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A B S T R A C T

Life cycle sustainability assessment is increasingly applied to support cleaner production and informed decision- 
making in infrastructure systems. However, comparative evidence integrating environmental and social di
mensions across alternative construction typologies remains limited, particularly for standardized, high-volume 
road structures. This study evaluates life-cycle environmental and social trade-offs in concrete road frame sys
tems to support sustainability-oriented typology selection. Two widely used reinforced concrete construction 
systems—precast modular hinged frames and cast-in-place frames—are compared using an integrated environ
mental Life Cycle Assessment (LCA) and screening-level Social LCA. A total of 50 cost-optimized configurations 
are analyzed, spanning 8–16 m and soil cover depths of 1–5 m. All systems are assessed within consistent cradle- 
to-grave boundaries and normalized to a single linear meter of structure to ensure comparability across geo
metric conditions. Environmental impacts are quantified using the ReCiPe 2016 method, while social perfor
mance is evaluated with the PSILCA/SOCA v2 framework. Results show that precast systems reduce greenhouse 
gas emissions by approximately 9–17% compared to cast-in-place alternatives, with increasing absolute savings 
for larger spans. Social impacts exhibit scale-dependent behavior: precast frames perform better for smaller 
configurations, whereas cast-in-place systems show lower social impact scores for larger spans, reflecting dif
ferences in labor intensity and supply-chain structure. These findings confirm that no construction typology is 
universally preferable and that environmental and social life-cycle performance varies with geometric scale. 
Unlike conventional case-based LCA studies, this work adopts a parametric and optimization-driven approach 
that reveals how environmental and social impacts evolve with geometric scale and identifies crossover points 
between structural typologies, providing actionable insights for early-stage infrastructure design.

1. Introduction

Contemporary engineering is increasingly focused on measuring and 
addressing the ecological consequences arising from technological 
progress and socio-economic growth. These systems must achieve 
greater resilience and sustainability, as recent global crises—including 
the pandemic and geopolitical disruptions—have underscored the 
fragility of conventional development models. The United Nations’ 
Sustainable Development Goals (SDGs) included in the 2030 Agenda 
express this global commitment, promoting strategies that ensure 
environmental protection and societal welfare (Barahmand et al., 2026; 
WCED, 2015), supported by instruments such as Environmental Product 
Declarations (EPDs) and ESG metrics for assessing and communicating 

sustainability outcomes (ISO, 2006a; Božićek et al., 2021).
Their practical application in territorial and urban planning contexts 

has proven to be fundamental for improving resilience and informing 
long-term infrastructure decisions (Hack et al., 2025). Broader reviews 
of sustainable construction trends identify life-cycle thinking, industri
alized construction, and integrated environmental–social assessment as 
central pillars of next-generation infrastructure design (Zajemska et al., 
2025). Achieving these objectives requires a systematic understanding 
of how products and processes generate environmental and social im
pacts throughout their life cycles (Garcia et al., 2017; Ashraf et al., 
2025). Recent studies have also emphasized the importance of incor
porating uncertainty-aware and sustainability-oriented material and 
structural assessments, particularly in concrete-based systems, where 
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variability in material behavior and lifecycle performance plays a crit
ical role in decision-making (Gao et al., 2021, 2023).

The building industry remains a critical component of socioeconomic 
systems but also constitutes a significant source of global greenhouse gas 
emissions and the loss of natural resources (García-Segura et al., 2014; 
Garcia et al., 2022). Material production alone accounts for nearly 9% of 
annual anthropogenic CO2 emissions (Labaran et al., 2022). Cement 
production—a basic element in concrete—generated around 2.3 giga
tonnes of CO2 emissions in 2022 (Pakdel et al., 2021; UNEP, 2022), 
underscoring embodied carbon as a pivotal metric for evaluating 
climate-related performance.

Recent studies, including those published in Results in Engineering, 
demonstrate how recycled aggregates, optimized geometries, and sup
plementary cementitious materials can substantially reduce embodied 
emissions (Polo-Mendoza et al., 2023; Firoozi et al., 2024). Similarly, 
integrating ecological footprint and circular economy perspectives into 
material design contributes to more sustainable construction practices 
(Barahmand et al., 2026; Kanwal et al., 2025; Casale et al., 2025). 
However, achieving a genuinely sustainable transformation requires the 
concurrent integration of environmental, economic, and social di
mensions. Comparative sustainability assessments of conventional and 
alternative structural systems show that trade-offs differ across envi
ronmental and social dimensions. This finding highlights the need for 
integrated frameworks rather than single-criterion evaluations (Kufner 
et al., 2025).

