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Abstract

Glass-Fiber-Reinforced Polymer (GFRP) bars are emerging as an alternative to steel rein-
forcement in concrete structures thanks to their high mechanical performance and intrinsic
resistance to corrosion. Nevertheless, their actual sustainability must be verified through
an assessment that considers long-term durability, life cycle environmental impacts, and
economic feasibility. The replacement of steel reinforcement with GFRP in concrete bridge
decks is herein evaluated through an integrated methodology. First, a comprehensive
literature review examines the degradation processes observed experimentally and the
associated long-term evolution of mechanical properties, providing the basis for defining
realistic durability scenarios. Subsequently, a comparative Life Cycle Assessment is con-
ducted adopting a cradle-to-grave system boundary and using Environmental Product
Declarations to build the Life Cycle Inventory and perform the Impact Assessment. Nor-
malization and weighting phases are included for a better understanding of the overall
impacts of the two alternatives. In parallel, a Cost Analysis is performed consistently with
the system boundaries and scenarios considered in the Life Cycle Assessment. Finally, the
Envision protocol, a framework to evaluate sustainability and resilience of infrastructures,
is applied to identify credits directly influenced by the adoption of GFRP reinforcement.
The results show that steel reinforcement exhibits lower initial environmental impacts
and remains more economical over short service life horizons. However, if the extended
durability of GFRP is considered, the reduction in heavy maintenance activities allows
this solution to achieve superior environmental performance and improved economic
balance. The Envision-based evaluation further confirms the potential contribution of
GFRP reinforcement to higher sustainability ratings in infrastructure projects.
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interest in alternative materials capable of mitigating corrosion-related deterioration. In this
context, Glass-Fiber-Reinforced Polymer (GFRP) reinforcement has emerged as a viable sub-
stitute for conventional steel reinforcement [1,2]. Owing to its inherent corrosion resistance,
GFRP eliminates the primary degradation processes typically affecting steel-reinforced con-
crete structures [3]. This feature reduces the need for repair or replacement interventions,
thereby diminishing the associated economic and environmental impacts [4,5]. Although
corrosion resistance is a primary advantage, the long-term durability of GFRP bars is
governed by multiple degradation mechanisms affecting the fibers, the polymeric matrix,
and the fiber-matrix interfacial region. Exposure to aggressive environments progressively
weakens these constituents, while sustained loading conditions can further accelerate de-
terioration processes. Nevertheless, available experimental evidence suggests that GFRP
bars can exhibit satisfactory long-term performance under a wide range of environmental
conditions, making them a suitable solution for applications where durability and reduced
maintenance are critical requirements. In addition to the intrinsic properties of GFRP
reinforcement, its manufacturing processes, which are still in relatively early stages of
industrial development, are characterized by high energy demand, resulting in greater
initial environmental impacts and higher production costs compared to conventional steel
reinforcement [6]. The balance between these higher initial burdens and potential long-
term durability advantages therefore emphasizes the need for comprehensive analyses that
compare different reinforcement solutions across their entire life cycle.

Sustainability considerations in the construction sector have promoted the systematic
adoption of methodologies that quantify environmental impacts throughout the production,
operational, and end-of-life phases of a system. In this context, Life Cycle Assessment
(LCA) has become a fundamental analytical tool for the comprehensive evaluation of
environmental burdens, in accordance with internationally recognized Standards such
as ISO 14040 [7] and ISO 14044 [8]. LCA comprises four main phases: goal and scope
definition, life cycle inventory, life cycle impact assessment, and interpretation. To improve
result interpretation, optional procedures such as normalization and weighting can be
incorporated. These procedures facilitate the comparison of impact categories and clarify
the relative importance of specific environmental indicators, enabling the derivation of
aggregated scores for a more comprehensive and simplified evaluation of the overall
environmental performance [9].

The environmental assessment of GFRP rebars is increasingly relevant in the context
of sustainable infrastructure design, with LCA being the established methodology for
quantifying impacts associated with material production, use, maintenance, and end-of-life
stages. Accordingly, several studies have investigated GFRP reinforcement using different
functional units, system boundaries, and service life assumptions, identifying the main
variables influencing environmental performance. These studies generally reported lower
environmental impacts compared to conventional steel reinforcement, when equivalent
structural performance was considered.

Isildar et al. [10] compared the manufacturing impacts of GFRP and steel rebars,
showing that while GFRP exhibits higher impacts on an equal mass basis due to its energy-
intensive production, this trend is reversed when comparisons are made based on equiv-
alent structural performance. Assuming that the mass of GFRP required to achieve the
same performance is approximately one quarter of that of steel, and that its service life is
twice as long, the environmental profile shifts in favor of GFRP in most impact categories,
highlighting the importance of mass and durability assumptions.

Sbahieh et al. [11] conducted a cradle-to-gate LCA and reported that GFRP rebars
perform better than steel in ten out of fourteen impact categories, including climate change,
fossil fuel depletion, heat stress, and water consumption. The authors further showed that
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the environmental impact of reinforced concrete elements is dominated by cement and
reinforcement materials, while the contribution of water is comparatively limited, even
when alternative water sources are considered. Several studies extended the assessment to
cradle-to-grave system boundaries to explicitly account for durability and maintenance
effects. Al Omar et al. [12] reported that GFRP rebars emit approximately 17% less carbon
dioxide equivalent than steel over their entire life cycle on a mass basis, with reductions
increasing to between 77.9% and 85.3% when the lower mass required for equivalent
structural performance is considered.

Cadenazzi et al. [13] assessed a reinforced concrete bridge designed for a 100-year
service life using FRP reinforcement and compared it with a steel-reinforced alternative
requiring reconstruction to match the same duration. While construction-stage impacts
were similar, the FRP solution showed lower impacts in most categories over the full life
cycle, with normalized results confirming the marginal relevance of the categories where
steel performed better. More recent studies have focused on aggressive environments,
where durability plays a critical role. Dong et al. [14] showed that GFRP-reinforced
seawater—sea sand concrete beams exhibit reductions of up to 26% in climate change
impacts compared to steel-reinforced beams when equal service life is assumed, with
further advantages observed when longer service life or increased transport distances
are considered.

Cadenazzi et al. [15] reported comparable cradle-to-gate impacts for steel- and GFRP-
reinforced flood mitigation channels, but significantly lower cradle-to-grave impacts for
the GFRP solution due to substantially reduced maintenance requirements.

Opverall, the reviewed studies consistently demonstrate that the environmental perfor-
mance of GFRP reinforcement is strongly influenced by its lower mass, extended service
life, and reduced maintenance needs. Although GFRP production may entail higher im-
pacts on a mass basis, LCA comparisons aligned to equivalent structural performance and
realistic service life assumptions generally indicate that GFRP rebars can achieve lower life
cycle environmental impacts than conventional steel reinforcement. Nevertheless, several
critical aspects require further investigation. The production of GFRP involves significant
energy consumption and the use of non-renewable resources, primarily associated with
the manufacturing of glass fibers [10]. Furthermore, recycling options for GFRP are still
limited; the inherent difficulty of separating fibers from the polymeric matrix restricts
end-of-life recovery processes, which often results in landfilling [16]. Recent research has
investigated alternative strategies, including the incorporation of GFRP into concrete or
asphalt through the partial replacement of aggregates with macro-fibers, thereby enhancing
mechanical performance and promoting sustainability [17,18]. In contrast, steel exhibits a
high degree of circularity, as reinforcement bars typically contain over 95% recycled content,
significantly reducing the demand for raw materials and their associated environmental
impacts [19].

Alongside environmental considerations, economic aspects play a pivotal role in guid-
ing sustainable decision-making in infrastructure design. A comprehensive evaluation
of initial, maintenance, and end-of-life costs allows for a more accurate understanding of
the long-term implications of different reinforcement solutions. Owing to their enhanced
corrosion resistance and reduced maintenance requirements, GFRP-reinforced structures
have been shown to offset their higher initial costs through substantial long-term savings
compared to steel-based solutions [13,15]. Therefore, only an approach that integrates both
environmental and economic perspectives can provide an accurate and holistic assessment
of sustainable alternatives in structural design. In this context, sustainability rating systems
are increasingly adopted by owners, planners, designers and stakeholders, serving as struc-
tured frameworks to support informed decision-making in infrastructure development. The
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sustainability of infrastructure projects can be assessed through internationally recognized
protocols such as ENVISION [20], LEED for Infrastructure [21], BREEAM Infrastructure [22],
and the Infrastructure Sustainability (IS) rating scheme [23]. These frameworks provide
standardized methodologies to evaluate environmental, social, and economic performance
across the entire life cycle of a project. Their application enables transparent and compara-
ble assessments, supports evidence-based decision-making, and promotes the adoption of
best practices, ultimately fostering more resilient, resource-efficient, and socially acceptable
infrastructure developments. Among these protocols, ENVISION has been identified as
one of the most comprehensive and up-to-date rating frameworks.

The proposed integrated LCA-Envision framework aims to deliver a comprehensive
sustainability assessment of steel and GFRP reinforcement systems, extending the evalua-
tion beyond conventional environmental and economic indicators to encompass a broader,
multi-criteria perspective. The study combines a critical review of the long-term perfor-
mance of GFRP bars with a comparative Life Cycle Assessment conducted in accordance
with current standards, adopting a cradle-to-grave system boundary and considering real-
istic durability scenarios through the systematic introduction of durability-adjusted Service
Life Factors (SLFs), which explicitly account for differences in the expected service life of
the reinforcement materials within the LCA framework. In contrast to previous studies,
which typically assume identical reference service lives for steel and FRP reinforcement,
the present methodology directly incorporates anticipated durability differentials into the
environmental assessment, thereby establishing a more rigorous and realistic basis for
evaluating the long-term sustainability performance of alternative reinforcement strategies.

While existing LCA studies generally report favorable environmental performance
of GFRP reinforcement compared to steel, the assumptions adopted for steel production
are not always explicitly specified. Based on the unitary impact values reported, these
assessments appear to be representative of steel produced through blast furnace-basic
oxygen furnace routes, typically associated with virgin steel production. In contrast, current
steel reinforcement is predominantly manufactured via electric arc furnace processes with
high contents of recycled material, resulting in substantially lower environmental impacts.
This paper explicitly addresses this gap by reassessing the comparative environmental
performance of GFRP and steel reinforcement using life cycle inventory data representative
of current recycled steel production.

