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Abstract

Recycled steel fibers (RFs) recovered from end-of-life tires (ELTs) are a potential alterna-
tive to manufactured steel fibers in concrete, but their irregular geometry may limit their
effectiveness. This study compared RF and commercial hooked-end steel fibers (CFs) in
ordinary Portland cement concrete produced at water-to-cement ratios (w/c) of 0.40, 0.50,
and 0.60 with fiber dosages of 15, 30, and 45 kg/m?>. Workability, compressive strength,
flexural strength, residual flexural strengths (fz; and fg3), and toughness were determined,
and a multi-response desirability approach combining compressive strength, fr;, and tough-
ness was applied. Both fiber types improved the post-cracking response; however, CF
provided higher residual strengths and toughness, whereas RF reduced workability more
and showed a greater loss of residual capacity between fz; and fz;. Compressive strength
was governed mainly by w/c rather than fiber dosage. The highest overall desirability
was obtained with 45 kg/ m? of CF and a w/c of 0.40, with a geometric mean (D) of 0.653,
while for RF the maximum was obtained with 30 kg/m? and w/c = 0.40 (D = 0.285). RF
effectiveness depends on matrix quality and dosage, and RF should be selected according
to the required post-cracking performance rather than as a direct replacement for CF.

Keywords: recycled tire steel fiber; steel fiber-reinforced concrete; residual flexural strength;
post-cracking behavior; toughness; desirability function; end-of-life tires; commercial
hooked-end steel fibers

1. Introduction

End-of-life tires (ELTs) represent a substantial waste stream with significant potential
for material recovery. In Europe, 95% of ELTs were collected and treated in 2019, primarily
through material recycling and energy recovery [1]. Car and truck tires contain approxi-
mately 10-20% steel by mass, and the recycling of ELTs has been estimated to save 1.4-1.6 t
CO,-eq per tonne of tires compared with incineration [2]. Although steel can be recycled
through remelting with almost no loss of quality [3], the direct reuse of tire-derived steel
fibers in cementitious materials is particularly attractive because it can provide a secondary
reinforcement source while reducing the need for newly manufactured steel. However,
recycled tire steel fibers (RFs) exhibit considerable variability in length, geometry, and
surface condition as a consequence of tire composition and recycling processes [4,5].

Steel fiber-reinforced concrete (SFRC) improves the inherently brittle response of
cementitious materials by enhancing crack control, toughness, and post-cracking load-
carrying capacity [6]. These improvements depend strongly on fiber geometry, dosage,
orientation, and distribution [7,8]. Commercial steel fibers (CFs) provide controlled geom-
etry and anchorage, whereas RFs recovered from ELTs are generally more irregular and
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may contain residual rubber or surface contamination. Consequently, although RFs can
improve the mechanical response of concrete, their flexural performance at comparable
dosages may remain below that of manufactured fibers [9-11]. Nevertheless, their lower
material cost and potential for material recovery make them attractive as an alternative
reinforcement where moderate post-cracking performance is sufficient.

Residual flexural performance is particularly important for evaluating the contribution
of steel fibers after cracking. Previous studies have shown that residual strength parameters
are sensitive to fiber distribution, orientation, and specimen geometry, with later-stage
residual responses providing useful information on post-cracking behavior [12]. Senesavath
etal. [13] compared purified and non-purified recycled tire steel fibers with industrial steel
fibers at a constant fiber dosage of 30 kg/m? and reported that recycled fibers improved
flexural response and toughness, with purified fibers providing better performance than
non-purified fibers. More recent studies have also demonstrated that appropriate processing
and selection of recycled tire steel fibers can substantially improve their effectiveness [14].
However, differences in matrix composition, fiber characteristics, and dosage make direct
comparison among existing studies difficult.