Progress toward more sustainable concrete structures has followed 
two complementary paths. The first focuses on the development of low- 
impact concretes that incorporate industrial by-products, recycled ag
gregates, or alternative binders to minimize raw material use and 
emissions (Imbabi et al., 2012). Once regulatory and industrial frame
works mature, this approach can significantly transform construction 
practice (Ayarkwa et al., 2022). In this context, recent research has also 
explored the coupling between material innovation and lifecycle sus
tainability performance in concrete and composite systems, highlighting 
the relevance of incorporating alternative materials and structural 
configurations under varying environmental conditions (Gao, 2025; 
Zhang et al., 2026).

The second approach applies multi-objective structural optimization, 
integrating parameters such as geometry, materials, and cost. Advanced 
metaheuristic algorithms—such as hybrid simulated annealing or 
evolutionary computation—enable the creation of structures that meet 
safety requirements while minimizing environmental footprints 
(Yepes-Bellver et al., 2025). Recent studies have further demonstrated 
the effectiveness of life-cycle optimization approaches in reducing 
environmental impacts in both transportation infrastructure and build
ing systems, highlighting their applicability across different concrete 
structural typologies (Li et al., 2025; Negrín et al., 2023). Incorporating 
optimization early in the design process can lower life-cycle CO2 emis
sions by nearly 10% (Zhu et al., 2025), illustrating the significant in
fluence of design parameters on sustainability outcomes. This sensitivity 
of environmental performance to structural span and system configu
ration has likewise been demonstrated in life-cycle assessments of 
alternative floor systems, confirming geometry as a key driver of 
embodied impacts (Almulhim et al., 2025). These methods enable 
performance-based design criteria that balance economic and environ
mental benefits (Ruiz-Vélez et al., 2023a). Parametric optimization of 
construction systems has also been shown to reduce embodied carbon 
while supporting circular design strategies, reinforcing the importance 
of early-stage design decisions in sustainability outcomes (Al-Obaidy 
et al., 2022). These advances highlight the relevance of 
optimization-based approaches across both component and infrastruc
ture scales, where design decisions have long-term environmental and 
societal implications.

Within this context, transportation infrastructure has emerged as a 
priority research area due to its material intensity, long lifespan, and 
critical social function. Prior investigations have explored 

environmental and economic optimization in composite bridges (Kaveh 
et al., 2014), pavement management systems (Zulu et al., 2020), and 
reinforced concrete frames (Ruiz-Vélez et al., 2023b). Evidence from the 
building sector likewise indicates that adaptable and industrialized 
construction systems improve constructability, resource efficiency, and 
long-term flexibility, reinforcing the relevance of modular approaches 
for sustainability-oriented structural design (Sadafi et al., 2012). This 
limitation is particularly relevant to road structures, where typological 
and construction choices determine long-term impacts (More-López 
et al., 2023; Backes and Traverso, 2024). Although progress has been 
achieved in bridges (Milić and Bleiziffer, 2024) and building systems 
(Sánchez-Garrido et al., 2022), comparable evaluations for road frame 
systems are scarce. A comparative understanding of environmental and 
social performance across construction typologies is therefore essential 
to clarify these trade-offs in this infrastructure category. However, 
existing studies are often limited to isolated case analyses, hindering the 
systematic evaluation of sustainability trade-offs across design alterna
tives. Within this context, road frame systems represent a particularly 
relevant case study due to their widespread use, structural variability, 
and sensitivity to both geometric and construction-related parameters.

Reinforced concrete structures for roads are among the most com
mon solutions for underpasses and crossings. They are typically con
structed as in-situ reinforced concrete frames (ISRCF) or precast 
reinforced concrete articulated frames (PRCAF), each exhibiting distinct 
characteristics during their manufacturing, service, and end-of-life 
phases. Earlier studies have demonstrated that advanced optimization 
approaches applied to structural columns result in significant reductions 
in material use (Penadés-Plà et al., 2018). Building on this foundation, 
Ruiz-Vélez et al. (2023a) used a hybrid multi-objective optimization 
framework with simulated annealing to evaluate the geometry, material 
consumption, and environmental performance of 25 standardized ISRCF 
and PRCAF configurations, with lengths ranging from 8 to 16 m and 
ground coverages ranging from 1 to 5 m. However, the social perfor
mance of these alternative construction typologies remains largely 
unexplored.

