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Department of Civil Engineering, Gümüşhane University, Gümüşhane 29000, Türkiye;
yselimaksut@gumushane.edu.tr (Y.S.A.); gnskaya61@gumushane.edu.tr (A.G.S.)
* Correspondence: mtseferoglu@gmail.com; Tel.: +90-4562331000

Abstract

This study evaluates the mechanical performance and sustainability potential of fiber-
reinforced concrete incorporating mine tailings as the fine aggregate and waste tire wire
as the reinforcing fiber. The concrete mixtures contained 0.2%, 0.4%, and 0.6% waste tire
wire with the natural fine aggregate replaced entirely with Pb-Zn-Cu tailings. The mixtures
were tested for porosity, water absorption, compressive strength, splitting tensile strength,
flexural strength, toughness, fracture energy, and ductility to assess their mechanical perfor-
mance and durability. The mine tailings improved the microstructure and reduced water
absorption, particularly with tire wire. Using waste tire wire improved the compressive,
tensile, and flexural performance; in particular, W-6 showed a 18.2% rise in compres-
sive strength and a more than twofold increase in flexural strength relative to the control
mix. The flexural toughness and fracture energy rose by up to 161%, while the ductility
peaked at a fiber content of 0.2%. These gains were attributed to fiber crack-bridging and
post-cracking energy absorption. The dual-waste system also reduced porosity, improved
durability, and demonstrated strong potential for rigid pavement applications such as high-
ways, industrial yards, and airport runways that require high fatigue resistance and a long
service life. Beyond technical performance, this approach offers a sustainable solution that
lowers maintenance, reduces life-cycle costs, and aligns with circular economy principles.

Keywords: alternative aggregates; fiber-reinforced concrete; mechanical properties; mine
tailings; rigid pavement; sustainability

1. Introduction
In recent years, rigid pavements have gained prominence for their high durability

and extended service life. The surge in concrete consumption across the world, given its
primacy in construction, has accelerated resource drawdown and industrial waste accu-
mulation [1]. Conventional concrete production depends heavily on virgin aggregates and
steel reinforcement, both of which present notable environmental and economic draw-
backs. Consequently, integrating waste-derived materials into concrete production has
become an important strategy for mitigating ecological impacts and supports the conser-
vation of natural resources. As the construction industry pursues global sustainability
objectives, industrial by-product recycling and reuse are gaining recognition as crucial
measures. Using such by-products in concrete reduces the reliance on natural aggregates
while promoting cost-efficient, eco-friendly handling of waste. In this context, mining
by-products, particularly residues from lead, zinc, and copper operations, can serve as alter-
native aggregates or binders, helping to address challenges such as heavy metal release, soil
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degradation, and water contamination, while reducing the high disposal costs [2]. In this
study, Pb-Zn-Cu tailings were chosen due to their regional abundance and large stockpiles
and have significant reuse potential and sustainability benefits in concrete production [3].
The tailings in the 0–5 mm fraction were processed and employed as a fine aggregate to
evaluate their mechanical performance and practical feasibility rather than exploiting any
chemistry-specific reactivity. Despite these advantages, the direct application of mining
wastes in pavement-grade concrete remains relatively underexplored in the existing body
of research.

Mine tailings, a major by-product of the mining industry are typically disposed of in
large quantities, occupying land and posing long-term ecological risks. Properly processed
tailings can function as fine aggregate substitutes in concrete, with reports [4–8] indicating
that they produced denser mixes and reduced water absorptivity. As the volumes of
scrapped tires increase, excess tire wire becomes available and, due to its steel content and
notable tensile strength, it can be deployed as a reinforcing material. Studies [9–13] have
demonstrated that, compared with synthetic fibers, steel fibers (SFs) provide significant
gains in flexural behavior and overall toughness. Additionally, the aggregate type strongly
influences the concrete’s compressive response and modulus of elasticity. Mindess et al.
emphasized that both the mechanical and microstructural interactions between aggregates
and the cementitious matrix affect the overall concrete performance, especially in high-
strength concrete [14]. Studies rarely address the concurrent use of mine tailings and waste
tire wire in concrete, especially the mutual enhancements they may provide in mechanical
and sustainability outcomes.

While concrete is indispensable to contemporary infrastructure due to its compressive
strength, durability, and ease of production, the processes of aggregate extraction and
Portland cement manufacturing cause notable environmental impacts, including resource
depletion, greenhouse gas emissions, and waste [15,16]. Contemporary studies have
investigated the usage of waste streams from industry and mining as replacement materials
in concrete to satisfy environmental and performance criteria. Interest in concrete made
with industrial and post-consumer waste streams has risen, reflecting both environmental
priorities and economic incentives. Among these, waste tire products including rubber
particles and steel tire wires have been widely explored for their potential to improve energy
absorption and post-crack behavior in concrete mixtures. Concurrently, the incorporation
of mine tailings, particularly as a fine aggregate replacement, has shown promising results
in enhancing mechanical strength and reducing the environmental footprint of concrete.
These materials have been evaluated not only in general structural concrete applications but
also in road pavement layers where durability and sustainability are critical performance
metrics. Furthermore, “RubCrete”, developed using recycled tire wire, exemplifies the
potential of waste inputs to generate new, high-performance concrete systems (Table 1).
However, studies on the waste tire wire fiber concretes containing mine tailings are still
limited, as can be seen from Table 1.

Table 1. Studies on concretes produced using wastes (tire wire and mine tailings).

Reference Waste Material(s)
Used Application Material and Ratios Key Findings

[17] Waste rubber
particles (coarse) Concrete 5–30%, optimum:

10% Strength decreases after 10%

[18] Waste rubber
aggregate Concrete Between 10 and 35% Eco-friendly additive for

non-structural concrete

[19] Rubber particles +
waste tire wire Concrete 10% rubber + 0.25%

wire
Improved energy absorption

and strength
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Table 1. Cont.

Reference Waste Material(s)
Used Application Material and Ratios Key Findings

[20] Mine tailings + SF Concrete 10–20% 10% is optimal for strength
enhancement

[21] Iron ore tailings (fine
aggregate) Pavement Between 20 and 50% Positive effect on performance,

sustainable solution

[22] Iron ore tailings Concrete 0–25% Increased strength, decreased
workability

[23] Iron tailings +
SF/basalt fiber Concrete Between 10 and 30% Performance enhanced with

fiber

[24] Graphite tailings Asphalt Up to 50% Improved performance,
economic benefits

[25] Tire wire + concrete Concrete Applied as
“RubCrete”

