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Abstract

In light of various initiatives taken around the world to convert waste mate-
rials into new products, the objective of this paper is to promote the use of steel
fibers from recycled car tyres in the concrete industry. Hybrid steel fiber rein-
forced concrete (HSFRC) is a material that combines two or more types of steel
fibers, in this case: manufactured steel fibers and recycled steel fibers from
waste car tyres in equal proportions. The main objective of the presented
research was to investigate the possible application of HSFRC in structural ele-
ments with conventional reinforcing bars in order to improve the flexural
behavior and to investigate the possibility of partially replacing the conven-
tional reinforcement with steel fibers in terms of service performance. For this
purpose, eight slab specimens with different reinforcement ratios were sub-
jected to a four-point bending test to measure displacements, strength, and
crack widths. The addition of a hybrid fiber mix to a conventionally reinforced
concrete slab significantly reduced crack widths by up to 53%. The addition of
fibers compensated for a conventional reinforcement reduction of 20% by
reducing crack widths by up to 38%. It was observed that slightly more cracks
opened with smaller widths and at smaller distances from each other in these
slab types than in the conventionally reinforced reference slabs. Slabs with
hybrid fiber mix and 44% reinforcement reduction showed no improvement in
crack control compared to the conventionally reinforced concrete reference
slabs. Using numerical models in ABAQUS simulating the flexural test on
notched prismatic specimens, a calibration of the material models of plain con-
crete, and HSFRC was performed based on the test results. These validated
material models were used for numerical modeling of slabs. The results of the
analyses compared with the experimental results showed good agreement and
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1 | INTRODUCTION

Waste management is one of the greatest challenges facing
developing countries. In modern waste management sys-
tems, recycling and reuse of waste is given preference over
disposal. The proper disposal of waste tyres presents a par-
ticular challenge, as they can be the cause of environmen-
tal disasters such as long-term fires. Fires that develop in
tyre landfills are usually wildfires that are difficult to con-
trol and suppress, leading to significant development of
toxic smoke." Many of the current regulations governing
the tyre disposal process prioritize reuse and recycling over
disposal, with the goal of generating either materials or
energy. Considering the various initiatives taken around
the world to convert waste materials into new products,
the objective of this paper is to promote the use of steel
fibers from recycled car tyres in the concrete industry.

Steel fiber reinforced concrete (SFRC) can be used to
improve the performance of concrete structures by con-
trolling cracks, replacing minimal shear reinforcement,
or increasing flexural strength. Wider application of man-
ufactured steel fibers is limited to a small number of
structures mainly because of their high price. Therefore,
many researchers are focusing on finding alternative
types of fibers, such as steel fibers obtained as a by-
product from the mechanical recycling of car tyres.”™®
These recycled fibers are cheaper than manufactured
fibers and their use helps to solve the environmental
problem of waste tyre disposal. In terms of sustainability,
life cycle assessment studies show that the production of
recycled steel fibers requires only 5% of the energy com-
pared to manufactured steel fibers.” Previous studies have
shown that recycled steel fibers can replace manufac-
tured steel fibers, although not completely, to a certain
extent."® Therefore, the idea of combining manufactured
and recycled steel fibers to produce hybrid steel fiber
reinforced concrete (HSFRC) was developed. Previous
studies"®? have shown that HSFRC can be an alternative
to standard SFRC from a technical, economic and envi-
ronmental point of view.

Reinforced concrete elements are designed to meet
both ultimate and serviceability limit state criteria. The
addition of fibers to concrete in low to moderate volume
proportions (0.4%-1% according to Zollo'’) increases duc-
tility and fracture energy, but has no significant effect on

confirmed the ability of the proposed material model of HSFRC to predict the
flexural behavior of slabs with conventional reinforcement.

concrete slabs, crack width, finite element analysis, recycled steel fibers, seviceability limit
state, steel fiber reinforced concrete

tensile strength. Therefore, conventional reinforcement
cannot be entirely replaced by fibers concerning the ulti-
mate limit state, but better cracking behavior can be
achieved by the combined action of reinforcing bars and
fibers."* Control of cracking at the serviceability limit state
is one of the main reasons for using SFRC. When the
design requires more steel than is necessary to meet the
strength requirements, which is often the case for bridge
slabs, the use of SFRC may be a suitable alternative. A
number of experimental studies have been carried out on
the flexural behavior of structural elements with SFRC
and longitudinal reinforcing bars, but only a limited num-
ber provide data on the effects of fibers on serviceability,
such as crack width and reinforcement strains."**

