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Abstract: The use of construction waste as aggregate in the production of concrete is becoming a more frequent
alternative due to the advantages associated with the sustainability aspect. Results obtained in experimental tests with
recycled aggregate concrete suggest that mechanical properties such as elastic modulus, compressive, tensile and
flexural strength tend to reduce with partial or total replacement of natural aggregate by recycled one. On the other
hand, the use of steel fiber reinforcement can minimize the reduction of these properties, since the fibers tend to
improve the material strength and ductility. This work proposes a numerical approach, seeking to better predict and
understand the structural mechanical behaviors and failure patterns of reinforced recycled aggregate concrete slabs
with and without steel fiber. Based on the finite element method, an appropriated constitutive damage model is
employed to represent the nonlinear behavior of the conventional/recycled concrete, while an elastic-perfectly plastic
model is used to describe the mechanical behavior of the reinforcements. To couple the independent FE meshes and
incorporate the mutual interaction between the different components, rigid and non-rigid coupling technique is used
to represent the perfect adherence or the bond-slip behavior. Seven concrete slabs were numerically analyzed either
with different percentages of recycled aggregate replacement (0, 50 and 100%) or steel fibers content (0.0, 0.5 and
1.0%) and the results were compared with the experimental ones. The results showed that the applied methodology
is capable of simulating with good accuracy the punching shear failure mechanism of the slabs. It was observed that
the punching ultimate load decreased with increase of recycled aggregate content, as well as that the steel fiber
addition can minimize the negative effects of recycled aggregate employment.

Keywords: recycled aggregate, steel fiber, punching failure, finite element, constitutive models.

Resumo: A utilizagdo de residuos da construgio civil como agregado na produgio de concreto vem se tornando uma
alternativa cada vez mais frequente devido as vantagens associadas ao aspecto da sustentabilidade. Resultados obtidos
em ensaios experimentais com concreto de agregado reciclado sugerem que propriedades mecanicas como modulo de
elasticidade, resisténcia a compresso, tragdo e flexdo tendem a diminuir com a substitui¢do parcial ou total do agregado
natural pelo reciclado. Por outro lado, a utilizagdo de reforgo de fibras de ago pode minimizar a redugdo dessas
propriedades, uma vez que as fibras tendem a melhorar a resisténcia e a ductilidade do material. Este trabalho propde
uma abordagem numérica, buscando melhor prever e entender os comportamentos mecanicos estruturais e os modos de
falha de lajes de concreto com agregado reciclado armado com e sem fibra de ago. Com base no método dos elementos
finitos, um modelo constitutivo de dano apropriado ¢ empregado para representar 0 comportamento ndo linear do
concreto convencional/reciclado, enquanto que um modelo elastico-perfeitamente plastico € usado para descrever o
comportamento mecanico das armaduras. Para acoplar as malhas de EF independentes e incorporar a interagao miitua
entre os diferentes componentes, a técnica de acoplamento rigido e ndo rigido ¢ usada para representar a aderéncia perfeita
ou o comportamento de perda de aderéncia (bond-slip). Sete lajes de concreto foram analisadas numericamente com
diferentes porcentagens de substituigao de agregado reciclado (0, 50 e 100%) ou teores de fibras de ago (0,0; 0,5 e 1,0%)
¢ os resultados foram comparados com os experimentais. Os resultados mostraram que a metodologia aplicada ¢ capaz
de simular com boa precisdo o mecanismo de ruptura por pungdo das lajes. Observou-se que a capacidade de carga a
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pungdo diminuiu com o aumento do teor de agregado reciclado, assim como que a adigao de fibra de ago pode minimizar
os efeitos negativos do emprego de agregado reciclado.

Palavras-chave: agregado reciclado, fibras de ago, falha por pungdo, elementos finitos, modelos
constitutivos.
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1 INTRODUCTION

Flat reinforced concrete slabs can suffer punching shear failure under the action of concentrated load, in general, at
the column location. Some conditions which influence punching behavior are slab area, position of force application,
concrete compressive strength, span length, slab thickness, flexural reinforcement and supporting conditions. Due to
its brittle and sudden failure mechanism, combined with environmental actions that seek to partially or totally replace
the natural coarse aggregates by recycled aggregate, the punching shear failure in recycled aggregate concrete (RAC)
slabs has been a topic of great interest for the scientific community, since the use of recycled aggregates can
significantly reduce the mechanical properties of the concrete, contributing negatively to this failure mode [1]-[3].