Tough and eco-friendly
concrete

Mine tailings, which are produced as fine by-products of metallic ore operations,
pose notable environmental hazards in the absence of appropriate management. Stud-
ies have shown that partial replacement of natural fine aggregates with mine tailings
can reduce porosity and water absorption while increasing the density and compressive
strength of concrete, particularly when the tailings are processed appropriately. Moreover,
investigations on Pb-Zn-Cu (lead–zinc–copper) mine tailings in pavement applications
demonstrated improved early-age moduli of elasticity and mechanical performances when
combined with supplementary reinforcements. Parallel to this, recycled SFs recovered
from end-of-life vehicle tires have emerged as promising alternatives to manufactured
SFs for use in fiber-reinforced concrete (FRC). These recycled fibers not only reduce the
volume of solid waste, but also enhance the post-cracking behavior, flexural strength, and
fracture energy of cementitious composites [10,26,27]. Research has consistently shown
that at optimized dosages (typically 0.2–0.6% by volume), recycled tire SFs can significantly
improve concrete toughness and elastic modulus without compromising workability, es-
pecially in lightweight or pavement-grade concretes. Additionally, the hybridization of
recycled tire SFs with other industrial fibers has been found to synergistically improve
the crack-bridging ability and matrix integrity. Fares et al. reported that a hybrid mixture
with 0.5% industrial steel fibers and 0.5% recycled tire fibers produced a 31.7% increase in
compressive strength and an 8.14% rise in elastic modulus relative to the control mixes [28].
Similarly, basalt FRCs have demonstrated substantial improvements in fracture energy
and crack resistance, reinforcing the value of short-fiber reinforcement in geopolymeric
or cementitious matrices. Even with recent advances, the co-utilization of mine tailings
and waste tire SFs has received limited attention, particularly their combined effects on
mechanical performance, durability, and sustainability indicators. Most existing studies
focused on either alternative aggregates or fiber reinforcement independently, overlooking
their potential interactions in the cement matrix. Consequently, there is a need for deeper
studies to understand the integrated impact of these two types of waste materials on
concrete properties, including strength development, elasticity, fracture resistance, and
microstructural behavior.

In light of this gap, the mechanical response of fiber-reinforced concretes incorporating
mine tailings as the fine aggregate and recycled tire steel fibers as the reinforcement was
investigated. Mixtures were produced with fiber volume contents of 0.2%, 0.4%, and 0.6%,
and the physical and mechanical characteristics were evaluated via compressive, splitting
tensile, and elastic modulus tests. Unlike previous studies that considered mine tailings
or recycled tire fibers separately, this work uniquely focuses on their combined use in a
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single concrete system, emphasizing their synergistic effects on strength, durability, and
sustainability. The novelty of this study lies in demonstrating the potential of Pb-Zn-Cu
mine tailings and recycled tire SFs to deliver both enhanced mechanical performance and a
sustainable material solution, particularly for pavement-grade applications. By examining
the compressive and flexural behavior of these dual-waste concretes, this work advances
eco-friendly, structurally efficient composites that curb the use of virgin resources and
conform to circular economy principles.

2. Materials and Methods
2.1. Materials
2.1.1. Aggregates

In this study, mine tailings originating from Pb-Zn-Cu ores were used as the fine
aggregate (0–5 mm) while a 5–25 mm limestone fraction was used as the coarse aggregate
in the mixes. The rocks were subjected to washing and drying processes due to the presence
of clay and silt in their surroundings and then crushed to concrete aggregate sizes using
a jaw crusher. The processed materials were then sieved into 0–5 mm, 5–12 mm, and
12–25 mm size fractions. The equipment used for the crushing and sieving processes is
shown in Figure 1.

 

Figure 1. Pb-Zn-Cu tailings and limestone aggregates obtained using jaw crusher and sieve analy-
sis machine.

The aggregates’ physical characteristics are listed in Table 2, and their chemical com-
ponents are shown in Table 3.

Table 2. Physical characteristics of the aggregates.

Aggregate Type Aggregate Grade
(mm)

Physical Properties

Dry Grain Density
(g/cm3)

Saturated Dry Surface
Density (g/cm3)

Water Absorption
(%)

Porosity
(%)

Mine tailings 0–5 2.68 2.72 4.01 10.72

Limestone 5–12
12–25

2.70
2.71

2.81
2.78

4.22
1.98

10.61
4.88
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Table 3. Chemical components of the aggregates.

Aggregate
Type SiO2 Al2O3 Fe2O MgO CaO MgCO3 Zn Pb Cu H2O Others

(CO2, etc.) Total

Mine tailings - - 4.65 - 34.6 - 1.11 0.98 >0.01 7.96 50.68 100
Limestone 2.95 0.43 0.46 - 73.93 22.23 - - - - - 100

2.1.2. Cement

The concrete mixes used locally sourced CEM I 42.5 R cement; the physical and
mechanical characteristics and chemical components are listed in Table 4.

Table 4. Physical, mechanical, and chemical characteristics of the cement.

Chemical Characteristics Physical Characteristics

Mass Percentage in Cement (%) Mass Percentage in Cement (%)

SiO2 18.51 Insoluble residue 0.86
Al2O3 4.23 45 micron sieve residue 2
Fe2O3 3.38 90 micron sieve residue 0
CaO 60.46 Consistency water quantity 30.7

MgO 2.79 Initial setting time (min) 195 min
SO3 3.11 Final setting time (min) 240 min

Loss of ignition 3.53 Specific mass 3.10 g/cm3

Na2O 0.33 Expansion (Le Chatelier) 1 mm
K2O 0.74 Specific surface (Blaine) 3627 cm2/g

Cl 0.0106
Mechanical properties

Time (day) Strength (N/mm2)

Total 97.42 1 13.1
Unmeasurable 2.58 2 28

Free lime 0.68 28 57.8

2.1.3. Steel Fibers (SFs) from Recycled Tires

SFs were sourced from discarded tires through a mechanical fragmentation procedure.
Their diameters were determined using an electronic caliper. The fiber lengths were not
uniform due to the nature of the mechanical fragmentation and are therefore presented as
a range. The fibers’ aspect ratio was calculated by dividing their length by their diameter.
Representative images of the SFs are displayed in Figure 2 while their physical characteris-
tics are listed in Table 5. As shown in Figure 2, the SFs exhibited a curled morphology and
displayed variability in both length and diameter.

 

Figure 2. The SFs from waste vehicle tires.
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Table 5. The physical properties of the SFs.

SF
Diameter (mm) Length (mm) Aspect Ratio (%) Weight Ratio (%)

0.10–0.15 15–35 110–180 40–60

It is well established that the fiber volume fraction (Vf) has a direct effect on the
workability of concrete. It is widely reported that the appropriate Vf for concrete mixtures
falls in the 0.5–2.5% range [29–31]. However, it has also been shown that higher fiber
dosages within this range cause significant reductions in flowability; for example, with
straight fibers at 1%, 2%, and 3%, the mix flowability dropped by 14.9%, 25.6%, and 38.1%,
respectively [32]. In addition, since the mine tailings used in this study consisted of fine
particles (0–5 mm), the workability would have been further aggravated at higher fiber
contents. For this reason, in the present study, we intentionally adopted a lower dosage
range of 0.2–0.6%, which is in line with the lower bound reported by prior studies and has
also been found to optimize the mechanical benefits without compromising workability in
recent research [28].

2.2. Methods
Concrete Mix and Sample Preparation

A standard concrete mix consisting entirely of basalt aggregates in three distinct
particle size ranges (0–5 mm, 5–12 mm, and 12–25 mm) was prepared to serve as the control
mix and was designated as “C”. In this control mix, the natural aggregates in the 0–5 mm
size range were replaced with Pb-Zn-Cu tailings of equivalent size, forming a new mix
labeled as “W”. Since only the fine aggregate fraction was replaced, recycled materials
accounted for approximately 45% of the total mix weight. They were incorporated into
the fresh mix to assess the potential of recycled SFs as a reinforcement in concrete. These
recycled SFs, which were sourced from waste vehicle tires, were introduced into the W mix
at volumetric proportions of 0.2%, 0.4%, and 0.6%, resulting in mixes designated as W-2,
W-4, and W-6, respectively. In this way, concrete mixtures incorporating both mine tailings
and recycled SFs were successfully produced. For each mixture, twelve cylinders were cast:
six were cured for 7 days and six for 28 days. Additionally, six prisms were prepared, with
three cured for 7 days and three for 28 days. In total, sixty cylindrical and thirty prismatic
concrete specimens were prepared for the C, W, W-2, W-4, and W-6 mixtures (Figure 3) and
water-cured until the tests were performed.