The present study addresses these limitations through an integrated assessment that
differs from previous work in several respects. The comparison is structured around three
service life scenarios (50, 75, and 100 years) using SLF as a scaling tool to adjust the impacts
of the steel-reinforced solution proportionally, thereby ensuring a durability-informed
and internally consistent basis for comparison. A further distinguishing aspect concerns
the life cycle inventory data adopted for steel reinforcement. Most existing studies rely
on datasets representative of virgin steel produced via the blast furnace, basic oxygen
furnace route, which carries a Global Warming Potential of approximately 3 kg CO; eq./kg.
The present work instead adopts EPD-based data for electric arc furnace steel with high
recycled content, consistent with current European production practice and associated
with substantially lower emission values. This choice reflects actual market conditions and
avoids a systematic overestimation of the environmental burden of steel. The Life Cycle
Inventory is built entirely from certified Environmental Product Declarations, ensuring full
traceability of input data. Finally, the quantitative outcomes of the LCA and cost analysis
are interpreted within the Envision sustainability rating framework, translating environ-
mental and economic results into infrastructure sustainability credits, a connection not
previously established in the literature. By explicitly considering recycled steel production,
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the present study offers a comparison that better reflects current market conditions and
avoids overestimating the environmental burden associated with steel reinforcement.

This approach yields a more accurate and contextually relevant comparison between
the two reinforcement solutions, enabling a critical reassessment of the environmental ben-
efits commonly ascribed to GFRP in the existing literature. The analysis thereby contributes
to a more nuanced and evidence-based understanding of the sustainability trade-offs inher-
ent in reinforcement material selection, with particular relevance to structural applications
in which durability constitutes a primary design criterion.

2. Durability of GFRP Reinforcements

The long-term durability of GFRP reinforcement has been extensively investigated
due to the susceptibility of glass fibers, polymer matrix and fiber-matrix interface to degra-
dation induced by moisture, alkaline environments, elevated temperatures and sustained
mechanical loading. Micelli and Nanni [24] demonstrated that alkaline exposure is the
predominant contributor to degradation, whereas other environmental conditions have a
comparatively minor effect. Benmokrane et al. [25] evaluated GFRP bars manufactured
using vinyl ester, polyester, and epoxy resins under accelerated alkaline conditions, re-
porting that vinyl ester and epoxy bars retained superior mechanical performance, while
polyester bars exhibited more rapid deterioration. In a subsequent study, Benmokrane
et al. [26] examined the influence of the bar diameter and confirmed that degradation is
predominantly surface-driven and more pronounced in larger bars. Field investigations
by Sakuraba et al. [27] confirmed these findings, employing interlaminar shear strength to
assess degradation due to moisture ingress and surface cracking. Furthermore, predictive
models proposed by Valter and Ralejs [28] and Chen et al. [29] demonstrated that accel-
erated aging tests are essential for estimating long-term performance, particularly with
respect to tensile strength, which is widely recognized as the most critical parameter for
design applications and service-life assessments, as it governs the structural integrity and
load bearing capacity of reinforced concrete elements over time. For this reason, particular
emphasis is deliberately placed on the assessment of the residual tensile strength, either
measured after defined conditioning periods or extrapolated through validated predictive
models. This parameter represents a fundamental basis for durability evaluation, supports
the definition of realistic service life scenarios and provides insights into the applicability of
GFRP reinforcement in both conventional and long-term structural applications. The focus
on tensile performance is further supported by the extensive research conducted by Saad
et al. [30] on the bond behavior of GFRP bars, which has shown that bond strength is not
significantly influenced by aggressive environments. Numerous studies have examined
GFRP bars embedded in concrete and exposed to alkaline and acidic solutions, seawater,
and direct sunlight, confirming that the bond performance of GFRP bars remains essentially
unchanged under such degrading agents, regardless of exposure duration. Consequently,
durability characterization based on tensile strength retention provides a reliable basis
for identifying the main degradation processes and clarifying the long-term behavior of
GFRP bars.

Moisture-induced degradation has been examined thoroughly. Robert et al. [31]
investigated concrete-embedded bars conditioned in water between 23 °C and 50 °C for
240 days, reporting a reduction in tensile strength from 788 MPa to 665 MPa under the
most severe condition. Using Arrhenius extrapolation, the authors estimated that at low
environmental temperatures close to 6 °C, GFRP would retain 90% of its strength for
approximately one year, whereas a 75% retention threshold may correspond to a service life
exceeding 210 years. These findings indicate that moisture alone, without the accelerating
effect of temperature, induces only limited deterioration.
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The influence of saline exposure has also been evaluated. Robert and Benmokrane [32]
conditioned sand-coated bars in a 3% sodium chloride solution at temperatures ranging
from 23 °C to 70 °C for up to 365 days. Although strength losses remained modest, with
a decrease from 788 MPa to a minimum value of 702 MPa, temperature was found to be
the dominant factor. According to Arrhenius projections, a 25% strength reduction would
occur after 200 years at 10 °C and only 35 years at 50 °C, whereas a 30% reduction would be
reached after 200 years in the latter conditions. These results confirm that chloride exposure
becomes critical primarily when combined with elevated temperature.

Marine environments have been investigated through field-simulated studies. Morales
et al. [33] examined bars embedded in seawater concrete under subtropical conditions of
25 °C and 71% relative humidity and compared them with specimens immersed in seawater
at 60 °C. After 24 months, field-conditioned bars retained between 86% and 98.7% of their
tensile strength, whereas immersion at 60 °C produced significantly lower retention values
between 70% and 73.5%. These observations highlight the protective role of concrete, which
mitigates chloride ingress and slows degradation.

Alkaline attack is generally recognized as the most severe degradation mechanism
for GFRP reinforcement. Arczewska et al. [34] conditioned bars from two manufacturers
in alkaline solutions at 50 °C to 70 °C for periods of up to five months and developed a
diffusion-based degradation model. Predictions indicate that tensile strength retention
exceeds 80% after more than 150 years, based on specimens aged for five months at 70 °C.
The study also revealed a clear correlation between bar diameter and degradation rate,
with smaller bars degrading more rapidly due to a higher surface-to-volume ratio. Long-
term projections showed that an 8 mm bar could experience more than four times the
strength loss of a 35 mm bar after 100 years. However, Benmokrane et al. [26] reported
opposite trends, with higher degradation observed in larger bars. These inconsistencies
emphasize the influence of manufacturing parameters such as fiber volume fraction, resin
formulation and surface coating, highlighting the need for standardized characterization
protocols. Standardized alkaline resistance tests have also been conducted. Nanni et al. [35]
conditioned un-loaded bars from two manufacturers in alkaline solutions at 60 °C for
at least 90 days according to ASTM D7705 [36]. The specimens retained approximately
89% of their initial tensile strength, confirming adequate resistance under standardized
testing conditions.

The combined effects of chemical exposure, mechanical loading and environmental
cycling have also been examined. Lu et al. [37] reported that bare bars retained approx-
imately 70% of their strength after 180 days in alkaline conditions and about 80% after
saline exposure. For concrete-embedded specimens subjected to wet and dry saline cy-
cles and sustained loading, retention remained approximately 90%, with sustained load
accelerating degradation by up to 5%. Using the methodology of Fib Bulletin 40 [38],
the authors projected a long-term strength retention range between 63% and 75% over
100 years, depending on temperature and humidity.

Additional investigations addressed the combined effects of sustained loading and el-
evated temperature. Debaiky et al. [39] exposed bars of different diameters to temperatures
of up to 73 °C under sustained stresses ranging from 19% to 29% of the guaranteed tensile
strength. Substantial deterioration was observed when elevated temperature, sustained
load and aggressive exposure acted simultaneously. Particularly, rebars with a diameter
of 12.7 mm aged in an alkaline solution for four months at 57 °C under sustained loading
exhibited a tensile strength retention of 83.0%. The authors noted, however, that such
conditions represent conservative worst-case scenarios and do not reflect typical service
conditions, particularly for bars embedded in concrete.
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Long-term field performance has been also validated by studies on existing infras-
tructure. Al-Khafaji et al. [40] extracted bars from eleven bridges that had been in service
for 15 to 20 years. The assessed strength loss after two decades was approximately 2.5%.
When extrapolated to 100 years, residual strength ranged between 85.0% assuming linear
degradation and 96.4% assuming logarithmic degradation. These findings confirm that
laboratory-based accelerated aging generally overestimates on-field deterioration.

Collectively, the literature demonstrates that degradation of GFRP bars is governed
primarily by temperature, chemical exposure, sustained load and, in some cases, bar
diameter. Alkaline environments and elevated temperatures induce the most significant
deterioration, whereas moisture and saline environments are generally less harmful unless
combined with high temperature or mechanical stress. Concrete consistently provides a
protective barrier that significantly reduces degradation rates. These observations support
the long-term durability of GFRP reinforcement in concrete structures, particularly in cold
and moderate climates. Table 1 summarizes the findings collected through the literature
review on the durability characterization of GFRP bars, with a focus on their tensile strength
retention. Overall, the experimental and predictive data show that even under aggressive
conditioning regimes, GFRP bars retain tensile strength levels that meet or exceed the 80%
threshold prescribed by ASTM standard D7957 [41] for alkaline exposure after 90 days at
60 °C, supporting projections of potential service lives exceeding 100 years.

These inconsistencies emphasize the influence of manufacturing parameters on long-
term durability. Resin formulation is among the most critical factors: polyester bars exhibit
tensile strength losses of approximately 25% after 5000 h at 60 °C, compared to 14% for vinyl
ester and epoxy systems, with interlaminar shear strength retention reaching 87% for vinyl
ester and epoxy against 79% for polyester [26]. The fiber type also plays a fundamental
role: alkali-resistant glass fibers retain approximately 75% of their strength after 540 days
at 60 °C, whereas E-glass fibers under the same conditions lose nearly 59% of their initial
strength [39]. Alternative fiber systems such as basalt show predicted tensile strength
retention of approximately 72% at 100 years in concrete environments [42], comparable
to or slightly lower than standard GFRP under moderate conditions. The fiber volume
fraction further affects durability through its influence on water absorption: bars with high
fiber content (approximately 84% by weight) absorb only 0.63% water, whereas lower fiber
content systems, typical of polyester-based products, reach 1.15%, accelerating the ingress
of aggressive agents [5]. Surface treatment represents an additional source of variability:
after 20 years of tidal zone exposure, ribbed bars retain 84.4% of their interlaminar shear
strength, while sand-coated bars retain 78.1%, reflecting the greater surface area exposed to
aggressive agents in the latter [43]. Bar diameter also affects degradation rate, as smaller
bars present a higher surface-to-volume ratio: 10 mm bars retain 72-77% of tensile strength
after six months in alkaline solution, compared to 83-86% for 19.5 mm bars, with long-term
projections indicating degradation rates up to four times higher for 8 mm bars relative to
35 mm bars [26]. Taken together, these factors imply that durability data obtained for one
product cannot be directly extended to another, highlighting the need for standardized
characterization protocols and product-specific testing in service life assessment.

The implementation of these predictive models is governed by the primary assump-
tion that the single dominant degradation mechanism of the material will not change with
time and temperature during the exposure, but the rate of degradation will be accelerated
with the increase in temperature [29]. This convergence between real-world performance
and laboratory simulations confirms that modern GFRP bars maintain their structural
integrity well beyond the typical design life of structures. However, it remains critical to
recognize that laboratory-based accelerated aging generally overestimates on-field dete-
rioration, as the concrete environment shields the reinforcement from direct aggressive
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chemical exposure. In conclusion, the environmental reduction factors currently adopted
by major design codes are considered increasingly conservative for high-durability GFRP
reinforcements, supporting the assumption of a 100-year design life for the infrastructure
considered in this study.

