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Abstract

This study examines the synergistic influence of recycled concrete aggregates (RCAs), in-
dustrial steel fibers (ISFs), recycled steel fibers (RSFs), and hybrid ISF/RSF (HSF) on the
structural, durability, and environmental performance of roller-compacted concrete pave-
ment (RCCP). Twenty mixtures were prepared with 0 and 50% RCA and fiber dosages of
0-0.9%, including plain, single-fiber, and HSF systems. Compressive, splitting tensile, and
flexural strengths, as well as freeze—thaw resistance up to 300 cycles, were experimentally
evaluated. Environmental performance was quantified through a cradle-to-gate life cycle
assessment (LCA) covering nine impact categories and integrated with a multi-criteria
decision analysis (MCDA) using the weighted sum method (WSM) and technique for order
of preference by similarity to ideal solution (TOPSIS). Results indicate that 50% RCA re-
placement reduced compressive strength by ~21% but decreased global warming potential
(GWP) by 15%. Hybrid fiber reinforcement significantly improved mechanical and dura-
bility properties, achieving up to 51% higher tensile strength and >85% strength retention
after 300 freeze-thaw cycles compared with the control mix. The LCA showed notable
reductions in GWP, acidification potential, and non-renewable energy demand when ISF
and natural aggregates were partially substituted with RSF and RCA. The MCDA identified
N50_R50_ISF0.3_RSF0.3 (50% RCA with 0.6% HSF) as the optimal mixture, achieving the
highest eco-efficiency index (WSM = 0.80; TOPSIS = 0.73). These findings confirm that inte-
grating RCA with hybrid steel fibers enhances the mechanical and durability performance
of RCCP while substantially reducing environmental burdens, providing a viable strategy
for low-carbon and circular pavement construction.

Keywords: roller-compacted concrete pavement (RCCP); recycled concrete aggregate (RCA);
recycled steel fiber (RSF); freeze-thaw durability; life cycle assessment (LCA); multi-criteria
decision analysis (MCDA)

1. Introduction

The construction industry plays a significant role in global environmental degradation,
accounting for over one-third of natural resource consumption, energy use, and greenhouse
gas (GHG) emissions [1-4]. Concrete infrastructure, in particular, is a major contributor
to embodied carbon and resource depletion due to its high demand for virgin aggregates,
cement, and industrial additives [5-8]. As sustainability becomes a central objective in civil
infrastructure development, the need to reduce the environmental footprint of concrete
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pavement systems while maintaining high mechanical and durability performance has
become increasingly urgent [9,10].

Roller-compacted concrete pavement (RCCP) has emerged as a sustainable alternative
to conventional pavement systems due to its low cement content, reduced water usage,
and rapid construction method involving heavy compaction. RCCP is commonly used
in industrial, highway, and airfield applications because of its structural efficiency and
cost-effectiveness [11,12]. However, conventional RCCP relies heavily on virgin natural ag-
gregates (NAs) and industrial steel fibers (ISFs), which are associated with high energy con-
sumption and GHG emissions during production and transportation [13-16]. Improving
the eco-efficiency of RCCP requires integrating recycled materials that reduce environmen-
tal impact without compromising structural integrity [17]. One promising strategy is the
incorporation of recycled concrete aggregates (RCAs), which are sourced from construction
and demolition waste. Their use contributes to waste reduction, landfill diversion, and
raw material conservation, supporting circular economy goals [18-20]. However, the appli-
cation of RCA is often limited by its adverse effects on mechanical properties, including
reduced compressive and tensile strength and lower freeze-thaw resistance due to higher
porosity and weaker interfacial transition zones [21-23]. To mitigate these deficiencies, fiber
reinforcement is commonly employed. Industrial steel fibers are effective in enhancing
the tensile, flexural, and post-cracking behavior of concrete [24-30]. Nevertheless, the
environmental burden associated with their manufacture has raised concerns. In contrast,
recycled steel fibers (RSFs), often recovered from end-of-life tires or industrial scrap, offer a
low-cost, low-carbon alternative with considerable mechanical potential [23-25]. RSFs have
demonstrated improvements in crack control, toughness, and energy absorption, though
their performance varies depending on content and dispersion [26,27].

Recent studies suggest that hybrid steel fiber (HSF) systems, combining ISF and RSF,
may generate synergistic effects that outperform single-fiber systems [28,29]. ISFs provide
structural stiffness, while RSFs contribute ductility and multi-directional crack control due
to their irregular geometry [30,31]. When combined, these fibers can effectively compensate
for the mechanical deficiencies caused by RCA and enhance durability against freeze-thaw-
induced deterioration. This synergistic effect arises from multi-scale crack stabilization,
where RSFs contribute to micro-level crack bridging and ISFs improve macro-level crack
resistance and fiber pull-out performance, resulting in superior overall behavior compared
to mixtures reinforced with either fiber type alone [32,33]. However, few studies have
comprehensively investigated the integration of RCA and HSF in RCCPs, particularly with
respect to freeze-thaw durability and environmental sustainability assessed via life cycle
methodologies [34-36]. Moreover, existing studies rarely utilize multi-criteria decision
analysis (MCDA) to balance performance and sustainability in identifying optimal mixture
designs [37-39].

It is hypothesized that combining RCA and hybrid fibers (ISF + RSF) in RCCP will
result in a synergistic improvement in mechanical performance and freeze-thaw durability
while reducing environmental impacts through the valorization of recycled materials. The
theoretical justification lies in the complementary action of fiber types, where ISF imparts
high load resistance and RSF enhances ductility and crack arresting ability, counteracting
the structural deficiencies caused by RCA’s porous and weak aggregate surfaces. Addition-
ally, substituting NAs and ISFs with recycled alternatives (RCAs and RSFs) is expected to
reduce global warming potential (GWP), acidification potential (AP), and non-renewable
energy demand (PE-NRe), enhancing the overall eco-efficiency of RCCP. To test this hypoth-
esis, the present study investigates the combined effects of RCA content (50%, by volume)
and steel fiber type/dosage (ISF, RSE, HSF at 0-0.9% by volume fraction) on the mechan-
ical properties, freeze-thaw resistance, and life cycle environmental impacts of RCCP.
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Twenty RCCP mixtures were designed and subjected to compressive, tensile, and flexural
strength tests, as well as freeze-thaw durability assessments over 100, 200, and 300 cycles.
Environmental impacts were evaluated using a cradle-to-gate life cycle assessment (LCA)
across nine categories. Finally, the MCDA employing the weighted sum method (WSM)
and TOPSIS was used to identify the most eco-efficient mixture. This study contributes
a comprehensive experimental and environmental framework for the development of
sustainable RCCP using waste-derived aggregates and fibers, advancing the principles of
cleaner production, resource circularity, and low-carbon infrastructure design.

2. Materials and Methods

A total of twenty RCCP mixtures were prepared and grouped into two categories
based on the replacement level of NA with RCA: 0 and 50% by mass. Each group consisted
of ten mixes: a plain control (no fibers), ISF-only and RSF-only mixes at 0.3%, 0.6%, and
0.9% by volume fraction, and HSF combining ISF and RSF equally. Mix codes follow the
format N100_RO_ISF0.3_RSF0, where “N100” and “R0” indicate 100% NA and 0% RCA,
respectively, with fiber dosages specified accordingly. This grouping structure was applied
consistently in both the mixture design table and the organization of results. Next, me-
chanical properties (compressive, splitting tensile, and flexural strength at 28 days) and
durability (strength retention after 100, 200, and 300 freeze-thaw cycles) were evaluated.
Each test was performed on four replicate specimens. Results are reported as mean values,
with the coefficient of variation (CoV) used to express data variability. To ensure statistical
validity, outliers were identified and removed using Grubbs’ Test, Dixon’s Q Test, and
boxplot analysis. In all figures, both the error bars and the values in parentheses represent
the CoV (%) for each set of results.

2.1. Materials
2.1.1. Aggregates

The coarse and fine aggregates used in this study were selected and evaluated in
accordance with the guidelines specified in ACI 211.3R and ACI 325.10R. All relevant
physical and mechanical properties were determined, following ASTM standards to ensure
suitability for RCCP applications. RCA, ranging from 4.76 to 23.00 mm, was produced
by crushing OPC concrete cylinders with an average compressive strength of 40 MPa. To
ensure consistent quality, the RCA was further processed by manual crinkling, washing,
filtering, and sieving to remove fines and contaminants. Natural coarse aggregate (crushed
granite, CG) in the size range of 4.76-22.50 mm (supplied by Secil) and natural fine aggre-
gate (river sand, RS) with a particle size range of 0—4.76 mm were also used in the mixtures
(also supplied by Secil). In addition, the silt (fines) content of RS was measured according
to ASTM C117 and found to be 1.8%, which complies with the ASTM C33 limit of <3%
for fine aggregates used in structural concrete. This parameter is essential for frost resis-
tance, as excessive fines can increase water absorption and susceptibility to freeze—thaw
deterioration. RS was further classified as a naturally occurring siliceous sand, while both
CG and RCA were identified as angular crushed aggregates with high mechanical inter-
lock potential, contributing to improved compaction and freeze—thaw durability. Figure 1
presents the particle size distribution curves for the combined aggregates used in the two
RCA replacement groups: (a) N100_RO, and (b) N50_R50. All gradation curves fall within
the upper and lower limits specified by ACI 211.3R, confirming the use of well-graded
aggregates suitable for high-density RCCP.
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Figure 1. Particle size distribution curve of combined aggregates for two RCCP groups: (a) N100_R0,
(b) N50_R50.