Driven by some of its advantages, such as its easy molding and both relatively high compressive strength and low
cost, concrete is one of the most widely used building materials, requiring a large availability of natural aggregates,
around 60%-75% of the total concrete volume, whose production contributes significantly to carbon emission [4].
Another result of concrete large-scale use for decades is the large amount of waste produced by construction activities
or demolitions, whose disposal also negatively contributes to the environment [5]. Thus, the use of recycled concrete
aggregates (RCA), which are obtained by crushing concrete waste, brings great economic and environmental
advantages, being an alternative to natural aggregates [4], [S]. However, its effects on the mechanical properties of the
new recycled aggregate concrete need to be better understood. Due to its high degree of heterogeneity, recycled concrete
may have lower mechanical properties than conventional concrete, such as, for example, lower compressive and tensile
strengths, as well as significant reductions in the modulus of elasticity and fracture energy [6]-[9].

Seeking to overcome these disadvantages, recent studies have investigated the benefits arising from the inclusion of steel
fibers in their composition, which could improve the mechanical properties of the recycled aggregate concrete [10]-[12]. As
demonstrated in the studies carried out by these authors, the appropriate addition of steel fiber volumetric ratios can mitigate the
disadvantages provided by the replacement percentages of recycled aggregates, such as compressive, tensile and bending
strengths, providing beneficial effects on the fracture propagation process in recycled concrete. Experimental results performed
by Xie et al. [13] also indicate a significant increase in flexural and tensile strength, highlighting the bridging effect provided by
the fibers, which works to contain fracture initiation and propagation. Previous experiments carried out by Carneiro et al. [14]
also showed similar results, as the addition of fibers resulted in the increase of all mechanical properties and better controlled the
fracture propagation process in recycled concrete. The experimental studies provided by Xiao et al. [1] also show that steel fibers
can improve the punching shear and energy dissipation capacities, as well as the ductility and deformations, even for the slabs
with a total replacement of natural aggregate by recycled one.

Efforts have been made to develop numerical models to simulate and better understand the effects arising from both
the natural aggregate and the partial or total replacement of natural aggregate by recycled aggregate, on the mechanical
properties of conventional and fiber-reinforced recycled concrete [15]-[20]. In these models, more realistic geometric
representations of the recycled concrete constituents can be adopted, making it possible to explicitly consider some of
its heterogeneity, normally observed in the micro and mesoscopic scales, to the numerical analyses. Although this
explicit representation can bring more accurate answers, the analyzes can become extremely computationally
expensive, making it impossible to carry out 3D problems or perform a large number of simulations, considering varied
conditions, for example, different replacement percentages of recycled aggregates. On the other hand, macroscopic
models can be used, considering recycled concrete as a homogeneous material, using homogenized elastic and fracture
properties (average properties), making it possible to carry out three-dimensional analyzes with much less
computational time, and still bring valuable answers about the mechanical behavior of this material.

Therefore, this work proposes a numerical approach to predict and better understand the punching failure behavior
of reinforced recycled aggregate concrete slabs either with different replacement percentages of recycled concrete or
steel fiber volumetric ratios, which were experimentally performed by Xiao et al. [1], comparing both the experimental
found in the literature [1] and numerical responses obtained. The numerical model is based on the Finite Element
Method, in which regular tetrahedral finite elements are used to discretize the recycled concrete domain on the
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macroscopic scale, while unidimensional finite elements are used to discretize the steel bars and fibers reinforcements.
Based on the Continuum Damage Mechanics Theory (CDMT), the constitutive damage model proposed by
Cervera et al. [21] is used to represent the nonlinear behavior of the recycled concrete, while an elastic-perfectly plastic
model described in Simo and Hughes [22] is employed to simulate the yielding process of steel bars and fibers. To
couple these independent FE meshes, the rigid and non-rigid coupling scheme proposed by Bitencourt et al. [23], [24]
is properly used to respectively represent the perfect bond or the complex bond-slip phenomenon between the recycled
concrete and the steel bars and fibers reinforcements. Seeking to improve the computational stability and robustness of
the solution involving cracks propagation in the RAC, mechanical behavior of steel bars and fiber-RAC bond-slip
relation, for all the constitutive models adopted the implicit-explicit integration scheme proposed by Oliver et al. [25]
and efficiently applied for elastoplasticity problems by Prazeres et al. [26] is employed.

