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Abstract: Sustainability is increasingly prioritized in infrastructure design; however, its
integration into the conceptual design phase remains limited, particularly for pedestrian
bridges, where structural performance plays a critical role. While existing frameworks ad-
dress environmental and economic impacts in later stages, they typically fail to incorporate
structural performance and sustainability holistically at the outset. To address this gap, this
study introduces a quantitative decision-support framework tailored for the conceptual
design of footbridges. The methodology integrates five key indicators, Global Warming
Potential (GI), Total Cost (TC), Robustness (RO), Inspection (IN), and Maintenance (MA),
using a Multi-Criteria Decision Making (MCDM) approach, specifically the Weighted Sum
Model (WSM), supported by Pearson correlation analysis, to identify trade-offs and in-
terdependencies among metrics. The framework is tested on two real-world case studies
involving steel pedestrian bridges in different urban contexts. The results reveal a strong
correlation between inspection and maintenance, suggesting that designs optimized for
inspection accessibility can significantly reduce life cycle maintenance efforts and costs.
Robustness appears to be largely independent from environmental impact, indicating the
potential to improve structural resilience without compromising sustainability. Further-
more, cost—sustainability relationships are shown to be highly context-dependent. The
practical implications of these findings are substantial: by offering a structured, data-driven
tool for early-stage evaluation, the framework enables engineers, urban planners, and
policymakers to make informed design choices that align with long-term sustainability
goals. It offers a methodological basis for comparing design options based on quantifiable
sustainability and structural metrics, contributing to evidence-based decision making in
line with evolving standards for sustainable infrastructure.

Keywords: sustainability assessment; conceptual bridge design; life cycle assessment
(LCA); life cycle costing (LCC); social life cycle assessment (S-LCA); multi-criteria decision
making (MCDM); structural robustness; maintenance; inspection

1. Introduction

Sustainability has become a fundamental principle in infrastructure design, driven
by growing concerns over climate change, resource depletion, and societal well-being.
Among various infrastructure types, pedestrian bridges play a crucial role in promoting
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sustainable urban mobility by enhancing connectivity, reducing vehicular congestion, and
supporting environmentally friendly transportation alternatives. Despite their significance,
sustainability considerations in pedestrian bridge design are often confined to later project
phases, limiting the ability to influence outcomes effectively during early design stages.
As commonly defined in the literature and in technical standards (e.g., EN 16310:2013 [1]),
conceptual design and preliminary design represent the initial phases of a design process;
for the sake of simplicity, this study adopts both terms interchangeably. During these early
design steps, key sustainability and structural performance decisions have the greatest po-
tential to impact long-term sustainability. However, they are frequently based on qualitative
assessments rather than structured, quantitative methodologies. Life Cycle Sustainability
Assessment (LCSA) has emerged as a comprehensive approach to evaluating sustainability
across environmental, economic, and social dimensions in the construction sector [2,3]. This
methodology integrates Life Cycle Assessment (LCA) [4,5], which quantifies environmental
impacts such as carbon emissions and resource consumption; Life Cycle Costing (LCC) [6],
which evaluates economic feasibility; and Social Life Cycle Assessment (S-LCA) [7], which
considers societal implications such as accessibility and equity. While LCA and LCC
are well established in infrastructure design, S-LCA remains underdeveloped and lacks
standardized assessment methodologies. This gap is particularly relevant for pedestrian
bridges, where social factors such as accessibility and integration into urban networks are
critical considerations [8]. The recent literature shows a growing interest in applying these
methodologies to infrastructure projects, notably bridges and footbridges (Dai & Ueda [8],
De Wolf et al. [9], Anastasiades et al. [10]). However, challenges remain, including the
lack of robust tools for quantifying social impacts [11] and the variability of economic
analyses due to incomplete data during the conceptual (or preliminary) design phase [12].
In pedestrian and cycling bridges, where structural aspects are crucial, the relationship
between sustainability and structural performance remains largely unexplored. Moreover,
recent updates in standards and regulations have incorporated additional criteria, includ-
ing robustness, maintenance, and inspection, alongside traditional safety and functionality
requirements [13]. Nevertheless, a standardized framework that systematically integrates
these aspects is still lacking.

Even existing sustainability rating systems, including Envision, Greenroads, and
BREEAM Infrastructure, provide general frameworks for sustainability assessment but do
not explicitly incorporate structural aspects such as robustness, maintenance, and inspection
within their evaluation criteria. As a result, there is currently no widely accepted framework
that quantitatively integrates sustainability principles with key structural performance
indicators in the conceptual design phase of pedestrian bridges.

To address this gap, this study proposes a quantitative decision-support framework
specifically tailored to the conceptual design of footbridges. The framework combines
selected sustainability and structural performance indicators, evaluated through a Multi-
Criteria Decision Making (MCDM) approach and further analyzed using Pearson corre-
lation to explore interdependencies. The indicators and their detailed formulations are
presented in Sections 3 and 4. The framework’s applicability is demonstrated through two
case studies, suggesting how sustainability and structural considerations can be jointly
assessed at an early stage, supporting more balanced, data-driven design decisions. The
framework revealed three key insights: (i) inspection and maintenance were strongly cor-
related, emphasizing the importance of accessible design in reducing long-term resource
demands; (ii) robustness and environmental impact were found to be largely independent,
suggesting that resilient structural design does not inherently compromise sustainability;
and (iii) the cost—sustainability relationships varied significantly between contexts, chal-
lenging the assumption that environmentally conscious design always implies higher costs.



Sustainability 2025, 17, 4562

30f26

These findings align with the recent literature, which highlights the value of integrating
structural and sustainability metrics from the earliest design stages. In particular, studies
on resilience-based infrastructure design and life cycle optimization underscore the need
for quantitative, multi-indicator frameworks that support informed decision making when
project flexibility is highest.

By offering a structured, adaptable tool for evaluating sustainability in conceptual
bridge design, this research contributes to bridging the gap between engineering practice
and sustainability-oriented decision making in infrastructure design.

2. State of the Art: Sustainability in Footbridges

This chapter explores the evolution of sustainability methodologies in bridges and
footbridges, their application in infrastructure focusing on bridges and footbridges, and the
development of Sustainable Infrastructure Rating Systems (SIRSs), and identifies gaps and
emerging trends. By combining insights from LCSA methodologies and rating systems,
this chapter lays a foundation for addressing the environmental, economic, and social
dimensions of sustainable footbridge design.

2.1. Introduction to Sustainability in Bridges and Footbridges

Sustainability considerations dominate discussions in bridge design, as the construc-
tion sector contributes significantly to global CO, emissions. Concrete and steel, which are
the primary materials in bridge construction, are among the largest contributors to these
emissions [14]. Recent studies have demonstrated the benefits of alternative materials,
such as ultra-high-performance concrete (UHPC) and fiber-reinforced polymers (FRP), in
reducing material usage and embodied carbon [15,16]. Advances in self-healing concrete
and bio-based materials are also being explored to minimize maintenance requirements
and extend the life cycle of these bridges [17].

The integration of environmental and economic performance has proven effective
in identifying an effective sustainability strategy. Research by Penadés-Pla et al. [18]
highlights the role of MCDM methods in balancing cost and environmental impacts during
the design phase. Furthermore, modular and prefabricated construction techniques are
being increasingly studied for their ability to reduce construction time, labor costs, and
material waste [19].