Table 1. Summary of tensile strength retentions of rebars in alkaline environments.

Reference Aging Environment Time of Exposure ;l;iorgtiYgaer%’redic- "[l;ecn]1perature Residual Strength [%]
240 days n.a.* 84.4
Robert et al. [31]  Moist concrete - 210 50 75.0
365 days na.* 89.1
Robert and Saline solution 312;) ilays 30% : Zg %g
Benmokrane [32]  (concrete embedded) na * 200 50 70.0
Alkaline solution 5 months na.* 82.1
(bare bars, I =12mm) n.a.* 157.1 70 82.5
Alkaline solution 5 months n.a.* 86.4
é%trglz ez[‘év:]ka (bare bars, @ = 16 mm) na.* 157.1 86.4
’ 6 months na.* 83.0
Se&}water concrete 12 months na.* 60 75.0
(mix F) 24 months na.* 74.0
6 months na.* 75.0
Morales, Seawater conerete 12 months na 60 66.0
’ 24 months na.* 69.0
Field conditions na. * 100 85.0
Al-Khafaji (linear decay) Field
etal. [40] Field conditions na.* 100 e 96.4
(log decay)
Luetal. [37] Moist concrete na.* 100 1525 63 =75
: Alkaline solution 4 th a* 57 83.0
Debaiky et al. [39] (concrete embedded) months n.a
. Alkali luti
Nanni et al. [35] (barz g\aers)o ution 90 days na.* 60 89.0
Average Residual Strength [%] 79.7

* n.a. = not available in the referenced paper.

Design provisions, including ACI 440.1R-22 [44], AASHTO LRFD-GFRP (2nd edition—
2018) [45] and CNR-DT 203/R1/2025 [46], incorporate residual tensile strength through
environmental reduction factors applied to the guaranteed tensile strength. A residual
strength retention of approximately 80% corresponds to an environmental factor of 0.8,
which aligns with values recommended for moderate exposure. More severe environments
are associated with reduction factors of 0.7 in AASHTO and CNR provisions, whereas ACI
adopts a slightly less conservative value of 0.85. The results obtained in the present study
refer to an environmental reduction factor of 0.8 and align with the ranges prescribed in
these standards.

3. Methodology and Assessment Framework

The methodological LCA framework adopted in this study is structured according
to ISO 14040 and ISO 14044 Standards [7,8] and integrates environmental assessment,
economic analysis, and sustainability evaluation through the Envision protocol [20]. The
overall structure of the analysis is illustrated in Figure 1, which presents the sequential
phases and their interconnections, from initial data collection to the interpretation of results.
The workflow includes the following phases:

*  Definition of goal and scope in accordance with ISO standards
*  Specification of the functional unit
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¢  Life cycle inventory analysis based on elaboration of Environmental Product Declara-
tions (EPDs) and emission databases

¢ Assessment of environmental impacts including normalization and weighting

*  Definition of service life scenarios accounting for durability differences

*  Economic evaluation through cost analysis

* Integration of outcomes through the Envision sustainability protocol.

This integrated framework ensures methodological rigor while explicitly incorporat-
ing durability-based degradation modelling of GFRP bars into both environmental and
economic assessments. This approach provides a more realistic and comprehensive basis
for the comparative evaluation of steel and GFRP reinforcement alternatives in RC bridge

deck applications.
[ LCA ANALYSIS ] Legend:
(according to 1SO standards) 3 EPDs: Environmental Product Declarations

(3 I1SPRA: «lstituto Superiore per la Protezione e
la Ricerca Ambientale» for transport emissions

Goal & Scope
definition
Definition of the
Functional Unit
Inventory
Analysis

CFs: Characterization Factors from European
Commission

Definition of the service life

Definition of items scenarios for the comparison
unitary costs between steel and GFRP |mmmmmmm e m e — e —————————— "

(50, 75 and 100 years)
Production |4—| EPDs J
Transport to ISPRA + CFs
construction site from E.C

Construction /
Installation
Analysis of

1
1
1
1
1
1
1
1
1
1
1
1
! |
Environmental |
1
1
1
|
1
1
1
1
1
1
1
1
1

LCA stage A

o

Impacts Deconstruction /
&=
LCA stages [isnzpa ol ISPRA + CFs
B&C demolished e (e
materials :
_.[ Disposal H EPDs ]
------------ |

Results for the
considered scenarios

Evaluation of the results e
through the implementation of | wme==

the ENVISION protocol —

Figure 1. Workflow for the Life Cycle Assessment and Cost Analysis.

3.1. Goal and Scope of the Analysis

The goal of the present LCA analysis is to evaluate and compare the environmental
impacts of the life cycle of a reinforced concrete (RC) bridge deck using two alternative
reinforcement solutions: conventional steel rebars and GFRP rebars. The objective is to
identify the material that results in lower environmental impacts over the entire life cycle
and provide insights for guiding the design of more sustainable infrastructures.

In accordance with ISO 14040 [7], the functional unit is defined as the quantified
performance reference to which all inventory inputs and outputs are related. The functional
unit adopted in this study is a RC bridge deck with a span length of 30 m, designed and
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verified to satisfy all applicable limit state requirements for both reinforcement alternatives.
Both solutions fulfil the respective ULS and SLS requirements of their governing standards,
ensuring that the comparison is based on code-compliant structural designs rather than
on assumed equivalent cross-sections. For the GFRP-reinforced solution, SLS verifications,
specifically deflection and crack width control, are more restrictive than ULS, resulting in
higher reinforcement ratios compared to the steel-reinforced alternative. Regarding concrete
cover, the same value as for the steel-reinforced solution was adopted conservatively for
the GFRP-reinforced solution as well, since GFRP rebars are inherently corrosion-resistant
and current design guidelines would in principle allow for reduced cover.

The system boundaries adopt a cradle-to-grave life cycle approach, including the
production of steel, GFRP, and concrete (A1-A3 LCA stages); their transport to the con-
struction site (A4); installation (A5); deconstruction and demolition (C1); transportation
to disposal (C2); and end-of-life treatment (C3—C4). In this study, ordinary maintenance
activities are excluded from the LCA. This assumption can be considered conservative, as
steel-reinforced structures typically require more maintenance, particularly in aggressive
environments, thereby increasing their environmental impacts.

According to ISO 14040 [7], which defines the system boundary as the set of criteria
specifying which unit processes are included in the product system, the temporal extent of
the analysis is defined through three service life scenarios: 50, 75, and 100 years.

The 50-year scenario corresponds to the standard design life of steel-reinforced struc-
tures, whereas the two longer scenarios are based on the enhanced durability of GFRP
reinforcement. To ensure comparability and the achievement of the target service life of
the longer scenarios (75 and 100 years), demolition and reconstruction of the structure are
assumed for the steel-reinforced alternative.

Then, to understand the impacts of mainteinance interventions in the steel-reinforced
deck, an additional alternative scenario is studied, comparing steel and GFRP and setting
100 years as service life for the infrastructure.

The analysis considers core impact categories and the associated indicators identified
by ISO standards [47] and reported in Table 2. Environmental Product Declarations (EPDs)
were used as the primary data source. Instead, transport-related impacts were estimated
using characterization factors provided by the European Platform on LCA (EPLCA) estab-
lished by the Directorate General for Environment (DG-ENV) and the Joint Research Centre
(JRC) of the European Commission [48], and national emission datasets for transport. In this
study, emission factors were sourced from the ISPRA portal [49], published by the Italian
national environmental protection agency. Equivalent datasets released by corresponding
national institutions can be adopted to apply the same methodology in other geographical
contexts.

Table 2. Core impact categories and associated impact indicators.

Impact Category Impact Indicator

Climate Change GWP—Global Warming Potential
Ozone Depletion ODP—Ozone Depletion Potential
Acidification AP—Acidification Potential

Freshwater Eutrophication
Marine Eutrophication
Terrestrial Eutrophication
Photochemical Ozone Creation
Depletion of Minerals and Metals
Depletion of Fossil Resources
Water Scarcity

EP.f—Eutrophication Potential (freshwater)
EP.m—Eutrophication Potential (marine)
EP.t—Eutrophication Potential (terrestrial)
POCP—Photochemical Ozone Creation Potential
ADPM—Abiotic Depletion Potential (minerals and metals)
ADPF—ADbiotic Depletion Potential (fossils)

WDP—Water Depletion Potential

https:/ /doi.org/10.3390/buildings16071446


https://doi.org/10.3390/buildings16071446

Buildings 2026, 16, 1446 11 0f 34

3.2. Definition of the Functional Unit and Life Cycle Inventory

The LCA is conducted choosing as a functional unit an RC bridge deck with a span
length of 30 m, whose transverse cross section is shown in Figure 2, using the material
quantities specified during its design.

The design of the reinforcement systems is carried out in accordance with a com-
prehensive regulatory framework, encompassing national Italian regulations, European
standards, and internationally recognized guidelines. Specifically, the definition of design
actions and load combinations is based on the provisions of [50,51].

For the conventional steel-reinforced concrete solution, the design follows the criteria
and detailing rules prescribed in [52,53]. Conversely, the GFRP-reinforced concrete solution
is designed according to the AASHTO guidelines [45]. This includes the verification of
serviceability limit states (SLS) governing deflection and crack width control, which are
particularly critical for GFRP due to its lower elastic modulus compared to steel.

The reinforcement design allows for the determination of the required masses of steel
and GFRP, as well as the net volumes of concrete for each alternative. In line with the
AASHTO LRFD Guide Specifications (2018), the design assumes adequate bond between
the GFRP bars and the concrete through standard anchorage and development length
requirements. In the present study, the bond behavior was not explicitly modeled; instead,
the sectional analysis is based on the conventional assumption of perfect bond between
the reinforcement and the concrete, thereby ensuring strain compatibility throughout
the analysis.

The resulting values for both reinforcement configurations, used for the calculation of
emissions, are summarized in Table 3.

——
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Figure 2. Transverse cross-section of the bridge deck selected as the functional unit (dimensions
expressed in centimeters). The reinforcement layout of the RC slab is illustrated in Detail A, while the
reinforcement layout of the RC kerbs is shown in Detail B.
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Table 3. Concrete and reinforcement net quantities.

