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ARTICLE INFO ABSTRACT
Keywords: The urgency of finding green solutions within the construction industry encouraged, in latest
Meso-modelling years, the adoption of sustainable materials for structural concrete. One of the most up-and-

Waste-tyres fibres
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coming proposal is the use of recycled steel fibres, to complement or possibly replace tradi-
tional steel reinforcement. Nevertheless, the contribution of the fibres on the mechanical per-
formance of concrete is still uncertain and requires further investigation. This study is aimed at
providing an analytical model for the tensile response of concrete reinforced with manufactured
steel fibres and recycled steel fibres recovered from waste tyres. The proposed model features
several parameters ruling the cracking strength, the post cracking behaviour and the residual
tensile strength of fibre-reinforced concrete. The parameters in the analytical model were cali-
brated by numerical simulation of toughness tests on specimens with different types and contents
of fibres in the mixture. A satisfactory simulation of experimental load-crack tip opening
displacement curves was obtained, with numerical-vs-experimental curve scatter lower than 10%.
However, the variability of experimental results hindered obtaining an accurate blind simulation
of additional tests selected from the literature. On the other hand, a clear correlation between the
parameters ruling the cracking strength-to-residual strength ratio and fibres amount was identi-
fied for both recycled and manufactured fibres. The outcome of this study showed that the pro-
posed model can be used in simplified design approaches, to account for the fibres’ type and
content in the evaluation of tensile response of fibre reinforced concrete.

1. Introduction

The environmental impact of construction industry is an issue of utmost importance and the employment of sustainable materials
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for structural applications is indispensable to address the sustainable development objectives set by the United Nations [1]. The wide
usage of reinforced concrete (RC) in building constructions highlights the need of identifying circular approaches to reduce its impact
on natural resource depletion [2-6]. To this regard, one of the state-of-art strategy from both environmental and technical standpoint is
to reuse waste tyres to complement or possibly replace traditional steel rebars [7-10]. The great increase of vehicle ownership leads,
indeed, to major issues in the waste tyres disposal and, consequently, to serious environmental issues.

Recent studies endorsed the suitability of steel fibre-reinforced concrete (SFRC) for employment in elements mainly subjected to
compression or shear, such as slabs, tunnel linings, pavements and roof elements [11-14]. In these cases, a low amount of steel fibres is
required to completely replace the conventional rebars and guarantee similar structural performance as traditional RC. The
employment of SFRC in moment-resisting frames is still debated, since their contribution to flexural strength is negligible compared to
traditional reinforcement [15,16]. On the other hand, the use of SFRC has been growing during the last 50 years, to improve structural
performance of RC frames. Several studies confirm that the addition of steel fibres in the concrete can enhance the shear performance
of beams [17,18].

The mechanical behaviour of SFRC with recovered fibres from waste tyres, alongside the manufactured fibres, has been extensively
examined in the last decade [19-24]. Recent studies showed the enhancement of the post-cracking performance of the composite due
to fibres [9,25], as well as the effectiveness in reducing microcracks [20,26]. On the other hand, the fibres contribution to compressive
strength is negligible [27,28].

The presence of fibres in the concrete matrix might also influence the failure modes by modifying the post-cracking behaviour and
increasing the dissipated energy [29,30]. Higher ductility is observed in SFRC compared to traditional reinforced concrete, since steel
fibres guarantee a significant post-yielding contribution in terms of displacement capacity and, consequently, in terms of ductility [20].
The tests conducted by Minelli and Plizzari [31] on hybrid SFRC beams with traditional longitudinal rebars showed that fibres
generally delay the occurrence of the shear failure and lead to a ductile collapse mechanism.

The influence of the fibres on the structural performance highly depends on their amount in the concrete matrix, as well as on their
type and geometry. Recent studies observed lower toughness in case of recycled fibres compared to manufactured fibres [27,32-34],
even though further investigation is required to claim this phenomenon as a general statement.

The main shortcomings related to SFRC are the construction cost increase and the mixture workability reduction, observed for a
relatively high fibres percentage [35-38]. In CNR-DT 204/2006 [39], the usage of superplasticizers and the increase of the fine
aggregate ratio is recommended to avoid severe workability reduction of SFRC mixtures. Inverted slump cone tests on concrete
mixtures with recycled fibres and 1% superplasticizer [8] showed a slump reduction as fibre content increases and absence of slump for
a fibre volume percentage equal or higher to 0.26%.

The outcome of the research studies conducted in the last 20 years on SFRC allowed to detect its peculiarities and highlight the main
issues related to its employment in construction industry. The development of idealized models simulating the mechanical response of
SFRC is one of the main issues, due to the influence of several parameters observed based on laboratory tests results [40].

Meso- and macro-scale phenomena have been modelled in recent studies, such as the pull out force-slip relationship of embedded
fibres [21], and the mean crack spacing in hybrid SFRC beams with traditional longitudinal rebars [41].