Most investigations of RF-reinforced concrete have focused on individual fiber systems
or a limited range of mixture parameters. Recent studies have examined the mechanical and
durability performance of concrete containing recycled tire steel fibers [15], the incorpora-
tion of untreated RFs at a single dosage into structural concrete with electric arc furnace slag
aggregates [16], and waste-derived fibers in high-performance cementitious systems [17].
Previous work has also compared the residual flexural performance of recycled and com-
mercial steel fibers in slag-blended concrete [18]. However, comparatively limited attention
has been given to the systematic comparison of RF and CF across different matrix qualities
and fiber dosages in ordinary Portland cement (OPC) concrete under identical experimental
conditions. In particular, the combined influence of water-to-cement ratio, fiber type, and
fiber dosage on workability, compressive strength, and post-cracking flexural response
remains insufficiently understood.

Accordingly, this study systematically compares RF and CF in OPC concrete produced
at three water-to-cement ratios (0.40, 0.50, and 0.60) and three fiber dosages (15, 30, and
45 kg/m?) under identical mixing, casting, and testing conditions. The effects of fiber type
and dosage are evaluated in terms of workability, compressive strength, flexural strength,
residual flexural strengths at early and advanced crack openings (fz; and fg3), and tough-
ness, in order to clarify how the relative effectiveness of RF changes with matrix quality
and fiber content. Because these responses do not necessarily improve simultaneously, a
multi-response desirability approach is subsequently applied to compressive strength, fr,
and toughness, using common normalization bounds for all fiber-reinforced mixtures, to
identify the fiber type—dosage combinations that provide the most balanced mechanical
performance for each matrix quality. Rather than treating RF as a direct substitute for CF at
a single dosage, the study thereby provides a comparative framework for assessing the con-
ditions under which recycled tire steel fibers can be used as an alternative to manufactured
steel fibers in OPC concrete.

2. Materials and Methods
2.1. Materials and Mix Design

OPC (CEM I42.5 R) was used as the binder in all mixtures. Natural sand, crushed
stone sand (C. sand), and two sizes of crushed coarse aggregates (CS Nol and CS NolI)
were used, with a maximum aggregate size of 31.5 mm. The aggregates were combined
in constant proportions (by mass) of 0.20 natural sand, 0.30 C. sand, 0.25 CS Nol, and
0.25 CS Noll for all mixtures, and their particle size distributions are given in Table 1.
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A polycarboxylate-based superplasticizer (SP) (Sika® ViscoCrete®-520 P, Sika AG, Baar,
Switzerland) was used to obtain the required workability without altering the w/c.

Table 1. Particle size distribution of the aggregates and of the combined aggregate blend.

Sieve Size (mm) Natural Sand C.Sand CS Nol CS Noll Mix

31.5 100 100 100 100 100
16 100 100 100 48 87.0
8 100 98 59 0.3 64.2
4 100 89 24 0.3 474
2 99 54 1.6 0.3 36.5
1 98 29 1.6 0.3 28.8
0.5 95 17 1.5 0.3 24.6
0.25 17 9 1.5 0.3 6.6
Mix ratio 0.20 0.30 0.25 0.25 -

Two types of steel fibers were investigated: RFs recovered from ELTs by mechanical
shredding and CFs. The RFs exhibited irregular geometry and a broad distribution of length
and diameter and contained residual rubber and textile fragments after recovery. Before
mixing, the RFs were manually cleaned and disentangled and were gradually introduced
into the mixer to minimize fiber balling. Representative images of the RFs and CFs are
shown in Figure 1, and their geometrical characteristics are summarized in Table 2. The
CFs were hooked-end, bright, glued steel fibers (Dramix® 3D 80/60BG, Bekaert, Zwevegem,
Belgium) with a length of 60 mm, a diameter of 0.75 mm (aspect ratio of 80), a nominal
tensile strength of 1225 MPa, and a Young’s modulus of 200 GPa [19].

“,...3-:35 v 5‘(:(5@&11 yyyyy
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Figure 1. RF and CF geometry. (a) RFs as recovered from end-of-life tires (left) and CFs (right) (a
single fiber and a glued bundle); (b) RFs after manual cleaning and disentangling. The rulers are
graduated in centimeters.

Table 2. Geometrical characteristics and mass fractions of RF.