Gross Mass of . Volume of Net Volume

S]glelrcrtlel;et‘l Volume Reinforcement Reinforcement ][?(er/lmg}]' Reinforcement of Concrete
m?] [kg] g/m [m3] [md]
Steel 26,708 7850 3.40 84.48
Deck 87.89 GFRP 10,607 2880 3.68 84.20
Steel 2356 7850 0.30 16.47
Kerbs 1677 GFRP 1697 2880 0.59 16.18

3.3. Environmental Product Declarations as a Tool for Life Cycle Assessment

LCA models are commonly constructed using environmental databases, such as Ecoin-
vent [54], GaBi [55] and Athena [56], which provide structured information about materials,
production processes, transport, energy use, and waste management. Commercial software
tools, including SimaPro [57], OpenLCA [58], and OneClick LCA [59], typically rely on
these databases to build the Life Cycle Inventory and perform impact assessment, nor-
malization, and weighting according to established methods. These tools allow users to
model the life cycle of products and infrastructures by linking individual processes to
corresponding database entries. This study adopts a different approach. The procedure
relies primarily on EPDs and data provided by the European Commission through the
EPLCA [48] and ISPRA [49]. This allows for a targeted selection of data specific to materials
and processes used for the case study, ensuring a high degree of specificity and trans-
parency. Consequently, the approach provides more accurate control over input data and a
more precise representation of the system compared with database-based methods. For
the comparative analysis, EPDs for concrete, steel reinforcement, and GFRP reinforcement
were used as the principal data sources.

Multiple EPDs were collected from the International and Italian EPD portals [60,61]
and subsequently pre-processed prior to incorporation into the LCA framework. In total,
four EPDs were used for concrete, six for steel reinforcement, and six for GFRP reinforce-
ment. For concrete and steel, the selected EPDs were issued by Italian manufacturers,
resulting in limited inter-producer variability and a dataset representative of the national
production context. For GFRP reinforcement, the limited availability of publicly accessible
EPDs necessitated the inclusion of datasets from internationally recognized manufacturers
across different geographical contexts. The observed variability is therefore attributable
primarily to differences in regional production conditions rather than to the manufacturing
process itself and is expected to affect mainly region-specific impact categories such as
water scarcity while exerting negligible influence on globally aggregated indicators such as
Global Warming Potential.

To aggregate the information contained in the selected EPDs, Marsh et al. [62]
proposed the calculation of weighted averages based on production volumes through
Equation (1):

n
szl Op-€p
My = ——7—

p=10p g
where m,, is the weighted average of the impact associated with a specific impact category
and phase of the life cycle, v, is the volume of production associated with the p-th EPD,
and e, is the impact for the considered category and life cycle stage retrieved from the
p-th EPD.

This procedure was applied to elaborate upon the EPD data for concrete and steel
reinforcement considered in the study. The resulting weighted average values for concrete
are presented in Table 4, while those for steel reinforcement are summarized in Table 5.
Since production volumes and market shares for GFRP reinforcement manufacturers are
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not publicly available, the aggregation of EPD data was performed using arithmetic means
(Table 6). This simplification may introduce distortions due to the unequal representa-
tiveness of individual producers and therefore constitutes a source of uncertainty in the
LCA. This limitation is explicitly acknowledged and discussed in the results interpretation
section. The resulting datasets form the basis for the subsequent Life Cycle Inventory and
impact assessment phases of the study.

Table 4. Results of weighted averages on EPDs for concrete class C35/45 (unit: 1 m3) [60,61].

Indicator Units A1-A3 A4 A5 C1 C2 C3 C4
GWP kg CO, eq 2.83 x 102 1.07x10°  na.*  9.64 x 109 715 %100 7.60x 107" 1.00 x 1072
ODP kgCFC1leq  0.00 x 10° 0.00x10° na.*  0.00x10° 0.00 x 10° 0.00 x 100 0.00 x 10°
AP mol H* eq 1.31x10°  147x1073 na* 900x1072 400x1072 1.00x1072  0.00 x 10°
EPf kgPeq 0.00 x 10° 0.00x10° na.*  0.00x10° 0.00 x 10° 0.00 x 10° 0.00 x 10°
EP.m kg N eq 529 %1071 000x10° na.* 400x1072 200x10"2  0.00 x 10° 0.00 x 10°
EPt mol N eq 592x10°  229x1072 na.* 460x107!  1.79x107'  3.00x1072  0.00 x 10°
POCP kgNMVOCeq 156x10°  1.00x1072 na.* 140x10"! 500x1072  1.00x 1072  0.00 x 10°
ADPM kg Sb eq 0.00 x 100 0.00x10° na*  0.00x 10° 0.00 x 10° 0.00 x 100 0.00 x 10°
ADPF MJ 1.67 x 103 138 x 10!  na.* 122 x 102 9.70 x 10! 1.15 x 10! 7.00 x 1072
WDP m3 2.27 x 10! 1.15x1072 na.* 160x107' 1.80x107'  4.00x1072  0.00 x 10°

* n.a. = not available (data not reported in the EPD for this life cycle stage).

Table 5. Results of weighted averages on EPDs for steel rebars (unit: 1 kg) [60,61].
Indicator Units A1-A3 A4 A5 C1 C2 C3 C4
GWP kg CO; eq 599 x10°!  353x1072 na.* 445x1072 221x1072 266x10"2 289 x10°*
oDP kgCFC1lleq 1.19x10°% 746x1071 na* 701x10710 384x1071 400x10710 517 %1012
AP mol H* eq 1.89x 1073 123x107* na.* 417x107* 361x107> 247 x107* 254x107°
EPf kg Peq 450 x107°  635x1077 na.* 296x1077 120x1077 278x107% 724x107°
EP.m kg N eq 450 x107%  340x10™° na.* 195x107* 9.84x107° 1.03x107% 1.12x107°
EPt mol N eq 479 x107%  366x107% na* 213x107% 1.05x107* 1.12x1073 1.22x107°
POCP kgNMVOCeq 193x1073 153x10™% mna.* 630x107% 594x10° 335x107% 3.75x107°
ADPM kg Sb eq 596 x1077 151x1078 na* 540x107° 350x107° 263x1077 9.72x 10711
ADPF M]J 812x10°  481x107' na* 58 x107! 296x107' 353x107!  446x 1073
WDP m3 211x1071  694x107* na* 683x107% 321x107* 1.23x1073 733 x107°

* n.a. = not available (data not reported in the EPD for this life cycle stage).

Table 6. Results of mean averages on EPDs for GFRP rebars (unit: 1 kg) [60,61].
Indicator Units A1-A3 A4 A5 C1 C2 C3 C4
GWP kg CO, eq 262x100 221x1071 803x1072 165x107% 174x1072 4.04x107! 542x1072
ODP kgCFClleq 179x1077 120x107% 229x1077 327x107'1  209x107° 491x107% 324x10710
AP molH"eq 157x1072 316x1073 211x107* 161x107® 867x107° 143x1073 5.62x107°
EPf kg Peq 412x107% 271x107° 204x107% 231x1077 501x1077 138x107% 257x1077
EPm kg N eq 313x1073 924x107* 4.06x107° 692x1077 358x107° 274x107* 6.11x1074
EPt mol N eq 331x1072 1.01x10"2 4.00x107% 753x107°® 384x107% 281x107% 193x10°*
POCP  kgNMVOCeq 1.08x1072 279x1073 3.68x107% 222x107% 128x10™* 115x107% 6.62x107°
ADPM kg Sb eq 717 x107° 414x1077 1.08x1077 239x107"  1.03x10% 830x107® 1.18x10°
ADPF M] 403x100 233x100 224x10° 172x1073 238x10°! 6.50 x 100 7.24 x 1072
WDP m3 1.01 x109 1.61x1072 965x1073 342x107® —357 x 1072 255x10"1 741x10~*

3.4. Normalization and Weighting

In addition to the standard LCA phases, this study applies normalization and weight-
ing. These steps facilitate the aggregation of impact categories, enabling the derivation of
overall scores that allow global comparisons between design alternatives. The methodol-
ogy for both phases follows the approach developed by the DG-ENV and JRC, scientific
bodies of the European Commission, through the EPLCA [48]. For normalization, the EC
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recommends using external normalization factors, obtained by dividing the total annual
global impact of each category by the global population, thereby expressing impacts on a
per capita basis, thus providing a meaningful scale for evaluating the relative magnitude of
each impact category. For weighting, the EC proposes a set of factors derived using multiple
analytical approaches. These values reflect the relative importance of each impact category
and allow the aggregation of normalized results into a single indicator. The final score,
aggregating the results of diverse impact categories, is calculated according to Equation (2):

n Ez
Score = 1121 N, - P; (2)
where i is the index of the impact category, n is the total number of aggregated impact
categories, E; is the characterized impact, FN; is the normalization factor associated with
the i-th category and P, is the related weighting factor. Specifically, the ratio between E;
and FN; results in the normalized impact for the i-th impact category, that multiplied by P;
gives the related weighted impact.

3.5. Long-Term Scenarios Based on Durability Considerations

To account for differences in durability between steel and GFRP, a Service Life Factor
(SLF) was introduced. The SLF is defined as the ratio of the service lives of the two structural
solutions and is applied as a multiplicative coefficient to the environmental impacts of the
steel-reinforced alternative, thus adjusting the impacts in proportion to the relative service
life of the materials. The application of the SLF is of fundamental importance for the 75-
and 100-year service life scenarios. In the first, the steel-reinforced solution is assigned
a service life of 50 years, while the GFRP-reinforced solution is assumed to last 75 years,
resulting in an SLF of 1.5. In the second scenario, the steel-reinforced solution again has a
service life of 50 years, whereas the GFRP-reinforced solution is assumed to last 100 years,
yielding an SLF of 2. In this way, the application of the SLF adjusts the environmental
impacts of the steel-reinforced solution to account for differences in expected service life,
enabling a durability-informed comparison between the two reinforcement strategies.

The selected service life values are consistent with the durability evidence discussed in
Section 2 and with commonly adopted design references in bridge engineering. A service
life of 100 years corresponds to the typical design working life for bridge structures accord-
ing to European standards [51]. The intermediate scenario of 75 years was introduced as a
transitional durability condition between conventional and corrosion-resistant reinforce-
ment systems. Conversely, a service life of 50 years was assumed for the steel-reinforced
solution, which is consistent with the reference time horizon commonly adopted in the as-
sessment and management of existing bridges according to Italian national guidelines [63].
For the steel-reinforced solution, reconstruction at the end of the 50-year service life was
assumed as a conservative modelling approach within the Life Cycle Assessment frame-
work, acknowledging that ordinary maintenance activities are excluded from the system
boundary of the present analysis.

3.6. Cost Analysis

The economic analysis evaluates the costs associated with the materials used in the
structural system, which are concrete, steel reinforcement, and GFRP reinforcement, as
well as the costs of installation, demolition, and transport to disposal, corresponding to the
system boundaries defined for the LCA. Unit prices for concrete and steel reinforcement
are obtained from the “Prezziario Regione Piemonte 2025” [64], an official and consolidated
price list commonly used to define the cost of works in public procurements in the region
of origin of the authors.
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For GFRP reinforcement, the unit price was determined as the arithmetic mean of
quotations obtained from multiple manufacturers, since no official or consolidated price
list is currently available for this material. This resulted in a representative market value of
6.49 €/kg.

All the prices for materials include production, labor, equipment rental, transport,
overhead, and profit.

Since the comparison involves costs occurring at different times along the life cycle, all
monetary values must be discounted using the standard Net Present Value (NPV) approach
with a 1% discount rate, consistent with the method adopted by Cadenazzi et al. [13].