Zamanzadeh et al. [7] performed a numerical simulation of toughness tests on SFRC specimens reinforced with recycled steel fibres,
aimed at calibrating the parameters ruling the model proposed by Pereira et al. [19] for the mode I fracture propagation.

In this study, an analytical model for the tensile response of SFRC with both recycled and manufactured fibres is proposed. The
model was calibrated based on numerical simulations of toughness tests previously conducted on SFRC specimens, differing in fibre
type and fibre volume percentage in the mixture [8,22,42,43]. A smeared cracking modelling approach was adopted in ABAQUS [44],
using the proposed formulation to define the stress-cracking strain relationship in the mechanical model. According to the inverse
analysis procedure, the parameters in the formulation were adjusted to obtain the best agreement between numerical and experi-
mental load-crack tip opening displacement (Load-CTOD) curves. The specimens considered featured different volume percentages of
either manufactured or waste tyres recovered fibres, allowing to analyse the influence of the fibre type and dosage on the results. The
high variability of the response of the specimens tested led to hardships in calibrating the parameters in the analytical model proposed.
On the other hand, a correlation between fibre type and/or content and post-cracking response of SFRC was identified, proving the
suitability of the proposed model for simplified approaches.

2. Research aim

The research conducted during past years discussed in previous section contributed to develop simplified formulations adopted in
recent building design codes and guidelines [45] to estimate the mechanical behaviour of FRC elements, accounting for the properties
and the geometry of the fibres.

On the other hand, a lack of knowledge is still detected when dealing specifically with SFRC with recycled steel fibres, which are
increasingly employed in construction industry with a circular economy view.

This study aims to provide a further step in developing code-oriented formulations to predict SFRC elements behaviour, with a
focus on the employment of waste tyres recovered fibres. A novel analytical model for the tensile constitutive law of SFRC is proposed,
featuring several parameters related to fibres’ properties, type and content in the mixture. The inverse analysis procedure was used to
calibrate the parameters of the analytical model, based on experimental test results.

The analytical model proposed represents a novel tool to employ for numerical simulation of the mechanical behaviour of SFRC
elements. In fact, directly defining the tensile stress-strain response of SFRC as function of type and content of fibres, allows a fast and
simple implementation in mechanical models available in most finite element simulation platforms.
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3. Test data collection

The analytical model proposed in this study was calibrated based on the results of four-point bending tests (4PBTs) performed at
University of Salento [8,22,42,43]. In the experimental campaign, two specimen types were tested, featuring either waste tyres
recycled fibres or manufactured fibres in the mixture.

Referring to recycled steel fibres (R_SF), the high variability of the fibres’ shape (Fig. 1a) led to a preliminary characterization of
their geometric configuration through statistical analysis. A sample composed of 1200 fibres, randomly extracted after the shredding
process of the tyres, was considered for the geometrical characterization. No change in mechanical properties was observed after the
extraction process, while the workability of the mix was affected by residual magnetization. Further details on the effect of extraction
process are available in [8,9]. The fibre diameter ranged between 0.1 and 0.45 mm, with median value equal to 0.23 mm and co-
efficient of variation (CoV) equal to 32%. Despite the wide variability of the fibre diameter, most of the values (85.25%) were in the
range 0.15-0.35 mm (Fig. 2a). A wide dispersion was also observed referring to fibres’ aspect ratio (Fig. 2b), which ranged between
4.31 and 141.96. The median value and the CoV were equal to 55.33 and 42%, respectively.

The tensile strength of the fibres was evaluated by displacement-controlled tensile tests, conducted using electromechanical
dynamometer. The results of the tensile tests were grouped defining three fibres classes based on average diameter, equal to 0.36, 0.30
and 0.25 mm, respectively. For each fibres class, 15 tests were performed, obtaining a tensile strength ranging between 2239 MPa and
2578 MPa. Further details on mechanical properties of the fibres are provided in [8,9].

In the case of manufactured steel fibres (M_SF), the diameter and the length were equal to 0.6 mm and 40 mm, respectively
(Fig. 1b), while the tensile strength was higher than 1200 MPa, according to EN 14889-1 [46].

Four and three concrete mixtures were examined for R_SF and M_SF reinforced concrete specimens, respectively, varying the fibre
content to assess its influence on the concrete toughness. The details on the mix design for each specimen and the mechanical
properties of concrete are provided in Table 1 and Table 2, along with the specimen ID. The compressive strength of concrete matrix, f,
was evaluated according to EN 13290-3 [47], while the tensile strength and Young’s Modulus were computed analytically, according
to Eurocode 2 [48], as fr = 0.3-(f-8)%2 and E, = 22000-(f./10)%3, respectively.