RF Class Diameter (mm) Length (mm)  Aspect Ratio (1/d) Mass Fraction (%)

Thin 0.31 £ 0.06 184+ 78 59.0 12.0
Medium 0.38 +0.13 68.0 + 25.0 178.8 40.8
Coarse 1.19 £ 0.65 71.3 + 269 60.0 47.2

Concrete mixtures were produced at w/c of 0.40, 0.50, and 0.60. For each w/c, RF
and CF were incorporated at dosages of 15, 30, and 45 kg/m?, corresponding to fiber
volume fractions of approximately 0.19%, 0.38%, and 0.57%, respectively and together with
a fiber-free reference mixture. The aggregate proportions were kept constant, while the
superplasticizer dosage was adjusted to achieve suitable workability. A total of 21 concrete
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mixtures were investigated. The mixtures were designated according to the w/c, fiber
dosage, and fiber type. For example, 0.50/30RF denotes a mixture with w/c = 0.50 containing
30 kg/m? of RFs, while 0.50/30CF represents the corresponding mixture containing CFs.
Fiber-free mixtures were designated as 0.40/Ref, 0.50/Ref, and 0.60/Ref. The mixture
proportions and slump values are given in Table 3.

Table 3. Concrete mix design and slump values.

Materials (kg/m?)

0.40/Ref 0.50/Ref 0.60/Ref 0.40/15 0.50/15 0.60/15 0.40/30 0.50/30 0.60/30 0.40/45 0.50/45 0.60/45

Cement
Water
Sand
C. Sand
CS Nol
CS Noll
Fiber
SP for RF (%)
SP for CF (%)
Slump RF (cm)
Slump CF (cm)

350
140
417
639
532
532
0

1.3

16

350 350 350 350 350 350 350 350 350 350 350
175 210 140 175 210 140 175 210 140 175 210
371 353 383 364 342 383 363 340 386 366 343
569 542 587 558 525 586 557 522 592 561 526
474 451 489 465 437 485 464 435 493 467 439
474 451 489 465 437 485 464 435 493 467 439
0 0 15 15 15 30 30 30 45 45 45

3 2 1 4 24 12 55 3 18

1 0.5 2 15 05 3 2 05 5 3 2

11 13 16 8 10 12 1 7 9

20 23 19 2 19 15 18 19 14 14 16

2.2. Testing Procedure

Fresh concrete workability was evaluated using the slump test. All specimens were
demolded after 24 h and cured in water at 20 + 2 °C until testing at 28 days. Compressive
strength was determined on 100 x 200 mm cylindrical specimens at 28 days in accordance
with EN 12390-3 [20]. Three cylinders were tested for each mixture.

Flexural performance was evaluated by three-point bending tests on notched prismatic
specimens, following the procedure of EN 14651 [21] adapted to 100 x 100 x 500 mm beams,
as in a previous study [18]. A saw-cut notch with a depth of ay = 17 + 1 mm was made at
mid-span, giving an effective ligament height of hy, = 83 mm. The beams were tested over
a clear span of 425 mm on knife-edge supports. The crack mouth opening displacement
(CMOD) was measured with a clip gauge placed across the notch mouth, and the tests
were run under CMOD control at a constant rate of 0.05 mm/min until a CMOD of 4.0 mm
was reached, at which point the tests were terminated. All mixtures were tested with the
same geometry and control settings, with three beams per mixture.

The maximum flexural strength (fg., ) was calculated from the maximum load recorded
during the test, and the residual flexural strengths fz; and fp; from the loads at CMOD
values of 0.5 and 2.5 mm, respectively:

3FI

s (1)
2
2bhy,

fﬂex =
where fq,, is the flexural strength (MPa), F is the corresponding load (N), is the clear span
(425 mm), b is the beam width (100 mm), and hy;, is the effective ligament height (83 mm).
Toughness was calculated as the area under the load-CMOD curve up to CMOD = 4.0 mm.