The objective of this study was to investigate the
potential application of HSFRC in structural elements
with conventional reinforcement, and to promote the use
of recycled steel fibers as an effective and sustainable way
of dealing with cracking. Another objective was to inves-
tigate the possibility of partially replacing conventional
reinforcement with recycled steel fibers in terms of ser-
vice performance. Therefore, a total of eight HSFRC and
plain concrete slabs with different conventional rein-
forcement ratios were subjected to a four-point bending
test to measure displacements and crack widths.

In modern research in civil engineering, finite ele-
ment analysis (FEA) is essential to gain insight into struc-
tural behavior. Nonlinear FEA can reveal crack initiation
and propagation, deflections and failure mechanisms. In
the numerical analysis of concrete elements, the funda-
mental challenge is to model the material itself due to its
complex properties. The addition of steel fibers magnifies
this problem. Computer programmes for numerical anal-
ysis using the finite element method offer a choice of
embedded material models, but also allow the creation of
customized material models. Experimental values
of mechanical properties obtained from laboratory tests
can be used to create a characteristic material model of
concrete under ideal conditions. The main challenge is
the tensile testing of concrete, which is difficult to per-
form and is usually replaced by flexural tests, which are
much easier but do not provide direct results. Therefore,
using numerical models in ABAQUS to simulate the flex-
ural test on notched prismatic specimens, a calibration of
the material models of plain concrete and HSFRC was
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performed based on the test results. These validated
material models were used for numerical modeling of
slabs and the results were compared with the experimen-
tal values in terms of deflections, strength, and crack pat-
terns. The aim of this paper is to present a calibrated
material model for HSFRC to describe and analyze the
bending behavior on real-scale specimens.

2 | MATERIALS AND METHODS

2.1 | Materials

The concrete was made with Portland cement type CEM
II/A-M (S-V) 42.5 N, river aggregate with a maximum
grain size of 16 mm (0/4 , 4/8 and 8/16 mm), and a poly-
carboxyl ether superplasticizer. The grading curves of the
aggregates used in this study are shown in Figure 1.

b | 1809
CEB-FIP

Steel fibers (MF) of the type HE 55/35, manufactured
by ArcelorMittal, were used as reference fibers. These
fibers are straight with hooked ends and their properties
are listed in Table 1. Recycled tyre steel fibers (RTSF) of
type R-AFT 01/25 were provided by Twincon Ltd. These
fibers have an irregular shape and vary in length and
diameter. The average geometrical and mechanical prop-
erties of the RTSF used are listed in Table 1. Figure 2
shows both types of fibers. Grade B500B steel was used
for the reinforcement.

2.2 | Mix design

The experimental programme included two concrete
mixes: the reference mix of plain concrete (labeled PC)
and a HSFRC mix (labeled HSFRC) reinforced with both
manufactured steel fibers and recycled steel fibers. Two

e SUMMary curve ====0-4 (Bosna-crushed) ===4-8 (Bosna) 8-16 (Bosna)
100
%0 -
80
§ 70 A
w
£ 60 -
@
o 50 A
&
40 |
S 30
20 4
10 A
0 [ E— -
0 0.063 0125 025 050 1.00 200 400 800  16.00
FIGURE 1 Grading curves of aggregates Sieve opening (mm)
TABLE 1 Geometrical and mechanical properties of manufactured fibers and recycled steel fibers
Fiber ID Geometrical shape Length L (mm) Diameter D (mm) Aspect ratio L/D Tensile strength (N/mm?)
MF Straight with hooked ends ~ 35.0 (+2/—3) 0.55 (+£0.04) 64 1200
RTSF Irregular 20.0 (+2.0) 0.15 (+0.04) 166 2850
FIGURE 2 Manufactured fibers (left) and recycled tyre
steel fibers (right)
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w1 fib

concrete mixes were selected based on extensive previous
research by the authors,®° which confirmed similar
post-cracking behavior of the HSFRC mix compared to
the SFRC mix with only manufactured steel fibers. In the
HSFRC mix, the manufactured and recycled fibers were
used in equal proportions. Table 2 shows the concrete
mix design and fiber dosage.