Three out of the six cylindrical specimens from each mixture group were initially
non-destructively tested for physical properties including porosity and void ratio. Splitting
tensile tests were then performed on these specimens. The other three specimens were
reserved for compression tests, enabling the calculation of the modulus of elasticity and
Poisson’s ratio. Additionally, the flexural strength was measured on 10 × 10 × 40 cm
prismatic samples and the obtained data (Figure 4) were used to evaluate the tensile
strength in bending and additional bending-related properties.

The results for each test category were evaluated using the mean of three companion
specimens. The mix proportions for the recycled SF–reinforced concretes are listed in
Table 6.

The fibers were pre-weighed for each batch and introduced gradually into the fresh
mix to avoid balling. The mixing protocol was as follows: (i) dry blending of aggregates
and cement, (ii) addition of water + SP, and (iii) slow sprinkling of the recycled tire steel
fibers over 60–90 s while mixing at low speed followed by 60–90 s at a higher speed with
intermittent wall scraping. During casting, no fiber clumps were observed; the molds were
filled in two lifts with light rodding to minimize segregation. As a post-casting qualitative
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check, representative specimens were inspected after demolding and after mechanical
testing (fracture planes of flexural beams); uniformly dispersed fibers bridging the cracks
were observed without evidence of balling or settlement. The batch fiber masses matched
the target dosages (Table 6) and were recorded to verify the dosing accuracy.

 

Figure 3. Concrete samples used in the study.

Figure 4. Production steps for concrete mix.
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Table 6. Mix proportions of recycled SF-reinforced concrete.

Mix code
Cement
(kg/m3)

Water
(L/m3)

Aggregate
(kg/m3)

SP
(kg/m3)

Pb-Zn-Cu Tailings
(0–5 mm) (kg/m3)

SFs

(%) (kg/m3)

C 350 175 1744.03 5.25 - - -
W 350 175 1744.03 5.25 784.81 - -

W-2 350 175 1744.03 5.25 784.81 0.2 15.7
W-4 350 175 1744.03 5.25 784.81 0.4 31.4
W-6 350 175 1744.03 5.25 784.81 0.6 47.1

2.3. Test Procedures
2.3.1. Physical Characteristics

Three specimens were selected from each concrete group incorporating different fiber
ratios and their physical properties were tested according to the ASTM C642 standard [33].
Initially, the samples were cured in temperature-controlled water at 23 ± 2 ◦C until full sat-
uration was achieved. Following saturation, the specimens were taken out and the surface
moisture was carefully removed before their mass in air was recorded. Subsequently, their
submerged mass was determined using the Archimedes principle. Finally, the specimens
were oven-dried at 105 ◦C, allowed to cool to room temperature, and then weighed to
obtain their dry mass. The density, void ratio, and water absorption were subsequently
computed using Equations (1), (2), and (3), respectively.

The density was calculated using the determined mass and volume of the sample
using the equation given below:

D =
M
V

(1)

where
D: The density of the specimen depending on its moisture condition and the volume

determination method (kg/m3);
M: The mass of the specimen based on its condition during testing (kg);
V: The volume of the specimen determined using a specific method (m3).
The water absorption of the specimens and the porosity values calculated based on

these amounts were determined using the relevant formulas provided in the standard
(Equations (2) and (3)).

P =
WDA − WKA

VN
∗ 100 (2)

where
P: Visible void ratio (%);
WDA: Weight of saturated dry surface material (kg);
WKA: Dry weight of sample (kg);
VN: Sample volume (dm3).
The water absorption rate was calculated as follows:

Wa =
WDA − WKA

WKA
∗ 100 (3)

where
Wa: The water absorption based on mass (%);
WKA: The dry weight of the sample (g);
WDA: The weight of the saturated dry surface material (g).
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2.3.2. Mechanical Characteristics

Following BS EN 12390-3 [34], the compressive strength was determined at curing
ages of 7 and 28 days. Uniaxial compressive strength tests were applied to control mix and
FRC standard cylindrical specimens measuring 100 × 200 mm. The tests were performed
at a constant loading rate of 0.6 ± 0.2 MPa/s. The compressive strength was calculated
from three cylinders per mix using Equation (4). The elastic modulus and Poisson’s
ratio were evaluated as per ASTM C39 [35]. The modulus of elasticity was determined
using Equation (5). The axial and lateral strains were measured during testing using
extensometers attached to a gauge that captured changes in both length and diameter.
Poisson’s ratio was obtained from the lateral strain/axial strain using Equation (6).

FC =
F

AC
(4)

where
Fc: Compressive strength (MPa);
F: Maximum load reached at fracture (N);
AC: Cross-sectional area of the specimen on which the compressive load was ap-

plied (mm2).
E =

σ

ε
(5)

where
E: Modulus of elasticity (MPa);
σ: Stress (MPa);
ε: Strain.

v =
εlateral
εaxial

(6)

where
v: Poisson’s ratio (%);
εlateral: Lateral strain;
εaxial: Axial strain.
The splitting tensile strength was measured at 7 and 28 days as per ASTM C496 [36]

to assess the influence of the fibers on tensile behavior. The tests were conducted on
cylindrical specimens (with identical dimensions to those used for compression testing)
using a material testing system under strain-controlled loading. Using a constant rate of
0.04–0.06 N/mm2·s, the test recorded the maximum load at failure; the strength in splitting
tension was then obtained using Equation (7). For each mix, the reported value is the
average of three specimens.

T =
2P
πDL

(7)

where
T: Splitting tensile strength (MPa);
P: Peak load at failure point (N);
D: Diameter of the cylinder (mm);
L: Length of the cylinder (mm).
Shear and flexural internal forces frequently act simultaneously in structural concrete

elements such as beams and slabs. Flexural forces are generated by member bending, while
shear forces result from the relative sliding between adjacent concrete sections. Assessing
concrete specimens under such combined loading conditions enables a better understand-
ing of their mechanical behavior and allows for a more accurate determination of their
strength and long-term durability in practical applications. Safe and effective performance
demands that both the flexural and shear capacities be included in the structural design and
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analysis process. Fundamentally, the distinction between pure and non-pure bending lies in
the type of internal stresses generated by the applied loads. Impure bending encompasses
both bending and shear effects while pure bending considers only bending-induced stresses.
As a result, the recorded strength corresponds to the genuine structural capacity of the
material under defined, and often multi-axial, loading scenarios. The system automatically
acquires deflection across the beam span, after which, it calculates the first peak (f1) and
peak flexural strengths (fp) using Equations (8) and (9), respectively.

f1 =
P1L
bd2 (8)

fp =
PpL

bd2 (9)

where
L: The span length (mm);
b: The average width of the specimen (mm);
d: The average depth of the specimen (mm);
P1: The first-peak load (N);
Pp: The peak load (N).
The first-peak load P1 (kN) is defined as the maximum load at the point of initial

cracking on the load–deflection curve, as specified in ASTM C1609 [37]. The valley load
after the first peak Pval (kN) is the local minimum load immediately after P1 and before
any subsequent hardening/second peak. The load drop magnitude is

∆Pdrop = P1 − Pval(kN) (10)

and the load drop percentage is

%Drop =
P1 − Pval

P1
× 100(%) (11)

All loads are reported in kN and deflections are reported in mm.
Flexural toughness U0→L/150 is computed as the area under the load–deflection curve

from zero deflection to the net deflection L/150 using trapezoidal numerical integration as
per ASTM C1609 [33]. The area has units of kN·mm with the load in kN and deflection in
mm; since 1 kN·mm = 1 J, we report the toughness directly in Joules (J). Thus,

U0→L/150 =
∫ L/150

0
P(δ)dδ[J] (12)

For clarity, in this paper, “energy absorption” refers to U0→L/150. “Fracture energy (Gf)”
(Section 2.3.2) is reported separately in N/m and should not be conflated with toughness.
Toughness indices serve as key parameters for characterizing the flexural capacity of fiber-
reinforced composite beams, as they reflect the beams’ capacity to absorb energy under
loading. As defined in ASTM C1609 [37], flexural toughness is the area beneath the load–
deflection response up to L/150. By numerically integrating the experimental curve to the
required limit, the value was determined (Figure 5).