Determining the most suitable typology for a specific geometry has a 
decisive effect on the overall environmental and social life-cycle per
formance of road infrastructure. Accordingly, this study conducts a 
comparative analysis of environmental and social aspects across the life 
cycle of 50 cost-optimized road frames, in alignment with the method
ological framework defined by ISO 14040 and ISO 14044 (ISO, 2006b; 
ISO, 2006c). By analyzing both environmental and social indicators 
across multiple configurations, it identifies when precast or cast-in-place 
alternatives offer superior performance (Meireles et al., 2024; 
Aghasizadeh et al., 2022). This comparative assessment framework 
supports typology selection under competing objectives rather than the 
development of new materials or construction technologies.

Ultimately, the research advances current knowledge by coupling 
cost optimization with integrated environmental and social assessment 
for reinforced concrete road frames. This approach enables the sys
tematic evaluation of trade-offs among geometry, construction method, 
and life-cycle impact, providing decision-support evidence for 
sustainability-informed infrastructure planning and preliminary design 
rather than project-specific certification or optimization.

Despite the growing body of literature on life-cycle assessment of 
concrete structures, the integration of environmental and social di
mensions within a unified, design-oriented framework for road frame 
systems remains limited (Moretti et al., 2017; Barbero et al., 2024). As a 
result, current LCA studies provide static comparisons that do not cap
ture how sustainability performance evolves across alternative designs 
or how relative advantages between construction typologies may change 
with geometric scale. In particular, existing studies tend to focus either 
on specific case studies or on single structural configurations, without 
systematically exploring how sustainability trade-offs evolve across a 
range of optimized design alternatives.

In this context, the study addresses the following research questions. 
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Specifically: (i) how do environmental and social life-cycle impacts vary 
between prefabricated and cast-in-place concrete road frame systems 
across different span lengths; (ii) to what extent do cost-optimized 
structural configurations influence sustainability-related impacts; and 
(iii) what trade-offs emerge between environmental and social di
mensions when comparing alternative structural typologies. Therefore, 
this study contributes a design-oriented, parametric, and decision- 
support framework that bridges the gap between life-cycle assessment 
methodologies and practical infrastructure typology selection.

The novelty of this work lies in the combined application of envi
ronmental and screening-level (PSILCA-based) social life-cycle assess
ment to a parametric set of 50 cost-optimized structural configurations, 
enabling a systematic and scalable comparison of design alternatives. 
This parametric and optimization-driven approach makes it possible to 
identify how environmental and social impacts evolve with geometric 
scale and to detect threshold conditions where the relative advantage 
between structural typologies changes. Importantly, the contribution 
does not reside in proposing new LCA methods, but in structuring their 
combined application within a scalable, design-oriented framework that 
supports comparative interpretation across multiple optimized 
alternatives.

2. Materials and methods

This research provides a comparative assessment of the environ
mental and social dimensions associated with optimized reinforced 
concrete road structures within a sustainability-oriented evaluation 
framework. The approach is based on the life cycle assessment (LCA) 
framework standardized by ISO 14040 (2006b) and ISO 14044 (2006c), 
which structures the process into four main phases: (i) definition of 
objectives and scope, (ii) collection of input and output data, (iii) 
evaluating the associated impacts, and (iv) analyzing and interpreting 
the outcomes.

To obtain an integrated environmental and social assessment over
view, two complementary analyses were performed: an Environmental 
Life Cycle Assessment (E-LCA) and a Social Life Cycle Assessment (S- 
LCA). Integrating these two dimensions makes it possible to monitor 
how environmental impacts and social implications evolve across the 
full life span of cost-optimized reinforced concrete road frames and to 
compare competing construction typologies under consistent system 
boundaries and functional units. This perspective aligns with systematic 
efforts to structure social sustainability indicators in construction pro
jects, particularly regarding labor conditions, community well-being, 
and value-chain transparency (Rostamnezhad and Thaheem, 2022).

