the ultimate load capacity.
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2. Useof SFRC In Reinforced Concrete Corbds

Use of steel fibres increases the bond between steel and concrete and aso tensile,
compressive, flexural and fractural properties of the concrete. It was concluded from
experimental studies of reinforced and pre-stressed beams that using steel fibres instead of
horizontal stirrups or addition of steel fibres achieved efficient reinforcement effect to
prevent shear failure.

Fig. 1 Geometric Configuration and Typical Reinforcement Detailing for a Corbel

Previous studies related with corbels have concluded that reinforced concrete corbels
which include only stedl fibres as secondary reinforcement have almost same load carrying
capacity with onesin which horizontal stirrups are used against shear failure. Therefore use
of steel fibre facilitates the fabrication of corbels because of easier placement of it as
compared to placement of horizontal stirrups [4]. Therefore use of steel fibre facilitates the
fabrication of corbels because of easier placement of it as compared to placement of
horizontal stirrups.

Steel fibres alow a corbel to experience large deflections after achieving ultimate load
without a dramatic loss in load carrying capacity or demonstrating a sudden and brittle
failure.

Another improvement achieved by steel fibres is the change of the failure mode of the
corbel from being sudden and catastrophic to a slower and ductile mode. According to the
results of former studies, sufficient amount of steel fibre provided an elastic — plastic
behavior for corbels and the corbel failed in flexural mode in place of diagonal splitting
mode [5]. Transformation of failure modes is an important feature in structural safety point
of view, especially in earthquake zones.

3. Previous Studies about SFRC Corbels

Several experimental studies were carried out about analysis of steel fiber reinforced
corbels. One of these studies was performed by Fattuhi [4]. In this sudy the aim was to
determine the extent of improvement in the shear properties of concrete corbels reinforced
with steel fibers being subjected to vertical loading only. The efficiency of the steel fibers
was also examined when the corbel’s shear span to depth ratio and fiber content were
changed. It was found from the investigation that the first crack and ultimate strength and
toughness of concrete corbels were considerably improved by the addition of steel fibers

2



FIBRE CONCRETE 2013
September 12-13, 2013, Prague, Czech Republic

and the efficiency of the steel fibers at ultimate loads increased with a decrease in the shear
Span to depth ratio.

A series of studieson SFRC corbels was carried out by Fattuhi and Hughes [5, 6, and 7].
They investigated the change of the failure mode from being sudden and catastrophic to a
more gradual and ductile mode. Since the earlier results had showed that when an adequate
volume of steel fibers was added to concrete, an amost elastic-plastic behavior was
recorded, and the mode of failure changed from being diagona splitting to flexure.
Therefore, the purpose of the study is to provide further information on the safety aspect
and to investigate the strength and ductility of corbels reinforced with different volumes of
main bars and tested at different shear span to depth ratios. As result of the investigation, it
was confirmed that the maximum strength and ductility of reinforced concrete corbels are
improved considerably by the addition of steel fibers and showed that the improvement in
ductility depends on the volume of main bars and the shear span to depth ratio.

Column load effect on SFRC corbels was investigated by Fattuhi [8]. The results of their
studies showed that ultimate load carried by the corbel is not affected significantly from
the loading of column or symmetric side corbel. However existence of column load can
retard the formation of initial cracks.

For determining the most important parameters which influences the strength of SFRC
corbels and finding a more general equation for the ultimate load of the corbels, an
experiment was implemented by Fattuhi [9]. His study provided additional data useful in
the development of more general design criteria for determining the strength of fiber
reinforced concrete corbels subjected to vertical loading only.

In the other experiment of Fattuhi [10], flexural strength of SFRC corbels was investigated
and flexural and truss models were used in an attempt to predict the load carrying
capacities of corbels failing in flexure. It was concluded from the experiment that failure
mode of corbels can be changed from being sudden and brittle to a ductile mode. Effective
parameters on the transformation of failure modes are shear span to depth ratio, amount of
steel fibres and main bars. Amount of steel fibres also have positive effect on the crack
width and it tends to reduce the size of crack width.

Ultimate load investigations of SFRC corbels for the geometrical configuration different
from his previous studies (trapezoidal corbel configuration) were investigated by Fattuhi
[11]. Experimental studies showed that besides the addition of steel fibers improve the
strength and ductility of corbels, no apparent effect of fiber length to corbel depth ratio on
fiber efficiency, and consequently on strength of corbels.

Campione, Mendola and Mangiavillano [1] studied the flexural behavior of fibrous
reinforced corbels and suggested simple analytical expressions for bearing capacity
considering the shear contribution due to steel reinforcements and fibers.