In addition, the equivalent flexural strength ratio was obtained from Equation (13),
and the modulus of rupture (MOR) was derived from the maximum load via Equation (14).

RD
T.150 =

150TD
150

f1bh2 ∗ 100 (13)

where
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TD
150: The area under the load–deflection curve for deflections from 0 to L/150 (N·mm);

f1: The first peak strength (MPa);
L: The span length (mm);
b: The average width of the specimen (mm);
h: The average depth of the specimen (mm);
P: The initial cracking flexural load (N).

MOR =
PpL

bd2 (14)

where
Pp: Peak load at failure point (N);
L: Span length (mm);
b: Width of specimens (mm);
d: Depth of specimens (mm).
The Gf is the average energy required per unit area to induce failure in a material

subjected to bending. This parameter quantifies the damage resistance under flexural
loading. The formulation of this definition is presented in Equation (15).

Gf =
W0 − Wgδ0

Alig
(15)

where
Gf: Fracture energy (N/m);
W0: Area under the load–deflection curve (Nm);
W: Beam weight (kg);
g: Gravity acceleration (m/s2);
δ0: Deformation of the beam during fracture (m);
Alig: Effective cross-sectional area (m2).

Figure 5. Typical load–deflection graph and toughness parameters [37–39].

The ductility index characterizes how long a concrete element can deform before break-
ing, with higher DI values reflect greater crack tolerance; it is calculated using Equation (16).

DI =
Gf

Pmax
(16)

where
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DI: Ductility index (m−1);
Gf : Fracture energy (N/m);
Pmax: Maximum load (kN).
Note that 1 kN·mm = 1 J; thus, the integrated area is in Joules, which is divided by the

crack ligament area (m2), giving Gf in J/m2 = N/m.

3. Results and Discussion
3.1. Physical Properties

The use of mine tailings as the fine aggregate and waste tire wires as the fiber reinforce-
ment in fiber-reinforced concrete provides both functional performance and sustainability
benefits. Incorporating mine tailings in the fine fraction was particularly influential for
durability as it affected key parameters such as porosity and water absorption. Prior
studies indicated that the addition of mineral waste can lower porosity and refine the
microstructure, which in turn enhances the overall durability [40,41]. Likewise, the inclu-
sion of scrap tire wires at varying ratios (0.2%, 0.4%, and 0.6%) not only enhanced the
mechanical strength through improving the fiber effect, but also contributed to improved
concrete long-term service performance. Fiber reinforcement is known to limit microcrack
propagation and thus reduce the ingress of aggressive agents. This dual contribution of
mineral and fiber-based waste materials supports the development of more durable and
sustainable concrete composites [42–44]. Figure 6 summarizes the 7- and 28-day porosity
and water-absorption values of the control (C) and the FRC mixes.

 

Figure 6. Porosity and water-absorption comparison of C and FRC mixes.

As illustrated in Figure 6, the porosity and water absorption values exhibited relatively
stable behaviors across the different sample groups at 7 and 28days of curing. After 7 days,
the porosity of the C mix was ≈10.8%, with a water absorption of ≈4.8%. Using mine
tailings (W) as a fine aggregate substitute, the porosity increased to 11.8%, indicating a
9.3% rise, whereas the water absorption slightly increased to 5.0%, suggesting limited
microstructural refinement at early curing ages.

Incorporation of 0.2% tire wire (W-2) caused a modest reduction in porosity to 11.0%
(6.8% decrease compared to W) and a marginal decrease in water absorption. Similarly, the
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W-4 and W-6 tire wire samples exhibited further decreases in porosity (10.7% and 10.4%,
respectively), corresponding to a 9.5% total reduction for W-6compared to W. The water
absorption in these samples remained nearly unchanged, fluctuating between 4.7 and 4.8%
and implying that the addition of the fibers stabilized the permeability properties even
at early ages. At 28 days, the porosity of all the mixtures declined due to the continued
hydration and microstructural densification. The C mix reached 10.3% while the W series
samples ranged from 11.0% (W) down to 10.1% (W-6). The water absorption values
followed a consistent decreasing trend: C (4.8%) → W (4.9%) → W-2 (4.8%) → W-4 (4.6%)
→ W-6 (4.4%). The W-6 sample exhibited the lowest porosity and water absorption at
both curing ages, with an overall 11.5% reduction in water absorption compared to W at
28 days. These findings confirm that while the initial replacement of natural fine aggregate
with mine tailings (W) may temporarily increase the porosity and water absorption, the
subsequent addition of waste tire wire, particularly at 0.4% and 0.6%, effectively mitigates
this effect and enhances the microstructural performance over time. This behavior suggests
that the combination of mine tailings and fiber reinforcement promotes pore refinement
and reduces permeability with extended curing, contributing to more durable concrete
composites. Similar trends have also been reported in recent literature, where recycled
SFs were shown to enhance the densification of the cement matrix and limit permeability-
related deterioration [9,41]. The relationship of water absorption vs. porosity is plotted in
Figure 7.

Figure 7. Correlation between porosity and water absorption in specimens.

Porosity and water absorption exhibited a high linear correlation for both curing ages,
with R2 values of 0.8479 at 7 days and 0.9475 at 28 days. The higher R2 value at 28 days
suggests a more consistent and compact microstructural development over time, indicating
that water absorption is a reliable indicator of porosity, particularly at later curing stages.

The density values of all the mixtures ranged between 2392.97 and 2434.27 kg/m3 at
7 days, which slightly increased at 28 days, with the highest value observed in the W-4
mixture (2431.02 kg/m3) (Table 7). The porosity decreased from 10.82–11.47% at 7 days to
10.20–10.88% at 28 days, confirming progressive microstructural densification. Similarly,
the water absorption values dropped from 4.72–4.99% at 7 days to as low as 4.37% in W-6
at 28 days, representing an overall reduction of about 7%. These results indicate that the
combined use of mine tailings and waste tire wire contributed to a higher density and
reduced permeability, thereby enhancing the durability of the composites.
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Table 7. Density, porosity, and water absorption of specimens.

