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Keywords Abstract
Steel Fiber-Reinforced In this study, modeling of the bending behavior of large-scale steel fiber-reinforced
Concrete (SFRC), concrete beams (SFRC) was investigated using the Modified Compression Field Theory
Analytical Modeling of Steel (MCFT) based non-linear finite element (NLFE) method and an analytical method. The
Fiber Contribution, two analysis methods included different modeling approaches for the contribution of
Finite Element Analysis, steel fibers to the tensile strength of reinforced concrete. In the first approach, the

Bending Behavior of SFRC residual tensile strength of fibrous concrete was related to the crack width and adopted
into the MCTF-based NLFE method. However, the residual tensile strength was free from
the crack width in the second approach, which was employed in the analytical method.
The capabilities of the mentioned analysis methods were investigated on an
experimental study selected from the literature. The experimental study included the
four-point bending tests of five four-meter-long simply supported SFRC beams having
various ratios of longitudinal reinforcement and fiber content. Results revealed that the
MCTF-based NLFE method performed superior in representing the large-scale member
responses (such as load-carrying capacity, crack profiles, and flexural stiffness) for the
selected loading and boundary conditions while the simplified analytical tool was found
to be always conservative in the determination of strength regardless of conventional
reinforcement and fiber ratio. However, the rate of error was apparently proven to be
highly dependent on the tensile reinforcement ratio.

Beams.

CELIK LIFLI BETONARME KiRiSLERIN EGILME DAVRANISININ
MODELLENMESI

Anahtar Kelimeler 0z

Celik Lifli Betonarme, Bu c¢alismada, biiyiik olgekli ve celik lif takviyeli betonarme Kkirislerin egilme
Celik Lif Katkisinin Analitik davranisinin modellenmesi incelenmistir. Arastirmada, Degistirilmis Basing Alanlari
Modellenmesi, Teorisi’ ne (DBAT) dayanan dogrusal olmayan bir sonlu elemanlar yéntemi (DOSE) ile
Sonlu Elemanlar Analizi, analitik bir yontem kullanilmistir. Analiz ydntemlerinde celik liflerin betonarme ¢ekme
Celik Lifli Betonarme Kiris dayanimina katkisi farkli yaklasimlarla modellemistir. i1k yaklasimda lifli betonun artik
cekme dayanimi c¢atlak genisligi ile iliskilendirilmis ve DBAT tabanli DOSE y6ntemine
uyarlanmistir. Analitik yontemde ise artik cekme dayanimi ¢atlak genisliginden bagimsiz
olarak kabul edilmistir. S6z konusu analiz yontemlerinin performanslari literatiirden
secilen deneysel bir c¢alisma iizerinde incelenmistir. Deneysel calismada, degisken
oranlarda boyuna donati ve lif icerigine sahip dort metre uzunlugundaki bes adet
betonarme kirisin dort nokta egilme testleri gerceklestirilmistir. Sonuglar, DBAT tabanli
DOSE yonteminin, segilen yiikleme ve sinir kosullarinda biiyiik 6l¢ekli betonarme

Egilme Davranist.

basariyla temsil ettigini gostermistir. Diger yandan, analitik metodun, yiik tasima
kapasitesini donati ve lif oranindan bagimsiz olarak her zaman daha diisiik tespit ettigini
ortaya koymustur. Bu yontemdeki hata oraninin biiyiik 6l¢iide ¢ekme donatisi oranina
bagli oldugu agikea ortaya konmustur.
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Highlights

e Adetailed review of modeling methodologies of fiber-reinforced concrete.

e Analyzing the four-point bending behavior of large-scale steel fiber-reinforced concrete beams through
two different modeling approaches.

e The investigation of sensitivity and accuracy of the selected modeling methods in estimating the
structural characteristics.

Purpose and Scope

This study aims to investigate the capabilities of different approaches in modeling the bending behavior of large-
scale SFRC beams. Within this scope, the MCFT-based NLFE analysis method and a simplified analytical method
were used for modeling the bending behavior of fibrous beams selected from the literature.