The physical properties of the aggregates were characterized using standardized test
methods: ASTM C127 for coarse aggregate specific gravity, ASTM C128 for fine aggregates,
ASTM C29 for bulk density and void content, ASTM C136 for particle size distribution,
and ASTM C117 for fines content. These additional parameters ensure comprehensive
characterization of aggregates influencing frost resistance and durability. The key physical
characteristics of the aggregates are summarized in Table 1.

Table 1. Physical properties of natural and recycled aggregates used in RCCP mixtures.

Coarse Aggregates (kg/m®) Fine Aggregate (kg/m3)
Variables
RCA CG RS
Bulk specific gravity (OD) 2.35 2.68 2.56
Bulk specific gravity (SSD) 2.45 2.72 2.61
Apparent specific gravity 2.55 2.78 2.66
Fineness modulus (FM) - - 2.85
Absorption capacity (%) 6.5 0.8 0.5
Voids (%) Loose condition 35 27 38
Compact condition 30 22 33

Note: RCA = Recycled concrete aggregate; CG = Crushed granite; RS = River sand.

2.1.2. Cement, Water and Admixture

The binder used in this study was OPC classified as CEM 1 42.5R (Robustek, Lisbon,
Portugal), a high-early strength Portland limestone cement conforming to the requirements
of EN 197-1. Its chemical composition, expressed as weight percentages relative to total
cement mass, is presented in Table 2. Compressive strength tests confirmed early-age
performance of 20 MPa at 2 days and a 28-day strength of 42.5 MPa. The cement (Cem) was
supplied by a local manufacturer and stored in a temperature-controlled, low-humidity
environment to prevent premature hydration due to moisture exposure. Its measured
specific gravity was 3.18 g/ cm?.

Table 2. Chemical oxide composition of ordinary Portland cement (CEM I 42.5R) by weight percentage.

SiO; (%) Al,03 (%)

Fe; 03 (%)

MgO (%) CaO (%) Na,O (%) K,0 (%) SO; (%) Loss of Ignition Specific Gravity (g/cm?)

13.48 3.69

7.78

1.29 67.46 0.36 0.98 4.82 1.98 3.18

Potable tap water (Wat) was used for all mixing and curing processes. The water was
free from organic matter and substances known to hinder cement hydration and complied
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with the quality requirements specified in ASTM C1602. Finally, a polycarboxylate-based
superplasticizer (SP), commercially known as Master Glenium SKY 617 (BASF), was added
at dosages ranging from 3.4 to 10.2 kg/m? to maintain adequate workability, particularly
in mixtures with reduced water content and higher fiber content.

2.1.3. Fibers

To enhance the mechanical performance, durability, and sustainability of the RCCP
mixtures, two types of steel fibers were incorporated: ISF and RSE. Their physical forms are
shown in Figure 2. The ISFs were commercially produced hooked-end fibers, 33 mm in
length, (model HE 55/33, supplied by ArcelorMittal) and widely used in structural concrete
for their consistent geometry and proven mechanical performance. In contrast, RSFs were
sourced from post-consumer tires through a mechanical shredding process (provided
by a Portuguese private company), supporting waste valorization and circular economy
principles. These fibers exhibited irregular geometries and non-uniform dimensions, with
variability in both length and diameter. The relatively high variation observed in RSF
length (approximately 38%) is inherent to the shredding process, which produces fibers of
irregular shape and size rather than uniform industrial-grade geometry. This variability
is typical of recycled tire-derived fibers and may influence tensile and flexural responses,
as the effectiveness of crack-bridging depends on fiber length and anchorage. To ensure
representative characterization, the geometry of RSFs was statistically evaluated from a
sample of 3000 fibers, and average values were reported. A summary of the key physical
and mechanical properties of both fiber types is presented in Table 3.

————
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Figure 2. Fibers used in fiber-reinforced RCCP mixtures: (a) ISF, (b) RSE.

Table 3. Physical and mechanical characteristics of industrial and recycled steel fibers.

Fibers Density (Kg/m®?) Tensile Strength (MPa) Modulus of Elasticity (MPa) Elongation (%) Diameter (mm) Length (mm)
ISF 7400 1230 210,000 3.0+1.0 0.55 33.0
RSF 7400 2648 + 423 200,000 22+15 0.25+0.08 26410

Note: ISF = Industrial steel fiber; RSF = Recycled steel fiber.

2.2. Methods
2.2.1. Specimen Mixture and Preparation

A total of twenty RCCP mixtures were designed in accordance with ACI 211.1-91.
Each group consisted of ten mixtures, including one control mix as plain RCCP (0% ISF
and 0% RSF). Compaction was optimized using the Modified Proctor Test (ASTM D1557)
to determine the optimum moisture content (OMC) and the corresponding maximum dry
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density (MDD). Water content was incrementally adjusted, and the OMC was identified
as the water content at MDD. Based on the OMC, water-to-cement (Wat/Cem) ratios and
material quantities were calculated per cubic meter, as shown in Table 4.

Table 4. Mix proportions and material quantities of RCCP mixtures.

Quantity (kg/m?)
Components
Cem Wat RCA CG RS ISF RSF SP Wat/Cem (—)
N100_RO_ISF0_RSFO 340 159.5 - 1120 930 - - - 047
N100_RO_ISF0.3_RSF0 340 154.04 - 1120 930 21.6 - 3.4 0.45
N100_RO_ISF0.6_RSFO 340 158.6 - 1120 930 43.2 - 6.8 047
N100_RO_ISF0.9_RSF0 340 157.3 - 1120 930 64.8 - 10.2 0.46
N100_RO_ISF0_RSFO0.3 340 156.04 - 1120 930 - 21.6 34 0.46
N100_RO_ISFO_RSFO0.6 340 156.2 - 1120 930 - 43.2 6.8 0.46
N100_RO_ISF0_RSF0.9 340 159.7 - 1120 930 - 64.8 10.2 047
N100_RO_ISF0.15_RSF0.15 340 155 - 1120 930 10.8 10.8 34 0.46
N100_RO_ISF0.3_RSF0.3 340 159.71 - 1120 930 21.6 21.6 6.8 047
N100_RO_ISF0.45_RSF0.45 340 157.54 - 1120 930 324 324 10.2 0.46
N50_R50_ISF0_RSFO 340 183.9 491 560 930 - - - 0.54
N50_R50_ISF0.3_RSFO 340 181.4 491 560 930 21.6 - 34 0.53
N50_R50_ISF0.6_RSFO 340 188.14 491 560 930 43.2 - 6.8 0.55
N50_R50_ISF0.9_RSF0 340 186.6 491 560 930 64.8 - 10.2 0.55
N50_R50_ISFO_RSFO0.3 340 170.2 491 560 930 - 21.6 34 0.5
N50_R50_ISF0_RSFO0.6 340 178.4 491 560 930 - 43.2 6.8 0.52
N50_R50_ISF0_RSF0.9 340 186.9 491 560 930 - 64.8 10.2 0.55
N50_R50_ISF0.15_RSF0.15 340 182.4 491 560 930 10.8 10.8 34 0.54
N50_R50_ISF0.3_RSF0.3 340 181.8 491 560 930 21.6 21.6 6.8 0.53
N50_R50_ISF0.45_RSF0.45 340 185 491 560 930 324 324 10.2 0.54

Note: Cem = Cement; Wat = Water; RCA = Recycled concrete aggregate; CG = Crushed granite; RS = River sand;
ISF = Industrial steel fiber; RSF = Recycled steel fiber; SP = Superplasticizer.

Dry materials (cement and aggregates) were initially mixed for one minute. Fibers
were then gradually added, followed by water and superplasticizer (SP), to ensure uni-
form distribution and prevent clumping. The mixture was blended for an additional five
minutes to achieve a homogeneous consistency. Fresh RCCP was cast into cylindrical
molds (150 x 300 mm) and prismatic molds (150 x 150 x 600 mm) for mechanical and
durability testing.

Compaction was performed using an electric vibrating hammer, in accordance with
ASTM C1435, applying three layers per specimen. Each layer was compacted for a maxi-
mum of 20 s or until a visible ring of mortar appeared, indicating sufficient consolidation.
After 24 h, the specimens were demolded and cured in water at 23 £ 2 °C for 28 days, as
per ASTM C192/C192M.

2.2.2. Mechanical Test Procedures

The mechanical performance of RCCP specimens was evaluated through uniaxial
compressive strength, splitting tensile strength, and three-point notched beam bending
tests (3PNBBT). All tests were conducted in accordance with relevant standards to ensure
accuracy and repeatability.

The uniaxial compressive strength (f.), secant modulus of elasticity (E.;,) were deter-
mined after 28 days of curing, following NP EN 12390-3:2011 and NP EN 12390-13:2014,
respectively. Tests were carried out on cylindrical specimens (150 mm x 300 mm) using
a servo-controlled universal testing machine with a maximum capacity of 2000 kN. Ax-
ial displacement was monitored using an internal displacement transducer integrated
into the test system, which was used as the control variable during loading. The com-
pressive strength was calculated based on the peak load applied to the specimen. The
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modulus of elasticity was derived from the slope of the stress—strain curve in the linear
region of the response. Compressive toughness (Toug _Comp) defined as the area under the
stress—displacement curve up to 0.33 of peak compressive strength, quantifies the energy
absorption of RCCP mixtures [40]. The experimental setup and instrumentation used for
these tests are presented in Figure 3, including equipment layout and monitoring system.

Load
_-Steel Cap

300 mm

50 mm |50 mm
i

jm

LVDTi
f
L

100 mm

150 mm

Figure 3. Experimental setup and monitoring systems for uniaxial compressive tests, illustrated with

an experimental photo, and front views.