Mathern et al. [20] and Venkateswaran et al. [21] present sustainable practices in
bridge design and construction. Sabatino et al. [22] presented a maintenance optimization
framework for highway bridges that integrates sustainability concerns into maintenance
decisions. Liljenstrom et al. [23] provide the state of the art of the approaches used for
maintenance accounting in sustainable infrastructure assessment. Yadollahi et al. [24] ex-
tended the analysis of sustainability using Rating Systems for transportation infrastructure.
Through MCDM, they identified critical life cycle factors like durability, local materials,
minimal maintenance, and environmental impact reduction during construction. Milani
et al. [25] demonstrated how environmental performance depends on material selection and
structural configuration for small-span bridge superstructures. Furthermore, advancing
resource-use optimization and Circular Economy (CE) principles, Anastasiades et al. [26]
explored Design for Disassembly and Adaptability to improve construction and demolition
waste management. They also proposed frameworks for assessing circularity in bridge
design. Gorecki and Nuriez-Cacho [27] reviewed case studies to identify challenges in
bridge life cycle management, including construction, operation, and decommissioning.
Their findings stress the importance of integrating environmental sustainability into bridge
design by addressing long-term factors like (i) the use of non-renewable resources and
energy, (ii) emissions of harmful substances and greenhouse gases, and (iii) end-of-life recy-
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clability. They highlight the need to incorporate CE principles, including reuse, recyclability,
and reconditioning, to improve sustainability.

The studies mentioned above generally apply to infrastructure and, thus, can also
serve footbridges; few studies entirely focus on the latter. Providing methodological so-
lutions tailor-made for specific types of infrastructure allows for more targeted metrics
matching sustainability aspects with conventional functions and the peculiarities of infras-
tructure. An approach and an evaluation scheme that are too generic may not provide
sufficient information capable of providing support for selecting sustainable and functional
design choices. For instance, Van den Broek [28] studied sustainability in pedestrian bridge
design to develop a new design process in which sustainability is an integrated criterion
from the early design stages; the complexities of the structural sustainability considera-
tions have been limited to one type of infrastructure, thus leading to the development of
a practical manual for designing sustainable footbridges. Tromp et al. [29] highlighted
sustainability’s role in decision making by comparing life cycle CO, emissions for steel,
concrete, and fiber-reinforced polymer materials. Considerations of relevant design param-
eters for sustainable performance have been facilitated by focusing on footbridge typology.
Instead, Anastasiades et al. [30] proposed circular parameters for footbridge design to
support the implementation of CE approaches in infrastructure. They developed a tool
for footbridge applications using an existing Building Circularity Indicator [31]. The tool
evaluates components, systems, and assembly projects, focusing on material virginity, recy-
clability, and Design for Disassembly. While this evaluation primarily focuses on structural
aspects, it represents an innovative approach to resource-efficient footbridge design and
can provide significant support in the design of pedestrian bridges. The contextualization
of discoursed pedestrian bridges helped the adaptation of CE indicators from the building
to the infrastructure level. Finally, even though academia has not thoroughly studied the
social dimension of this kind of structure, Grandi¢ et al. (2024) [32] introduced the theme by
addressing universal accessibility concepts in designs and showed its potential to improve
not only social but also economic sustainability when effectively integrated. Considering
the mobility features of pedestrian bridges, it is clear that studies focusing on infrastructure
typologies can be more beneficial when comprehensively addressing sustainability.

2.2. Sustainability Methodologies

Olalekan et al. [33] highlight that, in the field of sustainability, the actual trend is to
propose comprehensive analyses that consider environmental (LCA), economic (LCC),
and social (S-LCA) aspects, collectively referred to as Life Cycle Sustainability Assessment
(LCSA), even for infrastructure projects. Sonnemann and Valdivia [34] explain that LCSA
has evolved to address complex sustainability challenges across both private and public
sectors, including construction. Initially applied to buildings where energy efficiency
and material sustainability were primary concerns, these methodologies are spreading in
infrastructure projects. Bridges, roads, and transport systems benefit significantly from
LCSA, which evaluates not only environmental and economic impacts but also social
factors, such as community connections and economic viability.

Mili¢ et al. [35] emphasize that LCSA enables a comprehensive evaluation of infras-
tructure by incorporating long-term durability, material sourcing, and community impacts.
Their work focuses on the predesign stage and provides a critical review of methodologies
applicable to bridges, starting from the LCA and extending to the broader LCSA. Their
paper delves into the three sustainability pillars and demonstrates how LCA and LCC are
already widely recognized for bridge assessments. While S-LCA, the most recent pillar
to be included in sustainability assessments, remains in its early stages, it is increasingly
recognized as essential for a comprehensive sustainability analysis and aligns with the
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growing demand for multidimensional assessments. However, it currently lacks a clearly
defined and universally accepted framework [36]. In the absence of such a framework,
several methodologies and guidelines provide valuable principles and recommendations
for integrating the social dimension into sustainability evaluations. Among these, the
UNEP Guidelines for Social Life Cycle Assessment of Products and Organizations [37]
serve as a foundational resource, offering flexible approaches to evaluate social impacts
across categories such as human rights, labor conditions, and community well-being.
Additionally, resources like the ISO 26000: Guidance on Social Responsibility [38], the
Handbook for Product Social Impact Assessment (PSIA) [39], and the Social Hotspots
Database (SHDB) [40] offer complementary tools for assessing social sustainability. Other
frameworks, such as the Nordic Council of Ministers” guidelines [41], the Global Reporting
Initiative (GRI) standards [42], and metrics developed by the Roundtable for Product Social
Metrics [43], further support the integration of social aspects into life cycle assessments.
Despite these efforts, the lack of standardization across these methodologies and missing
data in the preliminary phase poses challenges for consistency and comparability, under-
scoring the need for further research and development to establish a robust and universally
recognized framework.

2.3. Sustainable Infrastructure Rating Systems

The methodologies discussed in Section 2.2, such as LCA, LCC, and S-LCA, in addition
to being the foundation for evaluating sustainability, have also influenced the advance-
ments of Sustainable Rating Systems (SRS) for infrastructure, which aim to standardize
sustainability assessments for infrastructure projects [44]. For this reason, in recent years,
sustainability-related factors have been explicitly considered in the infrastructure life cycle,
mostly planning and construction [45], and recently in decommissioning and reuse. Diverse
Sustainable Rating Systems (SRS) for infrastructure are currently on the market because of
the different nature of projects and their specific needs regarding screening and assessment.
However, these are not widely employed because the variety of tools available makes it
difficult for project owners and investors to understand which standard to rely on [46].

In this paper, seven SIRSs applicable to bridges (even footbridges) are recognized
and compared. The selection of these systems depends on their clarity, usability, and
evaluative structure, which must be easily accessible and consultable. The systems are as
follows: Greenroads, Infrastructure Sustainability (IS), Envision, INVEST, SuRe, CEEQUAL
(Powered by BREEAM), and SNBS Infrastructure [47-53]. Several publications compare
various SIRSs [54,55]. However, the authors propose in the table an overview of each
system’s characteristics, highlighting, above all, the project phases considered, number of
sustainability indicators, categories, approach types, databases, and benchmarks.

