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Abstract. Enhanced tensile properties of fiber reinforced concrete make it suitable for strengthening of
reinforced concrete elements due to their superior corrosion resistance and high tensile strength properties.
Recently, the use of fibers as strengthening material has increased motivating the development of numerical
tools for the design of this type of intervention technique. This paper presents numerical analysis results
carried out on a set of concrete beams reinforced with short fibers. To this purpose, a database of
experimental results was collected from an available literature. A reliable and simple three-dimensional
Finite Element (FE) model was defined. The linear and nonlinear behavior of all materials was adequately
modeled by employing appropriate constitutive laws in the numerical simulations. To simulate the fiber
reinforced concrete cracking tensile behavior an approach grounded on the solid basis of micromechanics
was used. The results reveal that the developed models can accurately capture the performance and predict
the load-carrying capacity of such reinforced concrete members. Furthermore, a parametric study is
conducted using the validated models to investigate the effect of fiber material type, fiber volume fraction,
and concrete compressive strength on the performance of concrete beams.
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1. Introduction

Nowadays, increasing the use of supplementary cementitious materials in concrete is a
common approach to reduce carbon emissions. Supplementary cementitious materials, such as
ground granulated blast-furnace slag and fly ash, as well as fiber and polymer modification, have
been widely used in concrete to improve its workability and long-term performance(Yu et al.
2016). Fiber reinforced concrete is also widely used in many civil engineering applications (e.g.
industrial pavements, tunnel linings, marine structures, earthquake-resistant structures, etc.) (Radi
et al. 2015).
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Several researchers have investigated the effects of fiber inclusion in cement matrix depending
on the fiber content and type to improve the mechanical and fracture properties(Yoo, Yoon et al.
2015). Fiber inclusion in the matrix greatly influences the properties of concrete and various
studies have shown that the fibers can significantly enhance the engineering properties of the
concrete such as the flexural strength, tensile strength, fatigue and abrasion resistance, impact,
toughness, load bearing capacity after cracking and deformation capability (Monteiro 2006, Jiang,
Fan et al. 2014). It's always difficult to identify the effects of fibers on the properties of concrete
due to the extreme heterogeneity of concrete. However, the actual fiber that must be used depends
mainly on the application needed for the concrete. These fibers may be distinguished by their
different chemical or physical properties, such as the fiber’s nature (synthetic, mineral or steel ),
their mechanical properties, and its geometry (macro fiber vs. micro fiber), as their aspect ratio
(L/g), etc. (Hannawi, Bian et al. 2016).

In general, these different properties of fiber yield different effects when added to their
respective concretes. Ivan (Markovic 2006) observed that the micro fiber (shorter than 0.1 mm)
has a more homogenous distribution in concrete, leading to a higher packing density of the cement
matrix. Keer (Marshall 1992) indicated that synthetic fiber increases the permeability of concrete
due to their porous interfacial transition zone (ITZ). As far as the mechanical performances of
concrete are concerned, many researchers (Li 1998, Lu and Hsu 2006, Nguyen, Ryu et al. 2014,
Wille, El-Tawil et al. 2014) have investigated the fibers' effect on concrete under tension or
compression. They have found that the fibers increase the tensile strength of concrete, but not
necessarily its compressive strength. They have also reported that the macro fiber has an
efficacious capacity against the macro cracking of concrete in the post-peak phase. (Nataraja,
Dhang et al. 1999) indicated that fibers yield a higher compressive strength in the concrete with a
greater ratio of (L/¢). Zheng (Zheng and Feldman 1995) showed that fibers with higher elastic
modulus and higher tensile strength could significantly improve the mechanical performance of
concrete.

T. S. Nagaraj and H. V. Dwarakanath (Nagaraj and Dwarakanath 1984) conducted
experimental and analytical studies on steel fiber reinforced concrete beam with the different
volume fractions of fiber (1%, 2%, 3%). They reported that the flexural strength of the reinforced
concrete beam increased with an increase in the steel fiber (SF) volume fraction irrespective of the
fiber length or mix composition. The flexural toughness, shear toughness, and compression
toughness index of the reinforced concrete beam showed a considerable increase with an increase
in the fiber content which was true regardless of the fiber length or type of matrix. Jun Zhang et al.
(Zhang, Wang et al. 2014) numerically and experimentally investigated the flexural behavior of
engineered cementitious composite beams reinforced with 2% volume fraction of PVA fiber. The
authors observed that the use of a PVA fiber in reinforcing concrete beams would achieve
desirable strength and ductility limits.

It appears from the aforementioned investigations that numerous finite element models have
been developed to simulate the behavior of reinforced concrete beams (Maalej and Leong 2005,
Yuan, Pan et al. 2014, Hawileh 2015, Bencardino, Condello et al. 2016). However, limited finite
element models had been conducted on simulating the response of concrete beams reinforced with
short fibers (Maalej and Leong 2005, Yuan, Pan et al. 2014). The main aim of this study is to
develop a finite element (FE) model that can capture the effect of different types of fibers with
different volume fractions on the flexural capacity of concrete beams. Therefore, the current study
involves a development of FE models that can accurately predict the response of concrete beams
reinforced with synthetic, mineral, and steel fibers. The developed FE models were validated by
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comparing the numerical results with some experimental data available in literature (Nagaraj and
Dwarakanath 1984, Zhang, Wang et al. 2014). Moreover, these FE models captured the behavior
and predicted the deflection, crack patterns, and ultimate load carrying capacity of the tested
specimens with a high level of accuracy. This allows to evaluate numerically the behavior of
similar fiber reinforced concrete beams, subjected to increase a static load up to failure, without
having to measure experimentally. In addition, a parametric study was carried out to investigate
the effect of fiber material type, fiber volume fraction, and concrete compressive strength on the
flexural performance of fiber reinforced concrete beams.