The four-point bending tests were performed according to the Italian standard for fibre reinforced concrete [49]. The test setup is
illustrated in Fig. 3 and Fig. 4. Three samples with dimensions equal to 150x150x600 mm were realized for each specimen (Fig. 3),
including a notch at mid-span to control the first cracking point.

Two linear transducers placed at both sides of the specimens and one linear transducer placed at the notch mouth were employed to
monitor the crack tip opening displacement (CTOD) and the crack mouth opening displacement (CMOD), respectively (Fig. 3). The
load was applied according to a CMOD-controlled protocol, aiming to capture the post-cracking tensile response.

The Load-CTOD curves obtained for all the considered tests are provided in Fig. 5. It is worth mentioning that, for some specimen
types, the three tests performed were concluded at different CTOD amplitudes. Therefore, the curves obtained were analytically
extended up to the maximum CTOD achieved among the three tests. This procedure was carried out by assuming a curve slope from the
last recorded point equal to the slope computed prior the interruption of the test. The extension is evidenced using a dashed line in
Fig. 5. This procedure was necessary to compare the energy dissipation capacity between the three tests and to compute the average
curves, used to perform the numerical simulations.

For low fibres contents, a pronounced post-peak softening slope is observed for all the specimens, both in case of recycled and
manufactured fibres, (R_SFRC 23, R SFRC_30 and M _SFRC_30). A significantly higher maximum strength was obtained for
R _SFRC_30 compared to R_SFRC_23, while the value of residual strength was approximately unchanged.

A different post-peak behaviour is observed for SFRC_40 and SFRC_46, since the higher fibres content raised the residual tensile

(@) (b)

Fig. 1. (a) Waste tyres recovered fibres and (b) manufactured fibres.
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Fig. 2. Density distribution of (a) fibres’ diameters and (b) fibres aspect ratio.

Table 1
Mix design for SFRC specimens.
Specimen ID Fibres type Fibres [%v] Cement [kg/m3] Water [kg/m3] Coarse aggr. [kg/m3] Fine aggr. [kg/mS] Sand [kg/mg]
R_SFRC 23 Recycled 0.23 350 188 496 301 945
R_SFRC_30 Recycled 0.30 350 188 482 270 1168
R_SFRC_40 Recycled 0.40 350 188 548 340 965
R_SFRC 46 Recycled 0.46 350 188 494 300 942
M_SFRC_30 manufactured 0.30 350 188 486 265 1150
M_SFRC_40 manufactured 0.40 350 188 548 340 965
M_SFRC_46 manufactured  0.46 350 188 505 178 1015
Table 2
Mechanical properties of concrete matrix in specimens.
Specimen ID Compressive strength [MPa] Tensile strength [MPa] [48] Young’s Modulus [MPa] [48]
R_SFRC_23 39.00 2.96 33093.00
R_SFRC_30 48.80 3.55 35396.00
R_SFRC_40 55.40 3.92 36768.00
R_SFRC_46 32.32 2.52 31280.00
M_SFRC_30 47.80 3.50 35176.00
M_SFRC_40 60.00 4.18 37659.00
M_SFRC_46 37.58 2.87 32727.00
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Fig. 3. Details of SFRC specimens tested.
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Fig. 4. Test set-up for SFRC specimens.
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Fig. 5. Load-CTOD curves for R_SFRC (green) and M_SFRC (red), in case of (a) 0.23%, (b) 0.30%, (c) 0.40% and (d) 0.46% of fibres content.
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stress and, consequently, reduced the softening branch slope. On the other hand, the influence of the fibres content on the maximum
strength seems uncertain, because the highest and the lowest values of peak load, F,, were obtained for R SFRC_30 and R _SFRC_46,
respectively.

Aiming to provide a more reliable assessment of the effect of fibres on the mechanical performances, the cumulative energy
dissipated ED., computed as the area within the load-CTOD curve, was analysed (Fig. 6). In case of recycled fibres, the value of ED,
raised by 101.6% increasing the fibres amount from 0.23% to 0.40%. On the other hand, a significantly lower energy dissipation
capacity was obtained comparing SFRC_46 to SFRC_40, particularly in case of manufactured fibres. This result may be related to the
loss of workability, associated with the tendency of the fibres to agglomerate, which generates weak regions. A support to this
statement is provided by the results of the slump tests performed on the mixtures [8,22,42,43], which showed a slump reduction for
SFRC_46, both in case of recycled an manufactured fibres.

Higher values of ED, were generally obtained for manufactured fibres, as reported in Table 3. Particularly, the maximum value
obtained for M_SFRC_40 was equal to 27.50 kNmm, which was 82.4% higher than that obtained for R_SFRC_40 (i.e. the maximum
value obtained for recycled fibres).