Design/methodology/approach

In the selected analysis methods, different approaches were adopted for the contribution of steel fibers to the
tensile strength of reinforced concrete. The variable engagement model (VEM) was used in the MCTF-based
NLFE method as a constitutive model for FRC in tension. This model established a link between the crack width
and the residual tensile strength. However, in the analytical method, the residual strength was free from the
crack width.

Findings

e Introducing the fiber contribution to the tensile strength through VEM in the MCTF-based NLFE is
successful in estimating the load-bearing capacity, crack pattern, and the overall trend of the load-
deflection curve until a defined failure point for the fibrous beam members subjected to four-point
bending.

e The simplified analytical method always underestimated the load-bearing capacity and the error
tended to increase in lightly reinforced beams having relatively high fractions of fibers. Finally, it
should also be noted that this method will not yield a reliable estimation of flexural stiffness since the
crack profile of the members is not taken into consideration.

Originality
The main novelty of this study is investigating the sensitivity and accuracy of a relatively recent modeling
methodology, VEM, for the fiber contribution to concrete tensile strength in the MCFT-based NLFE method.

1. Introduction

The usage of steel fibers is still limited to non-critical members of civil engineering structures such as precast
tunnel lining segments (Plizzari and Tiberti, 2006), concrete pavements (Elsaigh et al.,, 2011; Meda and Plizzari,
2004), and industrial building floors generally for crack control and durability (Saatci and Batarlar, 2017).
However, there is an increasing trend in understanding the effect of steel fibers on the behavior of load-carrying
reinforced concrete (RC) members (Saatci and Batarlar, 2017; Xu et al., 2019) in recent studies.

In the literature, analytical methods are available to model and analyze the structural behavior of steel fiber-
reinforced concrete (SFRC) members through cross-sectional analysis (Campione, 2008), (Hameed et al., 2018).
Two basic approaches are followed in the flexural analysis of fiber-reinforced concrete beams. In the first and
simple approach, in addition to some basic assumptions such as the perfect bond between steel bars and concrete
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and plane section remaining plane after bending, uniformly distributed strength contribution of residual tensile
strength of fiber reinforced concrete (FRC) free from the crack width is being utilized (Campione, 2008). However,
the second approach is more complicated since the residual tensile strength in the cracked region is related to the
width of the crack (Lee et al,, 2013). From the mechanical point of view existence of steel fibers in concrete material
results in a ductile post-cracking behavior since it provides a bridging effect in the cracks (ACI, 2018). This also
prevents the state of brittle failure due to a large collection of mechanical stress around the cracked region as
reported by (Yaylaci, 2016, and 2022), and many studies (Marti et. al, 1999; Leutbecher and Fehling, 2008) have
been undertaken regarding the residual tensile stress after cracking as a function of crack width in the literature.
Apart from the analytical methods, more sophisticated non-linear finite element (NLFE) implementations were
also developed and using such a complex method generally requires experience and extreme caution since they
are backed by various theoretical approaches and behavior models (second-order effects, constitutive relations)
(Vecchio and Palermo, 2000). Among these theoretical approaches, the Modified Compression Field Theory
(MCFT) was proven to be one of the most powerful tools in representing the member behavior by considering the
cracked concrete as an orthotropic material using a smeared, rotating crack model (Vecchio and Collins, 1986;
Vecchio, 2000).

Adoption of modeling the fiber contribution to the tensile strength of concrete as in (Marti et. al, 1999; Leutbecher
and Fehling, 2008) into the MCTF-based NLFE method is a relatively new topic and thus, the research on the
accuracy of this method is very limited in the literature (Susetyo et al., 2013). The current study is original in this
context since it aims to investigate the applicability of the MCFT-based NLFE approach with one of the recently
introduced constitutive models for FRC in tension, the variable engagement model (VEM), on the bending behavior
of large-scale and doubly reinforced concrete beams having steel fibers. Furthermore, an attempt is also made to
analyze the performance of the simplified analytical method in describing the bending behavior of such SFRC
members. For this purpose, an experimental study involving four-point bending tests of five SFRC beams was
selected from the literature (Meda and Plizzari, 2012). All the beam specimens were four meters long and
consisted of two groups. Each group had either light or dense tensile reinforcement ratio. Besides, three of them
included various volume fractions of fibers while the remaining two were the control samples w/o fibers. Once
the analytical analysis was completed, the numerical study was followed using MCFT-based NLFE code VecTor2
(Vecchio and Wong, 2002). Finally, analytical, and numerical results were compared with those of the
experimental.