Regarding the environmental evaluation, this research employed the 
ReCiPe 2016 method for assessing life-cycle impact (Huijbregts et al., 
2017), drawing mainly from the BEDEC and Ecoinvent v3.7.1 data
bases as foundational data sources (Pascual-González et al., 2016; 
Catalonia Institute of Construction Technology, 2023). These databases 
provide reliable, high-quality information on material production, en
ergy use, and construction operations representative of European con
struction contexts and commonly used in infrastructure LCA studies. The 
social dimension was modeled using the PSILCA database implemented 
through the SOCA v2 platform, which compiles detailed inventories of 
socioeconomic processes (GreenDelta, 2013; Navarro et al., 2024; 
Sánchez-Garrido et al., 2026a). Social impacts were derived using the 
social impact weighting approach, maintaining alignment with the 
structure and boundary conditions of the environmental analysis to 
enable consistent cross-dimensional comparison.

All modelling tasks and numerical processing were executed using 
the open-source platform OpenLCA (Ciroth, 2007), a reference tool in 
infrastructure-focused LCA studies due to its adaptability and trans
parency. The combined use of international standards, reliable data
bases, and replicable open-source modelling tools guarantees the 
methodological soundness and reproducibility of this work for 
comparative infrastructure assessment purposes.

2.1. Objective and study framework

This research aims to analyze how cost-optimized design strategies 
affect the life-cycle environmental and social performance of reinforced 
concrete road frames in the context of early-stage infrastructure 
decision-making. Two structural alternatives—ISRCF and PRCAF—were 
systematically evaluated through an integrated E-LCA/S-LCA frame
work. The study encompassed 50 optimized cases derived from 25 
parametric combinations, linking spans between 8 and 16 m with cover 
depths ranging from 1 to 5 m. The joint E-LCA/S-LCA evaluation 
quantified overall impacts and identified the most favorable alternatives 
for each geometric and constructive condition rather than optimizing a 
single configuration. Furthermore, the work pinpointed the life-cycle 
phases exerting the highest influence on total life-cycle impacts. 
Because PRCAF systems generally ensure higher dimensional precision 
and uniform material quality than ISRCF solutions (Richardson, 2003), 
and their modular production minimizes field operations, both con
struction approaches were examined comprehensively across all 
life-cycle stages (Ansah et al., 2021). The system boundaries follow a 
cradle-to-grave approach, covering material production, transportation, 
construction, use (including carbonation effects), and end-of-life pro
cesses. The life-cycle inventory is primarily based on secondary data 
obtained from established databases (Ecoinvent, BEDEC, and PSILCA/
SOCA v2), complemented by design-specific calculations derived from 
the structural optimization process. The geographical representative
ness corresponds to European (Spanish) conditions, while temporal 
representativeness reflects current industrial practices embedded in the 
selected databases. Within this framework, span length and soil cover 
are treated as boundary conditions imposed by site requirements rather 
than as design variables, and the comparative assessment is therefore 
conducted between structural typologies for each predefined geometric 
configuration.

The proposed framework extends conventional life-cycle assessment 
applications by explicitly integrating environmental and social in
dicators within a comparative, design-oriented approach. Rather than 
focusing on single case studies or ex-post evaluations, the methodology 
enables the systematic assessment of multiple optimized design alter
natives, supporting early-stage infrastructure decision-making. This 
approach facilitates the identification of trade-offs between environ
mental and social dimensions and contributes to bridging the gap be
tween life-cycle assessment methodologies and practical typology 
selection in road infrastructure systems (Moretti et al., 2017). This 
contrasts with most S-LCA applications in construction, which are 
typically retrospective and case-specific, limiting their usefulness for 
early-stage design comparison and typology selection.

2.1.1. Selection of optimal road frame configuration
Reinforced concrete structures for roads are a standard structural 

solution in transport infrastructure, as they allow for the separation of 
levels between intersecting roads. They generally span between 8 and 
16 m and are capable of supporting embankments of almost 10 m in 
height, while maintaining internal clear heights of around 5 m. Their 
robustness and versatility make them ideal for locations with low 
bearing capacity soils or where hydraulic factors, such as possible 
flooding or scouring, require greater structural reliability.

Two dominant design approaches exist: closed, monolithic frames 
constructed entirely on-site, and modular, open frames assembled from 
prefabricated U-shaped elements. Prefabricated systems offer opera
tional and sustainability advantages, including shorter installation 
times, reduced site disturbance, and improved resource utilization. 
Although ISRCFs have traditionally been the standard solution, recent 
advances in prefabrication have enhanced the competitiveness of 
PRCAFs, offering measurable environmental and cost benefits 
(Ruiz-Vélez et al., 2023b) under certain geometric and logistical 
conditions.