2. Experimental data

In order to assess the capability of the proposed FE model, a comparison between numerical
results and experimental data was conducted to predict the overall structural behavior of fiber
reinforced concrete beams in terms of load-midspan deflection curves, ultimate load values, and
crack patterns at failure. Therefore, the following two experimental studies have been considered
to provide measures concerning all comparison parameters, as well as the geometry of the beams
and the mechanical properties of the materials:

 T. S. Nagaraj and H. V. Dwarakanath (Nagaraj and Dwarakanath 1984) carried out
experimental investigation of two concrete beams (100 x 100 x 500 mm): one reinforced with
steel fiber (SF) of 1% volume fraction, and one with steel fiber of 3% volume fraction. The
reinforced concrete beam specimens were tested at loading condition of 28-day testing age under
four points bending gradually to failure as illustrated in Fig.1.

» Jun Zhang et al. (Zhang, Wang et al. 2014) investigated the flexural performance of
cementitious composite beam (100x100x400 mm) contains about 2% of PVA fibers. The results
of the reinforced beam were compared with the plain concrete (reference beam) results. The beams
were tested under three-point bending load and loading condition of 28-day testing age. More
details about the tested beams are shown in Fig. 2.

A total number of four experimental results were collected. The mechanical properties of the
materials are summarized in Table 1, where for each experimental work are given: specimen

name, compressive strength ( f.), modulus of elasticity (Ecn), and tensile strength (f;) of the

concrete, length (L), diameter (¢), density (p), ultimate strength (f,), and elastic modulus (E;) of
the fibers.
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Fig. 1 Geometrical properties of the beam tested by T. S. Nagaraj and H. V. Dwarakanath (Nagaraj and
Dwarakanath 1984)
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Fig. 2 Geometrical properties of the beam tested by Jun Zhang et al. (Zhang, Wang et al. 2014)

Table 1 Mechanical properties of the beams

: Specimen  f; Econ f, L 4 Py fu E
Experimental work name _ (MPa) (GPa) (MPa) (mm) (um) (kg/m?) (GPa) (GPa)

T. S. Nagaraj and H. V. Dwarakanath (Nagaraj E)é:(l:()SF;.O' 30 25 85 36 500 7800 13 200
and Dwarakanath 1984) (S 30 25 35 36 500 7800 1-3 200

3.0%)
EXP (PC) 30 25 35 e

Jun Zhang et al. (Zhang, Wang et al. 2014)  EXP (PVA
20%) 30 25 35 12 39 1300 162 4238

Table 2 Designation of the tested specimens (Nagaraj and Dwarakanath 1984, Zhang, Wang et al. 2014) and
corresponding FE models

Specimen FE model
EXP (SF 1.0%) FE (SF 1.0%)
EXP (SF 3.0%) FE (SF 3.0%)

EXP (PC) FE (PC)

EXP (PVA 2.0%) FE (PVA 2.0%)

3. FE Modeling
3.1 Geometrical modeling

The numerical analysis was conducted using the FE software ANSYS 15.0 (2015) to develop
3D FE models of the specimens tested by T. S. Nagaraj and H. V. Dwarakanath (Nagaraj and
Dwarakanath 1984) and Jun Zhang et al. (Zhang, Wang et al. 2014). The designation of the tested
specimens and the corresponding FE models are given in Table 2. The properties of the constituent
materials, geometry, static loading, and boundary conditions in the developed FE models are
similar to the tested specimens.

All the tested beams were modelled using brick SOLID65 (2015) elements to model nonlinear
behavior of fiber reinforced concrete. The brick SOLID65 is an eight noded element with three
translational degrees of freedom (dof) per node, and the element has the capability of cracking in
tension and crushing in compression. The loading and rigid steel supports are modeled using the
brick SOLID45 (2015) elements with elastic steel material properties to avoid any major stress
concentration problems on the concrete material at those specified locations that will lead to
divergence in the solution. The SOLID45 element has the same properties as that of SOLID65
except for the capability of cracking in tension and crushing in compression.
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3.2 Materials models

3.2.1 Fiber reinforced concrete

In order to model the crack propagation in fiber reinforced concrete beams, the approach
grounded on the solid basis of micromechanics developed by Tetsushi Kanda et al. (Kanda, Lin et
al. 2000) is used in this study. This model provides simple analytic formulas for the stress-strain
relation of pseudo-strain hardening cementitious composite. The assumption of this approach is
that fibers are uniformly distributed in the matrix and the fiber reinforced concrete beams is thus
modeled as a homogeneous material. It assumes that the main two failure mechanisms are tensile
cracking and compressive crushing of the concrete and it allows the definition of strain hardening
in compression and strain softening (or stiffening) in tension. In the linear elastic range the
behavior was defined by the elastic modulus (E;) and Poisson’s ratio (v¢) which calculated by Eq.
(1) and Eq. (2) (Daniel, Ishai et al. 1994)

E.=V,E; +V,Ep 1)

Vc :vaf +vam (2)

Where: E, E;, and E,, are the modulus of elasticity of composite, fiber, and matrix, respectively. v,
vy, and vy, are Poisson’s ratio of composite, fiber, and matrix, respectively.