2.3. Multi-Criteria Performance Assessment

A multi-response desirability approach was used to compare the overall performance
of the concrete mixtures. The desirability function method proposed by Derringer and
Suich [22] transforms each response into an individual desirability value (d;) ranging from
0 to 1, where 0 represents the least desirable and 1 the most desirable response. Compressive
strength (d,), the residual flexural strength at CMOD = 2.5 mm, fz; (d,), and toughness
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(d3) were treated as maximization criteria. A linear desirability function with a weighting
factor of 1 was adopted, and the individual desirability of each response was calculated as:

0,Y, <L,
Y,-L;

T-L LY, <U; (2)
1LY, >U

diz

where Y] is the measured value of response i, and L; and U; are the lowest and highest
values of that response observed among all fiber-reinforced mixtures, respectively. The
individual desirability values were then combined into the overall desirability (D) using
the geometric mean:

D = (dy x dy x d)'° (3)

To visualize the variation in D with w/c and fiber dosage a second-order polynomial
was fitted by least squares to the nine mixtures of each fiber type:

D = ay + a, (/) + ayF + a3(*/e)F + ay(*/e)* + asF? (4)

where F is the fiber dosage (kg/m?®) and aj—as are the fitted coefficients. Because six
coefficients were fitted to nine data points, the fitted surfaces were used only as graphical
trend guides and not as predictive models.

Equal importance was assigned to the three responses. All 18 fiber-reinforced mixtures
were evaluated together using common normalization bounds, so that the resulting D
values are directly comparable across the investigated w/c ratios and fiber type—dosage
combinations. Because the bounds correspond to the experimentally observed extremes, the
D values express the relative mechanical performance of the mixtures within the investigated
experimental domain rather than an absolute performance measure.

3. Results and Discussion
3.1. Workability and Compressive Strength

The slump results for all mixtures are presented in Table 3. Increasing the RF dosage
from 15 to 45 kg/ m?3 reduced the slump from 11 to 1 ¢cm, 13 to 7 cm, and 16 to 9 cm at w/c
ratios of 0.40, 0.50, and 0.60, respectively. In comparison, CF mixtures containing 45 kg/m?
maintained slump values of 14, 14, and 16 cm, indicating a considerably greater loss of
workability with RF, particularly at low w/c. Similar reductions in slump with increasing
waste or recycled steel fiber content have been reported in previous studies [23-25], mainly
due to increased fiber interaction and internal friction within the fresh mixture.

The 28-day compressive strength results are presented in Figure 2. The reference
mixtures exhibited compressive strengths of 70.0, 50.7, and 45.2 MPa at w/c of 0.40,
0.50, and 0.60, respectively, demonstrating the dominant influence of matrix quality. At
w/c = 0.40, the fiber-reinforced mixtures ranged from 60.0 to 70.8 MPa, whereas the corre-
sponding ranges were approximately 45.8-54.8 MPa at w/c = 0.50 and 41.1-44.0 MPa at
w/c = 0.60. Three-way ANOVA (w/c, fiber type, and dosage; three specimens per mix-
ture) showed that w/c explained about 90% of the total variation in compressive strength
(p < 0.001), whereas fiber type and dosage together explained only about 3%. Fiber addi-
tion did not increase compressive strength relative to the reference mixtures, and several
mixtures showed small but significant reductions (Dunnett’s test, p < 0.05). No systematic
increase in compressive strength was observed with increasing fiber dosage. This limited
influence of steel fibers on compressive strength is consistent with previous studies [26,27],
which reported that fiber incorporation has a relatively minor effect on compressive strength
compared with its contribution to tensile and post-cracking behavior.
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Figure 2. Compressive strength of RF- and CF-reinforced concrete at different fiber dosages ((a) w/c
=040, (b) w/c =0.50, (¢) w/c = 0.60). Error bars represent + standard deviation.

3.2. Post-Cracking Flexural Properties

The flexural response of the mixtures was evaluated from the load—-CMOD curves ob-
tained during three-point bending tests. The representative curves (Figure 3) were selected
to illustrate the characteristic post-cracking behavior without presenting all individual
responses. These curves provide a direct comparison of the influence of fiber type and
matrix quality on the post-cracking response.

17,500 17,500 +
15,000 oo 45CF 15,000 { ,00-0-0-0-0-0-0,
12,500 700000 oon. 125007 \ " 45CF
45CF 10,000 ~ 10,000 Q
- 7500 7500
Nikas 30RF
Bpy g S 5000 5000 4|y, (
Attt et 2500 AAAﬁA“ﬂAlSEF-aAa—# 2500 R{’Se?A&ﬁAA'*onﬁ»*‘(
v T T ) 0 - - T ) 0 v . T )
| 2 3 4 1 2 3 4 0 1 2 3 4
CMOD (mm) CMOD (mm) CMOD (mm)

(a) (b) (c)

Figure 3. Representative load-CMOD curves of SFRC mixtures at different w/c ratios: (a) w/c = 0.40,
(b) w/c =0.50, and (c) w/c = 0.60.