This research evaluates optimized structural designs for both 
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typologies. The primary geometric parameters governing ISRCF design 
are span length (L), overall height (H), and earth cover (HE); in PRCAF 
systems, the hinge joint height (HH) is an additional defining variable. 
Fig. 1 illustrates the key geometric features and structural configurations 
examined in this study for comparative assessment purposes.

2.1.2. Stages involved in the assessment process
The life cycle framework encompasses all activities, from the pro

curement of raw materials to the management of the structure's end of 
life. Four successive phases—manufacturing, construction, service, and 
decommissioning—were modeled, each associated with specific envi
ronmental and social implications and defined consistently for both 
typologies: 

• Manufacturing: includes resource extraction, material processing, 
and the fabrication of concrete and reinforcing steel for both 
typologies.

• Construction: comprises the transport of materials to the site and 
assembly processes, differing substantially between prefabricated 
and on-site casting techniques.

• Use: extends over a 100-year design service life, incorporating pe
riodic maintenance and the influence of concrete carbonation on 
long-term performance.

• End-of-life: involves dismantling, material sorting, and trans
portation to recycling or landfill destinations. Steel reinforcement is 
assumed to be fully recycled, while concrete rubble undergoes 
complete carbonation before being disposed of.

This breakdown enables the allocation of social and environmental 
impacts to specific life-cycle stages, resulting in a comprehensive sus
tainability profile for both construction approaches and facilitating 
stage-level trade-off analysis between alternatives.

2.1.3. Functional unit definition
Design optimization of each frame type depends on various geo

metric and mechanical conditions. In line with standard design specifi
cations (CEN, 2013; Ministerio de Fomento, 2011), the functional unit 
adopted in this study corresponds to one linear meter of road frame. All 
analyses—structural, environmental, and social—were normalized to 
this reference unit, ensuring direct comparability between typologies. 
Consequently, the reported results represent impacts per linear meter of 
structure, providing a consistent metric for evaluating the life-cycle 
sustainability of ISRCF and PRCAF systems within an alternatives 
assessment framework.

2.2. Life-cycle inventory compilation

The life-cycle inventory (LCI) phase systematically quantifies all 
material inputs, energy consumption, and labor requirements associated 
with producing one linear meter of each road frame configuration. This 
dataset provides the quantitative foundation for estimating and 
comparing the social and environmental impacts of the two structural 
alternatives: cast-in-place (ISRCF) and precast hinged (PRCAF) concrete 

frames under harmonized system boundaries and functional units.

2.2.1. Software
To ensure a robust and comprehensive environmental assessment, 

the E-LCA combined two complementary databases. The Ecoinvent 3.7.1 
repository served as the main reference due to its extensive, quality- 
assured life-cycle datasets (Pascual-González et al., 2016; Frischknecht 
and Rebitzer, 2005). When specific processes were unavailable, sup
plementary data were retrieved from the BEDEC database (Catalonia 
Institute of Construction Technology, 2023) to enhance representative
ness for regional construction practices. For the social dimension, the 
SOCA v2 database (GreenDelta, 2013) was utilized, integrating the 
PSILCA framework to consistently link social indicators with each pro
cess modeled in the environmental inventory through shared activity 
flows and system structure.

All computations were conducted in OpenLCA (Ciroth, 2007), an 
open-access platform recognized for its transparency in 
infrastructure-oriented sustainability studies. The environmental im
pacts were determined through the ReCiPe 2016 Life Cycle Impact 
Assessment (LCIA) approach, employing both midpoint and endpoint 
indicators. Social outcomes were derived using the Weighted Social 
Impact method at the endpoint level. This methodological alignment 
allows for internally consistent cross-comparison of environmental and 
social results between both typologies. Table 1 summarizes the key 
databases, assessment methodologies, and computational tools 
employed throughout the study.