In the plastic range the stress-strain curves for strain hardening (Fig. 3) and strain softening (Fig.
4) were requested. The hardening behavior was modeled based on stress-strain relation and the
softening behavior was modeled based on stress-crack opening displacement (COD) relation. It
must be noted that the stress-COD relation should be used after the ultimate state (Kanda, Lin et
al. 2000). The relations were defined as follow (Kanda, Lin et al. 2000):

E.e e<og | E
G(&‘) = {0'|+Eie5 >0 E, (3)
o -0 E.
Where E, = (Mj o, = Uss[ _ij
- E E
€ ~O0ss / c c

&¢, Is the ultimate strain, o is the steady-state cracking stress, o ., is the ultimate stress, and

cu

E. is the composite elastic modulus.

G C
e _Jg-% 4
g > @)
St = &\/E_E +ﬁ|z (5)
g 3 4) 2C
o Vi, [ L
Where b= 6,22 o,= AN il g= 2 (1+e””2)
o, oy 2 | d; 4+ f°

o, is the composite crack bridging stress, o, is the stress level at which each of the multiple

c

cracks propagates, when each crack at a different part of the specimen has a different size, f is the
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snubbing coefficient, z; is the frictional bond strength, V; is the fiber volume fraction, L is the fiber
length, and d is the fiber diameter.

N /R S 2r Ly ViEe Kip 1
C=—, €=— 0 =—F————, = ; K=
3 c, E,(+7)d, V_E,. oo/ 96

2
L:E E
Ci:( f Cj z 2; Ktip:_cKm;Vm :1_Vf
2Ktip 16(1—1)2) Em

c is the flaw radius, E; is the fiber elastic modulus, V,, is the matrix volume fraction of matrix, E,,
is the elastic modulus of matrix; Ky, is the crack tip fracture toughness, E. is the elastic modulus of
composite; v is the Poisson’s ratio of composite, and Ky, is the matrix fracture toughness.

6_55 = g(\/ 2(_:5 - %j (6)

Where 6, =—2; Ci=—; C =2

The term ¢, is the flaw size as steady-state cracking occurs and is determined by solving Eq. (7)

2 c ,/265 _(_:S —IZ
¢, == )
Jr 3 4
O peak = 90 8
o
peak
S = theory (9)
Xq

Where &, is the ultimate COD, and x®" is the theoretically predicted ultimate crack spacing.

b-Vb® —4a (10)

5 =
peak 2

o2 =% . a-2, a_ﬂll—f, a_ﬂszf

4a2 ] 4a2 ’ 1 2df ’ 2 = 4d$

S is the first-order nondimensional hardening parameter; and pg, is the second-order
nondimensional hardening parameter. The parameters f; and j, are phenomenological (interface)
parameters determined from the load-displacement relation obtained in the pull-out test of a single

fiber embedded in the matrix.
} 2

2

Where

Xd=
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V.o..d
Where W= i : x = _momuTf
Y i,
Where o, is the tensile strength of matrix.
The distribution of flaw size can be treated as a random process and expressed by the Weibull-type

function (Weibull 1951)
1(c )"
FE)=exp-=| 2
) exp{ /1[6) } (12)

Where A is the scale factor, m is the Weibull modulus, and €, is the reference crack radius.

X
Xtheory — d
‘ 1- F(Emc) (13)

xheov= x, if all flaws are of size larger than c,c, when F = 0, corresponding to the fully saturated

case. When some flaws are of a size less than cn., the case of unsaturated multiple cracking
prevails (Kanda, Lin et al. 2000).

3.2.2 Plain concrete

In order to model the nonlinear behavior of the plain concrete (reference beam), the
compressive and tensile stress-strain relationships should be defined. The employed constitutive
concrete material model is based on the theory of William and Warnke (Willam and Warnke 1975)
model, which requires the following five input strength parameters

cracking state ess V.
14 & NP } i1t o
+ _: - ‘ - I P

COD F

CcaobD

!
!

A in 1

pparent strain \

1ied ST RN “H 3

Elastic IMulr.. cracking| |I Damage
stage stage local. stage (a) Crack generation (b) Stress-COD relation
(a) Multiple crack evolution (b) Stress-Strain relation in conventional composite
in PSH composite
Fig. 3 Tensile behavior representation for pseudo Fig. 4 Tensile behavior representation for
strain hardening composites conventional strain hardening composites

uniaxial tensile strength ( f,), uniaxial compressive strength ( f.), biaxial compressive strength (
fe, ), compressive strength for a state of biaxial compression superimposed on hydrostatic stress
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state ( f,), and uniaxial compression superimposed on hydrostatic stress state ( f,). The adopted
values for f, and f. are taken from the obtained experimental data shown in Table 1. The other
three parameters, f,,, f,, and f, default to William and Warnke (Willam and Warnke 1975) and
were taken as 1.2 f/ , 1.45 f , and 1.725 f_ , respectively. It should be noted that the adopted

parameters are within the range used in the available literature (Hawileh, ElI-Maaddawy et al.
2012, Hawileh, Naser et al. 2013, Manos, Theofanous et al. 2014).