The first column in the table was structured to facilitate a quantitative assessment of
sustainability in the preliminary design phase, in which early decisions have the great-
est impact. It prioritizes data that reveal how different SIRSs incorporate key evaluation
methodologies, particularly LCA, LCC, and S-LCA. By specifying whether these approaches
are mandatory, suggested, or absent and detailing the databases and benchmarks used, the
table enables a direct comparison of each system’s methodological rigor and applicability.
This organization clarifies the extent to which sustainability assessments rely on standard-
ized metrics, ensuring a structured evaluation of their feasibility in early-stage design. The
comparison of analyzed systems reveals both similarities and distinctions in how these
frameworks approach sustainability in infrastructure projects. Despite their varied origins
and specific areas of focus, all systems aim to align with global sustainability objectives,
including the principles outlined in the United Nations Sustainable Development Goals
(SDGs), such as SDG 11 (sustainable cities), SDG 12 (responsible consumption), and SDG
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13 (climate action). Each system uses structured categories and indicators to assess projects
according to environmental, social, and economic performance metrics, emphasizing sus-
tainable development across the project life cycle. All the evaluated projects, through
a life cycle perspective, cover design and construction; most of them include planning,
and only a few, such as BREEAM Infrastructure and SuRe, extend this scope to include
decommissioning, emphasizing a cradle-to-grave approach. The number of indicators
varies significantly, with frameworks like BREEAM Infrastructure offering a detailed sys-
tem, with more than 200 indicators, while others, like Greenroads and Envision, are more
streamlined, using 60-64 indicators. Similarly, the type of infrastructure evaluated differs,
with Greenroads focusing on roads and highways, while IS and SuRe include broader
categories such as renewable energy, water systems, and urban development [56]. A key
point of differentiation is the extent to which LCA, LCC, and S-LCA are incorporated.
LCA is widely recognized as a tool to assess environmental impacts and is mandatory in
systems like IS, SuRe, and BREEAM Infrastructure, in which it is tied to categories such as
resource use and emissions reduction [57]. Greenroads and Invest also recommend LCA,
particularly for credits linked to material sustainability and climate resilience, but they
do not mandate it [58]. LCC is similarly required or strongly suggested to evaluate the
long-term economic efficiency of projects [59]. SuRe stands out for recognizing the value of
S-LCA, focusing on social impacts such as equity, community engagement, and workforce
well-being, which align with their governance-driven frameworks [60].

2.4. Current Challenges and Gaps in Sustainable Footbridges Design

Despite the progress in sustainability methodologies and rating systems, their ap-
plication to pedestrian and cycle bridges in preliminary design phases faces significant
challenges. One major limitation is the availability of comprehensive data during the
early design stages. For instance, while LCA and LCC provide robust tools for evaluating
environmental and economic impacts, their effectiveness depends on detailed information
about materials, construction processes, and future maintenance needs, often unavailable at
the conceptual design phase. S-LCA poses an additional challenge. Unlike LCA and LCC,
which have established metrics and frameworks, S-LCA lacks standardization, making it
difficult to assess societal impacts such as equity, accessibility, and community well-being.
This gap is particularly problematic for infrastructure projects like pedestrian bridges,
directly influencing social outcomes through connectivity and inclusiveness.

Furthermore, SIRSs vary widely in scope and applicability, with no universally ac-
cepted standard. These systems incorporate different criteria depending on geographic,
climatic, and regulatory contexts. For example, many frameworks include localized consid-
erations such as water availability, biodiversity, and climate resilience, but their benchmarks
are rarely transferable across regions. Additionally, the integration of CE principles, such
as reuse, recyclability, and Design for Disassembly, remains limited. While some systems,
like Greenroads, Envision, SuRe, and BREEAM Infrastructure, incorporate elements of
circularity—such as resource reuse, waste reduction, and material sustainability—their
application in the field remains variable and project-dependent, reflecting the evolving
nature of integrating CE principles into infrastructure projects. This gap hinders efforts
to minimize resource consumption and waste, particularly in infrastructure with long
lifespans and significant end-of-life impacts.

In summary, the primary challenges include the following: (i) Data Limitations. Early-
stage sustainability assessments are constrained by incomplete datasets on materials and
life cycle parameters. (ii) Social Impact Measurement: The lack of standardized metrics for
S-LCA limits its integration into project evaluations. (iii) Regional Disparities. Sustainability
frameworks often fail to account for localized environmental and regulatory differences
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effectively. (iv) CE Integration. The inconsistent adoption of circularity principles reduces
the potential for resource efficiency and waste minimization.

Addressing these challenges requires a coordinated effort to enhance data availabil-
ity, standardize social sustainability metrics, and adapt rating systems to regional needs.
Moreover, integrating CE concepts more consistently across methodologies and frame-
works could significantly improve sustainability outcomes for pedestrian and cycle bridges.
By aligning CE approaches with sustainability goals, a more holistic framework can be
developed to support the creation of truly sustainable footbridges. To respond to these
limitations and integrate the literature findings into a practical tool, the next section intro-
duces a framework focused on measurable indicators that support sustainability-oriented
decisions in the conceptual phase of footbridge design.

3. Sustainability Indicators in Footbridges Conceptual Design

The analyzed systems in Table 1 provide a comprehensive overview of approaches
for assessing infrastructure sustainability. While these methods are effective for certifying
projects in advanced stages or post-completion, infrastructure sustainability is primarily
shaped by decisions made during the planning and early design phases. Braganca et al. [60]
highlighted that early design choices significantly influence life cycle impacts and costs, a
concept later extended to infrastructure projects by Gupta et al. [60]. This finding aligns
with research by Shahtaheri et al. [61], which emphasizes that environmental, economic,
and social aspects of infrastructure are often overlooked in early design phases, potentially
compromising overall sustainability performance. To achieve sustainability goals, it is
crucial to develop methods that support informed decision making during conceptual
design. Among the various indicators considered in the reviewed SIRSs, only those meeting
the following essential criteria were selected: (i) quantifiable in the conceptual design phase,
(ii) directly comparable across projects, (iii) repeatable to ensure consistency, (iv) relevant
to sustainability objectives, (v) easily integrable into decision-making processes, and (vi) in-
tuitively understandable by stakeholders. As projects progress, sustainability indicators
become more reliable due to their link to quantifiable metrics. However, in the preliminary
phase, many SIRS indicators remain qualitative and subjective, despite their significant
influence on overall sustainability. Ugwu et al. [62] demonstrate how key performance
indicators (KPIs) tailored to infrastructure projects, including bridges, enhance sustainabil-
ity assessment at early design stages. Similarly, Ashraf et al. [63] propose a framework
for infrastructure sustainability assessment that integrates environmental, economic, and
social aspects, reinforcing the importance of well-defined quantitative indicators in deci-
sion making. This study addresses the existing gap by identifying indicators that can be
quantified and objectively assessed in the conceptual design phase. These indicators are
based on mathematical calculations, validated databases, and sector benchmarks included
in certification systems. While specific project details may influence indicator selection,
prioritizing numerical evaluation enhances reliability. Bueno et al. [64] reviewed existing
tools for transport infrastructure sustainability assessment, highlighting the necessity of
the early-stage integration of life cycle methodologies such as LCA, LCC, and S-LCA.
Additionally, Medland et al. [65] emphasize the evolution of sustainability assessment
frameworks, demonstrating how early-stage decision making can drive long-term infras-
tructure performance.