2.2.2. Uncertainty
All LCA models inevitably involve a degree of uncertainty due to 

differences in data sources, regional specificity, and temporal coverage. 
To strengthen the robustness of the analysis, the Ecoinvent 3.7.1 dataset 
was supplemented with information from the regional BEDEC database, 
ensuring a more contextualized and comprehensive representation of 
local construction conditions. Uncertainty factors were estimated using 
a genealogical matrix methodology (Ciroth et al., 2016), which assesses 
parameters such as data reliability, completeness, temporal and spatial 
alignment, and technological compatibility. Both generic and 
process-dependent uncertainty factors were incorporated to provide a 
consistent quantification of variability within the modeled system and to 
support the comparative interpretation of results rather than the pre
diction of absolute impact values.

Fig. 1. Structural typologies and geometric descriptors of road frames: (a) precast modular hinged frame (PRCAF); (b) in-situ reinforced concrete frame (ISRCF).

Table 1 
Databases and computational tools employed in the life-cycle assessment.

Evaluation Dataset Life Cycle 
Impact 
Assessment

Perspective Tool

E− LCA Ecoinvent 3.7.1 & 
BEDEC

ReCiPe 2016 
(H)

Midpoint OpenLCA
Endpoint

S− LCA PSILCA − SOCA 
v2

Weighted 
Social Impact 
Method

Endpoint 
(MRH)

OpenLCA
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2.2.3. Road frame design
Fifty cost-optimized frame structures were examined, representing 

25 geometric combinations typical of road underpasses and crossings. 
Span lengths ranged from 8 m to 16 m in 2 m increments, and soil cover 
depths varied between 1 m and 5 m. These configurations capture 
realistic design variability observed in practice. Although ISRCF and 
PRCAF alternatives share comparable material specifications 
(Penadés-Plà et al., 2018; Ruiz-Vélez et al., 2023a), differences in 
fabrication and installation lead to distinct sustainability profiles 
(Ruiz-Vélez et al., 2023b) that justify a comparative life-cycle assess
ment rather than a single-typology evaluation.

The optimization of the structural configurations was formulated as a 
single-objective cost minimization problem, in which the total con
struction cost per linear meter was minimized subject to structural safety 
and serviceability constraints. The design variables included geometric 
parameters (e.g., slab thicknesses, wall dimensions, and, for PRCAF 
systems, hinge geometry) as well as reinforcement layouts. All candidate 
solutions were required to satisfy ultimate and serviceability limit states 
in accordance with Eurocode 2 provisions (CEN, 2013), including 
bending, shear, and cracking control, ensuring structural feasibility and 
compliance with standard design practice. Material strength classes 
(C25 concrete and B500S steel) were kept constant, while quantities 
were optimized to achieve minimum cost under these constraints.

The optimization process was conducted independently of the 
environmental and social assessments; that is, LCA indicators were not 
included in the objective function but were evaluated a posteriori for 
each cost-optimal solution. This sequential coupling allows the identi
fication of sustainability implications associated with economically 
optimal designs, providing a realistic basis for comparison with con
ventional engineering design practices, where cost-optimal solutions are 
typically adopted without explicitly accounting for life-cycle environ
mental and social impacts. This approach also facilitates the reproduc
ibility of the optimization framework, as all design variables, 
constraints, and evaluation stages are explicitly defined.

All reinforcement designs utilized a C25 concrete grade, combined 
with B500S reinforcing steel. Although fixed material classes were 
adopted to ensure consistency across the comparative analysis, the 
proposed optimization and assessment framework is not restricted to 
these specific grades. Alternative material scenarios—such as higher- 
strength concretes, low-clinker binders, or recycled/reused steel—can 
be incorporated by modifying the corresponding mechanical proper
ties, material quantities, and life-cycle inventory datasets within the 
same methodological structure. However, variations in material prop
erties and production processes may alter both environmental and social 
impact magnitudes, and therefore the comparative results should be 
reassessed for each alternative material scenario. The concrete mix, 
containing approximately 275 kg/m3 of cement (with 95% clinker), 
165 L/m3 of water, about 1035 kg/m3 of coarse aggregates, and 
1155 kg/m3 of sand, was selected to balance mechanical reliability with 
lower environmental impact. The use of higher-strength concrete would 
have increased the proportion of cement and, consequently, the asso
ciated emissions and costs; therefore, the 25 MPa mix represented the 
most efficient and sustainable option within the optimization framework 
adopted. Table 2 details the quantities of material required per linear 
meter of ISRCF, taking into account burial depths of 1 m and 5 m for 

each section. Additional components include approximately 11–13 m2 

of geotextile, 0.8–1.6 m3 of cover concrete, and 62–172 m2 of formwork 
per meter of structure.