All concrete mixes were produced in the precast con-
crete plant. All components were manually added to the
mixer and weighed before the mixing process started. The
mixing process was as follows. First, the entire amount of
aggregates and half of the mixing water were mixed. Then

TABLE 2 Mix proportions
Component (kg/m>) PC HSFRC
Aggregate (all sizes) 1808 1794
Cement 370 370
Water 170 170
w/c ratio 0.46 0.46
Superplasticizer 2.22 2.22
Manufactured steel fibers 0 20
Recycled steel fibers 0 20
TABLE 3 Specimen types and labels
Type Concrete mix Specimens ID Reinforcement
PC PC PC-S1 5012
PC-S2
H1 HSFRC H1-S1 5012
H1-S2
H2 HSFRC H2-S1 4012
H2-S2
H3 HSFRC H3-S1 4010
H3-S2
, 240 cm ,
£
O
o
0o
1]
Q\
[t} o
N <«
PC/H1 = -l
= ©
0 0
H2 2 3
L °
0 R
H3  C 3
T R
= ©

the cement was added along with the remaining water
and superplasticizer. Finally, the fibers were added manu-
ally (MF) and with the help of the specially designed rotat-
ing drum (RTSF) to prevent the fibers from clumping.

2.3 | Specimen description

The studies presented here were carried out in two
phases: (a) on small-scale specimens, (b) on real-scale
specimens.

The material properties were tested on three PC speci-
mens and nine HSFRC specimens. The cubes, cylinders,
and prisms were used to determine the compressive
strength, modulus of elasticity, splitting tensile strength,
and flexural strength. After determining the slump (class
S4), the concrete was poured into a hopper for easier han-
dling. The concrete was poured in two layers and each
layer was vibrated on a vibrating table for 10-20 s. The
specimens were stored under laboratory conditions (tem-
perature 21 + 3°C) for 24 h until demolding and cured in
tanks with water for 28 days.

The real-scale specimens consisted of four types of
slab specimens (Table 3 and Figure 3). All specimens had

Reinforcement ratio (%) Reinforcement reduction (%)

0.76 -
0.76 -
0.61 20
0.42 44.4

12/32 cm
12/10 cm

12/32 cm
12/13 cm

10/32 cm
10/13 cm

FIGURE 3
reinforcement plan of the specimen types

Dimensions and
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FIGURE 4 Measurement
equipment and disposition of
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Strain (/0=200 mm)
TABLE 4 Parameters used in FE model
Dilatation angle y (°) Eccentricity e 6b0/0co K. Viscosity parameter Poisson's ratio
38 0.1 1.16 0.667 0 0.2
Tensile stress Tensile stress
A A
ft fct
w1 =0.8 G/f;
wy = 3.6 G/f;
0y
ft / 3 O,
wi Crack width (mm) ~ We w wi w2 Crack width Wo
FIGURE 5 Uniaxial tensile stress-crack width relationship for FIGURE 6 Material model for HSFRC
concrete

the same dimensions of 240 x 50 x 18.5 cm and repre-
sented part of the bridge deck that was adapted for
laboratory-scale testing. The concrete cover was 3 cm on
the tension side, while the effective depth was 14.9 cm.

The reference mix used was PC, with a conventional rein-
forcement ratio of 0.76%, representing a typical section of
a bridge deck. Types H1, H2, and H3 cast in HSFRC had
conventional reinforcement ratios of 0.76%, 0.61%, and
0.42%, respectively. Grade B500B reinforcing steel was
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1812 | b
CEB-FIP

fou(MPa) o, (MPa) o, (MPa) w; (mm)
PC 3.58 1.1 - 0.018
HSFRC  6.13 2.5 18 0.010

FIGURE 7 Geometry and mesh of notched prismatic specimen

used. The specimens were produced in a steel formwork
directly on a vibrating table and vibrated for about 60 s.
After casting, they were covered with plastic sheets to
reduce the sudden evaporation of water and to maintain
the temperature. After 4 days, the specimens were
demolded and transported to the testing laboratory. The
specimens were tested when they were at least
3 months old.