The flexural strength (fg.,) results for all mixtures are presented in Figure 4. The
reference mixtures exhibited fg,, values of 8.3, 7.0, and 5.5 MPa at w/c of 0.40, 0.50, and
0.60, respectively. The incorporation of fibers generally increased the maximum flexural
strength, although the magnitude of the improvement depended on fiber type, dosage, and
matrix quality. For RF mixtures, the highest fy., values were 8.9, 8.9, and 8.4 MPa at w/c
ratios of 0.40, 0.50, and 0.60, respectively. CF produced a more pronounced improvement,
with maximum values of 11.2, 13.3, and 15.8 MPa for the corresponding w/c. However, the
response was not consistently proportional to fiber dosage: it increased clearly with dosage
for CF at w/c = 0.50 and 0.60, but not for RF or for CF at w/c = 0.40, indicating that the

peak flexural response was governed by the combined effects of fiber type, dosage, and
matrix quality.
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Ref 15 30 45 Ref 15 30 45 Ref 15 30 45
Fiber dosage (kg/m®) Fiber dosage (kg/m®) Fiber dosage (kg/m?)
(a) (d) (©)

I Reference Il RF Il CF

Figure 4. fy. of RF- and CF-reinforced concrete at different fiber dosages: (a) w/c = 0.40;
(b) w/c =0.50; and (c) w/c = 0.60. Error bars represent * standard deviation.

Three-way ANOVA indicated that f;., was governed mainly by fiber type and dosage
(p < 0.001), with higher values for CF than for RF, whereas the effect of w/c was not
significant (p > 0.05); the effect of dosage depended on w/c (p < 0.001). Compared with the
reference mixtures, fg,, increased significantly only at higher fiber dosages and at w/c > 0.50
(Dunnett’s test, p < 0.05).

Although fg., describes the peak flexural response, it does not fully characterize the
contribution of fibers after cracking. Therefore, fg; and fg;, corresponding to CMOD values
of 0.5 and 2.5 mm, respectively, were used to characterize the residual response at early and
more advanced stages of crack opening. As summarized in Table 4, the distinction between
these two stages was particularly evident for RF mixtures. At 45 kg/ m3, frq values of 4.36,
4.09, and 4.15 MPa decreased to fg; values of 2.52, 2.39, and 2.54 MPa for w/c ratios of 0.40,
0.50, and 0.60, respectively. In contrast, CF maintained or increased its residual capacity
at higher dosages; at 45 kg/m?, fy; and fi; were 7.19 and 5.95 MPa at w/c = 0.40, 11.15
and 12.10 MPa at w/c = 0.50, and 12.52 and 13.13 MPa at w/c = 0.60. Thus, considering
both fg; and fy; reveals a clear difference in the evolution of post-cracking behavior: RF
provided substantial early residual capacity but generally exhibited greater strength loss
with increasing crack opening, whereas CF, particularly at higher dosages, provided a more
sustained residual response. Toughness was additionally evaluated to characterize the
overall energy absorption capacity, and the complete results are presented in Table 3.

Toughness results further confirmed the contribution of fibers to post-cracking perfor-
mance. While the reference mixtures exhibited toughness values of only 1362-1593 N.mm,
the maximum values reached 14,199-23,425 N.mm for RF and 30,500-39,881 N.mm for
CF. CF showed a more consistent increase in toughness with fiber dosage, whereas RF
exhibited a more variable response. A three-way ANOVA showed that fiber type, fiber
dosage, and w/c ratio all significantly affected toughness (p < 0.001), with fiber type and
dosage explaining most of the variance. All fiber-reinforced mixtures had higher toughness
than the plain concrete, and CF mixtures had higher toughness than RF mixtures at the
same w/c ratio and dosage (p < 0.01), except at 0.50/15. Notably, 0.50/45RF combined a
relatively low fr; of 2.39 MPa with a toughness of 23,425 N.mm. This apparent contradiction
arises because fg; reflects the load at a single crack opening (CMOD = 2.5 mm), whereas
toughness integrates the load over the entire CMOD range up to 4.0 mm. In this mixture,
fr1 (4.09 MPa) was considerably higher than fr;, indicating that the load was carried mainly
at small and intermediate crack openings and decreased gradually thereafter. This behavior
is consistent with the progressive pull-out of the irregular recycled fibers, which was the
predominant failure mode observed in the fractured specimens.
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Table 4. Residual flexural strength and toughness of SFRC mixtures.