Sustainability 2025, 17, 4562 8 of 26
Table 1. Sustainable Infrastructure Rating Systems comparison.
Infrastructure . . SuRe BREEAM SNBS
Greenroads e
Data Sustainability (IS) Envision INVEST (FAST Infra) Infrastructure Infrastructure
Year of launch 2010 2012 2012 2010 2015 (2024) 2004 (2022) 2020
Version v.3 2020 v. 2.1 (2021) v.3 2018 v.1.32018 v.2 2021 v.6 2019 (2022) v.12020
Institution Greenroads Institute Institute of Federal Global Building Research ~ Sustainable
International Sustainability Sustainable Highway Infrastructure Establishment Construction
Council of Australia Infrastructure Administration  Basel (BRE) Network
(IS1) (FHWA) (GIB) Switzerland
(NNBS)
Geography u.s. Australia, N.Z. u.s. uUsS. Switzerland UK. Switzerland
Applicable to Roads and Roads and Roads Roads and Urban Bridges and Roads
highways highways Ports highways infrastructure footbridges Railways
Bicycle paths Bridges Bridges and Multimodal (footbridges) Tunnels Bridges and
Bridges Footbridges footbridges transportation Water systems Water networks footbridges
Footbridges Ports Water infrastructure projects Energy Sewer systems Tunnels
Road tunnels Tunnels Treatment plants (including Transport Energy grids Water networks
Water infrastructure Renewable energy  bridges, networks (roads, Urban Energy
Renewable energy ~ Public buildings footbridges, bridges) regeneration Communication,
(e.g., wind, solar) Green urban spaces  tunnels, and Sustainable projects protection,
railways) urban and rural ~ Green mobility
projects infrastructure infrastructure
Public buildings
and services
Applicable Project phases Preliminary Planning Planning Planning Planning Planning Planning
(UNI 16310) design Preliminary design  Preliminary design ~ Preliminary Preliminary Preliminary Preliminary
Detailed design  Detailed design Detailed design design design design design
Construction Construction Construction Detailed design  Detailed design  Detailed design Detailed design
Operation Operation Construction Construction Construction Construction
Operation Operation Operation Operation

Decommissioning Decommissioning
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Table 1. Cont.
SIRSs - cenroad Infrastructure Envisi SuRe BREEAM SNBS
Data eenroacds Sustainability (IS) nvision INVEST (FAST Infra) Infrastructure Infrastructure
Total Indicators 62 64 60 64 61 248 75
Categories Project Governance Quality of life System planning Environment Management Environment
requirements Economic Leadership Project Society Resilience Economy
Environment performance Resource allocation  development Governance Communities and  Society
and water Resource use Natural world Operations and stakeholders
Construction Environmental climate and maintenance * Land use and
activities impact resilience ecology
Materials and Workforce and Landscape and
design community historic
Utilities and Innovation environments
controls Pollution
Access and Resources
livability Transport
Creativity and
effort *
Approach LCA suggested =~ LCA mandatory LCA mandatory LCA suggested = LCA mandatory LCA mandatory LCA mandatory
LCCsuggested =~ LCC mandatory LCC mandatory LCCsuggested =~ LCC mandatory LCC suggested LCC mandatory
S-LCA not S-LCA suggested S-LCA suggested S-LCA not S-LCA S-LCA not S-LCA suggested
explicitly explicitly mandatory explicitly included
included included
Principal databases and Ecoinvent Australian Material ~Ecoinvent US EPA LCA UNEP Ecoinvent Swiss KBOB
sector benchmarks US LCI Database  AusLCI US LCI Database Benchmarks Environmental =~ DEFRA Database
AASHTO Ecoinvent ELCD FHWA Data Biodiversity Net Ecoinvent
Pavement PSILCA SHDB Sustainability OECD Gain Swiss Federal
Design Guidelines Benchmarks ICE Database LCA Database
PSILCA AASHTO Ecoinvent ILCD PSILCA
SHDB Material IFC Performance PSILCA SHDB
Databases Metrics SHDB
PSILCA
SHDB

* INVEST is organized in categories according to project phases. These categories are made of 64 indicators concerning environmental, cost, and social aspects.
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Table 2 summarizes the selected quantitative indicators applicable in the conceptual
design of footbridges, where “1” indicates inclusion in the rating system and “0” indicates
exclusion. Each indicator is classified under one of the three LCSA pillars: environmental,
economic, or social.

Table 2 shows that key indicators include Global Warming Potential (GWP) and
Energy Consumption (EC) from LCA, Construction Costs (CCs) and Operational Costs
(OCs) from LCC, and Sustainable Transport Use (STU) from S-LCA. The reliability of these
estimates varies, with LCA being the most standardized due to its extensive databases
and well-established methodologies. LCC, while valuable, is less suitable for early-stage
analysis due to the frequent unavailability of detailed financial data for operational and
dismantling stages [66]. Similarly, the evaluation of social sustainability through S-LCA
remains underdeveloped, as challenges in defining, interpreting, and quantifying social
impacts limit its applicability. Sierra et al. [67] highlighted that S-LCA often overlaps with
LCC and LCA, showing, for example, that in assessing Sustainable Transport Use (STU),
economic, environmental, and social dimensions are deeply interconnected. Given the
current lack of standardization and comprehensive assessment frameworks, the authors
note that social indicators remain less relevant in the conceptual design phase compared
to environmental and economic indicators and consider STU as part of LCC and LCA. As
S-LCA continues to evolve, its integration into early-stage infrastructure evaluation will
require further methodological advancements.

At this stage of the present study, it is necessary to introduce some critical consid-
erations. As highlighted in Table 2, the most widely used indicators that best meet the
previously established criteria are as follows: Global Warming Potential (GWP), Energy
Consumption (EC), Construction Costs (CCs), and Operational Costs (OCs). Nevertheless,
to propose a method that is both straightforward to implement and capable of considering
the entire life cycle of the infrastructure, from the conceptual design phase through to
deconstruction and disposal, the authors propose to streamline the indicators into two.

For the environmental category, it is recommended to focus solely on the Global
Warming Potential Indicator (GI) indicator. This approach avoids redundancies with
Energy Consumption (EC) and ensures that the results are easier to interpret, even for
stakeholders without a technical background [68]. The proposed indicator is defined,
according to project phases, in Equation (1).

Gl = (GPWplanm'ng and design T GPW construction + GPWoperation + GPWdecommisioning)/ N (1)

where the following apply:

GPW; is the global potential warming according to the project phases in COp.¢q,
N is the duration of service life in years.

For the economic category, the analysis is extended to include costs related to planning,
design, and decommissioning. To address this comprehensively, a specific indicator is
introduced to represent the Total Cost (TC), as defined in Equation (2):

TC = (Cplanning and design * Ceonstruction + Coperation + Cdecommisioning)/ N 2)

where the following apply:

C; are the costs according to the project phases in money.
N is the duration of service life in years.
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Table 2. Sustainability quantitative indicators during conceptual design of footbridges and their inclusion in sustainable rating systems. Even though not all systems
explicitly use the Triple Bottom Line framework (LCA, LCC, and S-LCA), the authors have assigned each indicator in the table to one of these three categories.