The splitting tensile strength (f) of RCCP specimens was evaluated in accordance with
ASTM C496/C496M, using 150 mm x 300 mm cylindrical specimens (Figure 4). Each speci-
men was placed horizontally between two hardened steel bearing strips, and a compressive
load was applied diametrically. Transverse deformation, measured perpendicular to the
loading axis, was recorded to capture the material’s response under indirect tensile loading.
The splitting tensile strength was calculated using the peak load (Py,x) obtained from the load—
deformation curve, corresponding to the material’s elastic limit. The strength was computed
using Equation (1), where D and L are the diameter and length of the specimen, respectively:

_(Z*Pmax)
ft—n*D*L )

Load

Failureplane S ="~ Suppletientary
- steel bar

Plywood strips 7~

150 x 300 mm
Concrete cylinder

150 mm

Figure 4. Experimental setup and loading mechanism for splitting tensile strength tests, including

isometric, front, and in-test photographs of the specimen arrangement.
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The flexural behavior of RCCP was assessed using 3PNBBT in accordance with the fib
Model Code 2010. Prismatic specimens measuring 150 x 150 x 600 mm were cast with a
span of 500 mm and a 25 mm notch (<5 mm wide) at mid-span to promote controlled crack
initiation. Tests were conducted under monotonic loading using a 250 kN servo-hydraulic
actuator. The initial flexural tensile strength (f.;,1,) was evaluated at a crack mouth opening
displacement (CMOD) of 0.05 mm, reflecting the material’s ability to resist cracking under
tension. Residual flexural strengths (fr 1, fr 2, fr 3, fr,4) Were determined at CMOD:s of 0.5,
1.5, 2.5, and 3.5 mm, respectively. Load-CMOD responses were continuously recorded to
evaluate post-cracking performance. The flexural toughness (Toug g, ) Was calculated as
the area under the load-CMOD curve up to 3.5 mm CMOD, représenting the material’s
energy absorption capacity. Similarly, fracture energy (Gs) was computed as the area under
the load—CMOD curve up to 3.5 mm, normalized by the specimen’s fracture surface area.
The experimental setup and monitoring system used in the 3PNBBT are shown in Figure 5.

Load
l Cross-section

g
g CMOD measurement E
= \\ Notch o

= N T e
S - ~-..‘__‘_ ]
25 mm [ \:\ el ° -~ E
Smm 150 mm i

500 mm

Figure 5. Experimental setup and monitoring systems for three-point notched beam bending tests
(BPNBBT), illustrated with an experimental photo, front, and cross section views.

2.2.3. Durability Testing

The freeze—thaw durability of RCCP specimens was evaluated following ASTM C666,
Procedure A, which simulates severe environmental exposure through rapid freezing and
thawing in water. Prior to testing, specimens were fully saturated by 24 h water immersion
to ensure maximum moisture uptake. Freeze-thaw cycles (FTCs) were performed in a
programmable climatic chamber at three intervals: 100, 200, and 300 cycles. Each cycle
involved freezing to —18 °C and thawing in water at +4 °C, with a total cycle duration
of approximately 4-5 h. Durability loss was assessed by measuring residual compressive
strength (NP EN 12390-3:2011), splitting tensile strength (ASTM C496), and flexural tensile
strength (fib Model Code 2010) after each cycle set. The strength retention ratio was
calculated by comparing the degraded strength values to those of the reference specimens
cured under standard laboratory conditions (ASTM C192/C192M). The thermal profile of a
single cycle is illustrated in Figure 6.
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Figure 6. Schematic freeze-thaw cycle.

2.2.4. Environmental Impact Assessment

A cradle-to-gate Life Cycle Assessment (LCA) was conducted to evaluate the environ-
mental impacts of 20 RCCP mixtures incorporating RCA, ISF, RSF, and HSF. The assessment
followed ISO 14040-44:2006 and EN 15804:2012+A1, aligning with circular economy princi-
ples by reducing virgin material consumption and waste generation. The mixtures varied
by RCA replacement levels (0% and 50%) and fiber dosages (0%, 0.3%, 0.6%, and 0.9%)
as shown in Table 4. The system boundary was defined from raw material extraction
and processing (cement production, aggregate production/recycling, ISF production, RSF
recovery) to concrete production (cradle-to-gate), excluding transport and manufacturing,
which were assumed identical across mixtures and thus not influential for comparative
analysis. The functional unit was 1 m? of concrete, enabling consistent impact comparisons
across all designs.

The life cycle inventory (LCI) quantified material and energy inputs, as well as emis-
sions and waste outputs. The environmental impact data for the superplasticizer (SP) were
obtained from the International Environmental Product Declaration (EPD) database [41].
Cement and background data were sourced from the European Life Cycle Database
(ELCD) [42], while RCA data were collected from suppliers, on-site surveys, and liter-
ature [5,43,44]. ISF and RSF data were obtained from local suppliers, with RSF impacts
based on Kurda et al. [45]. Aggregate and water inputs were taken from literature [45-47],
ensuring all data reflected appropriate regional and technological conditions. The life cycle
impact assessment (LCIA) covered eight impact categories specified in EN 15804:2012+A1:
global warming potential (GWP), ozone depletion potential (ODP), acidification potential
(AP), eutrophication potential (EP), photochemical ozone creation potential (POCP), abiotic
depletion (elements and fossil fuels), and primary energy demand (renewable and non-
renewable: PE-Re, PE-NRe). The CML method was used for GWP, ODP, AP, EP, POCP,
and ADP, while cumulative energy demand (CED) was used for energy-related indicators.
Impact factors for each material (Tables 5 and 6) were multiplied by their corresponding
quantities in each mix design (Table 4) to calculate total impacts per 1 m? of RCCP. Finally, a
sensitivity analysis was performed by varying cement emissions by £15% and RCA /fiber
GWP values by +20%, addressing uncertainties in raw material production and recycling
processes to ensure robustness of results.

Table 5. Baseline environmental impacts associated with the production of 1 kg of each raw material,
calculated using the CML method under a cradle-to-gate boundary.

. GWP oDP AP EP POCP ADP
Raw Materials kg CO kg CFC11 kg SO (kg PO,%-eq) (kg eth
(kg CO5-eq)) (kg -eq.) (kg SOz-eq.) & 10, 7-eq. (kg ethene-eq.) Elements (kg Sb-eq.)  Fossil Fuels (M])

Cem 0.90323 437 x —108 0.00221 0.000259 0.000166 1.43 x —108 3.47205
Wat 0.00026 3.01 x —10" 1.31 x —10° 7.28 x —107 5.88 x —108 5.83 x —10 0.0
RCA 0.00396 6.82 x —10™ 2.97 x —10° 1.37 x —10° 6.33 x —107 5.5 x —101° 0.0533

CG 0.0244 2.43 x —10'0 0.000144 3.18 x —10° 7.83 x —10° 1.09 x —10° 0.0

RS 0.003145 1.17 x —1010 3.59 x —10° 8.1 x —10° 7.28 x —107 3.28 x —10'2 0.0
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Table 5. Cont.
. GWP OoDP AP EP POCP ADP
Raw Materials _3
(kg CO,-eq.) (kg CFC11-eq.) (kg SO,-eq.) (kg PO, "-eq.) (kg ethene-eq.) Elements (kg Sb-eq.)  Fossil Fuels (MJ)
ISF 1.09588 7.97 x —108 0.00298 0.000307 0.0005 0.0 11.371
RSF 0.05474 8.63 x —10° 0.000327 1.72 x —10° 1.62 x —10° 1.36 x —10° 0.642
SP 1.88 2.3 x —10%° 0.00292 0.00103 0.000212 0.0000011 29.1

Note: GWP = Global warming potential; ODP = Ozone depletion potential; AP = Acidification potential;
EP = Eutrophication potential; POCP = Photochemical ozone creation potential; ADP-Elements = Abiotic deple-
tion potential (elements); ADP-Fossil fuels = Abiotic depletion potential (fossil fuels).

Table 6. CED results for the production of 1 kg of raw materials, detailing total, non-renewable, and
renewable energy demand.

Raw Materials PE-NRe (M]) PE-Re (M])
Cem 4.112 0.1322
Wat 0.0051 0.000683
RCA 0.05 0.0001
CG 0.344 0.000381
RS 0.04 0.0
ISF 12.1 0.21928
RSF 0.991 0.01527
SP 314 1.51

Note: PE-NRe = Non-renewable primary energy; PE-Re = Renewable primary energy.

2.2.5. Eco-Efficiency Analysis (MCDA)

The MCDA was conducted to evaluate the eco-efficiency of 20 RCCP mixtures, inte-
grating mechanical performance, durability, and environmental impacts to identify compo-
sitions that balance sustainability and functionality, supporting circular economy principles.
The MCDA aimed to rank RCCP mixtures based on their eco-efficiency, considering me-
chanical properties, durability, and environmental impacts. Criteria included compressive
strength (fc;), secant modulus of elasticity (E;), splitting tensile strength (f¢), flexural
strength (fc,1), fracture energy (Gy), flexural toughness (Toug_FleX), and compressive
toughness (Toug_COmp), alongside durability indicators (compressive, tensile, and flexural
strength retention after 300 FTCs: CSR_300FTCs, TSR_300FTCs, FSR_300FTCs). Envi-
ronmental impacts comprised GWP, AP, EP, POCP, ADP-elements, ADP-fossil fuels, and
primary energy consumption (PE-NRe, PE-Re), as detailed in Section 2.2.4. To ensure
comparability, all criteria were normalized [6,48,49]. For mechanical and durability cri-
teria (higher-is-better), the normalized value (Xll‘j) for specimen (i) and criterion (j) was

calculated as:
Xij — min(xj)

X! = 2
7 max (xj) — min(xj) @)
For environmental impacts (lower-is-better), the inverted formula was used:
X — min(x;
XI/] — 1 _ 1] ( ]) (3)

max (x;) —min(x;)

where (x;) is the original value, and min(x; ), max (x;) are the minimum and maximum
values for criterion (j). Weights were determined using the entropy weighting method,
which assigns higher weights to criteria with greater variability to reflect their discrimina-
tory power [6,48]. The process involved four steps as explained below:
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(i) calculating a probability matrix:
/
P, = nXij ! (4)
i=1 Xz'j
(ii) computing entropy:
(5)
where ¢ = 10710 which is a small constant added to avoid In (0);
(iii) determining divergence:
D; =1-E; (6)
(iv) normalizing weights:
= )
W= —J
] .
j=1D;

where (1) is the number of specimens and (m) is the number of criteria. Weights were
documented for transparency, with splitting tensile strength (f;) and GWP often receiving
higher weights due to significant variability.