2. Selected Experimental Study

The current study aimed to analyze the pure flexural behavior of large-scale SFRC beams identical to those used
in practical applications. Therefore, an experimental work involving four-point bending tests of four-meter-long
simply supported and doubly reinforced beam specimens was selected from the literature (Meda and Plizzari,
2012). The geometry of beams and reinforcement details are presented in Figure 1.

As can be seen from the figure, the clear span between the supports was 3600 mm leaving 200 mm overhangs at
each end. Additionally, the shear span to effective depth (a/d) ratio was 4.6. All the beams were full-scale and
doubly reinforced. Moreover, they were designed to have two different tensile reinforcement ratios (0.75% and
1.5%) and volumetric steel fiber fractions (0.38% and 0.76%).

Ribbed and S500 type of steel was used as longitudinal reinforcements. The experimental mean yield and ultimate
strengths were reported to be 534 and 630 MPa, respectively. On the other hand, the shear reinforcements with 8
mm diameter were located at each 100 mm spacing in the regions where shear forces are developing. During the
testing stage, which is 147 days after concrete pouring, the cylinder compressive strength of plain concrete was
reported to be 49.7 MPa while the remaining two concrete batches with 0.38 and 0.76% steel fibers were 45 and
43.2 MPa. The hooked-end steel fibers used in the study had a tensile strength of 1100 MPa with a geometry of 50
mm length and 1 mm diameter. Fracture properties of FRC were detected by four-point bending tests using
150x150x600 mm notched beams. In the experimental program, specimens were named with respect to their
tensile reinforcement and fiber reinforcement content. For example, beam 2¢16-30 has two tensile reinforcements
with 16 mm diameter and 30 kg/m3 steel fiber reinforcement content corresponding to 0.38% volume fraction.
More details can be found in Meda and Plizzari (2012).
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Figure 1. Overview of test setup (a), beam specimen, and reinforcement details with specimen geometry (b) (Meda and
Plizzari, 2012)

3. Analytical Method

To investigate the flexural response of steel fiber-reinforced concrete beams, a relatively simple analytical method
proposed by Campione (2008) was implemented in the current study. The method assumes average tension stress
over the cracked region, independent of crack width and instantaneous curvature of the section. A typical strain

and stress distribution on the uncracked and cracked beam sections is presented in Figure 2.
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Figure 2. Strain and stress distribution over the beam cross-section

In the calculations, the stress-strain relation of concrete material prior to cracking was assumed to be linear, and

the flexural cracking strength of fiber-reinforced concrete (fcr) was taken from the experimental study as the

results of four-point bending tests. These are reported to be 3.08 and 4.75MPa respectively for 0.38 and 0.76% or

in other words for 30 and 60 kg/m3 fiber content. The compressive stress-strain behavior of fiber-reinforced
concrete was represented using a model proposed by Lee et al. (2015). This constitutive model accounts for the
effects of fibers and separates the behavior pre- and post-peak since no significant lateral crack opening will be
observed in the pre-peak compression behavior while the confinement effect due to the steel fibers will restrain
the lateral crack opening. The modulus of elasticity (E.) was calculated using the expression proposed by Lee et
al. (2015). On the other hand, the compressive behavior of the beam specimens having plain concrete was modeled
by Hognestad parabola (Hognestad, 1951) and E, calculated from the expression given in TS500 (2000). Here it
should be noted that the steel fiber additives will enhance the deformation capacity in concrete and therefore,
strain beyond the peak point was evaluated to be triple the crushing strain of concrete (0.01) suggested in ACI
544. Based on Campione (2008), tension stress (fr) was assumed to be constant in the cracked region, and the
magnitude was detected according to ACI (1988) as given in Equation 1, in which A4, 4, and 45 are expected
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pullout length ratio, efficiency factor of orientation in the cracked condition and group reduction factor related
with the number of fibers pulling out per unit area, respectively. In addition, 7 is the average bond stress of a single

fiber embedded in the concrete and calculated using Equation 2 offered by Valle and Biiyiikoztiirk (1993), and L/d
is the ratio of fiber length to diameter.