3.7. Implementation of the Envision Protocol

The methodology proposed in this work is fully compatible with the structure of the
Envision Protocol [20]. The protocol requires the definition of a baseline, corresponding in this
study to the bridge deck reinforced with conventional steel rebars. This baseline is compared
with the alternative solution employing GFRP reinforcement. The Envision Protocol is orga-
nized into credits, many of which are general and can be assigned to both the baseline and the
alternative configuration according to the same criteria. Several credits reflect design decisions
or project strategies that are independent of the reinforcement technology. For example,
credits related to the use of renewable energy during the design process can be applied to
both the steel- and GFRP-reinforced solutions and are thus considered baseline credits. The
research proposes to identify the credits for which the adoption of GFRP reinforcement has
the potential to improve performance relative to the baseline.

The methodology for assigning Envision credits is based on the comparative results of
the LCA and Cost Analysis. Credits were selected based on their direct sensitivity to the
choice of reinforcement material, focusing on durability, maintenance requirements, and
life-cycle environmental performance . For each credit, the "Level of Achievement’ (from
Improved to Restorative) was determined by quantifying the percentage of reduction in
impacts (e.g., GWP, energy, or waste) achieved by the GFRP solution compared to the steel
baseline. Specifically, the Service Life Factor (SLF) was used as a key metric to evaluate
credits related to waste and emissions, as the extended durability of GFRP directly reduces
the frequency of reconstruction and associated environmental burden. Table 7 summarizes
the Envision credits identified as sensitive to the reinforcement material replacement,
detailing the specific intent and the metric used for score assignment based on the LCA
and Cost Analysis results.

Table 7. Envision credits affected by GFRP reinforcement and evaluation criteria.

Credit ID Credit Name Intent Evaluation Criterion (Metric)
LD2.3 Long-Term Monitoring & Ensure long-term protection and Comprehensiveness of maintenance
’ Maintenance monitoring. plans.
LD3.3 Life-Cycle Economic Evaluation Identify full economic implications. NPV results and !ong—term cost
benefits.
RA13 Reduce Operational Waste Divert waste streams from disposal. Reduction in demolition waste due
to durability.
RA2.1 Reduce Operational Energy Conserve energy over project life. % of energy reduction (LCA results).
RA3.1 Preserve Water Resources Reduce impact on freshwater. Watershed protce;’iieon and resource
RA3.2 Reduce Water Consumption Reduce overall potable water use. o reductlogelrrrlul;rflzcycle water
CR1.1 Reduce Net Embodied Carbon extractionli(;g;lrclifr; gﬁgﬁ}g impacts. % reduction in net embodied carbon.
CR1.2 Reduce GHG Emissions Lower emissions during life cycle. % reduction in total CO, emissions.
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4. Results and Discussion

4.1. Life Cycle Assessment Results
4.1.1. Impacts from Phases A1l to A5

The LCA stage A begins with the production phases, Al to A3, covering raw material
extraction through manufacturing. The environmental impacts associated with each of
these phases are calculated through Equation (3):

eAi RT = (Ydeck + Tkerv) - MAi RT + (Vieck + Vierb) - Maic 3)

where e 4; g7 represents the environmental impact related to the i-th phase of LCA stage A
(numbered as specified in Tables 4-6). The terms 7 4., and ry,,;, denote the reinforcement
masses of the slab and kerbs, respectively, while V. and Vj,,;, represent the corresponding
concrete net volumes; these values are obtained from Table 3. The parameter m 4; gt is the
impact indicator associated with the reinforcement for the considered i-th phase derived
from Tables 5 and 6, whereas m 4; ¢ denotes the indicator related to concrete, obtained from
Table 4. Equation (3) is applied separately for the two reinforcement types (RTs) considered
in this study. The following phase, A4, considers the impacts associated with transporting
materials from production plants to the construction site. The assessment involves several
preliminary steps: defining assumed transport distances for each material, determining the
effective distances to be used in the analysis, estimating emissions based on the selected
transport mode, and characterizing these emissions using the methods and characterization
factors provided by the European Commission. In this study, stage A4 assumes generic
supplier locations and fixed transport distances of 50 km for concrete and 100 km for both
steel and GFRP.

This assumption is consistent with common practice in LCA studies of construction
materials, where transportation contributes marginally to overall environmental impacts
relative to material production stages.

The number of vehicle trips is calculated by dividing the mass of each material by
the capacity of the reference vehicle, set at 16 tons. Multiplying the number of trips by the
one-way distance between the production plant and the construction site, and accounting
for a round trip, yields the total equivalent transport distance for all materials (Table 8).

Table 8. Equivalent transportation distances for materials (LCA phase A4).

Material Mass to Vehicle N° Vehicle Tri Equivalent
atenia Transport [kg] Capacity [kg] eieie TIPS Distance [km]
Concrete (steel RC deck) 242,285 15.14 1514.29
Concrete (GFRP RC deck) 240,917 16.000 15.06 1505.74
Steel rebars 29,065 ’ 1.82 181.66
GFRP rebars 12,304 0.77 153.81

Transport-related emissions are estimated using the ISPRA database, as detailed in
Appendix A. These emissions are then characterized according to the analyzed impact cate-
gories. Characterization factors from the European Commission databases are multiplied
by the corresponding emission quantities from transportation, yielding impact indicators
per kilometer traveled by the reference vehicle for each category. Transportation impacts are
obtained by multiplying these indicators by the equivalent transport distances previously
calculated for each material. The final phase of stage A, A5, addresses the impacts of
installation and construction operations. Due to uncertainty regarding specific procedures
and equipment, these impacts are estimated as 10% of those calculated for the production
phases (A1 to A3). Since installation procedures are similar for both reinforcement solutions,
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the same percentage was applied to steel and GFRP, avoiding overestimation that would
result from directly applying 10% to the GFRP quantities. The detailed numerical results of
LCA stage A are reported in Appendix A.

4.1.2. Impacts from Phase C1-C4

Stage C begins with phase C1, which considers the impacts of deconstruction and
demolition. Then, phase C2 addresses the emissions associated with transporting decon-
structed or demolished materials to disposal sites. The assessment follows the methodology
applied in stage A4. Transport distances are assumed to be 30 km for all materials. Equiv-
alent transport distances are calculated, resulting in 908.57, 903.44, 108.99 and 46.14 km
respectively for concrete (steel RC deck), concrete (GFRP RC deck), steel rebars and GFRP
rebars. Multiplying these distances by the characterized impacts for the reference environ-
mental categories yields the transportation impacts for both reinforcement solutions.

Phase C3 accounts for emissions arising from the treatment of waste materials before
their final disposal, while phase C4 covers the environmental impacts linked to the ultimate
disposal of these waste materials. The environmental impacts corresponding to stage C of
the LCA, with the exception of phase C2, are determined using Equation (4). This equation
is analogous to Equation (3), but it is applied to the environmental indicators specific to
stage C, whose phases are numbered as reported in Tables 4-6 instead of those for stage A.

eci,RT = (Tdeck + Tker) - Mci,RT + (Viteck + Viers) - Mcic (4)
The detailed numerical results of LCA stage C are reported in Appendix A.

4.1.3. “Cradle-to-Grave” Impacts

The total environmental impact over the entire life cycle is obtained by summing the
contributions of LCA stages A and C, assuming at this point the same service life for both
reinforcement solutions. Particularly, the total impact is calculated using Equation (5):

5 4

ERT = )_eaiRT + Y_ €Cj,RT )
i=1 =1

where Egrr denotes the total environmental impact from cradle to grave, e4; g represents
the environmental impact associated with the i-th phase of LCA stage A calculated through
Equation (3), and ecj rr denotes the environmental impact associated with the j-th phase of
LCA stage C derived from Equation (4). The indices i and j correspond to the numbering of
the respective phases reported in Tables 4-6. Again, Equation (5) is applied twice to account
for the two reinforcement types considered in this study, obtaining the “Cradle-to-Grave”
impacts reported in Table 9.

Table 9. Cradle-to-grave environmental impacts for the two solutions.

Indicator Unit Steel GFRP
GWP kg CO, eq 55,939.22 73,890.36
obDrP kg CFC 11 eq 0.00041 0.00285
AP mol HT eq 237.40 373.79
EPf kg P eq 1.53 6.89
EP.m kg Neq 85.94 113.25
EPt mol N eq 967.11 1172.50
POCP kg NMVOC eq 280.58 343.31
ADPM kg Sb eq 0.03 0.99
ADPF M] 515,060.12 825,057.13
WDP m3 9345.54 18,746.85
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As indicated in Table 9, the GFRP-reinforced solution exhibits higher impacts com-
pared to the traditional steel-reinforced one for the entire set of considered impact categories.
Consequently, assumptions regarding the greater durability of GFRP are critical to assess
its long-term benefits, including potential reductions in environmental impacts.

By implementing Equation (2), the “Cradle-to-Grave” impacts of Table 9 are used for
normalization and weighting procedures to calculate global impacts reported in Table 10,
allowing the identification of the most significant impact categories for both reinforcement
solutions (characterized by the higher weighted scores). The results reported in Table 11
indicate that the two most significant impact categories common to both solutions are
Climate Change and Depletion of Abiotic Fossil Resources, corresponding to the Global
Warming Potential (GWP) and Abiotic Depletion Potential-Fossil (ADP-F) indicators, re-
spectively. The findings also show that GFRP exhibits a substantially higher impact in the
Depletion of Metals and Mineral Resources (ADP-M) category compared to steel, primarily
due to differences in material composition and life-cycle characteristics.

Table 10. Cradle-to-grave normalized and weighted impacts for both solutions.

Normalized Weighted Normalized Weighted

Indicator NFs WFs Score Score Score Score
(Steel) (Steel) (GFRP) (GFRP)

GWP 7553.08 22.19% 741 1.64 9.78 217
ODP 0.05 6.75% 0.01 0.00 0.05 0.00

AP 55.57 6.64% 4.27 0.28 6.73 0.45

EPf 1.61 2.95% 0.95 0.03 4.29 0.13
EP.m 19.55 3.12% 4.40 0.14 5.79 0.18

EPt 176.75 3.91% 5.47 0.21 6.63 0.26
POCP 40.86 5.10% 6.87 0.35 8.40 0.43
ADPM 0.06 8.08% 0.42 0.03 15.50 1.25
ADPF 65,004.26 8.92% 7.92 0.71 12.69 1.13
WDP 11,468.71 9.03% 0.81 0.07 1.63 0.15
Total 38.53 347 71.51 6.15

Table 11. Costs of materials and operations with reference to total quantities.

Item Unit cost Unit Quantity Unit Total Cost [€]
GFRP—straight bar (20 mm diameter) 6.49 €/k 12,304.84 K 79,831.05
Steel rebars B450C 1.88 & 29,065.11 & 54,642.40
Concrete—Class C35/45 (GFRP solution) 171.12 100.38 17,177.45
Concrete—Class C35/45 (steel solution) 172.12 100.95 17,375.93
Concrete casting (GFRP solution) 29.12 €/m° 100.38 m3 2923.14
Concrete casting (steel solution) 29.12 100.95 2939.74
Demolitions and disposal 207.19 104.66 21,683.47

In particular, the production of glass fibers requires the extraction of significant quan-
tities of mineral raw materials, including silica and other mineral constituents, resulting in
comparatively higher resource depletion indicators.