According to the William and Warnke model (Willam and Warnke 1975), the concrete element in
tension will crack and lose stiffness upon reaching its tensile strength. Therefore, the behavior of
the concrete element in tension was modeled as linear elastic up to the concrete tensile strength
(Willam and Warnke 1975, 2015). The stress relaxation in tension is represented by a step drop in
the concrete tensile stress by 40%, beyond which the curve descends linearly to zero tensile stress
at a strain value six times larger than strain value at the concrete’s tensile strength (Willam and
Warnke 1975, 2015). The William and Warnke model (2015) also requires values for the open and
closed shear coefficients, that were taken as 0.3 and 0.5, respectively (Hawileh, EI-Maaddawy et
al. 2012, Hawileh, Naser et al. 2013). The concrete compressive behavior was modeled with the
well-known stress-strain relationship proposed by Hognestad (Hognestad, Hanson et al. 1955)

eHe

where f; is the compressive stress in the concrete (MPa) corresponding to the specified strain ¢, f/
is the concrete compressive strength (Table 1) and g, is the peak compressive strain equal to
2f/1E,, .

3.3 Solution technique, mesh and convergence issues

In the nonlinear analysis, the total load applied to finite element model is divided into a series
of load increments called load steps. At the completion of each incremental solution, the stiffness
matrix of the model is adjusted to reflect nonlinear changes in structural stiffness before
proceeding to the next load increment. The Newton—Raphson equilibrium iterations for updating
the model stiffness were used in the nonlinear solutions.

In this study, convergence criteria for the FE models were based on force and displacement,
and the convergence tolerance limits were initially selected by analysis program, which was 0.001.
For the nonlinear analysis, automatic time stepping through the ANSYS program predicts and
controls load step sizes. Based on the previous solution history and the physics of the models, if
the convergence behavior is smooth, automatic time stepping will increase the load increment up
to a selected maximum load step size. If the convergence behavior is abrupt, automatic time
stepping will bisect the load increment until it is equal to a selected minimum load step size. The
maximum and minimum load step sizes are required for the automatic time stepping.

Mesh convergence study with three fine mesh sizes, 15mm, 10mm, and 5mm were carried out.
It was found that the result obtained from a 10 mm mesh size beam was more accurate. Further
refinements presented same results as the previous mesh but consuming more time for
computations. Thus, a 10x10x10mm mesh size was finally chosen for all FE models. The solution
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Fig. 5 Numerical load-mid span deflection curves Fig. 6 Numerical load-mid span deflection curve

versus test results of T. S. Nagaraj and H. V. versus test results of Jun Zhang et al. (Zhang, Wang

Dwarakanath (Nagaraj and Dwarakanath 1984) et al. 2014)

Table 3 Experimental and FE results

Ultimate deflection

Ultimate load (kN)  Difference Difference

Specimen FE model (Pexol Pec) % (mm) (Ouxe/ Onc) %
PEXF’ I:>FE 5EXP 5FE
EXP (SF 1.0%) FE (SF 1.0%) 1520  15.60 2.56% 0.38 0.35 -8.57%
EXP (SF 3.0%) FE (SF 3.0%) 2860  28.10 -1.78% 0.55 0.57 3.51%
EXP (PC) FE (PC) 473 455 -3.96% 0.32 0.30 -6.67%

EXP (PVA2.0%) FE (PVA2.0%) 1471 1492 1.41% 418 387  -8.01%

time with this mesh was approximately 3-4 h using processor Intel(R) Core(TM) i7-3930K (3.20
GHz).

3.4 Numerical results

The numerical results in terms of load-midspan deflection curves have been illustrated in Figs.
5 and 6 for all the analyzed beams. The beams reinforced with steel fiber failed in ductile flexure
followed by concrete crushing at the midspan section as shown in Fig. 5. In contrast, the beam
reinforced with PVA fiber did not fail by concrete crushing, but achieved the ultimate stage by
rupture of the PVA fiber. Fig. 6 highlights these numerical results.

Furthermore, Table 3 presents the numerical and experimental results for the load-carrying
capacity and deflection at failure. The most obvious finding from Figs. (5, 6) and Table 3 is that
the predicted FE results from the present study agree relatively well with that from the
experimental study, with a maximum deviation less than 10%. In conclusion, the developed
models in the current study could be used to identify the behavior of concrete beams reinforced
with short fibers with reasonable accuracy. In addition, the use of wide range of mechanical
properties from the developed FE models can provide designers and researchers with valuable
insights into the performance of concrete beams reinforced with short fibers.
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Table 4 Description of the fibers used in parametric study

Steel (SF) Basalt (BF) Aramid (AF) Glass (GF) PVA
Material Steel Mineral Synthetic Synthetic Synthetic
Geometry Macro Micro Micro Micro Micro
L (mm) 36 12 12 12 12
¢ (um) 500 13 15 13 39
p (kg/m?) 7800 2800 1470 2600 1300
fry (GPa) 1-3 4.1 55 34 1.62
E: (GPa) 200 89 180 77 42.8
" 0.30 0.23 0.28 0.22 0.42
Reference (Nagaraj and (Kizilkanat, Kabay (Vasilievand (Kizilkanat, Kabay (Zhang, Wang et
Dwarakanath 1984) et al. 2015) Morozov 2013) et al. 2015) al. 2014)

4. Parametric study

There are a quite few researches so far on the performance of concrete beams reinforced with
different types of fibers. Therefore, a parametric study was designed and conducted in terms of
load-midspan deflection curves and crack patterns of the beams to advance the knowledge in this
field and further investigate the effect of different parameters in structural response of similar
beams. The variables of the parametric study are fiber reinforcement material type, fiber volume
fraction, and concrete compressive strength. This parametric study used specimens tested by Jun
Zhang et al. (Zhang, Wang et al. 2014), and T. S. Nagaraj and H. V. Dwarakanath (Nagaraj and
Dwarakanath 1984) and validated by the developed FE model as reference specimens.