2.4 | Testset-up
The compressive strength was tested after 28 days on
150 mm cubes, as well as the average modulus of elastic-
ity and the tensile splitting strength (both measured on
150 x 300 mm cylinders) according to EN 12390.>7"
The flexural tensile strength was determined on
150 x 150 x 600 mm prismatic specimens with a 25 mm
deep notch in the center."®

The properties of reinforcing steel were determined
according to EN ISO 15630-1:2010"° and EN ISO
6892-1:2009%° on three specimens for each diameter type
(10 and 12 mm).

A total of eight real-scale specimens were tested at
3 months of age. The specimens were simply supported
with a span of 220 cm on steel rollers with a radius of
40 mm and subjected to four-point bending. The speci-
mens were loaded under displacement control at a rate of
3 mm/min in 25 kN increments. The load was applied by
a servo-hydraulic actuator with a capacity of 600 kN.
During the bending tests, 10 linear variable differential
transformers (LVDTSs) were attached to the top and bot-
tom of the specimens to measure the vertical displace-
ments, LVDT1-LVDT10, Figure 4. Strains were measured
at the compression (SG5, SG6) and tension (SG1-SG4)
surfaces of the specimens using inductive sensors with a

TABLE 5 Properties of material
w; (mm)  wy, (mm)

models
- 0.125
0.35 2

gauge length of 200 mm, Figure 4. After the initial crack-
ing, inductive sensors were used to monitor the crack
widths. Since more than one crack occurred in the mea-
surement area of the sensor, the crack widths were also
measured with a digital microscope (0.02 mm accuracy).

3 | NUMERICAL RESEARCH

In this study, the FE analysis package ABAQUS was used
to perform nonlinear static analyses. Three material
models are available in ABAQUS: concrete smeared
cracking (SMS), brittle cracking (BC), and concrete dam-
aged plasticity (CDP). In this study, the CDP model is
used because it has been successfully applied in previous
numerical studies for SFRC.”!

The CDP model* uses a yield condition first devel-
oped by Lubliner et al.** and then modified by Lee and
Fenves.”* The ratio of biaxial to uniaxial compressive
strength (op0/0) and the ratio of the second stress
invariant on the tensile meridian to that on the compres-
sive meridian (K¢) are used in the CDP model to charac-
terize the failure surface of concrete. The Drucker-Prager
hyperbolic function is used in the CDP model to deter-
mine the flow potential. The dilation angle y and flow
potential eccentricity € are parameters used to define the
flow rule. Since it was found that the addition of steel
fibers does not significantly affect the Poisson's ratio v for
compressive strengths of less than 85MPa,* a value of
0.2 was used in this study. Table 4 summarizes the values
of the parameters used in the FE modeling for PC and
HSFRC. The values were adopted following previous
studies.”?"%¢