2 METHODOLOGY

The proposed 3D numerical model to simulate reinforced recycled aggregate concrete slabs with different contents
of recycle aggregates and steel fibers is based on the Finite Element Method, assuming a macroscopic scale approach,
in which the concrete is treated as a homogeneous material, employing homogenized material properties. The main
ingredients of the numerical modeling process, formulated and implemented an in-house FE computer program in
MATLAB®), can be divided into two parts: the FE modeling strategy, in which the tasks still in the pre-processing stage
are performed; the constitutive models applied to simulate the individual mechanical behavior of the different
components of the slabs (i.e. recycled concrete, steel bars and fibers and even the mutual interaction between them)
that working together are able to represent the complex punching failure phenomenon of RAC slabs.

2.1 FE Modeling strategy

The first modeling step is to geometrically design the slab components and apply the boundary conditions (essential
and natural), as illustrated in Figure 1, where due to the symmetry of problem, only a quarter of slab is numerically
modeled, in which the normal displacements on the two symmetry-planes are restricted. Then, the independent FE
meshes of the recycled concrete, steel bars and fibers reinforcements are generated, as illustrated in Figure 2, using the
pre and post processing program GiD®, developed by CMNE (“International Center for Numerical Methods in
Engineering”) of the Polytechnic University of Catalonia. The concrete domain is discretized by conventional
tetrahedral finite elements and both the steel bars and fibers by one-dimensional truss elements. The support that allows
upward vertical displacement is also modeled by one-dimensional bar elements.

W
%
(b)
| Concrete Essential condition Natural condition
Unilateral continuous elastic support Symmetry-planes with normal I Distributed load

displacements restricted S ;
(Dimensions in mm) . I Load application region

Figure 1. Dimensions of experimental (a) and numerically modeled slab, with its boundary conditions (b).
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Figure 2. Independent meshes of concrete (a), steel bars (b) and fibers (c).

To couple these independent meshes, the coupling finite elements (CFEs) proposed by Bitencourt et al. [21] are used, as
illustrated in Figure 3. These coupling elements are defined from the conventional four-nodded tetrahedral elements with an
additional node that corresponds to the node of the bars or fibers, called as loose node by the authors [21], located in the domain
of the corresponding tetrahedron (Figure 4). As demonstrated by the authors, the CFEs technique do not increase the number of
degrees of freedom of the system and both rigid and non-rigid coupling scheme can be assumed [23], [24].

Figure 3. Details about the CFEs meshes used to couple the steel bars (a) and fibers (b) in the RAC mesh.

Reinforcement
element

@ Regular nodes
@ Loose node

y

Figure 4. CFE defined from four-nodded tetrahedral element with the additional coupling node.
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2.2 Constitutive models

2.2.1 Continuum damage model for RAC

To represent the nonlinear behavior of the RAC, the damage model proposed by Cervera et al. [21] is used, in which
for the sake of simplicity the compressive behavior is assumed to be linear elastic. Thus, the effective stress tensor (o)
is split in tensile (6*) and compressive (6~) components, and only the tensile damage variable (d*) is defined and
applied to reduce the effective tensile stress (67), as described by Equation 1.

oc=(1-d¥)o*+ o (D

where 0 < d*< 1 and ¢ is the current stress tensor.

The equivalent effective tensile norm 77 is defined according to Equation 2, as:

@)

where Dy? is the inverse fourth-order linear-elastic constitutive tensor.

To determine the elastic domain and the beginning of degradation growth, the damage criteria g*(tension) is
introduced by Equation 3:

grEtrH) =17t —rt <0 3)

The variable r* is the current damage thresholds and its evolution can be obtained by assuming the highest value
reached by T7, as described by Equation 4.

r* = max(ryt, max(t+)) “4)

The initial value of the initial damage thresholds 7 is the tensile strength of the material (f}).