4.1 Fiber material type

The effect of replacing the PVA fibers with synthetic: aramid (AF); glass (GF), mineral: basalt
(BF), and conventional steel (SF) fibers on the behavior of the specimen EXP (PVA) will be
studied. Four additional FE models are developed having the same geometrical properties used in
the specimen EXP (PVA), and fiber volume fraction of 2%. The newly developed models are
designated as FE (AF), FE (GF), FE (BF), and FE (SF) representing concrete beams reinforced
with aramid, glass, basalt fibers, and steel fibers, respectively. The used values of mechanical
properties for the fibers in the developed FE are obtained from the available literature (Nagaraj and
Dwarakanath 1984, Vasiliev and Morozov 2013, Kizilkanat, Kabay et al. 2015) and given in Table
4,

Fig. 7 shows the response of the different concrete beams reinforced with PVA, AF, GF, BF,
and SF fibers. The deflection failure and load-carrying capacity of the studied beams are shown in
Table 5. The initial slope of the load—deflection curve of the studied beams is quite similar, and
represents the concrete contribution to the load-carrying capacity as clarified in Fig. 7. The stress
in the reinforcement is utilized to transfer the applied loadings upon concrete cracking. Thus, it can
clearly noticeable a change of slope in the load—deflection response of the studied beams with
different types of fibers is as illustrated in Fig. 7. Since the stiffness of the fiber material controls
such slope, the beam reinforced with AF fiber, FE (AF) achieved the stiffer response compared to
the other four beams, as clarified in Fig. 7 and Table 5.



Flexural behavior of concrete beams reinforced with different types of fibers 1009

Load (kN)

0 1 T T T T

Deflection (mm)

Fig. 7 Effect of fiber material type on the beam’s load-mid span deflection response

Table 5 Effect of fiber material type

Crackin % Crackin % Ultimate % Ultimate % Failure %
Specimen  load gDifferencedeﬂectio%Difference load DifferencedeﬂectionDifferencedeﬂectionDifference
P (kN) (FE/EXP (FE/EXP (kN) (FE/EXP (FE/EXP (FE/EXP

pva) (MM pyp pva) (MM ey (MM Tpyp
Iy J— {: — (N — 418 e 698 -

EXP
(PVA)

FE (AF) 1545 1896% 0.11 1427 27% 23.63 37.75% 057 -633.33% 1.08 -546.29%

FE (GF) 1487 1580% 1.07 -57.01% 19.51 2460% 205 -103.90% 3.36 -107.74%
FE (BF) 1453 13.83% 0.68 -147.06% 2242 3439% 114 -266.67% 2.01 -247.26%