The CDP model is coupled with the fictitious crack
model®® as an energy criterion, which is based on the
fracture energy and is intended to prevent mesh sensitiv-
ity and allow numerical convergence. The behavior of
concrete in tension can be described by a bilinear dia-
gram (Figure 5) where the fracture energy, that is, the
area under the diagram Gy, depends on the quality of the
concrete and the aggregate size.”” Due to the random ori-
entation of the fibers in the concrete, it can be assumed
that the tensile behavior of SFRC is similar to that of
plain concrete, but with an improved tension stiffening.*®
The most common approach to determine the tensile
characteristics is the inverse analysis, in which the tensile
softening properties are gradually changed until the
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FIGURE 8 Geometry and mesh of slab model
TABLE 6 Concrete material properties
Splitting Residual flexural strengths
Compressive  Modulus of  tensile Flexural
strength elasticity strength strength
Mix f. (MPa) E (GPa) Jfer (MPa) Jerr. (MPa) Jra (MPa)  fr,(MPa) fr3(MPa) frs(MPa)
PC 51.7 £ 0.1 3391+ 045 3.58 +£0.32 4.64 + 0.09 0.69 + 0.14 0 0 0
HSFRC 519+ 2.2 34.47 + 0.82 6.13 £ 0.45 6.34 + 0.39 7.54+047 523+041 390+044 3.01+0.44
30 700
P —Average HSFRC
- —Average PC 600
— 500
©
o
~ = 400
£ g
k) L 300 —Spec 1 — 12 mm
g 17 --Spec2—12mm
- 200 ~-Spec 3 — 12 mm
—Spec 1 — 10 mm
100 ---Spec 2 — 10 mm
Spec 3 — 10 mm
o 0
0 05 1 15 2 25 3 0 2 4 & 8 10 12 14 16 18
Displacement (mm) Strain (%)
FIGURE 9 Load-displacement curves during flexural test FIGURE 10 Reinforcing bar stress-strain curves
. . . TABLE 7 Mechanical properties of reinforcing steel
analytical load-deflection curve matches the experimen- prop &
tal curve. Property ®12 mm ®10 mm
Previous studies have shown that for mixes with dif- Yield strength Ry, (MPa) 505 540
ferent types of fibers, a trilinear diagram c;n be used to Tensile strength Ry (MPa) 621 624
show the behavior of concrete in tension.” The aim of .
. R X Total elongation A, (%) 14.0 12.5
this numerical test was to define a polylinear stress-crack
Elasticity module (GPa) 200 200

opening law (¢ —w) for the post-cracking behavior of a
HSFRC mix reinforced with both manufactured steel
fibers and recycled steel fibers. Figure 6 shows the devel-
oped material model of HSFRC. The parameters of the
trilinear model that best fitted the experimental curves
from the flexural test are summarized in Table 5. For the
modulus of elasticity and tensile strength, the values
obtained from laboratory tests were used.

The adopted material model is validated using experi-
mental results from notched prismatic specimens. The
numerical model of a prismatic specimen with a length
of 600 mm, a width of 150 mm, a height 150 mm, and a
notch of 5 mm width and 25 mm length in the middle of
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FIGURE 11 Validation of PC and HSFRC material
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Mid-span deflection (mm)

the range is shown in Figure 7. An eight noded hexahe-
dral elements were used for concrete with reduced inte-
gration (C3D8R). The same formulation was used to
model the steel elements of the base and the press. The
prism is based on steel bearings over contact surfaces for
which a minimum coefficient of friction is defined.

After validating the material models, slab models
with a length of 240 cm, a width of 50 cm, and a height
of 18.5 cm were made. An eight noded hexahedral ele-
ments were used for concrete with reduced integration
(C3D8R). The reinforcing bars were modeled as
one-dimensional elements with two nodes (T3D2)
embedded in the body of the block. The mesh of finite
elements is formed so that they all have approximately
the same size and regular shape. The length of the
sides of the finite volume elements is 20 mm, Figure 8.
The mesh adapts to the behavior of the concrete in the
postcritical tension region, where the system is unsta-
ble and sensitive to the choice of mesh size. This is also
the main problem of the FE method, since it is not

FIGURE 12 Load-mid-span deflection curves

—PC-81
—PC-82
—H1-81
—H1-82
H2-S1
—H2-82
H3-S1
H3-82

possible to describe the discontinuous displacement
function within the finite element.

4 | RESULTS AND DISCUSSION

4.1 | Material properties

Table 6 summarizes the average values of compressive
strength, modulus of elasticity, splitting tensile strength,
and residual flexural strength for each mix. The average
results are given with standard deviations. The load-
displacement curves for each specimen and the average
curves are shown in Figure 9.

The results in Table 6 show that the addition of
blended fibers has no effect on the compressive strength
and modulus of elasticity. This was noted by others***!
who found that the low volume of fibers in the mix, as
well as the nature of the failure, did not contribute to the
properties described. However, others note*” that an
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FIGURE 13
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FIGURE 14 Load-maximum crack width curves

increase in compressive strength can be expected and is
due to the ability of the steel fibers to control and delay
microcrack coalescence and unstable crack propagation.
When opposite trends are observed, the geometrical prop-
erties of the fibers used should always be considered
as an important parameter influencing the described
behavior.