Sample
Density (kg/m3) Porosity (%) Water Absorption (%)

7 Days 28 Days 7 Days 28 Days 7 Days 28 Days

C 2392.97 2398.68 10.82 10.21 4.72 4.46
W 2409.51 2410.99 11.47 10.73 4.99 4.66

W-2 2405.49 2426.97 10.90 10.88 4.74 4.70
W-4 2427.72 2431.02 10.85 10.50 4.67 4.52
W-6 2434.27 2352.71 10.57 10.20 4.70 4.37

3.2. Compressive Strength, Modulus of Elasticity, and Poisson’s Ratio

The incorporation of waste tire wire into the concrete mixtures produced with mine
tailings as the fine aggregate demonstrated variable influences on the mechanical perfor-
mance (Table 8). The enhancement in compressive strength, particularly with lower fiber
contents, could be due to the crack-bridging mechanism provided by the steel wires. Given
their high tensile strength and strong adhesion within the matrix, the waste tire wires
effectively delayed crack propagation, especially at the 0.2% replacement level, leading to a
denser and more cohesive internal structure.

Table 8. Compressive strength, modulus of elasticity, and Poisson’s ratio of specimens.

Sample
Compressive Strength (MPa) Modulus of Elasticity (GPa) Poisson’s Ratio

7 Days 28 Days 7 Days 28 Days 7 Days 28 Days

C 18.58 21.99 27.49 47.80 0.29 0.30
W 15.03 18.00 31.02 44.50 0.31 0.33

W-2 21.47 22.87 37.44 72.80 0.31 0.34
W-4 22.96 24.21 30.84 33.30 0.33 0.37
W-6 22.44 26.00 26.64 29.69 0.34 0.41

As seen in Table 8, all the fiber-reinforced concrete samples incorporating waste
tire wire and mine tailings as the fine aggregate showed higher compressive strengths
compared to the control mix at 28 days. Specifically, the sample containing 0.2% tire wire
(W-2) exhibited a 4.0% increase in strength compared to the control mix while the increase
reached 10.1% and 18.2% for the W-4 (0.4%) and W-6 (0.6%) samples, respectively. These
findings suggest that the addition of recycled SFs improves the mechanical integrity of the
matrix, especially at higher fiber contents. However, the trend was not strictly linear as the
strength gain at a lower fiber content (0.2%) was more modest, possibly due to insufficient
fiber bridging. The improvements in compressive strength arise from the ability of tire wires
to bridge microcracks and postpone their propagation. Such non-linear behavior aligns
with the existing literature where the mechanical performance of fiber-reinforced concretes
has been shown to vary based on fiber type, content, and dispersion efficiency [45–49].

The highest modulus of elasticity value was recorded in the W-2 sample (72.8 GPa), a
substantial increase compared to the control mix (47.8 GPa). However, further increases
in fiber content led to a decline in stiffness, with W-6 showing a value of 29.69 GPa. This
reduction may be linked to the formation of weak zones or fiber agglomeration at higher
dosages. The Poisson’s ratio also followed a similar trend, increasing from 0.30 in the
control mix to 0.41 in the W-6 mixture. This behavior indicates enhanced deformability
due to an increased ductile response imparted by the waste tire wires. The results imply
that the mechanical behavior of the fiber-reinforced mixtures is highly dependent on the
fiber content and distribution within the matrix. It should be noted that while the modulus
of elasticity reached its maximum at a fiber content of 0.2% (W-2), higher fiber dosages
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(0.4–0.6%) resulted in a decline. This reduction is attributed to fiber agglomeration and the
irregular geometry of recycled tire wires, which create weak zones and interrupt matrix
continuity. Similar behavior has also been reported in the literature, which showed that
recycled tire steel fibers enhanced stiffness at lower dosages but caused a decrease beyond
the optimum threshold due to balling effects and heterogeneity [10,27].

It was noted that the Poisson’s ratio of the W-6 mix (nearly 0.41) exceeded the typical
0.30–0.35 range for conventional concrete. This upward shift is consistent with the ductile
response introduced by recycled tire steel fibers, which delay crack localization and pro-
mote higher lateral strain during loading (fiber-bridging and post-cracking deformability).
Additionally, the Poisson’s ratio of concrete is not constant; it can increase with damage
evolution under compression. Differences in the C469 implementation (e.g., stress window,
gauge length, and end-friction) may also contribute to higher measured values. These
interpretations agree with recent reports on variable Poisson’s ratios under loading and for
fiber-reinforced concretes exhibiting increased lateral deformation [50–52].

3.3. Splitting Tensile Strength

In all the mixture types, the splitting tensile strength improved compared to the control,
with the degree of increase dependent on the fiber ratio (Figure 8).

 

Figure 8. Splitting tensile strength according to fiber ratio and type.

The splitting tensile strength of the concrete mixtures varied significantly with curing
time and the incorporation of waste tire wire, as shown in Figure 8. The control mix
exhibited splitting tensile strengths of approximately 2.9 MPa at 7 days and 2.8 MPa at
28 days. In contrast, the mixture containing only mine tailings as the fine aggregate (W)
showed slightly lower values of around 2.6 MPa (7 days) and 2.5 MPa (28 days), indicating
a minor reduction in early- and later-age performance due to the replacement of the natural
fine aggregate. However, the tensile strength increased to about 3.1 MPa at 7 days and
2.7 MPa at 28 days with the inclusion of 0.2% waste tire wire (W-2), showing a notable
early-age improvement. Further increases in fiber content to 0.4% (W-4) and 0.6% (W-6)
resulted in splitting tensile strengths of approximately 3.0 MPa and 2.9 MPa at 7 days and
2.8 MPa and 3.0 MPa at 28 days, respectively. The highest 28-day strength was observed in
the W-6 mixture, representing a 7.1% increase compared to the control mix. These findings
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indicate that the addition of fibers, particularly at higher contents, can effectively enhance
both early- and later-age tensile performance likely due to the fiber effect of the recycled tire
wires and the improved stress distribution within the matrix. The overall improvements are
consistent with previous studies emphasizing the role of fiber type, dosage, and dispersion
in optimizing tensile behavior in cementitious composites; however, the trend was not
strictly linear. These results are consistent with findings from Zia et al. (2023) who reported
a 15–25% increase in splitting tensile strength with increasing waste tire SF content in
conventional concrete and from Gong et al. (2022) and Dziomdziora and Smarzewski (2025)
who observed peak improvements in UHPC mixtures with a 1–2% fiber dosage [53–55]. In
addition, the environmental benefits and mechanical compatibility of mine tailings as a fine
aggregate are supported by circular economy principles, as discussed in recent reviews [56].

According to ACI 325 and EN 13877, pavement concretes should be evaluated against
defined performance indices; EN 13877-1:2023 prescribes, among others, a compressive
strength above 25 MPa and minimum flexural strength thresholds [57] while ACI 325.9R-15
emphasizes flexural performance as critical for a sufficient load-carrying capacity and long
service life. In line with ACI guidelines, pavement concretes should achieve a 28-day
flexural strength of 3.8–5.2 MPa and an elastic modulus of 28,000–41,000 MPa to ensure slab
rigidity and effective stress transfer [58]. As summarized in Table 8 and shown in Figure 8,
the test results indicate that only the W mixture does not satisfy these criteria, whereas the
remaining mixes met—or in several cases exceeded—the relevant standard limits.

3.4. Flexural Strength, Toughness, and Modulus of Rupture

Beam performance was evaluated with respect to flexural strength, toughness, and
ultimate capacity. Regression models were used to examine the impact of incorporating
waste tire wire and varying fiber ratios on the flexural and splitting tensile responses (see
Figure 9).

Figure 9. Relationship between flexural strength and splitting tensile strength of samples.