Finally, the damage evolution rule for tension is given by Equation 5:

+
+ r
At (-

dt =1—£e To 5
s

where A" is the softening parameter derived from the fracture energy and the characteristic length.

More details about this model can be found Cervera et al. [21].

2.2.2 Elastoplastic model for steel bars and fibers reinforcements

To represent the mechanical behavior of the steel bars and fibers a perfect elastoplastic model is used. As illustrated
in Figure 5, the stress-strain constitutive relation is based on the Young’s modulus Eg and the yield stress f, properties
of the material. Details about this model can be found in Simo and Hughes [22].
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Figure 5. Perfect elastoplastic model assumed for the bars and fibers.

2.2.3 CFE model for bars and fibers reinforcements-RAC interactions

To represent the mutual interaction between the reinforcements (steel bars and fibers) and the RAC, the rigid and
non-rigid coupling technique proposed by Bitencourt et al. [23], [24] is used, which has also recently been used to
couple non-conforming meshes in multiscale concrete approaches [27]-[29].

According to this technique, in which independent FE meshes can be assumed, the reinforcement contribution is
added according to the global internal force vector (Fi"t) and stiffness matrix (K) presented in Equations 6 and 7.

int _ nelQ¢ pint nel pint nelQf pint nelQ¢FE pint
Fint = ATCORIvC 4+ ATIPURRG 4 ALIRTRI. 4+ ANSRCURI ©
concrete elements bars fibers coupling elements
— nelQ¢ nel2? nel2f nel2CFE
K= A Ke,ﬂC + AGSi Ke'ﬂB + AGS Ke’_qF + ALZy Ke'ﬂCFE %)
concrete elements bars fibers coupling elements

In these equations A is the conventional FE assembly operator. The first, second and third terms are related to the
respective independent FE meshes of the RAC, steel bars and fibers. The fourth term is associated with the CFE scheme.

As demonstrated by the authors [23], [24] this technique can be used to represent rigid coupling (perfect bond) between the
reinforcements and the RAC. In this case, it is sufficient to assume a linear relationship between reaction force, F, and relative
displacement, [U], described in Equation 8, and assume high values for the penalty parameters C presented in Equation 9.

F = C[U] ®

] )

On the other hand, a non-rigid coupling can be considered, in which the complex bond-slip phenomenon between
reinforcements and RAC is explicitly simulated. Thus, the relationship described in Equation 8 is now governed by an
appropriate constitutive damage model with a hardening/softening law formulated to properly describe the bond-slip
curve proposed by CEB Fib Model Code [30] (See Figure 6), in which the shear stress (1) as a function of the relative
displacement (s) for monotonic pullout test is given by Equation 10.

S O M
S O
o O

llllll

>
S, %

Figure 6. Interface stress bond—slip relationship (monotonic loading) proposed by CEB Fib Model Code [30].
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N a .
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1(s) =

Tmax

(10)

ifs, <s< s3

It is important to note that o, maximum shear stress Tmax, residual shear stress trand the relative displacements s; (i = 1, 2, 3)
are parameters associated with concrete strength (f«), bar geometry, confining situation and bond condition [30]. More details
description of this model can be found in Bitencourt et al. [23], [24].

For the sake of simplicity, in the proposed approach a rigid coupling (perfect-bond) between the steel bars and RAC
is assumed, while the described non-rigid coupling is used to represent the bond-slip behavior between the steel fibers
and the RAC.

3 NUMERICAL SIMULATIONS

The numerical modeling performed in this study was based on the experimental tests proposed by Xiao et al. [1], in which a
series of reinforced concrete slabs with different contents of recycled coarse aggregate and steel fibers were tested in laboratory,
in order to investigate the complex punching shear behavior. The natural coarse aggregates were gravel stones, and the recycled
coarse aggregates used came from the demolition of concrete with average compressive strength of 30 MPa, with diameter size
dimensions varying from 5 to 15 mm and from 15 to 25 mm. The steel fibers were wire-type shaped with angles on both ends,
average length of 50 mm, diameter of 0.9 mm, with volumetric ratios of 0.5% (39.3 kg/m*) and 1.0% (78.5 kg/m®) being used.
The reinforcements were hot-rolled ribbed bars, with 12 mm diameter, 100 mm apart with reinforcement ratio of 1.142%. The
slabs were positioned in a reinforced concrete frame with an angle steel frame in four simply-supported edges boundary
conditions, applying concentrated load with constant speeds, until the complete failure of the slabs.