SIRSs LSCA Infrastructure SuRe BREEAM SNBS

Indicators Category Greenroads Sustainability (IS) Envision INVEST (FAST Infra)  Infrastructure Infrastructure
Global Potential .
Warming (CO-eq) Environment 0 1 1 1 1 1 1
Energy Consumption (kWh) Environment 0 1 1 1 1 1 1
Recycled Materials % .
(Percentage of total) Environment 0 1 1 0 1 1 1
Waste Management Environment 0 1 1 0 1 1 1
(kg or tons)
Water Use (m3) Environment
Construction Costs (USD) Economic 0 1 1 1 1 1
Operational Costs (USD) Economic 0 1 1 1 1 1 1
2 o,
Sustainable Transport Use % Social 0 1 1 1 1 1 1
(Percentage of trips)
Land Use Efficiency Social 0 1 1 0 1 1 1
Biodiversity Impact (m?) Social 0 1 1 0 1 1 1
Economics Social 0 1 1 0 1 1 1

Opportunities (n.jobs)
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Potential for Sustainable Decision

Specifically, it should be noted that these two indicators are defined for the preliminary
design phase and aim to assist those involved in the design process in comparing different
solutions based on concise economic and environmental concerns, thus promoting the
integration of more of these principles into the project. This highlights their distinction
from complete LCA and LCC, which require detailed data inputs and careful analysis of
the processes involved, provide a comprehensive set of quantitative indicators, and could
include future projections and probabilistic risk analyses [69,70].

Another consideration concerns the issue of durability, understood as the reference
useful life of the analyzed and compared projects. To ensure that the indicators are effective,
it is necessary to consider this variable in the indicators’ calculation, as shown in the
above equations.

Figure 1 shows the potential for making sustainability-related decisions through-
out an infrastructure project’s life cycle and illustrates the positioning of the framework
proposed in this study. It also demonstrates how, as the design phases progress, more
detailed information reduces the potential for making sustainability decisions but enables
a more refined analysis, shifting the assessment from relying solely on LCA and LCC to
incorporating S-LCA.

Wa
\/

® | &

| Planning | Conceptual | Detailed | Construction | Operations |Decommissioning|
I : Design : Design : : : or Closure :
I | | ! ! | |
| | | | | | |
| | | | | | |
| | | | | | |
| | | | | | |
| | | | | | |
| | | | | | |
| | | | | |
| | | | | |
| | | | |
| | | |
| | |
| | |
| | |
| | |
| | |
| | |

.

&

Proiect Timeline

Figure 1. Framework integration across project stages, highlighting early-phase decision making and
showing how increasing detail shifts the assessment from LCA and LCC to incorporating S-LCA.
(modified figure from Gupta et al. [60]).

4. Structural Indicators in Footbridge Conceptual Design

Several studies highlight that structural decisions made in the preliminary and con-
ceptual phases significantly impact project sustainability. In footbridge design, where
structural choices dictate long-term performance, their effects on the project life cycle
are nonlinear. The extent of this influence is proportional to the degree of uncertainty
(availability of information) and inversely proportional to the cost of potential modifica-
tions [71]. Figure 2 illustrates this relationship, showing that as projects advance, the impact
of structural decisions decreases, mirroring the decline in the potential for sustainable deci-
sion making (Figure 1). However, these trends do not follow a strictly linear correlation.
Therefore, this chapter investigates which structural indicators could mostly interact with
sustainability metrics.
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Figure 2. Schematic illustration of MacLeamy curve [70] showing impact of structural decisions on
project outcomes in footbridges design along project life cycle.

While sustainability assessments traditionally prioritize environmental and economic
performance through LCA and LCC, recent research underscores the necessity of incorpo-
rating structural performance metrics to ensure long-term sustainability [72-74]. Among
these, Robustness (RO), Inspection (IN), and Maintenance (MA) emerge as key determi-
nants, influencing resilience, resource efficiency, and life cycle costs. Robust structures are
less prone to failure under extreme conditions, reducing the need for resource-intensive
retrofitting and ensuring lower material demand over time. Similarly, optimized inspec-
tion and maintenance strategies enhance durability, minimize unnecessary interventions,
and lower operational costs. Research has shown that robustness mitigates failure risks,
reducing life cycle environmental impact Moreover, integrating systematic inspection and
scheduled maintenance has been demonstrated to optimize resource efficiency and reduce
long-term costs [75]. Bocchini et al. [76] further highlight that resilience-based approaches
combining robustness, efficient inspection, and maintenance planning are critical for achiev-
ing sustainable infrastructure systems. RO is a fundamental property of resilient structures,
reducing susceptibility to progressive collapse and enhancing resistance to extreme loading
conditions. According to Eurocode 1 [13] robustness is defined as a structure’s ability to
withstand extraordinary events without experiencing disproportionate failure, thereby
minimizing structural interventions, material use, and associated energy demand. Bocchini
et al. [76], indeed, emphasize that robust structures exhibit lower life cycle environmen-
tal impact due to reduced reinforcement requirements, lower failure probabilities, and
enhanced durability against climate stressors.

IN and MA are integral sustainability indicators, as efficient monitoring mini-
mizes resource-intensive repairs and extends the functional lifespan of infrastructure.
ISO 13822:2010 [77] states that structures designed for efficient inspection exhibit reduced
maintenance demands, leading to lower economic and environmental impacts. The correla-
tion between IN and MA, as demonstrated in the next paragraphs of this study, confirms
that optimized inspection strategies reduce intrusive maintenance activities, lowering
material consumption and energy expenditures. Frangopol et al. (2025) [78] further empha-
sizes that integrating inspection-oriented design principles mitigates the need for carbon-
intensive repairs and reconstruction. The adoption of digital twin models and predictive
maintenance algorithms strengthens the sustainability relevance of IN and MA, facilitating
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optimized maintenance schedules and extending infrastructure longevity. Existing studies
propose various quantification methods for RO, IN, and MA, including probabilistic risk
assessment [79], multi-criteria decision analysis (MCDA) [80], and life-cycle performance
models [81]. However, these methods are primarily applied in later project stages, where
more detailed structural data are available, and few studies have explored their application
in the conceptual phase. Given that decisions made at early stages exert the greatest influ-
ence on long-term sustainability, it is crucial to explore how RO, IN, and MA interact with
sustainability indicators at the conceptual design level. To address this gap, the following
sections propose a methodological framework for evaluating RO, IN, and MA during
conceptual footbridge design.

The proposed formulations for RO, IN, and MA have been constructed by adapting
concepts from relevant standards and the literature. RO builds upon the Demand—Capacity
Ratio (DCR) used in the GSA (2013) [82] guidelines for progressive collapse analysis. IN
follows principles from ISO 13822:2010 [83], introducing a factor for inspection difficulty,
while MA incorporates design for maintenance evaluation principles from international
guides (FHWA-HIF-22-052 [84] and SHRP2 R19A [85]). Building on these foundational
principles, the equations below provide a quantitative representation of the indicators for
RO, IN, and MA, each tailored to reflect the specific design considerations outlined in the
literature and standards mentioned above.

RO = K-(1/DCR(GSA)) 3)

where the following apply:

RO is the robustness indicator.
DCR(GSA) is the demand capacity ratio for sectional verification performed as per the
Alternate Path Method proposed by GSA (2013) [82].

K is a robustness sensitivity-based factor, considering a simplified risk analysis, and
determined through a preliminary assessment that considers the project’s sensitivity to
extreme events or disproportionate collapse. It ranges, in four steps, from 1 (minimum
sensitivity) to 0.25 (hight sensitivity), and it is defined during the conceptual design phase
through a structured evaluation of material behavior, structural configuration, and potential
failure mechanisms. Although this approach does not reach the level of detail of risk-
based methods typically applied in advanced design stages, it is grounded in validated
engineering principles and enables consistent and meaningful comparison of robustness
across early-stage design alternatives.