For precast hinged frames (PRCAF), Table 3 details the correspond
ing material demands per linear meter. Due to their prefabricated pro
duction, PRCAFs eliminate the need for blinding concrete and 
formwork, but involve 11.59–12.39 m2 of geotextile, 0.80–1.60 m3 of 
leveling sand, and 13.74–39.03 m3 of reusable steel molds (with an 
average durability of 150 uses) as modeled in the life-cycle inventory.

2.2.4. Methodological framework for life cycle modeling
Fig. 2 presents the complete life-cycle scheme developed for the 

assessed road frame systems, structured into four successive phases: raw 
material manufacturing, on-site construction and assembly, operational 
service period, and final deconstruction and disposal management. The 
environmental inventory was primarily based on the Ecoinvent data
base, with complementary data from BEDEC to capture regional con
struction processes accurately. This unified structure enabled the 
incorporation of corresponding social impact data from the SOCA v2 
database, ensuring coherence between the environmental and social 
assessment frameworks and enabling stage-level comparison across ty
pologies. Optimization-based analyses further indicate that construction 
scheduling and sequencing decisions can materially affect both eco
nomic and environmental performance, underscoring the importance of 
explicitly modeling the construction phase in life-cycle sustainability 
assessments (Su et al., 2025).

Building on the screening-level social assessment described in Sec
tion 2.3, the integrated E-LCA/S-LCA framework is designed to support 
typology selection by enabling the parallel interpretation of environ
mental and social indicators across multiple optimized design alterna
tives. Rather than aggregating results into a single composite score, the 
framework preserves the multidimensional nature of sustainability 
performance, allowing decision-makers to identify trade-offs between 
environmental efficiency and social risk exposure. This approach is 
particularly relevant in early-stage infrastructure design, where multiple 
feasible configurations exist and decisions must be made under incom
plete information. By structuring results comparatively across typol
ogies and geometric parameters, the framework allows decision-makers 
to identify trade-offs rather than relying on a single composite score, and 
to select structural typologies according to project-specific priorities (e. 
g., minimizing environmental impact vs. reducing social risk exposure).

2.2.4.1. Manufacturing phase. This stage encompasses every pre
liminary process necessary to obtain construction materials, starting 
with the extraction of natural resources and continuing through the 
fabrication of the finished structural elements. The principal materials 
considered are 25 MPa concrete and B500S reinforcing steel, as previ
ously described. Concrete production entails sourcing and transporting 
raw aggregates, followed by a series of industrial operations—crushing, 
grinding, proportioning, and batching—to generate the final mix. Steel 
reinforcement arises from two complementary supply chains: one based 
on primary production using the blast oxygen furnace (BOF) pathway 
from mined ores, and the other from secondary recycling via electric arc 
furnace (EAF) melting of scrap. The two streams converge in the hot- 

Table 2 
Quantities of materials required per linear meter of ISRCF, categorized by span 
range.

Span 
(m)

Steel (kg) Concrete 
(m3)

Backfill (m3) Drain filler 
(m3)

16 3313.89–7267.24 40.49–55.84 21.45–115.37 18.91–21.17
14 2641.34–5535.33 31.10–44.10 19.34–104.62 18.05–19.97
12 2034.13–4182.33 23.73–34.07 17.23–93.87 17.21–18.81
10 1556.60–3055.06 17.26–25.38 15.11–83.12 16.39–17.68
8 1223.84–2046.48 12.91–20.24 13.00–72.37 15.58–16.58

Table 3 
Quantities of materials required per linear meter of PRCAF, categorized by span 
range.

Span 
(m)

Steel (kg) Concrete 
(m3)

Backfill (m3) Drain filler 
(m3)

16 3449.74–6011.35 33.50–39.03 21.34–113.98 18.08–18.98
14 2418.60–3886.80 27.75–31.01 19.33–103.82 18.01–18.74
12 1790.27–2708.04 21.27–23.38 17.22–93.44 17.14–18.16
10 1387.77–1883.18 16.43–18.91 15.24–83.25 17.04–17.87
8 1007.73–1437.58 13.74–15.34 13.20–72.69 16.61–17.04
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rolling stage, which delivers the rebar used in both frame typologies in 
proportions consistent with background database averages.