The relationship between the flexural strength and splitting tensile strength of the
samples is shown in Figure 9. According to the regression equation y = 0.1316x + 2.3297
with a coefficient of determination R2 = 0.892, there is a strong linear correlation between
the two parameters. The flexural strength increased from 2.13 MPa to 4.36 MPa as the
splitting tensile strength increased from 2.58 MPa to 2.87 MPa. This trend indicates that im-
provements in the tensile capacity of the matrix, possibly due to fiber bridging mechanisms,
are positively reflected in its flexural performance [59–61].
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Toughness—defined as the integral of the load-deflection (deformation) response—is
widely considered a more dependable metric for capturing the effect of fibers in composites
than conventional measures, such as compressive strength, flexural tensile strength, or
modulus of rupture, from a mechanics standpoint [62,63]. Table 9 reports the first-peak
load, second-peak load, and the percentage load drop for each concrete mixture. The gains
observed in flexural performance are primarily ascribed to the fibers’ crack-bridging action
and the resulting improvement in load transfer across the cracked sections.

Table 9. Comparison of the first- and second-peak loads of the concretes.

Sample
First Peak,

P1

Valley After First Peak,
Pval

Second Peak, Pp Load Drop, ∆Pdrop Modulus of
Rupture (MPa)

kN kN % kN % kN %

C 6.09 - - - - 6.09 0 2.13
W 6.67 - - - - 6.67 0 2.33

W-2 8.70 7.82 10.14 8.25 5.50 0.88 10.11 3.05
W-4 9.48 8.72 8.01 9.07 4.01 0.76 8.02 3.32
W-6 12.45 11.69 6.07 12.06 3.17 0.76 6.10 4.36

The mechanical performance of fiber-reinforced concretes can be significantly en-
hanced through the incorporation of SFs, particularly those derived from recycled sources.
Table 8 demonstrates that as the waste tire wire content increases from 0.2% to 0.6%, both
the first- and second-peak load values exhibited a substantial rise while the load drop
percentage notably decreased. This trend indicates that the fiber effect contributes to a
better post-cracking behavior and energy absorption capacity. The modulus of rupture
also followed a similar pattern, reaching a 104% increase compared to the control mix.
These results are consistent with recent findings in the literature. For instance, Maldar
et al. observed notable improvements in the flexural and tensile performance of engineered
cementitious composites reinforced with various SFs [64]. Likewise, a study on the flexural
properties of fiber-reinforced concrete produced using hybrid SFs from waste tires reported
significant enhancements in load-bearing capacity and post-peak behavior, further confirm-
ing the effectiveness of recycled SFs in improving the structural response of cement-based
composites [65–67]. The flexural load-deflection behavior of the control mix, concrete with
mine tailings as the fine aggregate (W), and fiber-reinforced concretes incorporating waste
tire wire at 0.2% (W-2), 0.4% (W-4), and 0.6% (W-6) is presented in Figure 10.

The control mix exhibited a typical brittle failure behavior, with a maximum load of
approximately 2.3 kN followed by a sharp drop in its load-carrying capacity. No significant
post-crack resistance was observed and deflection was limited to around 1.8 mm. When
mine tailings were used as the fine aggregate (W), the peak load increased to approximately
5.5 kN, indicating an improvement of about 139% compared to the control mix. However,
a brittle post-peak behavior was still evident, with limited energy absorption and ductility.
The inclusion of 0.2% waste tire wire (W-2) significantly enhanced the flexural performance
with a peak load of about 10.7 kN, representing a 365% increase compared to the control
mix. However, the post-peak load rapidly decreased, suggesting limited fiber bridging
efficiency at this dosage. Both the peak load and ductility improved with a fiber content
of 0.4% (W-4). The peak load reached approximately 9.8 kN, which is slightly lower than
that of W-2, but the post-peak region exhibited a more gradual decline and extended
deflection up to approximately 21 mm, indicating better energy dissipation. At a fiber
content of 0.6% (W-6), the composite showed a lower peak load of about 3.6 kN but a
distinct plateau-like post-crack region. The deflection extended to over 20 mm and the
residual strength was maintained for a longer duration, reflecting improved toughness and
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crack bridging despite a reduced peak strength. The present results align with those of
prior studies showing that incorporating waste tire steel fibers markedly improves concrete
toughness and post-cracking responses through crack-bridging mechanisms [68,69]. In
addition, partially substituting natural fine aggregate with mine tailings has been reported
to enhance flexural behavior and overall mechanical performance, primarily via denser
particle packing and potential pozzolanic effects [70–72]. The ASTM C1609 parameters
for the control mix and the FRCs with varying waste tire wire dosages are summarized in
Table 10 [37].
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Figure 10. Typical flexural responses of FRCs compared to control mix.

Table 10. ASTM C1609 parameters for control mix and FRCs.
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C 6.09 2.13 0.9 6.09 2.13 1.1 3.96 1.39 1.86 0.65 36.36 17.31 1.22
W 6.67 2.33 1.03 6.67 2.33 1.08 5.27 1.84 3.59 1.26 53.65 24.73 1.68

W-2 8.7 3.05 1.18 8.25 2.89 1.35 7.41 2.59 5.88 2.06 84.05 33.62 1.99
W-4 9.48 3.32 1.4 9.07 3.17 1.77 8.36 2.93 7.4 2.59 90.33 32.26 1.84
W-6 12.45 4.36 1.85 12.06 4.22 2.26 11.02 3.86 9.84 3.44 94.99 29.41 1.45

P1: first-peak load; f1: first-peak strength; ∆1: first-peak net deflection; Pp: peak load; fp: peak strength; ∆p:
peak net deflection; P100

600: load at L/600; f100
600: strength at L/600; P100

150: load at L/150; f100
150: strength at L/150;

Toughness100
150: area under the load vs. net deflection curve from 0 to L/150; R100

T,150 (%): equivalent flexural
strength ratio; DI: ductility index.

The incorporation of mine tailings as the fine aggregate along with waste tire wire
significantly enhanced the mechanical behavior of the concrete specimens according to
ASTM C1609 flexural test results. The specimen with 0.6% waste tire wire (W-6) exhibited a
104.6% increase in first-crack strength and a 98.3% improvement in peak flexural strength
compared to the control mix. Moreover, the toughness value increased by 152.9% while the
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equivalent flexural strength ratio (R100
T,150) showed a remarkable rise from 16.5% to 93.9%,

highlighting a significant improvement in the post-cracking energy absorption capacity.
The DI also moderately improved, indicating an enhanced deformation capacity. These

findings demonstrate that the combined use of mine tailings and waste tire wire fibers
can substantially improve the flexural toughness and ductility of fiber-reinforced concrete.
These results align with prior work showing that adding waste tire steel fibers markedly
enhances concrete’s flexural strength, toughness, and post-cracking response. Zeybek et al.
reported that such fibers enhance both first-crack and peak flexural strength [13] while
Aksoylu et al. confirmed notable improvements in energy absorption capacity and ductility
when waste tire wire is combined with alternative aggregates such as mine tailings or
recycled materials [68].