The positive contribution of the fiber blend can be
seen in the increase of the splitting tensile strength and
the flexural strength. Both values increase by 1.7 and 1.4

0.5

Load (kN)

0 5 10 15 20 25 30 35 40 45

Mid-span deflection (mm)
(b)

150
125
100

75 H3-S1
H3-s2
50 —FEA

Load (kN)

25

0 5 10 15 20 25 30 35 40 45

Mid-span deflection (mm)

(d)

Experimental and numerical comparison of load-deflection curves for specimen types: (a) PC; (b) H1; (c) H2; and (d) H3

times, respectively, for the HSFRC mixture compared to
the plain concrete. This behavior was previously demon-
strated for both MF and RTSF fibers and their combina-
tion.” It is due to the ability of the fibers to absorb energy
after the first crack occurs, depending on the fiber geome-
try, with the length and diameter of the fibers having a
significant effect on the toughness of the concrete.** The
HSFRC, designed as an HSFRC mix, is based on fibers
dimensions®* and accounts for the fact that fibers with
different geometries are activated at different fracture
stages. Smaller fibers, in this case RTSF, bridge micro-
cracks, control their growth, and retard coalescence,
resulting in an increase in splitting and flexural strength.
The second type of fiber is larger, in this case MF, and is
used to stop the propagation of macrocracks. This leads
to a significant improvement in the fracture toughness of
the composite, which is reflected in the increase in resid-
ual flexural strength compared to plain concrete.

The properties of the reinforcing steel are shown in
Figure 10 and Table 7.

4.2 | FE material model

The basic result of the numerical calculation is a diagram
showing the relationship between the applied force act-
ing on the reference point (press) and its displacement.
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FIGURE 15
test and numerical simulation at load F = 75 kN for
specimens type (a) PC, (b) H1, (c) H2, and (d) H3

Cracking pattern in experimental

(d)

A comparison between the numerical simulation and the
results of the experimental test on a notched prismatic
specimens is shown in Figure 11. It can be seen that both
numerical models describe the flexural behavior rela-
tively well. The numerical models assume a slightly
higher peak force, 2% for HSFRC and 10% for PC speci-
mens, and a somewhat lower energy of absorption than
the experimentally determined values, 12% for HSFRC,
and 17% for PC specimens. The energy absorption capac-
ity is the area under the load-displacement curve. Divid-
ing it by the cross-section of the specimen gives the
specific energy absorption capacity.®® It is important to

stress that presented model was developed for this hybrid
steel fiber concrete mix. However, it can also simulate
any other steel fiber content, provided that the model cal-
ibration is performed based on simple flexural tests on
prismatic specimens.

4.3 | Real-scale specimens

The comparison of all measured properties was carried
out at three load levels (25, 50, and 75 kN). The main
interest of the research was to investigate the effects of
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FIGURE 16 Cracking pattern
in numerical simulation at load

F = 75 kN for specimens type

(a) PC, (b) H1, (c) H2, and (d) H3

(b)

the fibers on serviceability, as this is often the governing
condition in designing bridge slab decks. fib model code*®
and RILEM?’ specify a maximum crack width of 0.3 mm
as the serviceability limit for exposure class II. Therefore,
the load level of 75 kN, where the reference PC speci-
mens developed a crack of this width, was chosen as the
serviceability limit.

Figure 12 shows the load—-mid-span deflection curves
for all tested specimens. The specimens developed a duc-
tile flexural failure mode with significant yielding of the
reinforcement. In general, the shape of the load-
deflection curves is similar for all specimens. In each
case, three sections with two changing points can be dis-
tinguished: the first crack and the yielding of the reinfor-
cing steel. In the first section (until the first crack
appeared), type H1 had a stiffness 2% higher than the ref-
erence type PC, 30.6 kN/mm compared to the reference

(d)