The recycling of composite materials, particularly those with polymer matrices, re-
mains highly complex, often resulting in end-of-life landfilling and contributing to increased
resource depletion impacts. This trend is further confirmed by the weighting analysis.
The ADP-M category accounts for less than 1% of the total weighted impacts for steel,
whereas it reaches around 20% for GFRP (1.25 out of the total weighted score, equal to
6.15). This marked contrast highlights the significance of end-of-life limitations and under-
scores the environmental challenges associated with the limited recyclability of polymer
matrix composites.
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It is acknowledged that emerging mechanical, thermal, and chemical recycling tech-
nologies for composite materials may progressively reduce this limitation, potentially
lowering ADP-M impacts in future assessments as end-of-life recovery processes mature.

4.1.4. Long-Term Scenarios

To account for the different service lives of the two reinforcement solutions, the Service
Life Factor (SLF) is applied in the environmental assessment. This approach explicitly
incorporates durability into the comparison, allowing the results to reflect not only the
intrinsic impacts of the materials but also their long-term performance. Based on durability
considerations, two long-term scenarios are therefore investigated. Figure 3 presents a
comparative overview of the environmental impacts associated with the two reinforcement
solutions across the full set of analyzed impact categories. As described in the methodology
section, impact values for the SLF = 1.5 and SLF = 2 scenarios are obtained by scaling the
steel-related impacts, previously calculated using Equation (5) and reported in Table 10,
by the corresponding service life factor, while the impacts of the GFRP solution remain
unchanged. For each impact category, the maximum value observed among all alternatives
and scenarios is set as the 100% reference, and the remaining results are expressed as
relative percentages of this value, enabling a clear and consistent comparison of the different
reinforcement strategies.
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Figure 3. Comparison between the impacts of the two alternative reinforcements associated with the
entire set of analyzed impact categories considering various SLFs.

In the first scenario, the steel-reinforced solution is assumed to have a service life of
50 years, while the GFRP-reinforced alternative is assumed to last 75 years, corresponding
to an SLF of 1.5 applied to the steel solution. Under this assumption, the GFRP alternative
shows total impacts lower than steel in the Climate Change, Marine Eutrophication, Terres-
trial Eutrophication, and Photochemical Ozone Creation categories. Impacts are instead
comparable for Acidification and Fossil Resource Depletion. The second scenario assumes
a service life of 50 years for steel reinforcement and 100 years for GFRP, resulting in an SLF
of 2. In this case, the GFRP solution exhibits lower total impacts across a wider range of
categories, including Climate Change, Acidification, Marine Eutrophication, Terrestrial Eu-
trophication, Photochemical Ozone Creation, and Fossil Resource Depletion. The results are
nearly balanced for Water Scarcity, while Ozone Depletion, Freshwater Eutrophication, and,
most notably, Mineral and Metal Resource Depletion remain the most critical categories
for the GFRP alternative. The detailed numerical results associated with each service life
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scenario are reported in Appendix B. The same analysis can be applied to normalized and
weighted data. Weighting results reported in Figure 4 show that for the 100-year scenario,
the overall score for the GFRP alternative is lower than the steel one. This emphasizes that
in terms of overall environmental impact, extending the service life of GFRP to 100 years
provides significant long-term advantages across multiple impact categories.

6.94 EESTEEL
7 EGFRP

Scores [-]
£ [3,] 2]

w

1 1.5 2
Service Life Factor SLF

Figure 4. Comparison between the weighted impacts of the two alternative reinforcements consider-
ing a service life of up to 100 years.

Comparing the LCA results obtained in this study with those reported in the literature
reveals notable discrepancies, which are not necessarily contradictory. The present study
appears more conservative regarding the environmental impacts of GFRP relative to steel.
In the literature, the environmental advantages of GFRP are generally more pronounced,
and in some cases these advantages are reported even without assuming scenarios of greater
durability for the composite material. This discrepancy is largely attributable to differences
in the unitary impacts of steel production considered in previous studies versus those
used here. For example, in the Climate Change category, several studies report a Global
Warming Potential (GWP) for steel production of approximately 3 kg CO, eq., whereas this
study considers 0.6 kg CO; eq., i.e., five times lower. The higher values in the literature
correspond to steel produced via the blast furnace-basic oxygen furnace (BF-BOF) route,
producing virgin steel. In contrast, the GWP indicator used in this study refers to steel
produced via electric arc furnace (EAF), which incorporates over 99% recycled material,
as indicated in the referenced EPDs. This difference in production processes significantly
affects overall emissions, resulting in substantially lower environmental impacts for steel
produced via EAF.

4.1.5. Sensitivity Analysis on Results from Several EPDs

A sensitivity analysis on the Environmental Product Declarations (EPDs) considered
for GFRP reinforcement helps in quantifying the variability of the environmental impact
results relative to the mean values obtained for the full life cycle assessment and identifing
the extent to which the choice of a specific manufacturer’s EPD may influence the overall
outcomes. The analysis is carried out on the six EPDs sourced from different GFRP
manufacturers. It should be noted that most of the EPDs examined were not complete
across all life cycle stages; in several cases, data for specific phases were absent. Where a
given manufacturer’s EPD did not report values for a particular life cycle stage, the missing
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data were supplemented with the mean values derived from those EPDs that did report
the information considered. The results are presented in Figure 5, alongside the mean
value used as the reference in the broader LCA and the corresponding impacts for the
steel reinforcement scenarios. The results reveal a degree of variability across the EPDs
examined. However, the overall spread is considered acceptable, exhibiting a satisfactory
level of consistency across the considered EPDs, particularly for the most representative
impact indicators, such as GWP and ADPF. On this basis, the use of mean EPD data is
deemed appropriate for the purposes of the present analysis, which is oriented towards the
preliminary design phase of infrastructure projects. It is acknowledged that as the project
progresses towards the executive design stage, the adoption of EPD data specific to the
selected manufacturer becomes increasingly important in order to ensure greater accuracy
and representativeness of the environmental assessment.
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Figure 5. Sensitivity analysis results considering EPDs from 6 GFRP producers and life cycle impact
comparison with base cases.

4.1.6. Use of Seawater and Marine-Based Aggregates for GFRP-Reinforced
Concrete Elements

Since the construction sector is a major consumer of freshwater resources [65], sev-
eral studies have proposed the use of seawater in concrete production, highlighting its
environmental benefits, particularly in regions affected by water scarcity. However, the
high chloride content of seawater induces unacceptable corrosion of steel reinforcement.
Conversely, GFRP, being inherently resistant to corrosion, enables the use of seawater
and marine-based aggregates, potentially reducing the freshwater footprint of concrete
production. Moreover, studies have demonstrated that this alternative composition does
not adversely affect concrete performance compared to conventional mixes and is suitable
for structural applications [66,67]. Based on the findings reported by Arosio et al. [68],
adopting marine aggregates and seawater in concrete mixes can result in up to an 80%
reduction in the Water Depletion Potential for concrete production, compared to traditional
mixes. These reductions are particularly relevant for coastal areas and regions mostly
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affected by water scarcity. Figure 6 compares the two reinforcement solutions, considering
the use of marine-based aggregates and seawater in the GFRP alternative, for the three
service life factors (SLF) analyzed in this study. Overall, the GFRP-reinforced deck exhibits
a slight reduction in water depletion potential (WDP) compared to the conventional steel-
reinforced concrete deck. In the 100-year scenario (SLF = 2), the WDP for the GFRP deck is
16,900 m3, approximately 10% lower than that of the steel-reinforced deck, which reaches
18,700 m3. As highlighted by previous results, this reduction is, overall, limited due to the
high impacts associated with GFRP rebars and particularly their production.
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Figure 6. Comparison between the impacts of the two alternatives for reinforcement with reference
to the “Water scarcity” impact category considering the use of alternative concrete for different SLFs.

4.2. Cost Analysis

With reference to the quantities defined in Table 3, the overall costs for materials and
operations considered in the analysis are calculated and reported in Table 11. Discount of
long-term costs is performed using the well-known economic formula for NPV, considering
a discount rate of 1%, in line with Cadenazzi et al. [13]:

C

NPV= a5y

(6)

where C is the cost occurring at time ¢ and i is the discount rate adopted.

Figure 7 presents the results of the cost analysis for the steel-reinforced and GFRP-
reinforced deck solutions respectively for the three analyzed service life scenarios, obtained
by implementing Equation (6). Comparing the two solutions under the assumption of
equal service life, the steel-reinforced deck demonstrates superior economic performance.
Specifically, the steel option reaches an NPV of approximately €88,000, whereas the GFRP
solution shows a higher initial NPV of about €113,000. This difference reflects the higher
initial material costs associated with GFRP reinforcement. However, this baseline compari-
son does not account for the potentially extended service life that GFRP composites can
provide. In the first extended scenario, GFRP is assumed to provide a service life of 75
years. The costs of the GFRP-reinforced solution include initial construction expenses and
the discounted costs associated with demolition and material transport at the end of its life
cycle. For the steel solution, the costs of the initial 50-year cycle, analyzed previously, are
considered. To achieve a total service life of 75 years, reconstruction is required after the
first cycle. Consequently, the steel solution’s life cycle costs are adjusted proportionally for
the remaining 25 years, including half of the construction costs projected for year 50 and
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half of the demolition and transport costs projected for year 75, discounted accordingly.
As illustrated in Figure 7, this results in an increase in the cumulative NPV of the steel
solution to €116,000, while GFRP-related costs slightly decrease to €110,000; therefore, the
overall economic performance of the two solutions is nearly equivalent. In the second
scenario, GFRP is assumed to have twice the durability of steel, enabling a total service
life of 100 years. As in the previous scenario, GFRP costs include initial construction and
discounted demolition and end-of-life transport costs, projected to year 100. For the steel
solution, the costs of the first 50-year cycle are initially considered. To maintain structural
functionality over the entire 100-year period, a second complete life cycle is required,
encompassing reconstruction, demolition, transport of the decommissioned material, and
the associated costs. Construction costs projected for year 50 and demolition and transport
costs projected for year 100 are discounted, effectively applying the discounting procedure
to the steel solution’s first life-cycle costs twice. As a result, the cumulative NPV of the
steel solution increases, reaching approximately €141,000 for SLF = 2. Conversely, the NPV
of the GFRP-reinforced deck remains about €110,000 over the entire 100-year period. The
analysis indicates that in this scenario, the overall cost of GFRP is lower than that of steel
reinforcement, demonstrating that GFRP represents a more cost-effective solution over the
long term.
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Figure 7. Cumulative Net Present Values for the different analyzed scenarios.