In this paper, the slabs numerically simulated are: 0% (RACO), 50% (RAC50-0%) and 100% (RAC100-0%) of
recycled aggregate replacement with bars and without fibers; 50% of recycled aggregate with bars and varying the
amount of fibers in 0.5% and 1% (SFRACS50-0.5% and SFRAC50-1%, respectively) and 100% of recycled aggregate,
with bars varying the fiber content in 0.5% and 1%. (SFRAC100-0.5% and SFRAC100-1%, respectively).

The numerical parameters used are presented in Table 1. The Young’s modulus was provided by the experimental
results [1] and the Poisson’s ratio, as its value was not informed in the experiment, the typical value of 0.2 was adopted.
The average tensile strength ( f.,) was obtained by Equation 11 (NBR 6118 [31]), for concrete classes up to C50:

2
feem = 0,3 fo® )

where f is the characteristic compressive strength of concrete.
The value of fracture energy (Gg) was given by Equation 12, according to CEB Fib Model Code [30].

G = Gro ()" (12)

10

where f. is the average compressive strength and Gg is constant, determined by the maximum diameter of the coarse
aggregates (CEB Fib Model Code [30]). The aggregates in the experiment had a maximum diameter of 25 mm. Thus,
the value Ggo = 0.04575 Nmm/mm? is used.

Table 1. Parameters assumed for the RAC.

Modulus of elasticity (MPa) Fracture energy

Specimen (x 10%) Tensile strength (MPa) (N/mm) Poisson Ratio
RACO 3.73 3.50 0.1205 0.2
RAC50-0% 2.96 3.10 0.1061 0.2
SFRAC50-0,5% 2.96 3.10 0.1061 0.2
SFRAC50-1% 2.96 3.10 0.1061 0.2
RAC100-0% 2.74 2.80 0.0952 0.2
SFRAC100-0,5% 2.74 2.80 0.0952 0.2
SFRAC100-1% 2.74 2.80 0.0952 0.2
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For the steel bars and fibers the perfect elastoplastic model described in subsection (2.2.2) is used, assuming the
same Young’s modulus of Es = 200 GPa and yield strength of f,, = 390MPa for both. According to the models
presented in subsection (2.2.3), a perfect bond between the steel bars and RAC is considered by using the penalty
parameter value of ¢ = 107 N/mm, while a bond-slip between the steel fibers and RAC is modeled by assuming 7,4, =
8.50 MPa, 1y = 450 MPa, S; = 0.01 mm, S, = 0.01 mm, S3 = 6.50 mm and « = 0.4.

One-dimensional finite elements (truss elements) with linear elastic model only in compression were used to model
the interaction between the slabs and the unilateral continuous elastic support, in which the loss of contact between
them can occur freely.

The stiffness was obtained by multiplying the influence area by the support reaction modulus of 0.4 MPa/mm, that
showed to be an adequate value to represent the reinforced concrete frame with an angle steel frame and also the initial
stiffness of the numerical curves.

In all analyzes performed the load was incrementally applied in 1500 steps, controlling the vertical displacement in 0.04 mm
per step.

3.1 Concrete with 0%, 50% and 100% of recycled aggregates without fibers

Herein the numerical responses written in terms of the Force vs. displacements curves are compared against the
experimental developed by Xiao et al. [1] for the reinforced concrete slabs with 0% (reference concrete), 50% and
100% ofrecycled aggregates with conventional steel bars and without fibers, as well as the failure pattern, are presented.

Figure 7 illustrates both the numerical and experimental curves obtained for the reference concrete (RACO). In general, the
numerical responses reproduced well some notable experimental results aspects, especially the ultimate load and the typical
punching failure pattern (punching cone formation) shown in Figures 8 and 9. In Figure 8 the displacement field in the vertical
direction (z-direction) is showed, while in Figure 9a-e the tensile damage distribution is presented, in which the mentioned
punching failure propagation process can be observed for different loading steps. In the initial stage of loading no crack occurs.
With increasing load, it is possible to notice that cracks propagate radial to the slab from the applied load location to the edge
(Figure 9a-c). At more advanced levels of loading, it is possible to observe the formation of curved cracks around the loading
area (Figure 9d and 9e), which agrees with the experimental results reported by Xiao et al. [1].