IN =IE-D (4)

where the following apply:

IN is the inspection indicator.
IE is the percentage of inspectable components or instrumented—monitored elements on
the total number of structural components [85].

D is the inspection difficulty factor ranging from 1.0 (optimal conditions) to 0.25 (crit-
ical difficulty). It reflects the accessibility and complexity of performing structural in-
spections. It is calculated as the average of three sub-factors: (i) physical accessibility of
structural elements, (ii) disruption of the function or operation of the bridge during inspec-
tion, and (iii) technical complexity, including time, personnel, and equipment required.
Although ISO 13822:2010 [77] is primarily developed for existing structures, its qualita-
tive criteria for inspection feasibility, especially those presented in Annex B, are adapted
here to define a structured scoring system applicable at the conceptual design stage. This
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approach allows for consistent, comparative estimation of inspection-related constraints
across design alternatives, even in the absence of detailed geometry or access data.

MA = ME-Q )

MA is the maintenance indicator.

ME is the grade obtained from a dedicated maintenance assessment formular considering
the most common international maintenance practice requirements (FHWA-HIF-22-052 [83]
and SHRP2 R19A [84]).

Q is the Maintenance Quality factor (Q), ranging from 1.0 (optimal conditions) to
0.25 (severe maintenance conditions). It reflects the complexity and frequency of required
maintenance tasks, considering factors like equipment needs, accessibility, and service
disruption. It is derived from standard maintenance frameworks and adapted for the
conceptual design phase to enable comparative evaluations of maintenance requirements
in early design alternatives ISO 15686-7:2017 [86].

The inclusion of RO, IN, and MA within the proposed sustainability assessment frame-
work addresses a critical gap in SIRSs, which currently exclude structural performance
indicators from life cycle sustainability evaluations. Prior research demonstrates that struc-
tural resilience and life cycle maintenance efficiency are directly linked to environmental
and economic sustainability. Their integration enables a more comprehensive evaluation
of bridge sustainability, establishing clear relationships between structural performance,
GI, and TC. The following sections analyze these relationships in detail, quantifying their
impact in the context of conceptual bridge design.

5. Proposed Framework for Sustainability Assessment in the Conceptual
Design of Footbridges

5.1. Five Indicators Framework for Footbridge Conceptual Design

The proposed framework is built upon five performance indicators, introduced and
formally defined in Sections 3 and 4 and summarized in Table 3.

Table 3. Summary of framework indicators description and numerical definition.

Indicator Definition

COs.¢q equivalent emissions (GPWi) along
the life cycle
Project costs (Ci) in CHF along the
life cycle
Demand—-Capacity Ratio (DCR,
GSA 2013 [82]) with sensitivity factor (K)
Percentage of inspectable-monitored
Inspection (IN) components (IE), adjusted by difficulty
inspection factor (D)
Maintenance grade (ME) from specific
Maintenance (MA) assessment formular, adjusted by quality
factor (Q)

Global Warming Potential Indicator (GI)
Total Cost (TC)

Robustness (RO)

To ensure comparison and aggregation, a normalization of each value on a scale from
1 to 6 is applied. Indicator normalization was performed relative to each case study, to
enable context-specific comparison of design alternatives. This method is appropriate for
the conceptual phase, where project parameters vary widely, and universal benchmarks
are not yet established. The goal is to support internal prioritization rather than cross-
project ranking.
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Since sustainability assessments involve multiple criteria with different units of mea-
surement, a structured approach is required to aggregate these indicators into a single
comprehensive evaluation. To achieve this, the Weighted Sum Model (WSM) within an
MCDM framework is employed.

WSM is particularly suitable for sustainability evaluations because it enables the com-
bination of diverse indicators into a single score based on predefined weightings. Its linear
structure ensures transparency and consistency in ranking design alternatives, making it
an effective tool for decision making during the conceptual phase [87]. Another advan-
tage of WSM is its adaptability, allowing indicator weights to be adjusted according to
project-specific sustainability priorities. Furthermore, WSM is computationally efficient
and widely applied in infrastructure sustainability assessments, making it particularly
useful for early-stage evaluations, for which data availability is often limited [88]. How-
ever, despite these advantages, WSM alone does not account for complex interdependence
between sustainability indicators, as it assumes that all criteria are independent. To further
strengthen the methodological robustness of the proposed framework, Pearson.correlation
analysis is incorporated to quantify the relationships between indicators. This statistical
method provides a robust measure of the strength and direction of interactions, ensuring
that redundant or highly correlated variables do not distort the evaluation process. Pearson
correlation is particularly valuable in infrastructure sustainability assessments, as it refines
indicator selection and weighting, preventing potential overemphasis on highly dependent
variables. Several studies have demonstrated the effectiveness of Pearson correlation in
infrastructure assessments: applying it in railway sustainability monitoring demonstrates
how it enhances decision making by eliminating redundant indicators and highlights
the most influential parameters [89]. Similarly, Kalem et al. [90] integrated Pearson cor-
relation into a Data Envelopment Analysis (DEA) framework, improving infrastructure
efficiency assessments by refining indicator selection and weight allocation. Furthermore,
Suprayoga et al. [91] employed Pearson correlation in road infrastructure sustainability
evaluations, confirming its effectiveness in identifying dependencies between environ-
mental and economic indicators, leading to a more reliable life cycle impact analysis. By
incorporating Pearson correlation analysis within the framework, the weighting process in
WSM is safeguarded against biases, ensuring that highly correlated indicators do not distort
sustainability evaluations. This results in a more refined and interpretable assessment,
allowing for statistically sound decision making in the conceptual phase of infrastructure
design. Furthermore, the integration of WSM, Systems Thinking, and Pearson correlation
enhances the framework’s ability to capture complex interactions, ensuring that structural
performance, economic feasibility, and environmental impacts are holistically assessed.
Recent studies highlight the effectiveness of combining MCDM techniques with Systems
Thinking in infrastructure sustainability assessments. Francis and Thomas [92] demon-
strated that system dynamics modeling enhances decision-making accuracy by integrating
structural, economic, and environmental trade-offs into early-stage assessments. Similarly,
Juarez-Quispe et al. [93] showed that applying Systems Thinking in infrastructure projects
anticipates long-term sustainability challenges, particularly in materials selection, durabil-
ity, and maintenance planning. By leveraging WSM for structured numerical evaluation
and Systems Thinking for holistic interpretation, this framework provides a balanced and
adaptable approach to sustainability assessments in conceptual bridge design.

5.2. Case Studies and Results

The proposed methodology outlined in this study has been applied to two case studies,
selected for their inclusion of high-quality data and preliminary design documentation.
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These conditions enabled the testing of the methodology at the conceptual design stage
and allowed comparison across diverse urban contexts and design constraints.

Moreover, the two competitions presented different emphases, offering complemen-
tary perspectives for methodological validation. The first case study pertains to a prelimi-
nary design project for a pedestrian and bicycle bridge in Turin (Italy), and the brief focuses
more on structural efficiency. The second case study involves a design competition for a
pedestrian and bicycle bridge at the Delémont railway station in Switzerland (FFS, 2023),
and the brief encourages greater attention to sustainability aspects.