0 - 0 - 0 - 0
FE (SF) 12.65 1.04% 0.09 1766.67% 20.70 28.94% 0.46 808.69% 1.09 540.37%

The concrete beam reinforced with steel fiber, FE (SF) failed at a maximum load of 20.7 kN
with an associated midspan deflection of 0.46 mm, as shown in Fig. 7. However, the other four
beams reinforced with different types of fibers FE (PVA), FE (AF), FE (GF), and FE (BF), were
able to withstand significant load levels and displacements at failure. It was observed that the load
increased at a very small rate in the second change in slope of FE (SF) compared to the initial
slope. This behavior can be explained by the weak adhesion between the steel fibers and the
matrix, and by their greatest aspect ratio (L/¢ =72) (Hannawi, Bian et al. 2016). After a
considerable deflection, where the fibers were no longer capable of sustaining the maximum
tensile stress, due to the increase in crack width of the structure, the final changes in slope
(descending) of the beam specimens were occurred. Further details of these stages are explained in
(Hassan, Jones et al. 2012, Mahmud, Yang et al. 2013). It is also clear from Fig. 7 and Table 5 that
the load-carrying capacity of FE (AF), FE (GF), FE (BF), and FE (SF) specimens were higher than
FE (PVA) by (18.96%), (15.80%), (13.83), and (1.04%) for cracking load, and (37.75%),
(24.60%), (34.39%), and (28.94%) for ultimate load, respectively.
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Fig. 8 Effect of fiber volume fraction on the load-mid span deflection response
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Table 6 Effect of fiber volume fraction
Cracki .% . .% Ultima .. % . . % . .%
N Differen Cracking Differen te Differenc Ultimate Differenc Failure Differen
Specimen load ce deflection ce load e deflection e deflection  ce
(kN) (FE/EX (mm) (FE/EX (kN) (FE/EXP  (mm) (FE/EXP (mm) (FE/EX
P PC) P PC) PC) PC) P PC)
EXP (PC) 256 ------- 0.07 - 473 - 032 - 086  -------
FE (()IZ/XA 10.74 76.16% 0.79  91.14% 13.24 64.27% 1.20 73.33% 7.64 88.74%
FEg}SA 8.75 70.74% 149 95.30% 10.98 56.92% 2.10 84.76%  12.88 93.32%
Fgéﬁ%A 12.52 79.55% 1.68 95.83% 14.92 68.30% 3.87 91.73% 6.98  87.68%
FE (PVA 0 0, 0, 0, 0
2.5%) 13.21 80.62% 4.63 98.49% 14.98 68.42% 6.40 95.00%  10.81 92.04%
FE (PVA 0 0 0 0 0
3.0%) 14.06 81.79% 3.98 98.24% 15.76 69.99% 5.73 94.42% 8.40 89.76%
FE (AF 1.0%) 11.87 78.43% 0.34 79.41% 15.71 69.89% 0.48 33.33% 0.65 -32.31%
FE (AF 1.5%) 15.72 83.72% 0.22 68.18% 19.32 75.52% 0.41 21.95% 0.52 -65.38%
FE (AF 2.0%) 15.45 83.43% 0.11 36.36% 23.63 79.98% 0.57  43.86% 1.08  20.37%
FE (AF 2.5%) 23.16 88.95% 0.40 82.50% 27.84 83.01% 0.77 58.44% 140 38.57%
FE (AF 3.0%) 26.84 90.46% 0.71  90.14% 30.62 84.55% 0.90 64.44% 120 28.33%
FE (GF 1.0%) 13.07 80.41% 121 94.21% 15.76 69.99% 1.89 83.07% 354  75.71%
FE (GF 1.5%) 14.23 82.01% 0.67 89.55% 17.21 72.52% 1.23 73.98% 1.86 53.76%
FE (GF 2.0%) 14.87 82.78%  1.07 93.46% 19.51 75.76% 2.05 84.39% 336  74.40%
FE (GF 2.5%) 17.37 85.26% 1.84 96.19% 20.48 76.90% 2.47 87.04% 510 83.14%
FE (GF 3.0%) 18.14 85.89% 1.72 95.93% 21.75 78.25% 2.96 89.19% 475 81.89%
FE (BF 1.0%) 10.96 76.64% 0.25 72.00% 14.06 66.36% 0.52 38.46% 098 12.24%
FE (BF 1.5%) 11.62 77.97% 051 86.27% 15.39 69.27% 0.76 57.89% 1.64  47.56%
FE (BF 2.0%) 14.53 82.38% 0.68 89.71% 22.42 78.90% 1.14 71.93% 201 57.21%
FE (BF 2.5%) 17.04 84.98% 0.65 89.23% 21.84 78.34% 0.92 65.22% 182  52.75%
FE (BF 3.0%) 20.71 87.64% 0.92 92.39% 25.43 81.40% 1.58 79.75% 2.73  68.50%
FE (SF 1.0%) 10.32 75.19% 0.15 53.33% 15.10 68.68% 0.30 -6.67% 110 21.82%
FE (SF 1.5%) 11.47 77.68% 0.26 73.08% 17.30 72.66% 0.40 20.00% 123  30.08%
FE (SF 2.0%) 12.65 79.76%  0.09  22.22% 20.70 77.15% 0.46 30.43% 1.09 21.10%
FE (SF 2.5%) 19.72 87.02% 0.30 76.67% 25.40 81.38% 0.50 36.00% 111 22.52%
FE (SF 3.0%) 21.87 88.29% 0.41 82.93% 28.60 83.46% 055 41.82% 126  31.75%

It can be concluded that the use of the different types of fiber assisted in enhancing the
structural performance of these beams. Furthermore, the response of the beam specimen reinforced
with aramid fibers, FE (AF) outperformed the other beam specimens in terms of load levels, while,

the beam reinforced with PVA fibers, FE (PVA) showed higher deflection levels.

4.2 Fiber volume fraction

Five different fibers’ volume fractions have been employed to investigate the effect of fiber
volume fractions on the behavior of fiber reinforced concrete beams. It is noteworthy that the
geometrical properties of developed FE models are similar to those used in the experimental study
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of Jun Zhang et al. (Zhang, Wang et al. 2014). The investigated fibers’ volume fractions are 1, 1.5,
2, 2.5 and 3% for each fiber type. Thus, twenty-five new FE models are developed representing
concrete beams reinforced with polyvinyl alcohol (PVA), aramid (AF), glass (GF), basalt (BF),
and steel (SF) fibers, respectively. Fig. 8 shows the load—deflection response of the developed
models, as well as Table 6 provides the deflection and load-carrying capacity at cracking and
failure of the studied beams. It is obvious from Fig. 8 and Table 6 that there is a clear correlation
between the volume fraction of the fibers and load-carrying capacity of these beams. As expected,
the load-carrying capacity of each beam tends to increase using higher volume fraction. The
increase can be attributed to the bridging action of the fibers across the cracks which restrained the
propagation of micro cracks at the inception only. The stress is transferred to the bridging fibers
after the flexural failure, which contains the crack propagation for some time and thus tensile
strength is enhanced (Patel, Desai et al. 2012, Jiang, Fan et al. 2014).