The post-peak response of W-4 was markedly more stable, leading to greater energy
dissipation, although the representative load–deflection curves (Figure 10) show that W-2
reached a slightly higher peak load than W-4. Specifically, W-4 developed higher residual
capacities at both L/600 and L/150 (8.36 vs. 7.41 kN and 7.40 vs. 5.88 kN, respectively),
which resulted in a larger area under the curve (toughness of 90.33 J for W-4 vs. 84.05 J for W-
2) (Table 10). This behavior indicates that the 0.4% dosage (W-4) mobilized a larger number
of fibers in crack-bridging after the first peak while a 0.2% fiber dosage (W-2) can maximize
the instantaneous peak by delaying the first crack and promoting stable crack growth,
slower softening, and a higher residual strength. Mechanistically, the additional fibers
engaged in pull-out at in the W-4 samples, increasing the post-cracking energy absorption
even if the peak was not the highest. In contrast, the W-2 curve exhibited a narrower peak
and a steeper post-peak drop, which is indicative of limited fiber engagement after the first
crack. The quantitative consistency between the residual strengths (at L/600 and L/150)
and the toughness (U0→L/150) substantiates this explanation.

Maximizing toughness requires an optimized fiber–matrix interface, which is con-
trolled by interfacial adhesion, bearing (mechanical anchorage) resistance, the brittleness
of the cementitious matrix, and the tensile capacity of the fibers. The relationships are
plotted in Figure 11 (flexural toughness vs. equivalent flexural strength ratio) and Figure 12
(flexural toughness vs. modulus of rupture).

The flexural toughness of the specimens markedly improved with the incorporation
of waste tire wire, as shown in the Figure 11. The toughness increased by approximately
47.6%, 131.2%, 148.5%, and 161.3% in the W, W-2, W-4, and W-6 samples compared to the
control mix, respectively. The equivalent flexural strength ratio peaked in W-2 and slightly
declined in the W-4 and W-6 samples, indicating a plateauing effect beyond a certain fiber
threshold despite the consistent increase in toughness with an increasing fiber content. This
behavior may be attributed to enhanced fiber effects and energy absorption at optimal fiber
volumes, aligning with previous research findings [27,73,74].

As illustrated in the Figure 12, both the flexural toughness and modulus of rupture
values exhibited a steady increase with the addition of waste tire wire into the mixtures.
The W-6 sample demonstrated a significant enhancement of approximately 161% in flexural
toughness and a 74% increase in modulus of rupture compared to the control mix. The
modulus of rupture improved more gradually while the toughness values showed a sharp
upward trend with increasing fiber content. This trend reflects the crack-bridging capability
of the fibers, which becomes more effective at higher dosages, thereby improving energy ab-
sorption and delaying crack propagation. Similar enhancements in mechanical performance
with increasing waste SF content have also been reported in recent studies [27,73,75].
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Figure 11. Dependence of equivalent flexural strength ratio on flexural toughness in control mix
and FRCs.

Figure 12. Dependence of modulus of rupture on toughness in control mix and FRCs.

3.5. Fracture Energy and Ductility Index

The monotonic increase in toughness with fiber content and the higher residual
capacities at L/600 and L/150 (Table 10), together with the absence of visible fiber balling
on fracture surfaces, indicate that the fiber dispersion was adequate with the tested dosages.

The Gf (fracture energy) and DI (ductility index) are fundamental descriptors of FRCs’
post-cracking behavior and their ability to absorb energy during flexure. The DI indicates
the ability of the material to undergo significant deformation beyond the elastic limit with-
out a sudden failure while the Gf reflects the total energy absorbed by the specimen until
a specified deflection limit. Understanding the relationship between these parameters is
essential for evaluating the effectiveness of fiber reinforcement in enhancing the toughness
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and deformation capacity of concrete. In this section, the interaction between the Gf and
DI is examined based on the experimental results of beam specimens incorporating mine
tailings and various dosages of waste tire wire fibers. The influence of increasing the fiber
content on both the Gf and DI is also discussed in detail, providing insights into the overall
flexural performance and failure characteristics of the composites. The variations in the Gf

and DI due to fiber content are shown in Figure 13.

Figure 13. Changes in fracture energy and ductility index due to fiber content.

The Gf and DI improved significantly with the addition of fibers compared to the
control mix, as shown in the Figure 13. The Gf increased steadily from approximately
3600 N/m in the control mix to over 9400 kN/m in the W-6 sample, an increase of more
than 161%. A similar trend was observed in the DI, which rose from 1.22 in C to a peak
value of approximately 1.95 in the W-2 mixture, corresponding to an increase of about 60%.
However, the DI declined beyond a fiber dosage of 0.2% while the fracture energy continued
to increase slightly with higher fiber contents. This suggests that although the fibers
enhanced energy absorption, an excessive fiber content may lead to reduced deformability
due to increased matrix stiffness or fiber agglomeration. These findings highlight the
importance of optimizing the fiber dosage to achieve a balanced enhancement in both
energy dissipation and ductility. The observed trend of increasing fracture energy (up to
~161%) accompanied by a peak in the DI (rising until a fiber dosage of 0.2% and slightly
decreasing thereafter) aligns closely with the findings of recent studies. Khan et al. reported
a 56–70% enhancement in Gf and substantial improvements in post-cracking ductility with
the use of aligned hooked-end SFs [76]. Similarly, Wang et al. demonstrated that increasing
the SF content from 0 to 2% produced linear increases in Gf, toughness, and ductility
metrics [77]. Additionally, Hosen et al. documented dramatic DI improvements (up to 568%
for energy ductility), reinforcing the critical interdependence between fiber dosage, energy
absorption capacity, and ductile response in fiber-reinforced concrete composites [78].
Su et al. and Jin et al. highlighted that while increasing fiber dosage improves fracture
resistance and energy absorption, it can also result in reduced ductility if the fiber content
surpasses an optimal threshold [79,80]. Xu et al. similarly emphasized the role of fiber
volume and orientation in enhancing fracture energy while maintaining a balanced post-
cracking behavior in fiber-reinforced concrete composites [81].
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Although the fracture energy Gf and toughness U0→L/150 increased monotonically
with fiber content, the ductility index (DI) peaked at 0.2% (W-2 ≈ 1.99) and then declined
at 0.4–0.6% (W-4 ≈ 1.84, W-6 ≈ 1.45) (Table 10). Two complementary factors explain this
behavior. First, the DI used here is a normalized metric (proportional to Gf/Pmax); therefore,
large increases in peak load at higher fiber contents can mathematically lower the DI even
when the absolute energy absorption is increasing. Second, at higher recycled tire steel
fiber (RSF) dosages, dispersion challenges (local clustering, increased ITZ volume, and
orientation bias under casting/three-point bending) can reduce post-peak deformability
(i.e., steeper softening), even as the number of engaged fibers increases the energy dissi-
pated by pull-out. Prior studies reported that excess steel fibers can cause clustering, locally
weaken the interface and alter the softening branch; several works identified an optimum
fiber volume beyond which the ductility or tensile indices no longer improved or may
decrease despite gains in strength/toughness. These trends have been documented for
SFRC/RSF systems and are tied to fiber type, geometry, dispersion quality, and the mea-
surement window in ASTM C1609 [37]. Gao et al. linked fiber clustering at high dosages
to degraded bond and altered cyclic responses [82]. Al Rifai et al. noted that beyond
an optimal content, fibers may clump, creating weak spots and reducing tensile/flexural
indices [83]. Mehmandari et al. showed RSF-based hybrid FRC’s post-cracking response
is highly dispersion-sensitive [65]. Fracture-mechanics analyses (e.g., updated bridged-
crack models) captured how changes in pull-out vs. rupture balance reshape post-peak
ductility. Test-method comparisons emphasized how ASTM C1609 [37] index definitions
and evaluation windows affect perceived ductility. Our observations (rising Gf and higher
residual capacities but lower DI at ≥0.4% RSF) are consistent with this body of evidence
for non-monotonic ductility at elevated fiber volume fractions.