Case study 1

This situation concerns a pedestrian and bicycle bridge designed to overpass the
railways in the Turin area, just outside the Porta Nuova Railway station, extending towards
the southern part of the city and connecting with the city’s slow mobility system. In the
following four diagrams, different statical schemes and configurations are compared. The
structural material in this case is not a design variable, as the client requested the use of
steel for all options due to construction requirements and to speed up the work.

Case study 2

This case study examines the design of a pedestrian and bicycle bridge over the railway
at the Delémont train station [94]. The bridge is intended to integrate with the city’s slow
mobility system. Due to specific contextual constraints, certain design options, such as
arches, suspended systems, and trusses, were immediately excluded. Additionally, as
in case 1, materials like concrete and wood were deemed unsuitable due to construction
requirements. As a result, the study focused on continuous steel beam solutions, assessing
four different structural schemes and cross-sections.

In these two case studies, at this level of analysis, equal weights were applied to all
indicators to better analyze their interdependence. Table 4 summarizes indicators’ values.

Table 4. Normalized indicator values across case studies.

Case Study
. 1B 1C 1D 2A 2B 2C 2D
Indicator
Global Warming Potential

Indicator (GI) 6 1 17 2 6 1 1 4

Total Cost (TC) 6 2 3.5 3.5 6 1.5 2 1
Robustness (RO) 6 2 4.5 4.5 6 3 2.2 5
Inspection (IN) 4 6 2 1 4 6 3.2 1
Maintenance (MA) 1 3 6 4 6 4 3 1

Furthermore, as can be observed in Figure 3, the normalization of the indicators
was conducted relative to the specific case study. This is because no threshold values are
imposed on the indicators; instead, the goal is to enable a direct comparison and assess their
interrelationships. To facilitate a clear and immediate understanding of the performance
differences among the design options, radar charts were used to visualize the normalized
indicators for each case study, as shown in Figure 3. This representation also serves as the
analytical basis for the subsequent correlation analysis.
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Figure 3. Contexts and radar charts showing the normalized values of five performance indicators,
Global Warming Potential (GI), Total Cost (TC), Robustness (RO), Inspection (IN), and Maintenance
(MA), for each design option in the Turin (top) and Delémont (bottom) case studies. This graphical
representation highlights the differences among alternatives within each case and serves as the basis
for the correlation analysis in Figure 4. The red lines show the urban setting of the footbridges.
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Figure 4. Pearson correlation matrices for the Turin (left) and Delémont (right) case studies, computed
using the normalized indicator values from Figure 3. The five indicators include Global Warming
Potential (GI), Total Cost (TC), Robustness (RO), Inspection (IN), and Maintenance (MA). Cell colors
represent the correlation coefficient (r) on a continuous scale from -1 (strong inverse correlation) to
+1 (strong direct correlation), with values near 0 indicating little or no linear relationship.

As expected, Figure 3 reveals non-linear interactions among the five selected indicators.
Therefore, a Pearson correlation analysis is conducted within the assessment framework to
further explore the relationships between these indicators. Pearson’s correlation coefficient
(r) is a statistical measure used to quantify the strength and direction of linear relation-
ships between pairs of indicators. This method was chosen for its robustness in detecting
both direct and inverse linear interdependencies, which is crucial for understanding po-
tential collinearity and trade-offs in sustainability-oriented design evaluation. Pearson’s
correlation coefficient is calculated as follows:

r— Yic (xi — %) (vi
VI -2/

(6)

i y)
" i —7)°
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where X; and y; are the normalized values of two indicators across the n = 4 design alter-
natives of each case study, and ¥, ¥ are the respective means. The input values for this
analysis are the normalized indicators shown in Figure 3, which represent the performance
of each design alternative in the two case studies. These normalized values ensure compa-
rability and consistency across metrics with different units and scales. Pearson’s correlation
coefficient was chosen for its ability to identify both positive and negative linear relation-
ships, enabling a comprehensive understanding of possible collinearity and trade-offs in
sustainability-oriented design evaluation. The results of this analysis are summarized in
the matrices presented in Figure 4.

The resulting matrices in Figure 4 provide a clear overview of how each indicator is
associated with the others, supporting the analysis of dependencies and potential redun-
dancies in sustainability assessments during the conceptual design phase. This analysis is
intended as a first step in demonstrating how sustainability and structural indicators can
be assessed together at an early design stage. The results presented are based on a limited
number of case studies and aim to highlight potential patterns and interactions between
the indicators. Further validation of the framework, including additional case studies, will
be conducted to refine these insights and ensure broader applicability.

The strong correlation between IN and MA seems to confirm that improved accessibil-
ity for inspection is often associated with lower maintenance complexity. This reinforces
prior research indicating that enhanced inspection strategies contribute to more efficient
long-term maintenance planning [95,96].

Furthermore, in these two cases, the high correlation between IN and MA implies
potential collinearity in the weighting process, raising the question of whether these two
indicators should be treated as separate variables with equal importance, or whether their
weights should be adjusted to reflect their interdependence. Future research could explore
whether a combined metric or differentiated weighting approach would better capture
their contribution to sustainability assessments. Conversely, the relationship between GI
and TC does not exhibit consistent behavior between the different analyses, suggesting that
trade-offs between sustainability and cost could be highly context dependent. As reported
from previous research [97,98], this means that in some cases, minimizing environmental
impact may not necessarily lead to higher costs, and vice versa. The variability could stem
from the fact that sustainability-oriented designs may rely on materials or construction
techniques that either increase or decrease costs, depending on local availability, market
conditions, and project constraints. Unlike the traditional assumption that sustainability
improvements always lead to cost escalations [99], these findings suggest that early-stage
project decisions, such as material selection and construction methodology, can optimize
both sustainability and cost if properly aligned with project-specific conditions.

Interestingly, the near-independence between RO and GI seems to indicate that enhanc-
ing structural robustness does not inherently compromise sustainability. This is particularly
relevant for designers, as it implies that robust structural solutions, such as increased redun-
dancy or improved material performance, can be achieved without significantly increasing
the project’s carbon footprint. This challenges the notion that robustness necessarily leads
to higher material consumption and environmental impact. Instead, innovative engineer-
ing solutions, such as optimized structural geometries or high-performance materials, can
provide enhanced robustness while maintaining environmental efficiency. This finding is
consistent with Frangopol et al. [81], who demonstrated that optimizing robustness can be
achieved without significantly increasing the environmental impacts of advanced material
technologies and innovative structural solutions implemented. The literature suggests
that the observed independence between robustness RO and environmental impact (GI)
is primarily linked to the adopted design strategies rather than to the specific structural
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material. By focusing on layout, continuity, redundancy, and detailing, it is possible to
enhance robustness without significantly increasing material quantities or embodied car-
bon, regardless of whether the structure is made of steel, concrete, timber, or FRP. This
highlights the potential for material-independent optimization in sustainable structural
design [96].

The relationship between robustness and maintenance appears to be complex and
remains relatively underexplored in the current literature. While robust structures are
generally associated with a reduced likelihood of failure, certain highly robust systems,
particularly those involving complex configurations or innovative materials with limited
historical performance data, may, paradoxically, require more frequent maintenance [99].
Conversely, simpler but well-designed structures might present lower structural robust-
ness, yet still achieve minimal maintenance demands, especially when accessibility and
monitoring are carefully integrated from the early design phase [100]. However, most
existing studies address maintenance primarily in terms of its impact on robustness (e.g., as
a cause of degradation), rather than exploring a mutual or dynamic relationship between
the two. This suggests the need to consider robustness alongside inspection and main-
tenance strategies when aiming for life cycle sustainability [101]. The lack of a universal
trend between TC and GI, as well as the near independence of RO and GI, supports the
idea that applying absolute weights across all indicators may not be ideal. Instead, a
context-specific weighting strategy, informed by correlation analysis, could provide a more
accurate representation of sustainability’s trade-offs.