A significant difference between the results is observed comparing manufactured to recycled SFRC for fibre contents equal to
0.40% and 0.46%. In the case of M_SFRC_40, the presence of fibres with the same geometry (i.e. manufactured fibres) in the mixture
seems to raise both maximum strength and energy dissipation capacity with respect to the specimen with recycled fibres. Additionally,
despite a higher variability of the Load-CTOD shape is observed in case of manufactured fibres, the cumulative energy dissipated was
not severely affected by this feature (Table 3). Lower values of Coefficient of Variation (CoV) were obtained for the ED, in recycled
fibres compared to manufactured fibres. On the other hand, similar variability (i.e. comparable CoV) was obtained referring to peak
strength Fp, and to residual strength F;.

A deal of attention should be paid to specimens with fibres content equal to 0.30% and 0.46%. In the first case, close shapes are
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Fig. 6. Cumulative energy dissipated computed for R_SFRC (green) and M_SFRC (red), in case of (a) 0.23%, (b) 0.30%, (c) 0.40% and (d) 0.46% of
fibres content.
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Table 3
Experimental tests results.
Fm [kN] F; [kN] CTOD,, [mm] ED. [kNmm]
R_SFRC_23 AVG 9.51 3.32 0.01 7.48
CoV 5.1% 21.4% 89.7% 6.1%
R_SFRC_30 AVG 16.52 1.90 0.03 9.79
CoV 6.6% 36.4% 9.3% 23.6%
R_SFRC_40 AVG 13.10 3.63 0.02 15.08
CoV 4.2% 33.7% 28.7% 8.4%
R_SFRC_46 AVG 7.95 4.35 0.10 14.57
CoV 8.2% 10.2% 141.5% 8.9%
M_SFRC_30 AVG 15.32 2.73 0.02 11.16
CoV 3.5% 4.5% 28.4% 3.9%
M_SFRC_40 AVG 14.04 8.53 0.10 27.50
CoV 12.3% 12.9% 146.5% 16.7%
M_SFRC_46 AVG 11.02 7.18 0.02 11.49
CoV 4.5% 24.1% 24.0% 23.3%

observed comparing manufactured to recycled SFRC Load-CTOD curves, resulting in similar values of Fy,, F, and ED,. On the other
hand, the fibres’ contribution to energy dissipation capacity is significantly lower compared to the other tests, as shown by the value of
residual strength.

Referring to SFRC 46, the significant influence of the fibres on the performance is evidenced by the F,/Fy, ratio, as well as the
higher value of residual strength itself compared to other fibres contents. By contrast, the displacement capacity is highly reduced in
case of manufactured fibres, probably because of the loss of workability caused by the excessive fibres content.

In Fig. 7a and b, the configuration of mid-span crack after specimen’s collapse in case of recycled and manufactured fibres,
respectively, is shown. The effectiveness of fibres employment in increasing post-cracking response of concrete is confirmed by the
high number of fibres across the crack, which were uniformly distributed in the mixture for both cases. Additionally, the same failure
mode was detected comparing recycled to manufactured fibres specimen’s response, featuring fibres slippage. This feature confirms
the reliability of using recycled fibres, although Load-CTOD curves show a better exploitation of fibres’ contribution in case of
manufactured fibres.

4. Numerical simulation

The ABAQUS finite element package [44] was used in this study to simulate the 4PBTs described in the previous section. Aiming to
reduce the computational time, a two-dimensional model with optimized mesh discretization was developed (Fig. 8). 4-node bilinear
plane strain quadrilateral elements (CPE4) of about 5 x 5 mm size, were employed in the central region close to the mid-span
cross-section, to capture the crack propagation. In the remaining regions, the mesh was composed of 3-node linear plane strain tri-
angle elements (CPE3), whose size progressively increased from the mid-bay section to the ends. The boundary conditions were
simulated by including vertical restraints to the bottom edges’ nodes close to the lower supports and a linearly pseudo-time-dependent
displacement to the top edges’ nodes close to each loading pin.

The concrete damaged plasticity model [50], available in the package, was used to simulate the mechanical behaviour of fibre
reinforced concrete. The selected mechanical model features a customable tensile response of concrete, allowing to account for the
presence of fibres in the mixture. The plastic flow and yield function parameters were assumed considering the values suggested in the
literature [50,51], while the viscoplastic regularization [50] was set to a near-zero value, aiming to accurately reproduce the

Y

(a) (b)

Fig. 7. Fibres across mid-span crack in case of (a) recycled and (b) manufactured fibres.
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Fig. 8. 2D Finite-Element model adopted for the numerical simulation.

post-cracking response. The uniaxial behaviour in compression was defined by direct input of stress-strain arrays obtained using the
formulation proposed by Mander et al. [52].

4.1. Analytical model for the tensile response of SFRC

The numerical simulation performed was aimed at defining the parameters ruling the tensile response of SFRC, depending on the
fibres type (recycled or manufactured) and content. To this scope, a parametrized analytical model for the tensile response was
proposed, reported in Fig. 9. The stress-strain function is expressed as:

1
(1 + 5775\\#)(1
Peyss

where 6 srrc and ¢ are the global stress and strain, respectively, E. and f are the elastic modulus and the cracking strength of plain
concrete, A¢ is the difference between the cracking strength and the residual strength oy, €yss is the strain value corresponding to
yielding of steel fibres, a, f, y and k are parameters calibrated through numerical simulation, depending on both fibres type and
content.