Sectional analyses of beams were performed by utilizing a layer-by-layer analysis approach (Collins and Mitchell,
1997). Using the force equilibrium over the cross-section, moment and corresponding curvature values were
detected in a stepwise procedure for a wide range of assumed compressive strains of concrete. Thus, moment-
curvature curves could be obtained and were used in the computation of load-deflection curves. Analytically
obtained moment-curvatures were detected to be in good agreement with that of experimentally available, Figure
3. Here, it should be stated that strain in the outermost concrete layer was detected up to 0.0066 and 0.003 in the
experimental study since potentiometric devices that measures the curvature were removed before the end of the
tests due to safety concerns.
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Figure 3. Analytical and experimental moment-curvature relations of beams 2¢16 and 4¢16 with 30 kg/m3 steel fiber
additive

To determine the mid-span deflection, the full length of the beam was evaluated and divided into three pieces
considering the existence of three different moment zones in the moment diagram. The moment value at the tip
and end of each piece under a specific load and the corresponding curvature for the moment value were detected
from the moment-curvature relation. Afterward, the mid-span deflection was calculated using the moment-area
theorem. For this purpose, a MATLAB code was developed. In the analysis, the computation of mid-span deflection
was done based on load increments.

4. Numerical Method
4.1 The Modified Compression Field Theory and Variable Engagement Model (VEM)

MCFT (Vecchio and Collins, 1986) is an analytical tool for predicting the load-deformation response of RC
membrane elements subjected to shear and normal stresses. The model assumes that the cracks forming in the
concrete are distributed over the entire volume (smeared crack) and it consists of three sets of relationships. These
are (1) compatibility conditions of concrete and reinforcement average strains, (2) equilibrium conditions relating
the external loads and internal resisting forces in concrete and reinforcement, and (3) constitutive relationships
which are required to provide a connection between average stresses in the equilibrium relations and average
strains in the compatibility relationships for both the reinforcement and the concrete. More details about the
theory and finite element implementation can be found in Vecchio and Collins (1986) and Vecchio and Wong
(2002).

Because average stresses and strains were used in the compatibility and equilibrium conditions, the average
tensile stress in the cracked concrete is also taken into account. Therefore, a tension stiffening model is
recommended for reinforced concrete. Furthermore, if fibers exist in RC, the tensile behavior should be assessed
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using one of the methods described in the literature. In the current study, the Variable Engagement Model (VEM)
(Voo and Foster, 2003) which is one of the outstanding constitutive models for FRC in tension, was selected. This
model expresses the peak and post-peak characteristics of FRC under uniaxial tension and relates the tensile stress
to the width of the crack. The main assumptions of the model are that the behavior of fiber-reinforced composites
might be stated as the summation of concrete and fiber contributions, and constant bond stress between the fibers
and concrete matrix identical to Marti et al. (1999). Each of the individual and randomly oriented, discontinuous
fiber effect may then be summed in 3D space to represent the overall behavior of the composite.

4.2 Non-Linear Finite Element Modeling of Reinforced Concrete

The numerical simulations of four-point bending tests were conducted by a two-dimensional non-linear finite
element code VecTor2 (VT2) (Vecchio and Wong, 2002). This software was developed for the analysis of RC
members in plane stress conditions. It is using a rotating crack approach and is based on MCFT formulations
(Vecchio and Collins, 1986).

Taking advantage of the symmetric load and support conditions, one-half of the beams were modeled instead of
expensive full-scale modeling, Figure 4. Preprocessor FormWorks (Vecchio and Wong, 2002) was used for this
purpose. All nodes located at the centerline of the beam were restrained against translation in the x-direction. The
support plate was explicitly modeled and restrained against translation in the y-direction.