Two MCDA methods were applied: weighted sum method (WSM) and technique for
order of preference by similarity to ideal solution (TOPSIS). WSM calculated a score for
each mixture by summing the products of normalized values and weights. TOPSIS ranked
mixtures based on their proximity to an ideal solution and distance from a negative ideal
solution, using Euclidean distances. Both methods used the same normalized data and
weights to ensure consistency, identifying mixtures with optimal mechanical performance,
durability, and minimal environmental impact. Finally, to ensure robustness, a sensitivity
analysis was conducted by applying equal weights (1/(m) for (m) criteria) to all criteria,
comparing rankings with entropy-based results. Consistent rankings across methods
confirmed the reliability of the eco-efficiency evaluation, ensuring a transparent and data-
driven identification of sustainable RCCP mixtures.

3. Results and Discussions

3.1. Mechanical Properties
3.1.1. Compressive Strength

The stress—strain relationships of RCCP mixtures at 28 days is shown in Figure 7, with
mean compressive strength (f.;), secant modulus of elasticity (E.;), compressive toughness
(Tougicomp), and CoV summarized in Table 7. The compressive strength values were
significantly influenced by both the RCA content and fiber types. In the N100_R0 group
(0% RCA), compressive strength ranged from 24.42 MPa (N100_R0_ISF0.9_RSF0) to 31.72 MPa
(N100_RO_ISFO_RSF0), establishing a baseline for NAs. As RCA content increased to 50%
(N50_R50 group), the compressive strength decreased to 25.19 MPa (N50_R50_ISFO_RSF0),
a reduction of approximately ~21% compared to the N100_RO baseline. Fiber-reinforced
mixtures, particularly HSF at 0.6% dosage (e.g., N50_R50_ISF0.3_RSF0.3 at 29.62 MPa),
mitigated this decline, outperforming ISF- or RSE-only mixtures at 50% RCA levels (e.g.,
~22.3 MPa for N50_R50_ISFO_RSFO0.6). Moreover, the modulus of elasticity followed similar
trends. The N100_RO group again outperformed the others, decreasing stiffness with higher
RCA content, reflecting weaker interfacial transition zones (ITZs) in RCAs [48]. Fiber
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Figure 7. Compressive stress—strain relationship: (a) N100_RO Series, (b) N50_R50 Series, at 28 days.

Table 7. Results for compressive strength, elastic secant modulus, and toughness of cylindrical

specimens after 28 days.

Cylinder Specimens

Compressive Strength

Secant Modulus of Elasticity

Compressive Toughness

fom (MPa) CoV (%) E.n (MPa) CoV (%) Toug_comp (N/mm) CoV (%)
N100_RO_ISFO_RSF0 31.72 6.72 34431.4 591 15.77 17.01
N100_RO_ISF0.3_RSF0 28.1 4.89 32304.44 5.88 18.42 19.63
N100_RO0O_ISF0.6_RSFO0 31.15 4.2 33245.58 4.6 34.77 11.20
N100_RO_ISF0.9_RSF0 24.42 6.91 29177.7 5.89 39.62 13.76
N100_RO0O_ISF0_RSF0.3 27.04 5.72 313429 5.53 18.53 18.07
N100_RO_ISFO_RSF0.6 26.18 4.28 30987.92 4.56 20.83 20.05
N100_RO0_ISF0_RSF0.9 24.5 6.82 29473.8 5.72 38.66 14.92
N100_RO_ISF0.15_RSF0.15 275 3.81 31677.1 6.57 18.07 21.87
N100_RO_ISF0.3_RSF0.3 25.13 5.55 29973.07 7.59 30.69 13.85
N100_R0_ISF0.45_RSF0.45 29.05 4.37 33358.41 4.7 40.48 13.11
N50_R50_ISFO_RSF0 25.19 4.29 30192.08 6.12 14.29 13.7
N50_R50_ISF0.3_RSFO0 25.61 6.44 30533.79 6.42 21.27 16.46
N50_R50_ISF0.6_RSF0 28.7 5.21 32481.51 4.95 30.88 13.68
N50_R50_ISF0.9_RSFO 23.9 591 28754.6 5.24 34.93 10.34
N50_R50_ISFO_RSF0.3 25.32 55 30356.73 6.8 18.38 12.88
N50_R50_ISFO0_RSF0.6 22.29 6.4 26576.05 3.9 26.65 11.69
N50_R50_ISF0_RSF0.9 23.85 5.79 28210.66 4.29 31.43 12.51
N50_R50_ISF0.15_RSF0.15 27.94 5.44 31750.45 4.06 18.47 14.05
N50_R50_ISF0.3_RSF0.3 29.62 7.6 33012.7 3.3 43.57 8.51
N50_R50_ISF0.45_RSF0.45 29.33 5.38 32953.14 4.33 41.81 7.12

Figure 7 presents distinct peak stresses, stiffness, and post-peak behavior across
groups. The N100_RO group exhibited the highest peak stresses and stiffness, while
N50_R50 displayed flatter curves, indicating reduced stiffness with higher RCA content.
The post-peak behavior, particularly in fiber-reinforced mixtures, reflects enhanced duc-

tility, which correlates with compressive toughness (Toug _Comp) values in Table 7. Com-

pressive toughness increased significantly with fiber dosage, ranging from 14.29 MPa
(N50_R50_ISFO_RSFO) to 43.57 N/mm (N50_R50_ISF0.3_RSF0.3). HSF fiber-reinforced
mixtures, particularly N50_R50_ISF0.45_RSF0.45, demonstrated superior performance with
a toughness of 41.81 N/mm, surpassing plain, ISF0.9, and RSF0.9 mixtures by 193%, 23%,
and 39%, respectively, at equivalent RCA levels. This enhancement is evident in Figure 7b,
where HSF mixtures (e.g., N50_R50_ISF0.3_RSF0.3) show a more gradual post-peak stress
decline compared to plain or single-fiber mixtures.

The decline in compressive strength with RCA is attributed to its lower density and

higher porosity, which weaken the concrete matrix, as reported by Li et al. [57]. Fibers
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counter this by enhancing crack bridging and energy absorption, significantly improving
toughness. HSF mixtures combine shorter (RSF) and longer (ISF) fibers to create a synergis-
tic, multi-scale crack-stabilizing effect [58—60]. This results in stronger micro-crack bridging,
improved macro-crack resistance, and superior fiber-pullout performance compared to
ISEF- or RSF-only mixtures. However, higher fiber dosages, such as 0.9% ISF, can occasion-
ally lower compressive strength (e.g., 24.42 MPa in N100_RO_ISF0.9_RSFO0) due to fiber
clustering, which forms weak zones, as reported by Wu et al. [61]. These results highlight
the potential of RCA and HSF to replace up to 50% of NAs, promoting circular economy
principles while maintaining sufficient compressive strength and markedly improving
toughness for RCCP applications.

3.1.2. Splitting Tensile Strength

The splitting tensile strength of RCCP mixtures (f;) at 28 days, as shown in Figure 8,
was notably influenced by the RCA content and fiber combination. In general, the inclusion
of steel fibers led to substantial gains in tensile strength, especially in hybrid configura-
tions. The plain control mixtures exhibited the lowest performance, with tensile strengths
of 3.15 MPa and 3.09 MPa for N100_RO and N50_R50 groups, respectively. This base-
line performance degraded slightly with increasing RCA due to the weaker ITZs and
higher porosity of recycled aggregates [62]. Moreover, ISF-only mixtures improved tensile
strength by enhancing crack-bridging capacity. For instance, N100_RO_ISF0.9_RSF0 and
N50_R50_ISF0.9_RSFO0 reached 4.51 MPa and 4.41 MPa, representing increases of ~43%
over their plain counterparts. Lastly, HSF combinations outperformed single-fiber mixes
across both groups. For example, N100_R0_ISF0.45_RSF0.45 and N50_R50_ISF0.45_RSF0.45
achieved peak values of 4.54 MPa and 4.68 MPa, respectively, surpassing 44% and 51%
improvements over plain mixes. The superior performance of HSF is attributed to the
synergistic effect of long ISF (macro-crack bridging) and short RSF (micro-crack control),
promoting multi-scale crack resistance and better fiber dispersion [31,63].