400

Experimental - RAC0

350 === Numerical - RACO
300 i
z”’ \
= 250 27 \
x /’ \
= / \
o 200 7 \
5 4 \
w 150 ’ “
\

\

0 10 20 30 40 50 60
Displacement (mm)

Figure 7. Force x displacement curves of RACO slabs.
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5
0

-&-uut‘vmr—tp—au.
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Figure 8. Deformed configuration (scaling factor of 2 times) with the displacement field (in mm) of RACO slab, at the end of loading.
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Figure 9. Tensile damage distribution obtained for different loading steps: (a) 100, (b) 300, (c) 500, (d) 1000 and (e) 1500.

The numerical force-displacements curves for the recycled concrete with 50% and 100% of recycled aggregates are
plotted with the experimental curves in Figure 10a and 10b. It is possible to note that the responses obtained with the
proposed methodology are in good agreement with the results found in the literature [1]. The deformed configurations
(scaling factor of 2 times the original one) with the displacement fields in the z-directions of these slabs are illustrated
in Figure 11, in which the punching failure patterns with an oblique cone formation can also be observed.

The numerical curves obtained for the three replacement percentages of recycled aggregates are presented in Figure 12.
It is worth noting how the peak-load (punching ultimate load) and the energy dissipation are reduced as the percentage of
recycled aggregates is increased, showing that the applied methodology can reproduce well the recycled aggregate effect by
reducing the homogenized fracture properties as the recycled aggregate content is increased.

Experimental - RAC50
350 1 === Numerical - RAC50 350 1

Experimental - RAC100
=== Numerical - RAC100

Force (kN)
Force (kN)

\

0 10 20 30 40 50 0 10 20 30 40 50
Displacement (mm) Displacement (mm)
@)

Figure 10. Force x displacement curves of (a) RAC50 and (b) RAC100 slabs.

Displacement (z)

2
0
5

.-10
.15
120

-25

I:
% y @ (b) =

Figure 11. Deformed shapes (scaling factor of 2 times) with the displacement fields (in mm) of the (a) RACS50 and (b) RAC100
slabs, at the end of loading.
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Figure 12. Numerical force x displacement curves of RACO, RAC50 and RAC100 slabs.

3.2 Concrete with 50% of recycled aggregates and 0.5% and 1.0% of fibers

This section presents the numerical results obtained for the recycled concrete with 50% of replacement of recycled coarse
aggregates, assuming 0.5% and 1.0% of steel fibers. Figure 13a and 13b illustrates the numerical force-displacement curves
obtained compared with the experimental responses provided by Xiao et al. [1]. Comparing the plotted results it is worthy to note
how the proposed approach can reproduce the experimental results, as well as how the addition of fibers is able to mitigate the
disadvantages provided by the replacement of natural by recycled aggregates, as it can be proven in Figure 14, in which both
numerical curves showed in this section are compared against the experimental one obtained for the reference concrete (RACO)
showed in section 3.1. The mentioned advantages may be related to the bridging effect provided by the fibers, which works to
contain fracture initiation and propagation, as described by Xie et al. [13]. It is important to point out that these same beneficial
effects on the mechanical properties of the RAC produced by the addition of fiber were observed in experimental studies obtained
by other authors [10] [11] [12]. In Figure 15a-c it is possible to observe the tensile stress field of the fibers for different loading
steps, which work to prevent crack propagation in the RAC and, consequently, contributing to the reduction of the drawbacks of
replacement of the natural aggregates by the recycled aggregates.

Figure 16a-d shows the distribution of the tensile damage variable at step 1000 in two different views for the slabs
with 0.5% (Figure 16a and 16¢) and 1.0% (Figure 16b and 16d) of steel fibers. It is important to note that in both
analyzes the oblique cone formation is observed. However, with the increasing of steel fibers volumetric ratio the cut
cone integrity is improved, as illustrated in Figure 16¢ and 16d, in which the initial transition process of the punching
failure pattern to bending-punching failure pattern is observed, in agreement with the experimental results.
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Figure 16. Tensile damage distribution in two different views at step 1000 for slabs with 50% of recycled aggregates and steel
fiber volumetric ratios of 0.5% (a and c¢) and 1.0% (b and d).