Four-point plane stress rectangular elements and two-point truss bar elements were used for modeling the
concrete and rebars. A total of 1046 rectangular and 303 truss elements were created, and a perfect bond
assumption was made between the concrete and rebar elements. The accuracy of each element size was
determined by a mesh sensitivity analysis using 20-, 25- and 30-mm mesh size configurations. Considering a
balance between the computational time and accuracy of obtained results such as the load-deflection curve, an
optimum mesh size of 25 mm was selected for each element having an aspect ratio of a maximum 1.5. The beam
specimens were subjected to 0.1 mm incremental displacement load in the negative y-direction from the loading
plate. Selected constitutive models for concrete and steel are given in Table 1, and analysis models were taken to
be default except for the crack allocation. In the preprocessor, the existing crack spacing/allocation formulations
such as CEB-FIB 1978 or Eurocode 2 were derived for the plain reinforced concrete members without fibers, and
hence average crack spacing was detected by visual inspection of the tested SFRC beams and found to be 120 mm.
The compressive strength of fibrous and plain concrete, aggregate diameter, yield, and ultimate strength of steel
rebars, in addition to the length, diameter, and tensile strength of fibers were taken from the experimental study.
Rest of the necessary parameters were evaluated to be the software default which can be found in Vecchio and
Wong (2002). Finally, it is worth mentioning that geometric non-linearity was incorporated in the numerical
analysis regarding the secondary displacements, P-Delta effects, and other large displacements.

Loading Plate

\ i 1 1 8 o
A
Support Plate
Truss bar members Center
standing for rebars Line

Figure 4. Numerical model of RC beams
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Table 1. Constitutive models for the materials used
Material and Property Model

Beams w/o fibers: Popovics (HSC)
Beams w/fiber: Lee et al 2011 (FRC)
Beams w/o fiber: Popovics/Mander
Beams w/fiber: Lee et al 2011 (FRC)

e Concrete - Compression Softening Vecchio 1992-A (el/e2 form)

Beams w/fibers: Lee 2010 (w/Post Yield)
Beams w/o fibers: Modified Bentz 2003
Beams w/o fiber: Exponential

Beams w/steel fibers: Exponential

e Concrete - Compression Pre-Peak

e Concrete - Compression Post-Peak

e Concrete - Tension Stiffening

e Concrete - Tension Softening

e FRCTension Variable engagement model (VEM)
e Steel Reinforcement - Dowel Action | Tassios (Crack Slip)
e Steel Reinforcement -Buckling Akkaya 2012 (Modified Dhakal - Maekawa)

5. Comparative Results and Discussion
5.1 Behavior Under Load

Analytically and numerically calculated load-midspan deflection curves are compared with that of the
experimental and presented in Figure 5 and 6. As can be seen from the figures below, analytically computed
maximum external loads were detected to be 2.70 to 6.20% lower than those of the experiment. In fact, the
underestimation tends to increase in beams having fibers due to the error introduced to the calculation by the
constant stress model used in the tension region instead of relating the tensile stress with crack width. Moreover,
it was noted that as the tensile reinforcement ratio increases, the introduced error tended to decrease since the
contribution of steel fibers becomes less effective. This observation is consistent with the findings of Saatci and
Batarlar (2017). Large-scale, doubly reinforced SFRC beams having an a/d ratio of 4.6 was experimentally
investigated by Saatci and Batarlar (2017). Two different tensile reinforcement ratios leading to either flexural or
shear critical behaviors were selected and, in each case, the simplified method remained on the safe side by
underestimating the actual ultimate load. On the other hand, the load-carrying capacities could be captured almost
precisely from the numerical analysis. The results showed a maximum overestimation of 3% and an
underestimation of 2.5% for beams 2¢16 with 0.76% SF and 4¢16 w/o fibers, respectively.

Next, the flexural stiffness before yielding of beams was conventionally computed as the slope of the load-
deflection curve (P/A) and the results are tabularized in Table 2. It can be deduced from the table that the analytical
analysis always exhibited the highest post-crack flexural stiffness. The reason for high flexural stiffness can be
attributed to observed crack distribution over the specimen surfaces. In the experimental study widely distributed
cracks, which are resulting in a softening in the flexural stiffness, were reported. However, the current analytical
model does not consider crack width and distribution. Additionally, assumes the maximum curvature always
occurring in the maximum moment region located at the mid-span. On the other hand, numerical analysis
performed better in representing the post-crack flexural stiffness. Moreover, either increasing the tensile
reinforcement ratio or inclusion of fiber additive increased the accuracy. An identical outcome was reported by
Zhang (2020) and thus further optimization was recommended for stiffness formulation of VT2 specifically for
high strength fiber reinforced concrete members having low conventional reinforcement ratio.
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Figure 6. Load-mid span deflection curves of 4¢16 beam series
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Table 2. The Flexural stiffness of beam specimens