4. Previous Proposed Formulationsfor Ultimate L oad Capacity of
SFRC Corbels
Fattuhi et al. [9] proposed a practical empirical formulation based on experimental results

which finds ultimate load of both RC and SFRC by considering some parameters which
influence the mechanical behavior of corbels. The expression of the formulais;
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where, k = 57.292, k,= 0.315, k,=-0.812, k,=-0.049, k.= 0.678 and k,= 0.626

Fattuhi also developed two models et a. [10], namely flexural and truss model, for
predicting ultimate load of SFRC corbels whose failure mode is dominated by flexural
behaviour.

5.  Nonlinear Regression Technique

Nonlinear Regression (NR) is a form of regression analysis in which one estimates the
coefficients of a nonlinear model that isintrinsically nonlinear, that is, cannot be linearized
by suitable transformation. The use of NR begins with the choice of a nonlinear model.
The user of NR regression software must specify the particular nonlinear equation to be
estimated. The coefficients in NR must be found by trial and error, in an iterative solution
which requires theinitial estimates of the coefficients termed as start values[12].

The primary idea of nonlinear regression is the same with one of linear regression. Both of
them relate aresponse Y to avector of input variables x =(x,,........ ,%.)" . The characteristic

feature of nonlinear regression is that the prediction equation changes nonlinearly with
respect to one or more unknown inputs. Linear regression can be used to construct only
emprical model. However nonlinear regression comes up when it is predicted that the
predictors and the response are related with each other by a specific functional form. A
nonlinear regression model has the form

Y, =f(x,q)+e, , i=l...... ,n (2
where the Y are responses, fis is a known function of the covariate vector,

X =(Xigyererenen ,%, )" and the parameter vector q =(Qy,........ ,qp)T and e are random errors.
The e, isusually assumed to be uncorrelated with mean zero and constant variance [13].

6. Proposed Mode and Comparison of the Model with Existing
Experimental Results

For nonlinear regression modeling process, an experimental database was used, taken
from experimental studies carried out by Fattuhi and Hughes [5-10]. 84 sfrc corbel test
results were considered to propose the formula. Several input parameters which can
influence the mechanical behavior of sfrc corbels were considered. As a consequence of
the nonlinear regression studies, the following formul ation was proposed:

Vu :004226bh(§) 0.8323( .I:Ct )0.3344 (OO](%)) 0.5903 (3)

where band h are width and height of the corbel in mm respectively, f, isthe splitting

tensile strength of fibrous concrete in MPa, d the reciprocal of the shear span to depth
a
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ratio and A, is sectional area of main reinforcement. The resulted ultimate load carrying
capacity of sfrc corbel isin kN.

When compared to the formulation which is stated in section 4 of this paper, the
formulation proposed in this study simpler and more practical. Necessity to less input
parameters as compared to other proposed formulations is another advantage of the new
formulation.

The results of the formulation are compared with the experimental results which were used
for modeling process and a very good fit was observed given in Figure 3.
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Fig. 2 Goodness of Fit of the Proposed Model
Correlation coefficient (R?) of the new formulation is 0.952, mean and coefficient of

variation of V% is 1.00 and 0.057 respectively. On the other hand, Correlation
cal

coefficient (R?) of the Fattuhis's formulation given in Eq (1) is 0.949, mean and
coefficient of variation of V% is 1.00 and 0.058 respectively. The statistical  values of
cal

both formula are nearly same. However the formulation proposed in this study is more
simple and needs less input parameters.

7. Conclusion

As a consequence of the study, a general formulation was produced for ultimate load
capacity of steel fibre reinforced concrete corbels. The model is simpler and more practical
as compared to other formulations used in the literature and its statistical outputs allow to
be used for obtaining the ultimate |oad safely.
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When the formulation was analyzed in detail, it is observed that splitting tensile strength of
concrete is efficient on the ultimate load. This Situation can be expected due to
improvement of tensile properties of the concrete by addition of steel fibres.

Corbels are usually characterized by their shear span to depth ratios. Since they are short
and deep structural members. The proposed formulation also includes the reciprocal of this
important ratio for the corbel.

To sum up, the empirical formulation proposed in this study can be effectively used to
calculate ultimate load capacity of steel fiber reinforced corbels.

Notations

a : shear span of corbel

A, :areaof maintension steel

b : width of corbel

d : effective depth of main bars
f

« - splitting tensile strength of the concrete
f_, : cubic compressive strength of the concrete
f, :yield strength of main bars

h : depth of corbel section
V, : ultimate load carrying capacity of corbel

r :ratio of sectional area of reinforcement to corbel cross section
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