(a)

¢

4.1 MPa

4.51 MPa

! -
315Mpa 2LMPa + 3.17 MPa

N100_RO (b) N50_R50

461 MPa 4.68 MPa

»

4.54 MPa
4.36 MPa 4

3.69 MPa ’{

4.41 MPa
4.13 MPa

2
3.09Mpa 3.18MPa /7 +
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3.8 MPa } ,
. /
- %
- 4 MP3/
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3.0
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Figure 8. Splitting tensile strength (MPa) and its corresponding CoV (%) of fiber-reinforced RCCP
mixtures: (a) N100_RO Series, (b) N50_R50 Series, at 28 days.

Finally, coefficient of variations (CoVs) remained below 12% for most HSF mixtures,
indicating consistent behavior. Overall, these results align with prior findings [31,57,64,65] that
emphasize the effectiveness of steel fiber hybridization in improving tensile performance
and toughness of concrete, especially when recycled aggregates are present. The optimized
use of HSFs provides a practical means to compensate for RCA-related drawbacks while
promoting structural integrity in sustainable pavement materials.

3.1.3. Flexural Strength

The flexural performance of RCCP mixtures at 28 days, evaluated using 3PNBBT,
demonstrated clear sensitivity to both RCA content and fiber reinforcement strategy.
Key parameters, including initial flexural strength (f,1) and residual flexural strengths
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(fr1—fRr4) are summarized in Table 8. Initial flexural strength values ranged from 3.65 MPa
(N25_R75_ISFO_RSFO) to 6.32 MPa (N50_R50_ISF0.45_RSF0.45). In plain mixtures, increas-
ing RCA content from 0% to 75% resulted in a ~12% reduction in f,], (e.g., 4.14 MPa for
N100_RO_ISFO_RSFO vs. 3.65 MPa for N25_R75_ISFO_RSFO), reflecting the detrimental im-
pact of RCA’s higher porosity and weaker ITZs [21]. The addition of steel fibers, particularly
in HSF configurations, significantly enhanced post-cracking load-bearing capacity. HSF
mixtures at moderate to high dosages (0.6-0.9%) consistently outperformed single-fiber
counterparts. For example, N50_R50_ISF0.45_RSF0.45 not only achieved the highest fc;,1.
(6.32 MPa) but also maintained superior residual strengths (fr 1: 5.74 MPa, fg 4: 3.34 MPa).
By comparison, ISF-only mixtures such as N50_R50_ISF0.9_RSFO0 recorded f.,;, of 5.92 MPa,
fr1: 5.71 MPa, and fr4: 2.45 MPa, while RSF-only mixes (e.g., N50_R50_ISFO_RSF0.9)
reached fcs,1, of 5.97 MPa, fr 1: 5.50 MPa, and fg 4: 3.18 MPa.

Table 8. Flexural tensile strength parameters obtained from three-point notched beam bending tests
(3PNBBT) of RCCP specimens at 28 days.

CMOD < 0.05 mm CMOD1 = 0.5 mm CMOD2 =1.5 mm CMOD3 = 2.5 mm CMOD4 = 3.5 mm
Notched Beam Specimens
fe(MPa)  CoV (%) frq (MPa)  CoV (%)  fr, (MPa)  CoV (%) fr3 (MPa) CoV (%) fry (MPa) CoV (%)
N100_RO_ISFO_RSF0 4.14 6.32 0.03 9.29 - - - - - -
N100_RO_ISF0.3_RSF0 44 7.8 2.25 10.84 1.53 17.34 117 28.44 0.54 33.27
N100_RO_ISF0.6_RSF0 5.92 5.3 5.18 7.1 43 10.81 3.44 12.52 2.55 19.02
N100_RO_ISF0.9_RSF0 5.87 5.7 5.86 6.56 5.04 8.13 3.27 9.43 243 11.22
N100_RO_ISFO_RSF0.3 4.29 8.51 2.67 11.74 1.32 19.66 0.83 33.42 0.51 37.1
N100_RO_ISFO_RSF0.6 4.72 7.09 4.6 8.86 3.62 13.11 3.01 18.88 2.58 22.84
N100_RO_ISFO_RSF0.9 5.94 6.12 5.68 6.92 4.52 8.79 3.65 11.08 2.6 13.52
N100_RO_ISF0.15_RSF0.15 4.38 8.55 2.62 12.31 1.42 19.51 0.93 31.61 0.62 38.88
N100_RO_ISF0.3_RSF0.3 591 4.1 5.45 5.37 4.28 7.46 3.54 11.19 2.84 13.88
N100_R0_ISF0.45_RSF0.45 6.25 5.56 6.1 6.51 5.0 7.88 3.27 9.77 2.6 11.53
N50_R50_ISFO_RSF0 4.04 8.52 0.14 12.61 - - - - - -
N50_R50_ISF0.3_RSF0 422 7.78 2.59 10.89 1.32 17.75 0.88 27.69 0.61 37.94
N50_R50_ISF0.6_RSF0 5.85 4.62 5.47 591 4.03 8.39 3.39 11.24 243 14.84
N50_R50_ISF0.9_RSF0 5.92 4.64 5.71 5.38 4.69 6.91 3.52 7.88 2.45 9.69
N50_R50_ISFO_RSF0.3 4.49 8.1 2.07 10.85 1.6 16.55 1.34 25.16 0.69 34.97
N50_R50_ISFO_RSF0.6 5.02 7.4 4.39 9.62 3.81 14.09 3.52 18.32 2.28 24.73
N50_R50_ISFO_RSF0.9 5.97 5.79 5.5 7.01 4.07 9.32 3.83 11.93 3.18 15.03
N50_R50_ISF0.15_RSF0.15 4.58 8.61 2.44 12.57 1.51 19.55 1.08 30.89 0.76 38.55
N50_R50_ISF0.3_RSF0.3 6.27 5.8 5.83 7.95 4.73 9.5 4.04 10.45 2.89 12.23
N50_R50_ISF0.45_RSF0.45 6.32 4.95 5.74 6.09 4.75 7.19 4.19 7.77 3.34 9.01

Note: CMOD = Crack mouth opening displacement; CMOD;-CMOD, = CMOD levels 1-4; fc;,; = Limit of
proportionality tensile strength; fr 1—fr 4 = Residual flexural tensile strengths at CMOD1-CMOD4.

Figure 9 presents flexural load and stress versus CMOD responses, which reveal the
differences in cracking behavior and energy absorption. Figure 10 further illustrates flexural
toughness (Toug g, ) and fracture energy (G¢) up to a CMOD of 3.5 mm. Plain mixtures
exhibited the weakest performance, with toughness values between 2.32-2.48 kN-mm
and Gy below 0.15 N/mm, regardless of RCA content. ISF-only mixtures, particularly at
0.9% volume, demonstrated marked improvements, with toughness exceeding 44 kN-mm
and Gy reaching 2.55 N/mm. However, RSF-only mixes delivered lower performance,
reinforcing that short fibers alone are less effective in bridging macro-cracks [66,67]. On the
other hand, HSF mixtures consistently achieved the highest energy absorption. Notably,
N50_R50_ISF0.3_RSF0.3 and N50_R50_ISF0.45_RSF0.45 exhibited peak toughness values
of 49.8 and 51.1 kN-mm, and Gy values of 2.66 and 2.72 N/mm, respectively. These results
confirm the synergistic interaction between long and hooked end ISF (for macro-crack
bridging) and short RSF (for micro-crack control), which enhances stress redistribution
and improves crack resistance across the full CMOD range [66—68]. The CMOD curves in
Figure 9 further support this behavior. HSF mixtures displayed more gradual stress decay
and broader post-peak plateaus, indicating enhanced ductility and sustained load transfer
beyond initial cracking. In contrast, single-fiber mixes showed sharper stress declines,
reflecting less efficient energy dissipation.
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Figure 10. Flexural toughness and fracture energy with corresponding CoV (%) up to a CMOD of
3.5 mm: (a) N100_RO Series, (b) N50_R50 Series, at 28 days.

Overall, HSF reinforcement significantly improved the flexural performance and
ductility of RCCP, even at high RCA contents. The reductions in f,; observed in RCA-rich
mixes are attributed to their weaker matrix structure, but the incorporation of steel fibers,

especially in hybrid formats, effectively mitigated these effects. These findings reinforce

that HSF mixtures provide a robust strategy to enhance residual strength, fracture energy,
and toughness in RCCP. As demonstrated, HSF-reinforced RCCPs with up to 50% RCA can
match or exceed the mechanical performance of natural aggregate mixtures, promoting

reduced reliance on natural resources and aligning with circular economy principles for

sustainable pavement infrastructure.
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3.2. Durability Performance
3.2.1. Compressive Strength Retention

The freeze-thaw durability of RCCP mixtures was evaluated through compressive
strength retention after 100, 200, and 300 FTCs, as shown in Figure 11 and detailed in
Table S1 in the Supplementary Materials. The results demonstrate that the fiber type had a
significant impact on long-term strength retention. Plain mixtures (ISFO_RSF0) exhibited
the greatest degradation, with retention falling from 85.4% (100 FTCs) to ~64% (300 FTCs) in
the N100_RO group. The negative effects were more pronounced as RCA content increased
(50%), with retention dropping as low as ~62% at 300 FTCs in N50_R50_ISFO_RSFO. This
reduction is attributed to increased porosity and weakened matrix—aggregate bonds in
RCAs, which accelerate internal damage under cyclic freeze-thaw exposure [69,70].
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Figure 11. Compressive strength retention of RCCPs, subjected to 100, 200, and 300 FTCs: (a) N100_R0
Series, (b) N50_R50 Series.