Flexural Stiffness - k (kN/mm)

g

£ Rat Rati

o Experimental | Analytical | Numerical atlo atlo

é- p y (Analytic/Experiment) (Numeric/Experiment)
2¢16 -PC 3.70 7.80 4.60 2.10 1.24
2¢16 -30 3.80 7.42 4.55 1.95 1.20
2016 -60 4.05 7.35 4.65 1.80 1.15
4416 -PC 7.25 13.40 7.70 1.85 1.06
4416 -30 7.25 12.15 7.42 1.67 1.02

5.2 Cracking Pattern and Failure Mode

Clarification of ultimate (failure) deflection is important in determining appropriate crack patterns in numerical
analysis. According to Shin et. al. (1989) and Hadi and Elbasha (2007), the ultimate deflection is defined as the
displacement corresponding to 80% of the peak load in the descending portion of the load-deflection curve. In
addition, Yoo and Yoon (2015) described the failure displacement by an abrupt decrease in load-carrying capacity
due to either rebar rupture or crushing of the outermost concrete layer.

When the predicted load-displacement curves were investigated, at least 30% strength loss was detected for all
beams depending on the concrete crush and was represented by point “F”. This point was regarded as the failure
deflection since it fits well with the three definitions proposed in the literature. Here it should be noted that the
numerical analyses were terminated beyond the failure point “F”, which subsequently resulted in an
underestimation of total deflection capacity compared to that of the experiment. An example of this cut-off is
illustrated by the 2¢16 beam having 0.76% SF. After clarification of failure displacements, the crack patterns could
be captured and shown by red color in Figure 7. According to most of the design codes, such as TS500 (2000) and
ACI 224R-01 (2001), the cracks should not exceed 0.3 mm in width. Therefore, the bold lines indicated the severe
cracks which have a thickness greater than 0.3 mm in the estimated patterns. As can be seen from Figure 7, major
flexural cracks and severe concrete crushing were observed at the constant moment regions of all beams.
Additionally, hairline thick (<0.3 mm) flexural-shear cracks distributed along the length of the beams. Despite a
general agreement in the detected crack profiles of the experiment and numerical analysis, in the two beams of
2¢16 with SF, mode of the failure could not be captured by numerical analysis as rebar rupture. Instead of this, all
the beams were estimated to fail from concrete crushing at the outermost layer.
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Figure 7. The estimated crack patterns by FEM corresponding to failure deflection
6. Conclusion

The performance of numeric and analytic techniques on the pure bending behavior of large-scale and doubly
reinforced RC beams with the tensile reinforcement and fiber ratios as variable parameters was investigated by
introducing two different methods of residual strength of the fibrous concrete.

The following conclusions can be inferred from the above discussions.

e The MCTF-based NLFE method was previously found to be successful in representing the response of
various types of non-fibrous reinforced concrete test specimens as well as real-life structures (Palermo
and Vecchio, 2004; Vecchio, 2002 ). The current study revealed that introducing the fiber contribution
to the tensile strength through VEM in the MCTF-based NLFE is also superior in estimating the fibrous
member response (as the load-bearing capacity, crack pattern, and the overall trend of the load-
deflection curve until a defined failure point) under static loading. In addition, the flexural stiffness could
be captured satisfactorily in densely reinforced beams while a slight overestimation reaching up to 25%
was estimated for lightly reinforced beams.

o Simplified analytical method always stayed on the safe side by slightly underestimating (a maximum of
6.20%) the load-bearing capacity in flexure critical SFRC beams. Here it is worthwhile to mention that
the error tended to increase in lightly reinforced beams having relatively high fractions of fibers. These
observations coincide well with Saatci and Batarlar (2017). As a result, analyzing the flexure critical
SFRC beams was found to be efficient in capturing the load-carrying capacity. However, further
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extension of the study to the SFRC beams subjected to various types of loading and boundary conditions
might be beneficial to understand the functionality of the method. Finally, it should be noted that this
method will not yield to reliable estimation of flexural stiffness since the crack profile of the members is
not taken into consideration.
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