For decision makers in the conceptual design phase, these findings emphasize the
importance of an integrated evaluation approach. The assumption that sustainability, cost,
and structural performance are always in direct conflict is overly simplistic. Instead, this
study highlights that the relationships among these factors vary significantly, depend-
ing on design choices, material specifications, and long-term operational considerations.
Therefore, the application of multi-criteria analysis methods, such as WSM combined
with correlation analysis, ensures that trade-offs are identified early, allowing for more
informed and balanced decision making. These findings underscore the intricate interplay
between sustainability, cost, and structural performance in bridge design. The absence of
simple linear relationships among key indicators reinforces the necessity of adopting a
MCDM framework to systematically balance competing objectives. Penadés-Pla et al. [18]
highlighted that MCDM methodologies, such as WSM, provide a structured approach for in-
tegrating sustainability criteria into infrastructure decision making. Moreover, Vishnu [102]
emphasized that a life cycle perspective in sustainability assessments enhances decision
accuracy by capturing interdependence among cost, durability, and environmental im-
pact. By integrating life-cycle-oriented quantitative decision-support approaches with
robust correlation analysis, this study ensures a more holistic and data-driven approach to
sustainability assessment in conceptual bridge design.

6. Conclusions

This study proposes a quantitative decision-support framework for assessing sustain-
ability in the conceptual design phase of footbridges, where the potential for influencing
long-term project outcomes is highest. The framework integrates five key performance indi-
cators representing environmental, economic, and structural dimensions. These indicators
were carefully selected based on their quantifiability, comparability, and relevance at early
design stages. The aggregation of the indicators was performed using a Weighted Sum
Model (WSM) within a Multi-Criteria Decision Making (MCDM) framework, enhanced by
Pearson correlation analysis, to detect interdependence and potential redundancies among
the variables. This methodology emphasizes transparency, adaptability, and objectivity,
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allowing stakeholders to evaluate design alternatives using normalized, data-driven criteria
without relying on expert-based weighting systems.

The framework was tested on two real-world case studies, each including four design
alternatives, for a total of eight design variants. This application enabled a comparative
evaluation across different urban and technical contexts. The findings reveal critical in-
terrelations among the sustainability indicators: (i) a strong positive correlation between
Inspection (IN) and Maintenance (MA) suggests that designs facilitating inspection ac-
cess tend to reduce the complexity and frequency of maintenance, thereby improving life
cycle efficiency. (ii) The near-independence between Robustness (RO) and Global Warm-
ing Potential (GI) indicates that structural resilience can be enhanced without inherently
increasing environmental impact. This supports the potential of material-independent
optimization through strategic design choices such as redundancy, continuity, and detail-
ing. (iii) The cost-sustainability relationships (Total Cost (TC) and GI) were found to be
context-dependent, challenging the conventional assumption that sustainable solutions
necessarily entail higher costs. These variations highlight the influence of project-specific
constraints and design strategies.

These findings, aligning with the existing literature, confirm the value of integrating
structural and sustainability metrics at early stages, and underscore the importance of treat-
ing certain indicators, particularly IN and MA, with caution due to potential collinearity in
weighting procedures.

Building on the robust foundation established by the current framework, future devel-
opments will aim to further enhance their precision, adaptability, and practical relevance
across a broader range of infrastructural contexts. One of the primary directions will be the
implementation of sensitivity analysis to indicators weighing through Monte Carlo simu-
lations, allowing the assessment of the stability and robustness of sustainability rankings
under varying assumptions. This probabilistic approach will offer deeper insights into how
different weighting schemes influence decision-making outcomes.

Another key area of development involves addressing potential redundancies among
indicators, particularly the high correlation observed between MA and IN in case studies.
Future work will evaluate whether these indicators should be combined, reweighted,
or reformulated to reduce collinearity and improve the interpretability of aggregated
assessments. The framework will also be extended to additional case studies in diverse
urban and technical contexts and enriched through the incorporation of empirical data from
infrastructure concessionaires and operators, such as maintenance logs, inspection reports,
and life cycle cost records. These datasets will support broader methodological validation,
enhance the generalizability of the framework, and refine the computational formulations
of indicators to better reflect real-world performance. Moreover, this empirical expansion
will enable a more accurate evaluation of how advanced material properties influence
structural sustainability and will support the development of a structured dataset of design
strategies focused on resilience and long-term sustainability.

Finally, the social dimension of sustainability will be further advanced by integrating
Social Life Cycle Assessment (S-LCA) into the framework. Future research will focus on
defining quantifiable and transferable social indicators, such as accessibility, user equity,
and community integration, which are suitable for application during the conceptual design
phase. These developments will strengthen the holistic nature of the framework, aligning it
more closely with the principles of Life Cycle Sustainability Assessment (LCSA) and the
broader goals of sustainable infrastructure development.

To conclude, this work contributes to the growing body of research that seeks to bridge
the gap between engineering design practices and sustainability science. By introducing a
structured, quantitative, and replicable tool that is independent of material selection and
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expert subjectivity, the framework enables evidence-based decision making in footbridge
design, in which long-term environmental, economic, and structural implications must be
carefully balanced. The approach is consistent with and expands upon recent developments
in life cycle sustainability assessment and resilience engineering. Furthermore, the insights
from the case studies demonstrate that robust, sustainable solutions are achievable without
trade-offs, provided that structural and sustainability indicators are addressed jointly from
the earliest design stages.
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Abbreviations

The following abbreviations are used in this manuscript:

Acronym  Definition
Life Cycle Assessment—Methodology for assessing environmental impacts

LA throughout the life cycle of a product or system.

LcC Life Cycle Costing—Economic analysis that considers all costs associated with the
life of a project or asset.

SLCA Social Life Cycle Assessment—Framework for evaluating the social impacts of
products or systems across their life cycle.

LCSA Life Cycle Sustainability Assessment—Integrated approach combining LCA, LCC,
and S-LCA for comprehensive sustainability evaluation.

MCDM Multi-Criteria Decision Making—Set of methods for evaluating multiple conflicting
criteria in decision-making processes.

WSM Weighted Sum Model—A linear method within MCDM used to aggregate
performance indicators based on predefined weights.

Gl Global Warming Potential Indicator—Quantitative measure of the greenhouse gas
emissions associated with a system, expressed in CO, equivalent.

TC Total Cost—Aggregated cost indicator including planning, construction, operation,
and decommissioning costs over the service life.

RO Robustness—Structural indicator measuring the ability of a system to withstand
exceptional loads without disproportionate failure.

IN Inspection—Indicator reflecting the inspectability and accessibility of structural
components during the asset’s life cycle.

MA Maintenance—Indicator assessing the expected effort, complexity, and frequency
of maintenance activities.

DCR Demand-Capacity Ratio—Ratio used in structural analysis to assess robustness

against progressive collapse.
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Circular Economy—Economic system aimed at minimizing waste and making the

CE most of resources through reuse, recycling, and design for disassembly.
SIRSs Sustainable Infrastructure Rating Systems—Formalized frameworks for evaluating
and certifying infrastructure sustainability across life cycle stages.
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