Mix fr1 (MPa) frs (MPa) Toughness (N.mm)
0.40/Ref — — 1593 + 488
0.40/15RF 2.83 £ 0.33 214 +£0.17 11,384 + 1478
0.40/30RF 4.15 + 048 2.83 +£0.32 15,179 + 1668
0.40/45RF 436 £1.01 2.52 +0.57 17,741 + 1273
0.40/15CF 3.86 £ 0.29 3.10+0.13 15,906 + 1128
0.40/30CF 5.52 +0.37 5.80 = 0.30 26,206 + 1328
0.40/45CF 7.19 £ 049 5.95 + 0.48 30,500 + 1578
0.50/Ref — — 1362 £+ 354
0.50/15RF 3.16 £ 0.26 3.49 +£0.32 14,722 + 1255
0.50/30RF 3.41 £ 047 248 +0.33 12,966 + 1125
0.50/45RF 4.09 + 0.68 2.39 + 046 23,425 + 1529
0.50/15CF 2.68 = 0.19 270 £0.11 12,415 + 947
0.50/30CF 6.58 + 0.54 6.93 £ 0.54 27,668 + 1147
0.50/45CF 11.15 £ 0.82 12.10 +£ 0.48 34,711 + 1471
0.60/Ref — — 1500 + 234
0.60/15RF 1.85+0.25 1.34 £0.13 7201 + 1147
0.60/30RF 416 + 0.44 294 +0.31 13,793 £+ 1329
0.60/45RF 415+ 0.79 2.54 +0.44 14,199 £ 1322
0.60/15CF 3.08 £0.22 3.77 £ 0.26 16,568 + 617
0.60/30CF 4.36 +£ 0.31 4.76 + 0.42 21,245 + 981
0.60/45CF 12.52 +£ 0.94 13.13 + 1.08 39,881 + 1051

3.3. Multi-Criteria Assessment

The responses evaluated in this study did not vary in the same direction with fiber type

and dosage. Increasing the fiber dosage reduced workability and did not systematically
change compressive strength, whereas residual strength and toughness generally increased.
When performance criteria conflict in this way, no single response can identify the most suit-
able mixture, and multi-criteria optimization provides a mathematical basis for comparing
the alternatives [28]. The desirability function approach has been applied to concretes con-
taining steel fibers recovered from scrap tires, where mechanical properties and cost were
considered together [28,29]. In the present study, it was applied to compressive strength
(dy), frs (d,), and toughness (d3) with equal importance.

All 18 fiber-reinforced mixtures were included in the analysis, and the minimum and
maximum values observed for each response were used for normalization (Equation (1)).
The resulting D values therefore represent the relative mechanical performance of the
mixtures within the investigated experimental domain. Because D is a geometric mean,
it approaches zero when any response is close to its minimum, which penalizes mixtures
with unbalanced performance [28,29]. Representative results corresponding to the highest
D value for each fiber type at each w/c ratio are presented in Table 5.

Table 5. Representative desirability results for RF and CF mixtures.