4. Conclusions
This study investigated the mechanical performance and sustainability potential of

fiber-reinforced concrete incorporating mine tailings as the fine aggregate and waste tire
wire as the reinforcing fiber. Based on the experimental results, the principal conclusions
are as follows:

(1) The partial replacement of natural sand with mine tailings slightly increased the
porosity and water absorption at early ages. However, the inclusion of waste tire wire
at dosages of 0.4% and 0.6% significantly reduced these values at 28 days, indicating
enhanced reduced permeability. This improvement supports the development of
more durable concrete composites.

(2) The compressive strength of the mixtures progressively improved with increasing
fiber content, reaching up to 26.0 MPa with the W-6 mix, an 18.2% increase compared
to the control mix. Likewise, the splitting tensile strength improved by up to 7.1%,
especially in the higher fiber content mixes due to effective fiber reinforcement by the
tire wires.

(3) The waste tire wire significantly enhanced the flexural performance and tough-
ness of the concrete. The modulus of rupture in the W-6 sample increased by
104% and the flexural toughness improved by 161% compared to the control mix.
The load drop percentage decreased with higher fiber contents, indicating superior
post-cracking behavior.

(4) The concrete specimens incorporating waste tire wire, particularly the W-6 sample
with a 0.6% fiber content, exhibited significantly superior performance in terms of
flexural load and deflection capacity, enhancing the concrete’s ductility and energy
absorption capability.
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(5) The fracture energy steadily increased from 3.6 to 9.4 kN/m with rising fiber dosage.
The ductility index peaked at a fiber content of 0.2% and declined slightly at higher
dosages. This behavior emphasizes the importance of optimizing the fiber dosage to
balance toughness and deformability as excessive fiber addition may lead to agglom-
eration and stiffness loss.

(6) The joint incorporation of mine tailings and recycled tire wire offers an effective,
resource-efficient solution, simultaneously reducing virgin resource input and con-
verting industrial waste into valuable materials, which align with circular economy
and low-carbon goals.

In summary, the synergistic incorporation of mine tailings and waste tire wire sig-
nificantly improved the mechanical, durability, and post-cracking properties of concrete.
These results confirm the feasibility of producing structurally efficient and environmentally
responsible concrete by revalorizing two major industrial waste streams. Future work
could focus on the hybridization of recycled tire wire with other industrial fibers to fur-
ther enhance composite performance. Moreover, long-term durability aspects, including
freeze–thaw, chloride penetration, and sulfate attack resistance, should be investigated to
validate the field performance of such concretes. In addition, life-cycle assessments (LCAs)
and cost–benefit analyses could provide deeper insights into the broader sustainability
potential of incorporating mine tailings and recycled tire wire into concrete production.
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13. Zeybek, Ö.; Özkılıç, Y.O.; Çelik, A.İ.; Deifalla, A.F.; Ahmad, M.; Sabri, M.M. Performance evaluation of fiber-reinforced concrete
produced with steel fibers extracted from waste tire. Front. Mater. 2022, 9, 1057128. [CrossRef]

14. Mindess, S.; Young, J.F.; Darwin, D. Concrete, 2nd ed.; Pearson Education Inc., Prentice Hall: Saddle River, NJ, USA, 2002; p. 629.
15. Ige, O.E.; Olanrewaju, O.A.; Duffy, K.J.; Collins, O.C. Environmental Impact Analysis of Portland Cement (CEM1) Using the

Midpoint Method. Energies 2022, 15, 2708. [CrossRef]
16. Neupane, R.P.; Devi, N.R.; Imjai, T.; Rajput, A.; Noguchi, T. Cutting-edge techniques and environmental insights in recycled

concrete aggregate production: A comprehensive review. Resour. Conserv. Recycl. Adv. 2025, 25, 200241. [CrossRef]
17. Rahman, Z.; Khan, M.; Hussain, M. A study on concrete with waste rubber tyre as partial replacement to coarse aggregate. Int. J.

Eng. Res. Technol. (IJERT) 2017, 6, 234–237.
18. Xiaoyan, H.; Li, W.; Aijiu, C.; Lingyun, F.; Yanting, J.; Zhihao, W.; Zhenzan, G.; Keliang, L.; Qun, Y.; Xiaozhou, X.; et al.

Experimental and analytical evaluation of mechanical properties of rubberized concrete incorporating waste tire crumb rubber.
Case Stud. Constr. Mater. 2025, 23, e04970. [CrossRef]

19. Tate, S.M.; Hamid, H.F.; Durham, S.A.; Chorzepa, M.G. Investigation into recycled rubber aggregates and steel wire fiber for use
in concrete subjected to impact loading. Infrastructures 2020, 5, 82. [CrossRef]

20. Liu, H.; Duan, H.; Gao, H.; Wang, Z.; Zhang, J. Graphite tailings’ effects on mechanical and physical properties of eco-efficient
steel fiber-reinforced concrete. Buildings 2022, 12, 509. [CrossRef]

21. Gayana, B.C.; Chandar, K.R. Sustainable use of mine waste and tailings with suitable admixture as aggregates in concrete
pavements-A review. Adv. Concr. Constr. 2018, 6, 221–243. [CrossRef]

22. Amjad, H.; Abd-Elaal, E.S.; Ma, X.; Benn, T.; Fisher, M. A critical review of iron ore tailings as cement and aggregate substitutes
for robust infrastructure: Mechanical, durability, eco-economic, and social impacts. J. Clean. Prod. 2025, 492, 144853. [CrossRef]

23. Karthikeyan, B.; Kathyayini, R.; Kumar, V.A.; Uthra, V.; Kumaran, S.S. Effect of dumped iron ore tailing waste as fine aggregate
with steel and basalt fibre in improving the performance of concrete. Mater. Today Proc. 2021, 46, 7624–7632. [CrossRef]

24. Gao, H.; An, B.; Dai, Y.; Fan, K.; Ding, J.; Liu, H. Utilizing of graphite tailings as fine aggregates in asphalt mixture: Road
performance and economic environment assessments. Case Stud. Constr. Mater. 2025, 22, e04807. [CrossRef]

25. Indian Institute of Technology Bombay (IITB). Understanding RubCrete: How Waste Tyres Are Making Concrete Tougher and Greener;
IITB Research Highlights; Indian Institute of Technology Bombay (IITB): Mumbai, India, 2025.

26. Adıgüzel, D.; Tüylü, S.; Eker, H. Utilization of tailings in concrete products: A review. Constr. Build. Mater. 2022, 360, 129574.
[CrossRef]

27. Zia, A.; Zhang, P.; Holly, I. Experimental investigation of raw steel fibers derived from waste tires for sustainable concrete. Constr.
Build. Mater. 2023, 368, 130410. [CrossRef]

28. Fares, G.; Alsaif, A.; Alhozaimy, A. Hybridization and cost-performance analysis of waste tire steel fibers into high-volume
powdered scoria rocks-based ultra-high performance concrete. J. Build. Eng. 2023, 72, 106568. [CrossRef]

29. Mobasher, B.; Cheng, Y.L. Effect of interfacial properties on the crack propagation in cementitious composites. Adv. Cem. Based
Mater. 1996, 4, 93–105. [CrossRef]

30. Gao, J.; Sun, W.; Morino, K. Mechanical properties of steel fiber-reinforced, high-strength, lightweight concrete. Cem. Concr.
Compos. 1997, 19, 307–313. [CrossRef]
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