The inclusion of steel fibers, particularly in hybrid form, markedly improved freeze—
thaw resistance. For instance, N50_R50_ISF0.45_RSF0.45 retained 96.6%, 90.75%, and
86.24% of its compressive strength after 100, 200, and 300 FTCs, respectively, representing
an increase of nearly 40% over the plain mix at 300 FTCs. Similarly, N100_R0_ISF0.9_RSF0
achieved 95.5%, 90.2%, and 85.2% retention, confirming the efficacy of ISF at high dosage.
HSF mixtures consistently showed the highest retention rates across all groups. For ex-
ample, N50_R50_ISF0.3_RSF0.3 maintained over 90% retention at 200 FTCs and 85.9% at
300 FTCs, significantly outperforming both ISF-only and RSF-only variants. These im-
provements are primarily attributed to the combined role of ISF and RSF in enhancing the
fiber network density, which reduces permeability, limits internal moisture movement, and
restrains crack formation during freezing and thawing, thereby mitigating frost-induced
damage and preserving matrix integrity [71-73].

Overall, the results confirm that fiber reinforcement, especially in hybrid form, ef-
fectively mitigates durability loss in RCCPs under harsh freeze-thaw conditions. RCCP
mixtures incorporating up to 50% RCA, when reinforced with HSF at 0.6-0.9% total vol-
ume, demonstrated durability equal to or greater than that of 100% natural aggregate
mixtures reinforced with ISF-only at the same fiber dosages, underscoring their potential
for long-lasting and environmentally sustainable pavement applications.

3.2.2. Tensile Strength Retention

The tensile strength retention of RCCP mixtures under 100, 200, and 300 FTICs is
illustrated in Figure 12 and summarized in Table S2 in the Supplementary Materials. The
results indicate that RCA content and fiber type substantially influenced tensile strength
under freeze-thaw exposure. Plain mixtures exhibited notable degradation, with tensile
strength retention dropping from ~86% to ~68% in N100_R0_ISFO_RSFO0 and ~81% to ~66%
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in N50_R50_ISFO_RSFO across 300 FTCs. The decline was more severe at higher RCA levels
due to increased matrix porosity and weaker paste-aggregate interfaces, which accelerated
crack development and internal moisture damage [74,75].

(a)

KRR

X

X

KX

@B 100FTCs @28 200FTCs B 300 FICs N100_RO 1201 (b) @ 100FTCs @@ 200FTCs 560 300 FCs N50_R50

o
X5
XOer

e
RKAKKK
XRXXXX

o0
o
&

%

T
Tensile strength retention (%)

XARARKKK

XXRXXX

KX
%
haze

Figure 12. Tensile strength retention of RCCPs, subjected to 100, 200, and 300 FTCs: (a) N100_R0
Series, (b) N50_R50 Series.

Steel fibers significantly enhanced durability, particularly at higher dosages. For
instance, N100_RO_ISF0.9_RSF0 and N50_R50_ISF0.9_RSF0 maintained tensile strength
retention above 95% at 100 FTCs and above 82% at 300 FTCs. HSF mixtures consistently
outperformed ISF- or RSF-only systems. Notably, N50_R50_ISF0.45_RSF0.45 retained
98.0%, 92.3%, and 89.5% of its tensile strength after 100, 200, and 300 FTCs, respectively,
representing approximately a 35% improvement over the plain mix and a 10% increase
compared to the RSF-only mix at 300 cycles. These gains are attributed to the enhanced fiber
bridging, matrix densification, and reduced permeability achieved through the combined
action of ISF and RSE. The hybrid network helps limit crack propagation and restrict
internal water movement during FTCs, reducing microstructural damage [66,76-78].

Overall, the results demonstrate that hybrid steel fiber reinforcement plays a crucial
role in mitigating freeze-thaw deterioration and sustaining tensile performance in RCCP
mixtures. Consistent with the compressive strength retention trends discussed earlier, HSF
proved equally effective in maintaining tensile capacity under cyclic freezing and thawing.
RCCP mixtures with up to 50% RCA, reinforced with 0.6-0.9% HSEFE, maintained tensile
strength retention equal to or exceeding that of full-NA mixes, reinforcing the dual benefit
of durability and sustainability for cold-region pavement applications.

3.2.3. Flexural Strength Retention

The flexural strength retention of RCCP mixtures after 100, 200, and 300 FTCs varied
significantly with RCA content and fiber reinforcement, as illustrated in Figure 13 and
detailed in Table S3 in the Supplementary Materials. In plain mixtures (ISFO_RSFO0), tensile
strength retention after 300 FTCs showed no significant change, decreasing only slightly
from 70.2% (N100_RO) to 69.7% (N50_R50). This minor variation may be attributed to RCA’s
higher porosity and weaker interfacial transition zones, which can promote microcracking
under cyclic freezing and thawing, as noted by Lu et al. [79]. After 100 FTCs, the retention
of plain mixtures ranged from 74.5% (N50_R50) to 83.6% (IN100_RO0), further decreasing
to 72% and 78.6%, respectively, after 200 FTCs, highlighting the detrimental effect of RCA
with increasing cycles.
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Figure 13. Flexural strength retention of RCCPs, subjected to 100, 200, and 300 FTCs: (a) N100_RO
Series, (b) N50_R50 Series.

Fiber reinforcement markedly improved retention, with HSF mixtures at 0.9% dosage
(ISF0.45_RSF0.45) achieving the highest values after 300 FTCs: 84.3% (N100_R0), and 83.9%
(N50_R50). Notably, HSF at 0.6% dosage (N50_R50_ISF0.3_RSF0.3) retained 84.7% after
300 FTCs, outperforming ISF-only (78.9%) and RSF-only (76.7%) at the same RCA level and
dosage. ISF-only mixtures at 0.9% dosage retained 83.1% (N100_RO0) to 81.3% (N50_R50),
while RSF-only mixtures ranged from 82.4% (N100_RO0) to 80.8% (IN50_R50), the latter’s
lower performance attributed to shorter fiber lengths limiting macro-crack bridging, as
noted by Bao et al. [80]. HSF’s superior retention stems from the synergistic crack-bridging
of long ISF and short RSE, enhancing stress redistribution, as supported by Wang et al. [81].

Finally, HSF-reinforced mixtures, even at 50% RCA, demonstrate enhanced freeze—
thaw resistance for HSF compared to the steeper declines in plain mixtures. In essence, HSF
reinforcement proved to be a robust strategy for safeguarding flexural strength under cyclic
environmental stress, especially when applied to RCA-containing mixes. These findings
strengthen the case for using HSF as a performance-enhancing and eco-efficient design tool
in sustainable pavement solutions.

3.3. Environmental Impacts

A cradle-to-gate LCA was performed on 20 RCCP mixtures using the CML base-
line and CED methodologies to quantify environmental impacts per 1 m? of concrete.
The analysis focused on nine key impact categories, including GWP, ODP, AP, EP, POCP,
ADP-elements, ADP-fossil fuels, and primary energy consumption (non-renewable and
renewable, PE-NRe and PE-Re). Figures 14-22 illustrate the variations across these
categories, while detailed numerical results are presented in Tables S4 and S5 in the
Supplementary Materials.
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Figure 14. Comparison of global warming potential (GWP) for producing 1 m3 of RCCP mixtures:
(a) N100_RO Series, (b) N50_R50 Series. Note: Cem = Cement; Wat = Water; RCA = Recycled concrete
aggregate; CG = Crushed granite; RS = River sand; ISF = Industrial steel fiber; RSF = Recycled steel
fiber; SP = Superplasticizer.
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Figure 15. Comparison of ozone depletion potential (ODP) for producing 1 m? of RCCP mixtures:
(a) N100_RO Series, (b) N50_R50 Series. Note:Cem = Cement; Wat = Water; RCA = Recycled concrete
aggregate; CG = Crushed granite; RS = River sand; ISF = Industrial steel fiber; RSF = Recycled steel
fiber; SP = Superplasticizer.
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Figure 16. Comparison of acidification potential (AP) for producing 1 m3 of RCCP mixtures:
(a) N100_RO Series, (b) N50_R50 Series. Note: Cem = Cement; Wat = Water; RCA = Recycled concrete
aggregate; CG = Crushed granite; RS = River sand; ISF = Industrial steel fiber; RSF = Recycled steel