Mix d; d, d; D
0.40/30RF 0.754 0.126 0.244 0.285
0.40/45CF 1.000 0.391 0.713 0.653
0.50/45RF 0.263 0.089 0.496 0.226
0.50/45CF 0.286 0.913 0.842 0.604
0.60/30RF 0.020 0.136 0.202 0.082
0.60/45CF 0.020 1.000 1.000 0.272
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The highest overall desirability was obtained for 0.40/45CF (D = 0.653), followed by
0.50/45CF (D = 0.604). Among the RF mixtures, 0.40/30RF exhibited the highest value
(D = 0.285), while increasing the RF dosage to 45 kg/m? did not further improve the
combined mechanical response at this w/c ratio. At each w/c ratio, the best CF mixture
reached a higher D than the best RF mixture (Table 5), reflecting the higher residual strength
and toughness of CF (Section 3.2). The variation in D over the investigated range is shown
in Figure 5. For CF, D increased markedly toward low w/c and high fiber dosage, whereas
the RF surface was considerably flatter and reached its maximum at w/c = 0.40 and an
intermediate dosage. The results also illustrate the importance of considering multiple
responses simultaneously. Although 0.60/45CF achieved the highest fz; (13.13 MPa) and
toughness (39,881 N.mm) in the experimental program, its very low compressive-strength
desirability (d; = 0.020) limited the overall index to D = 0.272. In contrast, 0.50/45CF,
with a higher d; of 0.286 and slightly lower d, and d; (0.913 and 0.842), reached D = 0.604.
This comparison shows that the geometric mean strongly penalizes a very low individual
desirability, so the highest value of an individual response does not ensure the highest
overall desirability.

0.8 "
0.6 T

04 7

Figure 5. Overall desirability (D) as a function of w/c and fiber dosage: (a) RF; (b) CF. Markers
indicate the calculated D values of the tested mixtures, and the surfaces show second-order polynomial
fits. Darker blue indicates higher D.

The fitted equations were (Figure 5):

for RF: D = —0.838 + 4.321(*/c) + 0.0151F — 0.01317(*/c)F — 5.046(¢/)% — 1.20 x 10~4F2 (5)

for CF : D = —0.2475 + 1.928(%/c) + 0.02642F — 0.03694(*/.)F — 2.334(%/c)* + 1.70 x 1075F2 (6)

The coefficients of determination were R? = 0.929 for RF and R? = 0.937 for CF. With
six coefficients fitted to nine points, these surfaces indicate trends within the investigated
domain and should not be used as predictive equations.

4. Conclusions

This study compared RF and CF in OPC concrete at three w/c ratios (0.40, 0.50, and
0.60) and fiber dosages of 15, 30, and 45 kg/ m?3. Based on the experimental results, the
following conclusions can be drawn:

e RF caused a greater reduction in workability than CF, particularly at higher fiber
dosages and lower w/c ratios. In contrast, compressive strength was governed mainly
by matrix quality, with no systematic improvement observed with increasing fiber
dosage.

https://doi.org/10.3390/app162110947
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e  Both fiber types improved the flexural and post-cracking response, but CF generally
provided higher residual strengths. RF exhibited a greater reduction in residual
capacity between fR1 and fR3, whereas CF, particularly at higher dosages, maintained
or increased its load-carrying capacity with increasing crack opening.

e  Toughness increased substantially with fiber incorporation. The maximum toughness
values obtained with RF ranged from 14,199 to 23,425 N.mm across the three w/c
ratios, while CF reached 30,500-39,881 N.mm. The CF mixtures also showed a more
consistent increase in toughness with increasing fiber dosage.

e  The multi-criteria assessment confirmed that overall mechanical performance de-
pended on the combined effects of matrix quality, fiber type, and dosage. The highest
overall desirability was obtained for 0.40/45CF (D = 0.653), whereas 0.40/30RF pro-
vided the highest desirability among the RF mixtures (D = 0.285). Increasing RF
dosage beyond 30 kg/m? therefore did not necessarily result in a better combined
mechanical response.

Opverall, RF can provide meaningful post-cracking capacity and energy absorption, but
its response is more sensitive to fiber dosage and matrix quality than that of CF. The results
highlight that recycled tire steel fibers should be evaluated based on the required level of
post-cracking performance rather than considered as a direct equivalent replacement for
manufactured steel fibers.
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The following abbreviations are used in this manuscript:

CF Commercial steel fiber

CMOD  Crack mouth opening displacement
D Overall desirability

ELT End-of-life tire

OPC Ordinary Portland cement

RF Recycled tire steel fiber

SFRC Steel fiber-reinforced concrete

SP Superplasticizer
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