It is evident from Fig. 8 that fiber addition had a beneficial effect on the load-carrying capacity
of fiber reinforced concrete beams when compared with plain concrete and is in harmony with the
finding of other researchers (Song and Hwang 2004, Sivakumar and Santhanam 2007, Kizilkanat,
Kabay et al. 2015). However, the enhancement in load-carrying capacity was more prominent for
beams reinforced with aramid fiber (AF) when compared to other fibers. The slopes of the pre-
peak region in the load-carrying capacity response were similar irrespective of the fiber. However,
the peak loads sustained by the concrete beams were found to be dependent on the fiber type and
dosage. In fact, the load-carrying capacity of beams reinforced with polyvinyl alcohol (PVA),
aramid (AF), glass (GF), basalt (BF), and steel (SF) fibers at fiber dosage 3% increased by
(69.99%), (84.55%), (78.25%), (81.40%), and (83.46%), respectively over that of the reference
specimen (PC). Furthermore, the ductility of the beam specimens reinforced with higher fiber
volume fraction was increased as indicated in Fig. 8 and Table 6. Indeed, the ductility of FE (PVA
3%), FE (AF 3%), FE (GF 3%), FE (BF 3%), and FE (SF 3%) models was increased by (94.42%),
(64.44%), (89.19%), (79.75%), and (41.82%), respectively over that of the reference specimen
(PC). It could be concluded that using short fiber materials as internal reinforcement led to
enhance the load-carrying capacity of structural concrete members with high ductility behavior.

4.3 Concrete compressive strength

The effect of the concrete compressive strength on the behavior of concrete beams reinforced
with polyvinyl alcohol (PVA), aramid (AF), glass (GF), basalt (BF), and steel (SF) fibers has been
studied. Ten additional FE models were developed with concrete compressive strengths of 45 and
65 MPa and designated as FE (PVA 45 MPa), FE (PVA 65 MPa), FE (AF 45 MPa), FE (AF 65
MPa), FE (GF 45 MPa), FE (GF 65 MPa), FE (BF 45 MPa), FE (BF 65 MPa), FE (SF 45 MPa),
and FE (SF 65 MPa), respectively. The additional FE models were developed having the same
geometrical properties used in the specimen EXP (PVA). The results of the developed models are
compared with specimens FE (PVA), FE (AF), FE (GF), FE (BF), and FE (SF), respectively that
had a compressive strength of 30 MPa. The results of the load—deflection curves of these beams
are shown in Fig. 9. Table 7 provides the results of the ultimate load in the developed models
along with the associated mid-span deflection at failure. It can be seen from Fig. 9 and Table 7 that
the models of (65 MPa) compressive strength achieved a higher load-carrying capacity than that of
(30 MPa) compressive strength models by (18.78%), (16.35%), (14.28%), (14.10%), and (19.98%)
along with a decrease of (57.32%), (35.71%), (9.63%), (23.91%), and (43.75%) in the associated
mid-span deflection for beams reinforced with PVA, AF, GF, BF, and SF, respectively. However,
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Fig. 9 Effect of concrete compressive strength on the response of fiber reinforced concrete beams

the models of (45 MPa) compressive strength experienced a slight increment in the ultimate load
compared to that of (30 MPa) compressive strength models as shown in Fig. 9 and Table 7.

4.4 Crack patterns
The numerical cracking patterns at failure for the beams reinforced with polyvinyl alcohol

(PVA), aramid (AF), glass (GF), basalt (BF), and steel (SF) fibers at 3% fiber volume fraction are
presented in Fig. 10. Generally, for all the beams, the cracks were almost vertical in the bending
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Table 7 Effect of concrete compressive strength

Cracking % Cracking % Ultimate % Ultimate % Failure %
Specimen  load _Difference o -, =~ Difference ™ '\ "Difference , o . - Difference , oo .- Difference
P (kN) (FE/FE 30 (mm) (FE/FE 30 (kN) (FE/FE 30 (mm) (FE/FE 30 (mm) (FE/FE 30

MPa) MPa) MPa) MPa) MPa)
FE (PVA
30 Mpa) 1292 I — VK J— 387 e 698 oo
IZE I(\I/IDIE’/S 13.28 5.72% 1.76 455% 1531 2.55% 326 -18.71% 420 -66.19%
';E &D;/ag\ 16.54 24.30% 1.08 -55.56% 18.37 18.78% 246 -57.32% 410 -70.24%
FE (AF
30 Mpa) >4 O — 2363 oo 057  —omeme 1.08  oeeee-
4F5EI\SI'IA:’\Z) 19.76 21.81% 0.23 52.17% 24.26 2.60% 051 -11.76% 0.66 -63.64%
GI:ESEI\SI?Z) 23.21 33.43% 0.20 45.00% 28.25 16.35% 0.42 -35.71% 056 -92.86%
FE (GF
3o Mpa) 487 Yoy AR— Ty R— 70— 336 oee-
4F5E'\S“GDZ) 17.38 14.44% 1.02 -490% 20.45 4.60% 1.97 -4.06% 2.88 -16.67%
GFSERSI(;Z) 19.61 24.17% 1.23 13.01% 22.76 14.28% 1.87 -9.63% 3.51 4.27%
FE (BF
30 Mpa) 1498 O E— 7Yy R— 114 coeee 201  oeem-
4';E,\§|EZ) 1901 2357% 069  145% 2438 804% 107 -654% 225 10.67%
6F5E|\$|EZ) 2147 32.32% 042 -61.90% 2610 14.10% 092 -2391% 168 -19.64%
FE (SF
30 MPa) 12.65 o 0.09 - 2070  ------- 046  ------ o D—
4F5EN(”SDI;) 1496 15.44% 0.13 30.77% 21.00 1.43% 0.40 -15.00% 0.68 -60.29%
GFSEN(”SJ;) 18.38 31.18% 0.11 18.18% 25.87 19.98% 0.32 -43.75% 050 -118.00%

span while, inclined in the shear region.