3.3 Concrete with 100% of recycled aggregates and 0.5% and 1.0% of fibers

Figure 17a and 17b illustrates the numerical force-displacement curves obtained compared against the experimental
responses provided by Xiao et al. [1]. Again, the numerical responses were able to represent well the experimental
responses, as well as the beneficial effects produced by the addition of steel fibers, that is, reducing the drawbacks
caused by the complete replacement of the natural aggregates by the recycled aggregates, as it can also be seen in both
numerical curves obtained in this section, plotted with the curve obtained for the reference concrete in section 3.1,
illustrated in Figure 18. Note that, with the increasing of steel fibers volumetric ratio, the punching ultimate load is
improved. Also note that even for the total replacement of the natural aggregate, the numerical responses with the
addition of fibers show better results than that obtained for the reference concrete, such as the ultimate load, ductility,
and energy consumption. However, the punching failure patterns with the cut oblique cone formations are still observed
by the distribution of the tensile damage variable illustrated in Figure 19a-d. However, for the steel fiber volumetric
ratio of 1.0%, again the transition process of the punching failure pattern to bending-punching failure pattern is noted.
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Figure 19. Tensile damage distribution in two different views at step 1000 for slabs with 100% of recycled aggregates and steel
fiber volumetric ratios of 0.5% (a and c) and 1.0% (b and d).

4 CONCLUSIONS

In the present paper a numerical approach implemented into an in-house finite element code has been proposed to simulate
and to better understanding the punching failure behavior of reinforced concrete slabs (i) without fibers with only natural coarse
aggregates (natural/reference concrete) and with recycled aggregate replacement percentages of 50% and 100%, and (ii) also
using different steel fibers volumetric ratios of 0.5% and 1.0% for slabs with recycled aggregates. To simulate the nonlinear
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behavior of the natural and recycled concrete the constitutive damage model proposed by Cervera et al. [21] was used, while an
elastic-perfectly plastic model found in Simo and Hughes [22] was used to represent the mechanical behavior of the reinforcing
steel bars and fibers. The coupling scheme proposed by Bitencourt et al. [23], [24], either to simulate the perfect-bond (rigid
coupling) between the steel bars and recycled concrete or to model the complex bond-slip phenomenon (non-rigid coupling)
defined by the CEB Fib Model Code [30] between the steel fiber and recycled concrete, was also properly implemented. To
improve the stability and robustness of the solution involving cracks propagation in the RAC, mechanical behavior of steel bars
and the fiber-RAC bond-slip relation, the implicit-explicit integration scheme (Impl-Ex) proposed by Oliver et al. [25] was
employed for all these constitutive models adopted.

In this context, the slabs described above were simulated, in which the qualitative and quantitative numerical results
obtained presented good agreement with the experimental responses provided by Xiao et al. [1]. For the slabs without
fibers, with the increase of the recycled aggregate replacement percentages, the punching ultimate load is reduced, as
well as the ductility and the energy consumption. The punching failure pattern was observed, with both integrity reduced
and formation of a more pronounced oblique cone, as the percentage of recycled aggregate is increased. On the other
hand, with the addition and increase of steel fiber volumetric ratio, the punching ultimate load, the ductility and energy
consumption were improved, mitigating the disadvantages provided by the replacement of natural aggregate by recycled
one, and even showing better results than that obtained for the reference concrete, proving to be in full agreement with
the experimental results found in the literature [1] and [10]-[12].

Therefore, based on the good numerical results obtained, it can be highlighted that the proposed approach to simulate
the punching failure behavior of reinforced concrete slabs is very efficient, and can provide valuable answers about this
failure mechanism, mainly in the presence of alternative materials such as recycled aggregate and fibers. It is also
important to highlight that the different materials can be discretized in a completely independent way. Furthermore, the
constitutive models used are relatively simple and easy to be implemented in conventional FE programs, which used
together are able to efficiently represent the complex punching failure phenomenon.
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