30 kN/mm. This means that the addition of fibers only
slightly affects the elastic modulus of the concrete, which
is consistent with the results of the material properties.
Type H2 had the same stiffness as PC, indicating that the
fibers compensate for the 20% reduction in reinforcement
at this stage, while type H3 had 4% lower stiffness than
the reference type PC. In the second section, after the
first crack appears, the curves become flatter and the
deflections increase in all cases. This was slower for
the H1 series and faster for the H3 series, while the PC
and H2 specimens behaved similarly. The benefit of the
fibers resulted in an increase of yielding capacity. For the
H1 series, the yield strength was 8% higher than for
the PC series, reaching 131 kN (compared to 120 kN for
PC), which is consistent with other studies.®® This
increase depends strongly on the ratio between the
toughness and the reinforcement ratio.®® For the H2
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series, the yield strength was 8% lower than for the refer-
ence PC and 30% lower for the H3 series. The addition of
fibers at this volume content was not sufficient to ensure
the same behavior in ULS when conventional reinforce-
ment is reduced. This is consistent with previous studies
indicating that this is not the primary role of the fibers."*

Figure 13 shows a comparison of the experimental
and numerical results in terms of load-mid-span deflec-
tion curves. The simulated response in terms of ultimate
load and displacement is in good agreement with the
experimental results. The numerical load-deflection
response of all specimen types appears stiffer compared
to the tested response. This may be due to possible initial
pre-cracking before testing, for example, due to shrinkage
or handling.?® It must be mentioned that the complexity
in the constitutive modeling of concrete and adoption of
a perfect bond between concrete and reinforcement could
also cause some deviations between numerical and exper-
imental results.

The comparison of the maximum crack width over dif-
ferent loading levels is shown in Figure 14. The presence
of the fibers throughout the concrete cross-section results
in better control of cracking because they act over the
entire tensile block, unlike a conventional concrete.
The maximum crack widths are reduced by 20%-53% for
type H1. These results are in line with those of Gholamho-
seini et al.,"> who reported that the addition of 60 kg/m’
fibers can reduce the maximum crack width by up to 50%.
The maximum crack widths are reduced by 13%-38% for
type H2, while type H3 behaves similarly to the reference
type PC. It was observed that slightly more cracks opened
with smaller widths and at smaller distances from each
other in slab types H1 and H2 compared to slabs of type
PC, while slabs of type H3 behaved similarly to slabs of
plain concrete, Figure 15.

The maximum tensile principal stresses can be used
in FEA to show the crack patterns. However, the maxi-
mum plastic equivalent principal strains give a better rep-
resentation of the cracking. For this reason, the strains
are used to represent the crack patterns. The crack pat-
tern for each specimen type at load level F = 75 kN is
shown in Figure 16. The crack patterns determined in
the FEA are similar to those obtained by experiment.

5 | CONCLUSION

This paper presents an experimental and numerical study
on the potential application of a hybrid mixture of manu-
factured and recycled steel fibers from waste car tyres to
reinforced concrete elements. Eight slab specimens with
different reinforcement ratios were subjected to a four-
point bending test to measure displacements, crack

widths and to investigate the possibility of partially repla-
cing the conventional reinforcement with steel fibers.
The results are mainly focused on service level perfor-
mance. The greatest contribution was observed in the
control of crack propagation. The addition of a hybrid
fiber mix to a conventionally reinforced concrete slab
(type H1) significantly reduced crack widths (up to 53%).
The addition of fibers compensated for a conventional
reinforcement reduction of 20% (type H2) by reducing
crack widths by up to 38%. Type H3 with 44% reinforce-
ment reduction behaved similarly to the reference type
PC. Overall, it can be concluded that by adding this
hybrid fiber blend in concrete elements, a reduction of
reinforcement by 20% can be achieved with better behav-
ior in terms of serviceability limit criterion.

Using numerical models in Abaqus simulating the
flexural test on notched prismatic specimens, a calibra-
tion of the material models of plain concrete and HSFRC
was performed based on the test results. These validated
material models were used for numerical modeling of
slabs and the results were compared with the experimen-
tal values in terms of deflection, strength, and crack pat-
tern. The results of the analyses compared to the test
results showed good agreement. The FEA results confirm
the ability of the proposed HSFRC material model to pre-
dict the flexural behavior of slabs with conventional rein-
forcement. The presented analyses indicate that the
proposed model can be used in future parametric studies
on various aspects of concrete slabs in flexure.
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