It can be observed that the beams reinforced with polyvinyl alcohol (PVA) fibers show a
greater number of cracks than the other beams. This result is probably due to the mechanical and
physical properties of PVA fibers that provide a more widespread cracking. Consequently, the
dissipated energy at failure was higher for the beams reinforced with PVA fibers at (30) MPa
compressive strength. It can be seen that the cracks in the beams grow symmetrically on both sides
of the beam due to the beam geometry, boundary and loading conditions are all symmetric. Also,
this could be attributed to the uniform distribution and orientation of the fibers (Wille and Parra-
Montesinos 2012), which adopted in this study by using homogenous models.

As illustrated in Fig. 10, the beams underwent three stages (refer (Weibull 1939, Weibull 1951,
Rossi, Arca et al. 2005, Magureanu, Sosa et al. 2012)). The first was linear-elastic stage, where
both matrix and fibers behaved elastically. The maximum flexural strength attained in this stage
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, arami

(d) Concrete beam reinforced with SF fibers

Fig. 10 Numerical cracking patterns for the beams reinforced with polyvinyl alcohol (PVA)

(AF), glass (GF), basalt (BF), and steel (SF) fibers at 3% fiber volume fraction
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corresponded to the matrix strength while the fiber contributed little to the overall structural
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behavior. The next stage followed by the appearance of micro-cracks near the loading supports
where the matrix cracking strain was exceeded. As the load increased, the micro-cracks merged
into a single macro-crack. The crack surfaces were bridged by closely spaced fibers. Due to the
high strength of the fibers and strong bond between the fibers and the matrix, the macro-crack
widens slowly in this stage, leading to certain level of strain hardening. This strain hardening
behavior distinguishes fiber reinforced concrete beams from conventional types of concrete. This
stage is called pseudo-strain hardening stage. After a considerable deflection, where the fibers
were no longer capable of sustaining the maximum tensile stress, due to the increase in crack
width of the structure, the final stage of the beam specimens occurred as a single macro-crack
localized in the structure section. This stage is called the descending region (softening region).
Similar to the previous stage, this region is very pronounced for fiber reinforced concrete beams
and it is controlled by fiber pull-out across the concrete crack and fiber pull-out depends on the
type and length of the fiber. The deformation behavior in this stage is related to half the length of
the fiber, 6 mm in this study. Furthermore, it was also observed that the load increased at a very
small rate in pseudo-strain hardening phase compared with the elastic phase, and high deformation
took place with reduced modulus of elasticity. Further details of these stages are explained in
(Hassan, Jones et al. 2012).

5. Conclusions

A total of thirty-eight 3D nonlinear FE models were developed in the present investigation to
simulate the response of concrete beams reinforced with a synthetic, mineral, and conventional
steel fibers. Four models were utilized to validate the accuracy of the results by comparing the
predicted load versus mid-span deflection response values with the experimental results obtained
from an available literature. The remaining thirty-four models were used to study numerically the
effect of fiber reinforcement material type, fiber volume fraction, and concrete compressive
strength on the behavior of the reinforced concrete beam specimens. Furthermore, the numerical
cracking patterns at failure for the beams reinforced with different type of fibers were investigated.
The main finding can be summarized as follow:

» The developed FE models predicted accurately the load—deflection capacity of the
experimental specimens with a deviation less than 10%.

* The developed FE models, with an approach grounded on the solid basis of micromechanics,
capable to be employed by researchers and engineers as a numerical tool to investigate the
behavior of concrete beams reinforced with different types of fibers at macroscale and microscale.

» The use of different material types of fibers yielded different responses of the beam
specimens. Regarding maximum load levels, the response of the beam specimen reinforced with
aramid (AF) fibers outperformed the other beams that were reinforced with polyvinyl alcohol
(PVA), glass (GF), basalt (BF), and steel (SF) fibers.

» The load-carrying capacity of the beams reinforced with aramid polyvinyl alcohol (PVA),
(AF), glass (GF), basalt (BF), and steel (SF) fibers at 3% fiber volume fraction increased by
(84.55%), (78.25%), (81.40%), and (83.46%), respectively over that of the reference specimen
(PC).

* The ductility of the beams reinforced with aramid (AF), glass (GF), basalt (BF), and steel
(SF) fibers at 3% fiber volume fraction increased by (69.99%), (64.44%), (89.19%), (79.75%), and
(41.82%), respectively over that of the reference specimen (PC).
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» The models of (65 MPa) compressive strength achieved a higher load-carrying capacity than
that of (30 MPa) compressive strength models along with a decrease in the associated mid-span
deflection for beams reinforced with different type of fibers.

* For all the beams, the cracks were almost vertical in the bending span and inclined in the
shear region. Furthermore, the beams reinforced with polyvinyl alcohol (PVA) fibers show greater
number of cracks than the other beams.
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