fiber; SP = Superplasticizer.
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Figure 17. Comparison of eutrophication potential (EP) for producing 1 m3 of RCCP mixtures:
(a) N100_RO Series, (b) N50_R50 Series. Note: Cem = Cement; Wat = Water; RCA = Recycled concrete
aggregate; CG = Crushed granite; RS = River sand; ISF = Industrial steel fiber; RSF = Recycled steel
fiber; SP = Superplasticizer.
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Figure 18. Comparison of photochemical ozone creation potential (POCP) for producing 1 m3
of RCCP mixtures: (a) N100_RO Series, (b) N50_R50 Series. Note: Cem = Cement; Wat = Water;
RCA = Recycled concrete aggregate; CG = Crushed granite; RS = River sand; ISF = Industrial steel
fiber; RSF = Recycled steel fiber; SP = Superplasticizer.
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Figure 19. Comparison of abiotic depletion potential (ADP-elements) for producing 1 m3 of
RCCP mixtures: (a) N100_RO Series, (b) N50_R50 Series. Note: Cem = Cement; Wat = Water;
RCA = Recycled concrete aggregate; CG = Crushed granite; RS = River sand; RSF = Recycled steel
fiber; SP = Superplasticizer.
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Figure 20. Comparison of abiotic depletion potential (ADP-fossil fuels) for producing 1 m*® of RCCP
mixtures: (a) N100_RO Series, (b) N50_R50 Series. Note: Cem = Cement; RCA = Recycled concrete
aggregate; ISF = Industrial steel fiber; RSF = Recycled steel fiber; SP = Superplasticizer.
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Figure 21. Comparison of non-renewable primary energy consumption (PE-NRe) for producing
1 m® of RCCP mixtures: (a) N100_RO Series, (b) N50_R50 Series. Note: Cem = Cement; Wat = Water;
RCA = Recycled concrete aggregate; CG = Crushed granite; RS = River sand; ISF = Industrial steel
fiber; RSF = Recycled steel fiber; SP = Superplasticizer.
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Figure 22. Comparison of renewable primary energy consumption (PE-Re) for producing 1 m3
of RCCP mixtures: (a) N100_RO Series, (b) N50_R50 Series. Note: Cem = Cement; Wat = Water;
RCA = Recycled concrete aggregate; CG = Crushed granite; ISF = Industrial steel fiber; RSF = Recy-
cled steel fiber; SP = Superplasticizer.
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Among the assessed impact categories, global warming potential (GWP) is a key
metric in LCA studies due to its direct link to climate change and the high emissions
associated with construction materials [82]. In this study, GWP consistently declined with
increasing RCA content (Figure 14). For plain RCCP mixtures, GWP dropped from 337.4 kg
COs-eq in the 100% NA mixtures (N100_R0) to 325.7 kg CO,-eq in the 50% RCA mix
(N50_R50), primarily due to the lower embodied carbon of recycled aggregates compared
to virgin natural aggregates, as supported by prior studies [83,84]. Among fiber-reinforced
mixtures with 0.9% dosage, ISF-only mixtures exhibited the highest GWP values due
to the energy-intensive manufacturing of industrial steel fibers (e.g., 427.6 kg CO,-eq
for N100_RO_ISF0.9_RSFO0). In contrast, RSF-only mixtures demonstrated significantly
lower GWP (e.g., 360.1 kg CO;-eq for N100_RO_ISFO_RSF0.9), a reduction of approxi-
mately 16%, confirming the environmental benefits of recycled steel fibers [85]. GWP
was also influenced by fiber dosage. For instance, in HSF-reinforced mixtures with 50%
RCA, increasing the fiber content from 0.3% to 0.9% raised GWP from 344.5 to 382.1 kg
CO,-eq, about 10% increase. However, this value remained below that of ISF-only mix-
tures (e.g., 415.9 kg CO,-eq). Notably, moderate HSF dosages proved to be an effective
strategy for balancing environmental performance and mechanical benefits. For exam-
ple, N50_R50_ISF0.3_RSF0.3 had a GWP of 363.3 kg CO,-eq, which was 15% lower than
the ISF-only N100_R0_ISF0.9_RSF0 mix, while still maintaining comparable or superior
mechanical strength and freeze—thaw durability.

In contrast to GWP, ODP values remained nearly constant (Figure 15), decreasing
marginally from 1.52 x 107> to 1.51 x 10~° kg CFC-11-eq as RCA content increased to
50%, suggesting that ozone depletion is less sensitive to variations in aggregate type and
more influenced by other components such as cement and admixtures. The ODPs were
recorded in RSF-based mixtures (e.g., N50_R50_ISFO_RSF0.9: 1.57 x 10~2), while ISF-only
mixtures exhibited higher ODPs (e.g., N50_R50_ISF0.9_RSF0: 2.03 x 10~°) due to steel
production processes involving refrigerants and solvents. HSF offered intermediate values
(e.g., N50_R50_ISF0.45_RSF0.45: 1.8 x 107> ). The marginal variation across RCA and fiber
types underscores that ODP is a less dominant but still relevant indicator in mix selection.

Acidification, expressed in kg SO,-eq, is closely tied to SOx and NOx emissions
from raw material extraction and cement production. AP decreased with RCA inclusion
(Figure 16), from 0.95 kg SO,-eq (N100_RO0) to 0.88 kg (N50_R50, plain). ISF-only mixtures
showed higher AP (up to 1.17 kg) due to higher fuel consumption and emissions during
steel manufacturing. In contrast, RSF and HSF mixtures recorded lower AP values (e.g.,
0.97 kg for N50_R50_ISF0.3_RSF0.3), aligning with prior studies that emphasize the role of
recycled steel in reducing acidification impacts [86,87].

EP, which represents nutrient loading (e.g., nitrates, phosphates) into water bodies,
is primarily influenced by cement and energy consumption, as illustrated in Figure 17.
Similarly to AP, EP decreased with increasing RCA content, with plain mixtures dropping
from 0.13 to 0.12 kg PO4-eq as RCA replacement increased from 0% to 50%. Among fiber
types, ISF-only had the highest values (up to 0.16 kg), while RSF-only and HSF had lower
EP (0.14 and 0.15 kg). Reductions in fiber dosage also curbed eutrophication, especially
in HSF mixtures (0.13 kg at 0.3% vs. 0.15 kg at 0.9%), supporting a dosage—performance
trade-off strategy.

POCP, which represents the formation of tropospheric ozone (smog), followed com-
parable trends (Figure 18). In plain mixtures, POCP reduced from 0.066 kg ethene-eq
(N100_RO0) to 0.062 kg (N50_R50). RSF mixtures consistently outperformed ISF-only ones,
e.g., at 0.9% fiber, RSF = 0.065 kg, ISF = 0.096 kg, HSF = 0.08 kg (N50_R50 group). This
is attributed to lower volatile emissions during RSF recovery processes. Moderate fiber
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content (0.3-0.6%) was sufficient to maintain low POCP levels, aligning with environmental
goals in urban settings [88,89].

ADP-elements reflects the consumption of scarce mineral resources, primarily influ-
enced by the presence and type of steel fibers and aggregates in this study (Figure 19).
Across all RCA levels, RSF mixtures exhibited the highest ADP-elements values, reaching
up to 1.75 x 1075 kg Sb-eq at 0.9% dosage. Despite being derived from recycled materials,
RSF’s elevated ADP-elements can be attributed to additional energy inputs in fiber recovery
and preprocessing, as noted in Biswas et al. [90]. Moreover, RCCP mixtures demonstrated
greater sensitivity to RCA content, where increasing RCA levels amplified their ADP-
elements more noticeably than in RSF or HSF mixtures. In contrast, plain mixture, at
50% RCA, maintained lower and more stable ADP-elements values (0.58 x 10> kg Sb-eq).
HSF mixtures fell between the two, offering a moderate environmental profile while
preserving performance.

ADP-fossil fuels, measured in MJ, mirrored GWP patterns. ADP-fossil fuels in-
creased with RCA inclusion from 1180.5 MJ (N100_R0) to 1206.7 (N50_R50) for plain
mixtures. ISF-only mixtures at 0.9% reached up to 2240.3 M], while RSF remained under
1545.1 MJ, validating that using recycled steel significantly reduces fossil fuel depletion
(Figure 20b). HSF at 0.6% dosage remained within an acceptable range (e.g., 1664 MJ at
N50_R50_ISF0.3_RSF0.3), suggesting it as a sustainable option.

The non-renewable primary energy (PE-NRe) represents energy derived from finite
resources, which cannot be replenished on a human time scale [EN 15804]. As shown in
Figure 21, cement accounts for ~76.6% of total PE-NRe consumption for plain mixture with
100% NA (N100_RO_ISFO_RSFO0), making it the most energy-intensive component in all
mixtures. Additionally, CG is the primary contributor to the remaining PE-NRe impact
(~21.2%). The presence of ISF in ISF-only mixtures significantly contributes to PE-NRe,
accounting for ~27% of total impact (N100_RO_ISF0.9_RSFO0), aligning with its influence in
GWP, POCP, and ADP-fossil fuels. The replacement of ISF with RSF and the substitution
of 50% CG with RCA in N50_R50_ISF0.3_RSF0.3 mix result in a ~27% reduction in total
PE-NRe, confirming the energy-saving benefits of sustainable materials. These findings
reinforce the role of RSF, and RCA in minimizing fossil energy consumption and promoting
resource-efficient RCCP production.

The renewable primary energy (PE-Re) represents energy derived from naturally re-
plenishable, non-fossil sources [EN 15804]. As shown in Figure 22, cement is the dominant
contributor to PE-Re consumption, accounting for ~60% of total renewable energy use,
while SP and ISF production contributes ~20% and ~19% in N100_R0_ISF0.9_RSF0, making
it the next-largest factors. The removal of ISF0.9 and its replacement with RSF0.9 signifi-
cantly reduces PE-Re impact, lowering its contribution from ~19% to ~2%. Additionally,
the incorporation of RCA and NFs has a negligible impact on total PE-Re consumption.
The N50_R50_ISF0.3_RSF0.3 exhibit up to ~20% lower renewable energy use compared
to N100_RO_ISF0.9_RSFO, confirming that replacing ISF with RSF and integrating RCA
effectively reduce PE-Re demand, improving energy efficiency in RCCP production.

3.4. Eco-Efficiency Ranking

To integrate mechanical performance, durability, and environmental impact into a
unified evaluation, the MCDA was conducted using both the WSM and TOPSIS. Table 9
presents the eco-efficiency ranking outcomes of all 20 RCCP mixtures. Moreover, Figure 23
provides a normalized radar plot comparison of the top two most eco-efficient mixtures
compared to a conventional control mix (N100_RO_ISF0.6_RSF0) with the same total steel
fiber dosage (0.6%) but composed exclusively of ISF and 100% NAs, serving as a reference to
highlight the sustainability benefits of fiber hybridization and RCA inclusion. Results reveal
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that the mixture N50_R50_ISF0.3_RSF0.3 ranked highest in both WSM (0.8) and TOPSIS
(0.73), indicating an optimal balance across mechanical, durability, and environmental di-
mensions. It exhibited strong tensile and flexural strengths (f; = 4.61 MPa, fct,; = 6.3 MPa),
excellent freeze—thaw resistance (CSR, TSR, and FSR > 85% after 300 cycles), and moderate
environmental impacts (e.g., GWP = 363.3 kg CO;-eq, ADP-Fossil = 1664 MJ), outperform-
ing the conventional control mixture by ~30% in eco-efficiency scores.