Overall, the results of the analysis are already encouraging when comparing steel
and GFRP in the 75-year service life scenario, with benefits further amplified in the
100-year scenario.

While GFRP is currently more expensive than steel reinforcement, it is anticipated that
ongoing technological improvements and increased production capacity could reduce its
cost in the near future. Consequently, the economic competitiveness of GFRP may improve
over time, potentially enhancing its long-term benefits when compared to conventional
steel reinforcement.

It should be noted that the present results are conservative, as costs associated with
ordinary maintenance, likely more frequent for steel-reinforced structures, are not included.
Accounting for these costs would further increase the advantages of the GFRP alternative.

4.3. Implementation of the Envision Protocol

Based on the results of the LCA and cost analysis, Table 12 identifies the credits
for which the GFRP-reinforced concrete deck enables an improvement in the score of
the Envision protocol. Table 12 also reports the corresponding results for these credits,
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referring to 75 and 100 year service life scenarios. Considering the credits evaluated,
44 points can be awarded assuming a 75-year service life, corresponding to 4.4% of the total
1000 points available in the protocol. This means that the use of GFRP rebars in bridge
decks allows a potential improvement of 4.4% in the score relative to the baseline scenario
with conventional steel reinforcement. In the 100-year service life scenario, 70 points can be
awarded, corresponding to 7% of the total 1000 points available. This value is significant,
as it approaches the 10% threshold representing the difference between two consecutive
award levels defined by Envision and could meaningfully contribute to achieve a higher
certification level. These results further support and validate the positive findings from
the LCA and cost analyses regarding the use of GFRP bars as a replacement for steel in
reinforced concrete bridge decks.

Table 12. Levels of achievement for the Envision credits considered—Service life scenarios of 75 and

100 years.

X Levels of Achievement Points Points
ENVISION Credits Improved Enhanced Superior Conserving Restorative SLF=15 SLF=2
LD2.3: Plan for long-term
monitoring and maintenance 2 5 8 12 B 12 12
LD3.3: Conduct a Life-Cycle
Economic Evaluation 5 7 10 12 14 12 14
RA1.3: Reduce Operational Waste 4 7 10 14 - 4 7
RAZ2.1 Reduce Operational Energy
Consumption 6 12 18 26 B 0
RA3.1: Preserve Water Resources 3 5 7 9 12 3
RAS3.2: Reduce Operational Water
Consumption 4 K 13 17 22 0
CR1.1: Reduce Net Embodied
Carbon 5 10 15 20 - 5 15
CR1.2: Reduce Greenhouse Gas
Emissions 8 13 18 22 26 8 13

Sum of assigned points: 44 70

4.4. Alternative 100-Year Service Life Scenario

An alternative scenario lasting 100 years is studied. Particularly, in the case of steel
reinforcement, the progressive deterioration due to corrosion necessitates periodic main-
tenance interventions every 20 years (at years 20, 40, 60, and 80), followed by complete
structural demolition and replacement at the end of the service life (year 100). In contrast,
GFRP reinforcement, owing to its inherent corrosion resistance, is assumed to require no
maintenance intervention throughout the entire 100-year service life. For the analysis, the
deck is subdivided into two zones characterized by different levels of degradation severity.
The zones in proximity to the supports, extending over one-sixth of the total span at each
end, are subjected to greater exposure to moisture and aggressive agents and associated
with a higher degree of deterioration. The central zone, comprising the remaining four-
sixths of the span (20 m), is considered with a lower severity of degradation. A concrete
cover restoration thickness of 40 mm (including the application of the passivating agent)
is assumed for the zones near the supports, while a thickness of 10 mm is adopted for
the central zone. For each maintenance cycle of the steel-reinforced deck, two materials
are involved: a structural repair mortar and a passivating agent applied to the exposed
reinforcement. Material quantities are determined based on the net exposed reinforcement
surface area after removal of concrete cover, estimated at an incidence of 0.19 m2/m?2 (net
area, excluding overlaps), yielding a total passivant application area of 26.96 m2. Given a
density of 1900 kg/m? and an applied thickness of 2 mm, the passivating agent amounts
to 102.5 kg per intervention. The repair mortar, with a density of 2150 kg/m?3, results in
restoration masses of 9331 kg for the deck slab and 2872 kg for the edge beams in the
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heavily deteriorated zones (40 mm thickness) and 4666 kg and 1436 kg respectively in the
central zone (10 mm thickness) for a total of 18,305 kg of repair mortar per maintenance
cycle. The unit environmental impacts of the intervention materials are sourced from the
respective Environmental Product Declarations (EPDs), covering life cycle stages A1-A3
(manufacturing), A4 (transport to site), A5 (installation), and C1-C4 (end of life). Total en-
vironmental impacts, whose results are reported in Table 13, are calculated by multiplying
the material quantities by the corresponding impact values per unit of material (kg).

Table 13. LCA impacts for the steel-reinforced deck including maintenance scenarios (stage B).

Indicator Unit A B C Total Emission
GWP kg CO; eq 5.20 x 10* 3.55 x 10* 3.90 x 103 9.14 x 10*
ODP kg CFC 11 eq 3.81 x 1074 6.17 x 104 322 x 1075 1.03 x 1073
AP mol H' eq 2.07 x 10? 8.61 x 10! 3.02 x 10! 3.23 x 10?
EPf kg P eq 1.44 x 10° 1.10 x 10° 8.95 x 1072 2.63 x 10°
EP.m kg N eq 7.32 x 10! 1.08 x 10! 1.27 x 10! 9.68 x 10!
EPt mol N eq 8.18 x 102 1.20 x 102 1.49 x 102 1.09 x 103
POCP kg NMVOC eq 2.36 x 102 3.98 x 10! 4.42 x 10! 3.20 x 102
ADPM kg Sb eq 1.91 x 1072 3.08 x 107! 7.80 x 1073 3.35x 107!
ADPF MJ 4.64 x 10° 2.88 x 10° 5.11 x 104 8.03 x 10°
WDP m? 9.27 x 103 1.85 x 103 7.80 x 10! 1.12 x 10*

The results are graphically presented in Figure 8, in comparison with the other scenar-
ios examined in the study.
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Figure 8. Comparison of total impacts between alternative and base scenarios.

The life cycle cost analysis of the alternative scenario was also conducted consistently
with the previously performed analyses. Unit prices related to maintenance interventions
were sourced from regional price lists and manufacturer technical datasheets and are
summarized in Tables 14 and 15. For concrete cover demolition, differentiated unit costs
were applied based on zone: 15.10 €/m? for the zones near the supports and 14.09 €/m?
for the central zone, as derived from the Piedmont Regional Price List (Prezzario Regione
Piemonte). The passivating agent was costed at 35.00 €/m? of treated surface (with 10 m of
reinforcements on each square meter). The structural repair mortar was valued at 41.94
€/m?2.cm, applied at differentiated thicknesses (40 mm at the supports, 10 mm in the central
zone). Based on these unit rates and the computed surface areas (141.9 m? for the support
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zones and 283.8 m? for the central zone), the nominal cost of each maintenance intervention
amounts to €46,816, comprising €6141 for cover demolition, €4967 for passivant application,
and €35,708 for repair mortar installation.

Table 14. Unitary costs of materials and operations with reference to maintainance interventions.

Item Unit Cost Unit
Concrete cover demolition (up to 3 cm) 14.09 €/m?
Concrete cover demolition (each cm over 3 ¢cm) 1.01 €/m?
Passivating product application 3.50 €/m
Rehabilitation paste application 41.94 €/m?.cm

Table 15. Costs of materials and operations referred to total quantities for a single maintainance

intervention.

Item Unit Cost Unit Quantity Unit Total Cost [€]
Concrete cover demolition (near supports) 15.10 €/m? 141.9 m2 2142.69
Concrete cover demolition (central part) 14.09 €/m? 283.8 3998.74
Concrete cover demolition (total) 6141.43
Passivating product application (near supports) 35.00 €/m? 141.9 m? 4966.50
Rehabilitation paste application (near supports) 167.76 €/m? 141.9 m2 23,805.14
Rehabilitation paste application (central part) 41.94 €/m? 283.8 11,902.57
Rehabilitation paste application (total) 35,707.72

Total cost for each maintainance intervention 46,815.65

Under the 100-year scenario with maintenance interventions every 20 years, the steel
reinforcement solution entails four repair cycles (at years 20, 40, 60, and 80), followed
by final demolition at year 100. The net present value (NPV) of the four maintenance
interventions, discounted at a 1% rate, amounts to €116,824 (€38,408 at t = 20; €31,477 at
t =40; €25,797 at t = 60; €21,142 at t = 80). Including the discounted cost of final demolition
(€8017), the cumulative NPV of the steel scenario reaches €199,675. The GFRP solution,
requiring no maintenance interventions over the 100-year service life, yields a cumulative
NPV of €107,948, comprising solely the discounted end-of-life demolition cost. As pointed
out in Figure 9, the whole-life economic advantage of the GFRP solution therefore amounts
to approximately €91,727, more than offsetting its higher initial construction cost.
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Figure 9. Comparison of total impacts between alternative and base scenarios.
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Based on the obtained results, this alternative scenario shows a generally lower envi-
ronmental impact across most of the categories considered. However, it performs worse in
terms of Global Warming Potential (GWP), while results for Abiotic Depletion Potential—
Fossil Fuels (ADPF) are broadly comparable between the two reinforcement solutions.
These two indicators represent the most significant among those examined, thus preventing
an unambiguous environmental advantage for this scenario. On the other hand, from an
economic standpoint, the alternative scenario proves substantially less viable, with costs
nearly twice those estimated for the GFRP-based scenarios. This difference likely reflects the
greater complexity of selective retrofitting interventions compared to the comprehensive
demolition strategies analysed in the baseline scenarios of the present study.

5. Conclusions

This study addressed the need for structural reinforcement solutions capable of jointly
satisfying mechanical performance, durability, and environmental and economic sustain-
ability by conducting a comparative LCA of traditional steel reinforcement and GFRP
rebars for bridge deck applications.

Despite the robustness of the proposed methodology, several limitations should be
acknowledged. The life cycle inventory relies on a number of simplifying assumptions that
were intentionally introduced to maintain methodological transparency and reproducibility,
while reflecting a conservative approach that avoids overestimating the environmental
advantages of the GFRP solution.

e Transport distances were defined based on representative average values, as project-
specific logistics data were not available at the current design stage; actual supply
chain configurations may vary depending on the geographic context.

. End-of-life scenarios were modeled using conventional assumptions, as established
recycling pathways for GFRP reinforcement are still under development; future ad-
vances in circular economy strategies could further improve the environmental perfor-
mance of composite solutions.

¢  EPD-based inventory data were aggregated as weighted averages across manufac-
turers, following a well-established and transparent procedure; nonetheless, regional
variability in production processes may introduce some degree of uncertainty in
the results.

¢  Maintenance modeling was based on simplified assumptions, without incorporating
probabilistic deterioration curves or detailed inspection and repair cycles.