The curve obtained using Eq. (1) approximates the sum in parallel of the contribution to tensile response of plain concrete and steel
fibres, computed according to a fibre-section approach. Each contribution is obtained as the uniaxial Force-strain (F-¢) curve in
tension, normalized to concrete cross-sectional area, A,.

The first elastic branch of the SFRC curve represents the tensile response up to concrete cracking, where the fibres’ contribution to
global strength is generally negligible. At first crack generation, the fibres bonded to both crack sides contribute to global strength and
behave in elastic range up to either slippage or yielding.

The global slope within the range [ec;€ysf] is obtained as the sum of the softening slope of plain concrete and the elastic slope of
fibres. Despite the post-cracking response of SFRC generally features a softening slope [34,53], the proposed model accounts for a
perfectly-plastic behaviour prior softening, through the value y-gys, which ranges between e and &yy.

The residual strength of the SFRC curve is identified as o5 and depends on the embedded length of fibres at both crack sides, as
well as their orientation and content in the mixture. A slippage mechanism of fibres across concrete cracks is generally observed [54],

O SFRC = minq E e &5k .fcr:, Ace + Ores 1)

—— Steel Fibres Concrete
——SFRC - --+SFRC_Model

GI'ES = (X‘V.V%lf‘lsf
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Fig. 9. Analytical curve proposed for the tensile response of SFRC.
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even though yielding failure may occur in adequately bonded fibres. Aiming to consider this aspect, the value of 6y, is computed as:
Cres = Ay, ® Vg, ® fip (2)

Where vy, is the volume ratio of fibres, fyss is the yielding strength of the fibres and @y is a parameter accounting for the random
distribution, orientation and the embedded length of fibres in the mixture.

After the attainment of y-gis5, a hyperbolic softening slope asymptotic to ores is assumed, simulating the progressive failure of the
fibres across the crack. The value of f.; was computed according to Eurocode 2 [48] as f = 0.3-(f,;-8)2/ 3, being f, the compressive
strength obtained experimentally. The value of fys was defined according to the tensile tests performed in Aiello et al. [8]. The
non-dimensional parameters a, §, v, k and a,, were calibrated by inverse analysis, through numerical simulation of the selected tests, as
discussed in the following.

4.2. Numerical calibration of the mechanical model

To obtain a more general characterization of the parameters in the analytical model, the experimental curves were grouped in two
categories, including low (SFRC_23 and SFRC_30) and high (SFRC_40 and SFRC_46) fibres content, respectively. The two categories
were named x_SFRC_L and x_SFRC_H, where x is equal to R and M in case of recycled and manufactured fibres, respectively. The
calibration was carried out considering four out of six experimental Load-CTOD curves for each category (i.e. two out of three curves
for each specimen type), while the remaining two curves were used to validate the analytical model alongside with additional curves
from the literature. In the case of M_SFRC_L only two (out of three) curves were considered, since no tests were available for
M_SFRC_23. The parameters of the proposed tensile stress-strain model adopted in the numerical simulation were progressively
adjusted to obtain a satisfactory matching between numerical and average experimental Load-CTOD curves. The similarity between
the curves was assessed by computing the mean absolute error between the numerical and the average experimental value of Load,
among all the CTOD values:

u Frims — Frews)’
Dy =1— Z]j Y Frews = Frens) weFon ) 3

In Eq. (3), Agest is the parameter expressing the accuracy of the numerical simulation, n is the number of points in the curve, Frgnm,i
and Fyes,; are the numerical and average experimental values of the Load corresponding to the i-th value of CTOD. The perfect
agreement between numerical and experimental curve corresponds to As = 0. Aiming to overcome issues related to experimental
data recorded at variable intervals and obtain a suitable matching test, the Load-CTOD arrays referred to each curve were re-built
setting a constant interval between the CTOD values. The calibrated values of the parameters (Table 4) and the stress-strain curves
(Fig. 10) obtained are discussed in the following. In addition to the value of A4, the values of F, and F;, as well as the shape of the
ED¢-CTOD curves were also compared. It is worth mentioning that ED¢ was introduced to objectively assess the accuracy of the finite-
element model and does not represent the actual energy dissipated by the specimen.