Table 9. Eco-efficiency ranking of RCCP mixtures based on the WSM and TOPSIS.

Eco-Efficiency Ranking

(oI e NG ) B

WSM Ranking TOPSIS Ranking
RCCP Mixtures Score RCCP Mixtures Score

N50_R50_ISF0.3_RSF0.3 0.8 N50_R50_ISF0.3_RSF0.3 0.73
N50_R50_ISF0.45_RSF0.45 0.72 N50_R50_ISF0.45_RSF0.45 0.64
N100_RO_ISF0.45_RSF0.45 0.66 N100_RO_ISFO_RSF0.9 0.61
N100_RO_ISFO_RSF0.9 0.65 N50_R50_ISFO_RSF0.9 0.61
N50_R50_ISFO_RSF0.9 0.65 N100_RO_ISF0.45_RSF0.45 0.6

N100_RO_ISF0.6_RSFO 0.62 N100_RO_ISF0.6_RSFO0 0.59
N100_RO_ISF0.3_RSF0.3 0.59 N100_RO_ISF0.3_RSF0.3 0.58
N50_R50_ISF0.6_RSFO 0.57 N50_R50_ISF0.6_RSF0 0.56
N50_R50_ISFO_RSF0.6 0.54 N50_R50_ISFO_RSF0.6 0.53
N100_RO_ISF0.9_RSF0 0.5 N100_RO_ISF0.9_RSF0 0.5

N100_RO_ISFO_RSF0.6 0.5 N100_RO_ISFO_RSF0.6 0.5

N50_R50_ISF0.9_RSFO 0.49 N50_R50_ISF0.9_RSFO0 0.5

N50_R50_ISF0.15_RSF0.15 0.47 N50_R50_ISF0.15_RSF0.15 0.48
N50_R50_ISFO_RSF0.3 0.47 N50_R50_ISFO_RSF0.3 0.48
N100_RO_ISFO_RSF0 0.45 N100_RO_ISFO_RSF0 0.47
N50_R50_ISFO_RSF0 041 N50_R50_ISFO_RSF0 0.45
N100_RO_ISFO_RSF0.3 0.4 N100_RO_ISFO_RSF0.3 0.43
N100_RO_ISF0.15_RSF0.15 0.4 N100_RO_ISF0.15_RSF0.15 0.42
N50_R50_ISF0.3_RSFO 0.38 N50_R50_ISF0.3_RSFO0 0.41
N100_RO_ISF0.3_RSF0 0.38 N100_RO_ISF0.3_RSFO0 0.4

Note: WSM = Weighted sum method; TOPSIS = Technique for order preference by similarity to ideal solution.

The second-best eco-efficient mixture, N50_R50_ISF0.45_RSF0.45, also demonstrated
a strong composite profile with slightly higher mechanical and durability indices but in-
creased environmental burdens (e.g., GWP = 382.1 kg CO,-eq, ADP-Fossil = 1892.7M]),
lowering its TOPSIS score to 0.72. Nevertheless, it achieved excellent fracture energy
(Gf =2.72 N/mm) and flexural toughness (Toug g, = 51.1 KN-mm), confirming its suit-
ability in high-performance applications. In contrast, N100_RO_ISF0.6_RSFO, selected as
the conventional reference mix, ranked much lower (WSM = 0.62; TOPSIS = 0.59). As
visualized in Figure 23, this mixture showed strong elastic and compressive strength
(Ecm = 33.2GPaand f,,,= 31.2MPa) but lagged significantly in sustainability performance.
It recorded the highest GWP (397.5 kg CO;-eq), ADP-Fossil Fuels (1869.6 MJ), and PE-NRe
(2557.6 MJ), demonstrating the environmental costs of relying solely on ISFs and virgin
aggregates. Figure 23 further illustrates the holistic comparison of the three mixtures.
While N100_RO_ISF0.6_RSFO0 excels in a few structural metrics, its environmental footprint
is substantially higher, highlighting the benefits of integrating RCA and RSF for a more
circular and resource-efficient RCCP design. Both hybrid mixes showed broader and more
balanced profiles across all indicators, confirming the effectiveness of combining moderate
hybrid fiber dosage with RCA replacement.
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Figure 23. Normalized comparison of mechanical properties, durability (after 300 FTCs), and environ-
mental impacts for the two most eco-efficient RCCP mixtures, compared with N100_RO_ISF0.9_RSF0
as a control mixture, based on the WSM/TOPSIS eco-efficiency rankings. Note: f.;; = Compres-
sive strength; f; = Tensile strength; f; | = Limit of proportionality tensile strength; G¢ = Fracture
energy; Ecy, = Elastic modulus; Toug pjex = Flexural toughness; Toug _comp = Compressive toughness;
CSR_300FTCs = Compressive strength retention after 300 freeze-thaw cycles; TSR_300FTCs = Tensile
strength retention after 300 freeze-thaw cycles; FSR_300FTCs = Flexural strength retention after
300 freeze-thaw cycles; GWP = Global warming potential, ODP = Ozone depletion potential;
AP = Acidification potential; EP = Eutrophication potential; POCP = Photochemical ozone creation
potential; ADP_Elem = Abiotic depletion potential (elements); ADP g,¢s = Abiotic depletion potential
(fossil fuels); PE-NRe = Non-renewable primary energy; PE-Re = Renewable primary energy.

In conclusion, the top eco-efficient RCCP mixtures, particularly N50_R50_ISF0.3_RSF0.3,
offer a compelling balance between durability, structural efficiency, and environmental
responsibility. These results confirm that hybrid fiber configurations, especially in 50%
RCA mixes, offer the most sustainable performance without compromising mechanical
reliability. These results reinforce the potential of hybrid-fiber, RCA-based RCCP as a robust
strategy for eco-efficient pavement development, aligned with circular economy goals and
low-carbon construction practices.

4. Conclusions

This study examined the influence of recycled concrete aggregates (RCAs) and indus-
trial, recycled, and hybrid steel fibers on the mechanical behavior, freeze-thaw durability,
and environmental performance of roller-compacted concrete pavement (RCCP). The
mixtures with 50% RCA and 0-0.9% fiber content were evaluated through a combined
framework of mechanical testing, freeze-thaw assessment, life cycle analysis (LCA), and
multi-criteria decision analysis (MCDA).

The results show that while 50% RCA content generally reduces strength due to in-
creased porosity, hybrid steel fibers (HSFs) effectively compensate for these losses and
enhance overall toughness and freeze—thaw resistance. This indicates that the interac-
tion between RCA and hybrid fibers creates a performance balance not achievable by
single-fiber systems.

From a sustainability perspective, incorporating RCA and recycled steel fibers reduces
environmental burdens, particularly global warming potential and non-renewable energy
demand. MCDA demonstrated that mixtures combining 50% RCA replacement with
balanced hybrid fiber dosages (0.6%) deliver the most favorable combination of mechanical,
durability, and environmental performance.
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Although the findings are promising, they reflect controlled laboratory conditions.
Field-scale testing, long-term monitoring, and life cycle cost analysis are needed to validate
the practical applicability of the proposed mixtures.
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specimens exposed to 100, 200, and 300 FTCs; Table S3: Flexural strength retention of RCCP specimens
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of RCCP mixtures; Table S5: Cumulative energy demand (CED) results for the production of 1 m3 of
RCCP mixtures.
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Abbreviations

The following abbreviations are used in this manuscript:

ADP-Elem Abiotic depletion of elements
ADP-fossil Abiotic depletion of fossil fuels

AP Acidification potential

Cem Cement

CG Crushed granite (coarse aggregate)
CMOD Crack mouth opening displacement
CSR_300FTCs Compressive strength retention after 300 freeze—thaw cycles
Ecm Secant modulus of elasticity

EP Eutrophication

fem Uniaxial compressive strength

fct, L Initial flexural tensile strength

FRC Fiber-reinforced concrete

FSR_300FTCs
ft

Flexural strength retention after 300 freeze-thaw cycles
Splitting tensile strength

FTCs Freeze—thaw cycles

Gf Fracture energy

GHG Greenhouse gas

GWP Global warming potential


https://www.mdpi.com/article/10.3390/buildings15234279/s1
https://www.mdpi.com/article/10.3390/buildings15234279/s1

Buildings 2025, 15, 4279 26 of 30

HSF Hybrid ISF/RSF

ISF Industrial steel fiber

ITZ Interfacial transition zone

LCA Life Cycle Assessment

LCI Life cycle inventory

MCDA Multi-Criteria Decision Analysis

MDD Maximum dry density

NA Natural aggregate

ODP Ozone depletion

OMC Optimum moisture content

OPC Ordinary Portland Cement

PE_NRe Non-renewable energy

PE_Re Renewable energy

POCP Photochemical ozone creation potential
RCA Recycled concrete aggregate

RCCP Roller-compacted concrete pavement
RS River sand (fine aggregate)

RSF Recycled steel fiber

SP Superplasticizer

TOPSIS Technique for Order of Preference by Similarity to Ideal Solution
Toug_Comp Compressive toughness

Toug_Flex Flexural toughness

TSR_300FTCs  Tensile strength retention after 300 freeze-thaw cycles
Wat Water

WSM Weighted Sum Method

3PNBBT Three-point notched beam bending tests
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