*  The analysis was conducted on a single structural typology, which limits the direct gen-
eralizability of the findings to other infrastructure categories or exposure conditions.

Nevertheless, the proposed framework remains a structured and reproducible tool for
sustainability-oriented decision-making, and can be progressively refined as more detailed,
project-specific data become available in advanced design stages.

Main Results of the Analysis

The work contributes to the existing literature by explicitly linking durability-driven
service life assumptions to long-term environmental and economic performance, an as-
pect that remains insufficiently quantified in current comparative assessments. The main
outcomes of the present study are summarized below.

* A targeted review of durability studies on GFRP rebars identified tensile strength
retention as the governing parameter for long-term performance. The assumption
of approximately 80% tensile strength retention under aggressive environmental
conditions, supported by published experimental evidence for reference periods of
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up to 100 years, provided a rational basis for defining realistic service life scenarios.
While inherently dependent on the available literature, this assumption allowed the
environmental and economic analyses to be framed within a consistent and transparent
durability-based perspective.

* The LCA, conducted following a “cradle-to-grave” approach in accordance with
ISO 14040 and ISO 14044 [7,8], and primarily based on data from Environmental Prod-
uct Declarations aggregated as weighted averages according to production volumes
of the respective manufacturers, proved to be a fundamental tool in designing sus-
tainable infrastructures. The results of the implemented methodology demonstrated
that steel reinforcement remains the most advantageous solution for short service life
scenarios from both environmental and economic standpoints. However, the results
clearly indicate that this conclusion cannot be generalized to extended time horizons.
At 75 years, several impact categories already favor GFRP, while at 100 years, the
composite reinforcement outperforms steel in most environmental indicators, includ-
ing Climate Change and Fossil Resource Depletion, with an overall weighted impact
reduction of 12%. The economic analysis exhibits a consistent trend, showing that the
higher initial cost of GFRP is progressively offset over time, leading to cost reductions
of more than 20% in the 100-year scenario.

e The investigation of seawater use in concrete production highlighted that although
reductions in water scarcity impacts can be achieved, the overall sustainability gains
remain limited by the energy-intensive nature of GFRP manufacturing and by cur-
rent limitations in recyclability. This finding underscores that the environmental
performance of composite-reinforced systems is strongly influenced not only by dura-
bility benefits but also by upstream production processes, which currently represent a
critical bottleneck.

*  From a broader infrastructure sustainability perspective, the application of the Envi-
sion protocol showed that the adoption of GFRP reinforcement leads to measurable im-
provements in sustainability ratings. Estimated award-level increases of 4.4% and 7%
for the 75- and 100-year scenarios, respectively, indicate that durability-oriented mate-
rial choices can contribute tangibly to enhanced sustainability certification outcomes.

Overall, the results show that steel reinforcement is more suitable for short-term
applications, whereas GFRP becomes increasingly advantageous for extended design
service lives, particularly in aggressive environments. Reducing current uncertainties in
long-term durability would enable less conservative design provisions and allow the full
environmental and economic potential of GFRP-reinforced concrete to be more effectively
realized. Furthermore, advances in recycling technologies for composite materials represent
a promising research direction that could significantly reduce the end-of-life environmental
impacts of GFRP. Developing efficient recycling pathways would substantially improve the
overall environmental profile of GFRP reinforcement, potentially making it the preferred
solution across a broader range of service life scenarios.
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Appendix A. Detailed Impacts Results

This appendix reports the detailed numerical results of the LCA corresponding to
stages A and C. Specifically, stage A includes the impacts related to raw material extraction
and manufacturing (A1-A3), transportation of materials to the construction site (A4), and
installation and construction activities (A5). Stage C comprises the impacts associated
with deconstruction and demolition (C1), transportation of waste materials to treatment
or disposal facilities (C2), waste treatment prior to disposal (C3), and final disposal (C4),
in accordance with the adopted LCA framework. Table Al reports the characterized
environmental impacts associated with 1 km of transport performed by the reference
vehicle adopted for LCA stage A4. The values are derived from the ISPRA emission
database assuming a heavy-duty rigid diesel truck with a gross vehicle weight exceeding
32 tons and compliant with the Euro VI (A/B/C) standard. The reported indicators
represent the impact per kilometer traveled and are used to calculate the total transportation
impacts by multiplying these values by the equivalent transport distances determined for
each material.

Table Al. Characterized impacts for 1 km of transport with the reference vehicle.

Indicator Unit Emissions for 1 km
GWP kg CO, eq 7.63 x 107!
oDP kg CFC 11 eq 0.00 x 10°
AP mol H' eq 7.63 x 10~*
EPf kg Peq 0.00 x 10°
EP.m kg N eq 7.42 x 107°
EPt mol N eq 434 x1073
POCP kg NMVOC eq 8.43 x 1074
ADPM kg Sb eq 3.57 x 1077
ADPF MJ 1.01 x 10!
WDP m? 0.00 x 10°

Tables A4 and A5 present the characterized environmental impacts associated with
LCA stage C for the steel-reinforced and GFRP-reinforced solutions, respectively. For each
impact category, the contributions of deconstruction and demolition, C1; transportation,
C2; waste treatment, C3; and final disposal, C4 are reported separately, together with the
corresponding total emissions.

Table A2. Cradle-to-gate (LCA stage A) impacts for the steel-reinforced solution.

Indicator Unit A1-A3 A4 A5 Total Emission
GWP kg CO, eq 46,002.84 1432.59 4600.28 52,035.71
oDr kg CFC 11 eq 0.00035 0.00 0.00003 0.00038
AP mol Ht eq 187.02 1.43 18.70 207.15
EPf kg P eq 1.31 0.00 0.13 1.44
EP.m kg N eq 66.53 0.01 6.65 73.20
EPt mol N eq 736.54 8.15 73.65 818.35
POCP kg NMVOC eq 213.49 1.58 21.35 236.42
ADPM kg Sb eq 0.02 0.00 0.00 0.02
ADPF M] 404,464.89 19,039.30 40,446.49 463,950.68
WDP m° 8425.07 0.00 84251 9267.58
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Table A3. Cradle-to-gate (LCA stage A) impacts for the GFRP-reinforced solution.

Indicator Unit A1-A3 A4 A5 Total Emission
GWP kg CO; eq 60,616.17 1266.22 4600.28 66,482.67
oDr kg CFC 11 eq 0.00221 0.00 0.00003 0.00224
AP mol Ht eq 324.75 1.27 18.70 344.72
EPf kg P eq 5.07 0.00 0.13 5.20
EP.m kg Neq 91.66 0.01 6.65 98.33
EPt mol N eq 1001.29 7.20 73.65 1082.14
POCP kg NMVOC eq 289.76 1.40 21.35 31251
ADPM kg Sb eq 0.88 0.00 0.00 0.88
ADPF M] 663,818.67 16,828.20 40,446.49 721,093.35
WDP m? 14,737.25 0.00 84251 15,579.75
Table A4. Impacts resulting from LCA stage C for the steel-reinforced solution.
Indicator Unit C1 C2 C3 C4 Total Emission
GWP kg CO, eq 2267.38 776.39 850.34 941 3903.52
OoDP kg CFC 11 eq 0.00002 0.00 0.00001 0.00 0.00003
AP mol H' eq 21.19 0.78 8.20 0.07 30.24
EPf kg Peq 0.01 0.00 0.08 0.00 0.09
EP.m kg N eq 9.72 0.01 2.98 0.03 12.74
EPt mol N eq 108.29 4.42 35.70 0.35 148.76
POCP kg NMVOC eq 32.45 0.86 10.74 0.11 4416
ADPM kg Sb eq 0.00 0.00 0.01 0.00 0.01
ADPF M]J 29,226.87 10,318.36 11,427.49 136.73 51,109.44
WDP m3 35.99 0.00 39.84 2.13 77.96
Table A5. Impacts resulting from LCA stage C for the GFRP-reinforced solution.
Indicator Unit C1 C2 C3 C4 Total Emission
GWP kg CO; eq 969.72 724.52 5045.02 668.42 7407.68
OoDP kg CFC 11 eq 0.00 0.00 0.0006 0.00 0.0006
AP mol Ht eq 9.05 0.72 18.59 0.69 29.06
EP.f kg P eq 0.00 0.00 1.69 0.00 1.70
EPm kg N eq 4.02 0.01 3.38 7.52 14.93
EPt mol N eq 46.27 4.12 37.59 2.37 90.35
POCP kg NMVOC eq 14.08 0.80 15.11 0.81 30.81
ADPM kg Sb eq 0.00 0.00 0.10 0.00 0.10
ADPF M]J 12,244.71 9629.02 81,191.75 898.31 103,963.78
WDP m3 16.10 0.00 3141.87 9.12 3167.09

Appendix B. Cradle-to-Grave Detailed Impacts for Extended Service
Life Scenarios

This appendix reports the detailed numerical results of the cradle-to-grave LCA ob-
tained by accounting for different service lives of the reinforcement solutions through the
application of the Service Life Factor. Two long-term scenarios are considered, correspond-
ing to SLF values of 1.5 and 2, reflecting alternative durability assumptions for steel- and
GFRP-reinforced systems. Table A6 summarizes the cradle-to-grave environmental impacts
associated with both reinforcement solutions, assuming a service life of 75 years for the
GFRP-reinforced alternative and 50 years for the steel-reinforced solution, corresponding
to an SLF of 1.5 applied to the steel impacts. Table A7 reports the cradle-to-grave environ-
mental impacts associated with both reinforcement solutions, assuming a service life of
100 years for the GFRP-reinforced alternative and 50 years for the steel-reinforced solution,
corresponding to an SLF of 2 applied to the steel impacts. As for the SLF = 1.5 scenario, the
impacts of the GFRP solution are assumed to remain unchanged.
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Table A6. Cradle-to-grave impacts for the two reinforcement solutions considering a service life of
75 years (SLF = 1.5).

Indicator Unit Steel GFRP
GWP kg CO; eq 83,908.84 73,890.36
OoDP kg CFC 11 eq 0.00062 0.00285
AP mol H' eq 356.09 373.79
EPf kg Peq 2.29 6.89
EPm kg Neq 128.91 113.25
EPt mol N eq 1450.67 1172.50
POCP kg NMVOC eq 420.87 343.31
ADPM kg Sb eq 0.04 0.99
ADPF MJ 772,590.18 825,057.13
WDP m3 14,018.31 18,746.85

Table A7. Cradle-to-grave impacts for the two reinforcement solutions considering a service life of
100 years (SLF = 2).

Indicator Unit Steel GFRP

GWP kg CO; eq 111,878.45 73,890.36
oDP kg CFC 11 eq 0.00083 0.00285
AP mol H* eq 474.79 373.79
EPf kg Peq 3.05 6.89
EP.m kg N eq 171.88 113.25
EPt mol N eq 1934.23 1172.50
POCP kg NMVOC eq 561.16 343.31
ADPM kg Sb eq 0.05 0.99
ADPF MJ 1,030,120.24 825,057.13
WDP m3 18,691.08 18,746.85
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