For both recycled and manufactures fibres, results seem to suggest a generally inverse proportionality between fibres amount and k,
since higher values were obtained for R_SFRC_L with respect to R SFRC_H (Table 4). Additionally, higher values of k were obtained for
manufactured fibres with respect to recycled fibres. Despite the tensile strength mainly depends on the properties of concrete matrix, in
the case of high content of recycled fibres, the uneven distribution of the fibres in the mixture likely generates weak regions and,
consequently, leads to early cracking. This fashion is less evident for manufactured fibres, because their shape guarantees a more even
distribution in the mixture with respect to recycled fibres. This result evidences that manufactured fibres specifically designed to
uniformly distribute in the concrete mixture avoid a significant reduction of the peak tensile strength. It is worth evidencing that the
higher peak strength for both R_SFRC_30 and M_SFRC_30 (Fig. 10) was probably mostly influenced by the different mix design rather
than the fibres content. The results obtained for k confirm the high uncertainty in defining the influence of the fibres on the peak tensile
strength of SFRC, due to several aspects influencing the fibres distribution and orientation in the mixture.

The influence of the fibres content on the value of @, in case of recycled fibres is not clear, since close values were obtained for
R SFRC_L and R SFRC_H. On the other hand, a, significantly increases for higher fibres amounts when considering M_SFRC. It is
worth mentioning that, despite a, controls the residual stress in the stress-strain relationship of SFRC, the residual strength in the Load-
CTOD curve is influenced by the combination of a,, y and #, which should be examined conjointly. To this regard, an increase of # and y
for higher fibres amounts was obtained in case of recycled fibres. Therefore, the lower values of a,, obtained for R SFRC_H compared to
R _SFRC_L were balanced by the increase of # and y. Referring to both M_SFRC_H and R_SFRC _H, the significantly higher value ob-
tained for y and f#, compared to the remaining cases, suggests that the higher fibres amount enhances their contribution to the global

Table 4
Calibrated parameters obtained in case of R_SFRC and M_SFRC.
k oy B Y a
R_SFRC_ L 0.55 0.02 0.06 0.05 1.00
R_SFRC_H 0.19 0.01 0.18 0.14 0.25
M_SFRC_L 0.80 0.03 0.07 0.06 0.90
M_SFRC_ H 0.24 0.15 0.25 0.20 0.45
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Fig. 10. Calibrated stress-strain values for (a) R_SFRC and (b) M_SFRC.

strength and leads to a perfectly-plastic post-peak stage in the stress-strain curve, delaying softening. This result confirms the
adaptability of the proposed model in reproducing both hardening and softening Load-CTOD behaviour.

The values of a, show that the residual strength in the test is significantly lower than that obtained assuming yielding failure mode
for an optimal fibres’ orientation (featuring all fibres oriented orthogonally to the cross section). In fact, the parameter @, can be
intended as a “fibres exploitation parameter”, which expresses the rate of fibres contributing to the tensile strength. On the other hand,
the experimental value of the pull-out strength of the fibres is not only influenced by the fibres’ orientation but also by the fibres’
length, which might significantly range for recycled fibres.

The values of A5 along with the scatter between numerical and average experimental Fy, and F, (named AF, and AF;, respectively)
obtained for each case are provided in Table 5. The satisfactory agreement between the data demonstrates the high reliability of the
proposed analytical model in simulating the response of SFRC, accounting for different mixtures and fibre types. For almost all the
considered parameters, a low scatter between experimental and numerical results was obtained. The maximum value of A s was equal
to 8.8%.

The comparison between numerical and experimental curves in case of R_ SFRC is reported in Fig. 11a and b. It is worth evidencing
the scatter between numerical and experimental softening slope obtained in case of R_SFRC_H (Fig. 11b). This result is justified by the
shape of the experimental Load-CTOD curve, which features a first softening behaviour, followed by a horizontal slope (up to CTOD =
0.6 mm) and a second softening slope, representing the progressive failure of the fibres due to slippage. According to the proposed
mechanical model, the second softening slope in the numerical Load-CTOD curve is influenced by 6,.s. Therefore, a calibration of the
parameter aimed at matching the second softening slope without affecting the preceding part of the curve was impossible. Since the
second softening behaviour is influenced by several parameters and might be hardly predictable, an accurate match of the first
softening slope and the ED. curves was preferred in this case.

The comparison between numerical and experimental Load-CTOD curves in the case of M_SFRC is provided in Fig. 11c and d. A
satisfactory matching was obtained, confirmed by the values of AFp,,AF, and A4 obtained (Table 5). Nevertheless, the high variability
of the laboratory tests results obtained for M_SFRC_40 and M_SFRC_46, particularly referring to the post-peak branch, makes the
obtained analytical parameters hardly representative of specimen type and highlights the need of a wider experimental investigation.

In Fig. 12, the comparison between numerical and experimental results in terms of the ED¢c-CTOD curves is provided. A significant
increase of energy dissipation capacity in the case of M_SFRC_H (Fig. 12d) compared to all the remaining SFRC specimens analysed in
this study is observed. A more effective exploitation of the fibres was obtained in this case, confirmed by the significantly higher values
of a,, p and y employed in the mechanical model (Table 4).

For M_SFRC_40, the post-cracking behaviour was characterized by a first hardening slope. Additionally, a lighter softening was
observed compared to the remaining cases. This result evidences that, in the case of R_SFRC, the amount of fibres required to
significantly enhance the energy dissipation capacity of concrete, might majorly reduce the peak strength. On the other hand, the
adoption of manufactured fibres allows to increase the energy dissipation capacity without significantly affecting the peak strength.

Table 5
Comparison between numerical and average experimental results.

AFp [%] AF; [%] Atest [%]
R_SFRC_L 3.6% 2.1% 7.0%
R_SFRC_H 4.2% 29.5% 8.8%
M_SFRC_L 0.2% 15.4% 6.9%
M_SFRC_H 7.2% 6.4% 3.9%
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Fig. 11. Comparison between numerical (black) and experimental (green/red curve indicates average results) Load-CTOD curves for (a) R_SFRC_L,
(b) R_.SFRC_H, (¢) M_SFRC_L, (d) M_SFRC_H.

4.3. Validation of the analytical model

The analytical model was validated by comparing, for each category, the numerical curves obtained to the two remaining
experimental curves not included for the calibration of the analytical parameters (original curves in the following). Moreover,
additional experimental curves form the literature were also considered (additional curves in the following). In the case of R_ SFRC_L,
the analytical model was validated by only comparing the numerical curve to the original curves, since no additional tests on SFRC
specimens with low amount of recycled fibres were found in the literature. Consequently, the validation of the model is only influenced
by the variability of the test results obtained within a single experimental campaign. Referring to M_SFRC_L, the experimental Load-
CMOD curves obtained by Buratti et al. [55] were only considered for the validation of the model, since the specimens tested had
different geometry with respect to the ones tested at University of Salento. Additionally, it is worth noting that only one original curve
was available for the validation in the case of M_SFRC L.

In the case of R_SFRC_H and M_SFRC _H, the experimental curves obtained by Martinelli et al. [27] were also considered for the
validation of the model in addition to the two original curves. The tests performed in [27] were virtually identical to those analysed
previously, while the fibres amount was equal to 0.5%.

The mix design and the mechanical properties of concrete for the additional tests considered are provided in Table 6 and Table 7,
respectively. The comparison between numerical and experimental results in terms of Load-CTOD or Load-CMOD curves is provided in
Fig. 13.

As expected, a satisfactory matching of the two remaining experimental curves was obtained in case of R SFRC_L (A st = 22%), as
shown in Fig. 13a. It is worth reminding that this outcome is only caused by the similarity between the six experimental curves in
R _SFRC_L category. Referring to M_SFRC_L (Fig. 13c¢) a underestimation of the test results obtained by Buratti et al. [55] is observed.
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Table 6

Mix design for SFRC specimens tested by Martinelli et al. [27] and Buratti et al. [55].

Specimen ID

Fibres type

Fibres [%vV]

Cement [kg/m®]

Water [kg/m®]

Coarse aggr. [kg/m’]

Fine aggr. [kg/m°®]

Sand [kg/m?]

R_SFRC_50 Recycled 0.50 320 163 764 134 1012

M_SFRC_26 Manufactured 0.26 351 174 320 674 914

M_SFRC_50 Manufactured 0.50 320 163 764 134 1012
Table 7

Mechanical properties of concrete matrix in specimens tested by Martinelli et al. [27] and Buratti et al. [55].

Specimen ID

Compressive strength [MPa]

Tensile strength [MPa]

Young’s Modulus [MPa]

R_SFRC_50
M_SFRC_26
M_SFRC_50

36.69
41.60
40.57

2.81
3.12
3.06

32493
33740
33488

Both maximum strength and residual strength are outside the range of variation of the experimental curves. This outcome suggests the
uncertainty in identifying a clear contribution of the fibres on the energy dissipation capacity in case of low fibres amounts. Being the
value of residual strength influenced by the orientation and the number of fibres across the crack, a significant difference can be
obtained comparing the performance of two specimens realized within different campaigns. On the other hand, the shape of the
Load-CMOD curve and the F,/Fy, ratio is well reproduced by the numerical simulation.
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Fig. 13. Comparison between numerical curve (black) and experimental (yellow and grey) curves range for (a) R.SFRCL, (b) R.SFRC_H, (c)
M_SFRC_L and (d) M_SFRC_H.

For SFRC_H, a clear difference is detected comparing the performance of recycled and manufactured specimens tested in [27].
Despite the increase of maximum strength in case of recycled fibres (+12%), a significantly higher energy dissipation capacity of
M_SFRC was obtained (+207%) comparing the average curves. Furthermore, the post-peak response was characterized by a pro-
nounced softening slope in case of R_SFRC, while a post-softening strength reprise is observed in M_SFRC.

Since both original and additional curves were considered in this case for the model validation, the analytical parameters were
defined based on the average concrete tensile strength and fibres’ content among the values obtained in the two campaigns. In the case
of recycled fibres (Fig. 13b), a satisfactory agreement was obtained in terms of post-cracking slope and cumulative energy dissipated.
On the other hand, the peak strength is underestimated compared to the results obtained by Martinelli et al. [27].

A different outcome is obtained in case of M_SFRC_H (Fig. 13d). In fact, despite the maximum strength was matched by the nu-
merical model, the shape of the curve in the post-cracking stage was difficult to simulate, due to the progressive strength reprise after
softening slope, which could not be replicated numerically. Nevertheless, the residual strength obtained numerically was close to the
upper and the lower boundary of the range of variation of the results for original (grey in Fig. 13d) and additional curves (yellow in
Fig. 13d), respectively.

The results obtained in this section highlighted the hardships in defining accurate analytical models for predicting the mechanical
behaviour of SFRC. Nevertheless, the calibrated parameters obtained through the numerical simulation allow to identify a range of
variation of the performances of concrete elements reinforced with either recycled or manufactured steel fibres. The outcome of the
numerical analysis is useful for predicting the increase of energy dissipation capacity due to the presence of fibres, mainly influenced
by the parameters g, y and a,.

Lastly, although an optimized amount of manufactured fibres (M_SFRC_40 and M_SFRC_50) guarantees a significant increase of
energy dissipation capacity, noticeable results are also obtained employing recycled fibres. This statement is demonstrated by the
greater area under the post-peak Load-CTOD curve obtained for R SFRC 40 and R _SFRC 46 with respect to R_ SFRC 23 and
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R_SFRC_30.
5. Conclusions

The numerical simulation performed in this study allowed to calibrate an analytical model for the stress-strain tensile response of
concrete elements reinforced with either recycled or manufactured steel fibres. The analytical model was conceived based on
experimental Load-crack tip opening displacement curves, referred to seven specimens tested in a previous experimental campaign,
differing from the fibres amount and the fibres type. Three tests for each specimen were considered in this study, aiming to account for
the variability of the response in the definition of the analytical model.

The study of the failure modes and the energy dissipation capacity of the specimens tested led to the qualitative characterization of
the analytical model proposed, including several parameters. Each parameter indicates a specific feature of the tensile response of
steel-fibre-reinforced-concrete, such as the maximum strength, the post cracking slope, the residual strength and the ultimate
deformation.

The analytical model was calibrated through the inverse analysis procedure, using a trial-and-error approach to match the shape of
the experimental Load-CTOD curves.

The outcome of the study is summarized in the following:

- The test results evidenced that a higher fibres’ amount generally reduces the peak strength and increases the energy dissipation
capacity.

- The peak strength reduction was more evident in case of recycled fibres, since their high variability in shape led to non-uniform
distribution in the mixture and, consequently, generated weak regions.

- In case of manufactured fibres, an optimized fibres amount (0.4%) was found to significantly increase the cumulative energy
dissipated, with respect to all other specimens considered, while similar results were obtained comparing recycled and manu-
factured fibres for the remaining cases.

- A satisfactory simulation of the tests results was obtained in terms of maximum strength, post-cracking response and cumulative
energy dissipated, evidencing the high reliability of proposed model.

- The variability of the response between the specimens tested led to hardship in identifying a univocal correlation between fibres
amount or type and the values of the parameters employed in the model. The post-cracking response of steel-fibre-reinforced
concrete is indeed influenced by fibres orientation in the mixture, which can’t be predicted using macro models.

Further investigation could regard the optimization of the mix design or the fibres demagnetization, aiming to guarantee an even
distribution of fibres in the concrete matrix and to avoid tangling. Therefore, the calibrated values of the parameters, provided for each
case, should be considered as rough estimations, to be used for simplified models adopted in practical design.

The use of novel solutions in reinforced concrete structures is being encouraged in the present days and a deal of attention is paid to
environmental-friendly techniques. Despite the research on the field has been moving forward since several years, the need of
developing and adopting innovative and more sustainable materials remains considerable. The employment of waste tyres recovered
fibres represents one of the most innovative approaches from a circular economy standpoint. The increasing number of vehicles
manufactured each year leads, indeed, to major issues in tyre disposal.

The outcome of this study can contribute to the development of a suitable model for the design of recycled fibres, aiming to promote
their usage in construction industry. The proposed model can be improved conducting further experimental studies, aimed at
investigating different fibres contents or type and provide a comprehensive data-driven characterization of the parameters introduced
in this work. To this regard, it is worth mentioning that the loss of workability caused by the presence of randomly shaped fibres in the
concrete mixture is still a major hurdle to their wider use. Consequently, further experimental studies on recycled fibres are required to
more accurately calibrate the parameters of the proposed analytical model, aiming to identify the optimal use of this technology.
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