Additional components include geotextile layers, drain fillers, PVC 
pipes, and backfill material for the surrounding embankments. 
Typology-specific processes are also modeled: ISRCFs incorporate 
plywood formwork (with an average reuse of 15 cycles) and 20 MPa 
blinding concrete, whereas PRCAFs require steel molds for precasting. 
The impacts associated with mold production and reuse were scaled 
according to each unit's size following BEDEC guidance (Catalonia 
Institute of Construction Technology, 2023). Precast manufacturing in
volves the sequential placement of reinforcement, positioning by cranes, 
concrete pouring, controlled curing, and demolding after the concrete 
has hardened (Meireles et al., 2024; Aghasizadeh et al., 2022). Each 
PRCAF assumes a 45-min crane operation time for handling. The 
completed elements are stored at the plant before transportation to the 
site and modeled accordingly within the construction logistics 
inventory.

2.2.4.2. Construction phase. Construction begins with the on-site de
livery of construction materials (ISO, 2006b, 2006c) and excavation of 
the subgrade to a depth equal to the bottom slab thickness plus 10 cm for 
levelling.

For ISRCFs, a 10 cm blinding concrete layer is first poured to ensure 
proper leveling and separation from the foundation soil, thereby 
providing more uniform contact conditions and improving load transfer 
between the structure and the subgrade (Sánchez-Garrido et al., 2026b). 
Reinforcement and formwork for the lower slab are installed, followed 

by staged casting of walls and top slabs, with adequate curing between 
pours. In total, three casting stages are required. Timber formwork 
panels are then removed for reuse. For PRCAFs, assembly is faster: two 
U-shaped precast elements are positioned over a 10 cm sand layer, using 
cranes for placement and alignment. Once joined, the system is 
completed through verification of fit and finish.

Both typologies then share everyday finishing operations, including 
installing a drainage geotextile along the sidewalls, a PVC pipe 
embedded in a compacted sand bed, and drain filler near the walls to 
prevent moisture accumulation. Finally, backfilling and compaction 
complete the structure's stabilization under equivalent site conditions 
for both alternatives.

2.2.4.3. Use phase. During the 100-year service life, road frames oper
ate without direct energy demand. Maintenance activities focus on 
ensuring durability and structural safety, with two scheduled preventive 
interventions over the lifespan. The diesel consumption for temporary 
traffic diversions during maintenance is included in the analysis to 
capture indirect operational impacts. This contribution was modeled 
using generic transport processes from the Ecoinvent database, repre
senting average European vehicle fleets and fuel consumption patterns. 
Given the lack of project-specific data (e.g., traffic volume, detour 
length, or fleet composition), a simplified and consistent assumption 
was adopted across all configurations. As a result, this contribution 
should be interpreted as an approximate proxy of indirect operational 
impacts rather than as a detailed traffic simulation. Since the same as
sumptions are applied to all alternatives, its influence on the 

Fig. 2. Life-cycle boundaries applied in the assessment: (a) material production; (b) on-site construction; (c) service and maintenance period; (d) dismantling and 
recycling phase.
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comparative results remains limited and does not affect the relative 
differences between structural typologies.

Concrete carbonation occurs progressively throughout the service 
life. Atmospheric CO2 reacts with calcium hydroxide, decreasing pH and 
gradually advancing toward the reinforcement. If carbonation reaches 
the steel, corrosion may develop; however, the process also enables 
partial CO2 sequestration within the concrete matrix. The amount of CO2 
fixed through carbonation is calculated following Fick's first law, as 
given in Eq. (1) (García-Segura et al., 2014): 

CO2(kg)=0.383 ⋅
k1

(
mm̅̅̅̅̅̅year√

)

⋅
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
t(year)

√

1000
⋅ A

(
m2) ⋅ C

(
kg
m3

)

⋅k (%) (1) 

In this formulation, k1 represents the carbonation coefficient, t denotes 
the service life, A the total exposed surface area, C the cement dosage per 
m3, and k the proportion of clinker in the binder. Following Lagerblad 
(2005), a constant value of k1 = 1.5 mm year− 0⋅5 was adopted for 
both internal and external surfaces, consistent with the previously 
defined concrete composition to ensure comparability across all 
configurations.

It is acknowledged that carbonation rates may differ between pre
fabricated and cast-in-place concrete due to variations in curing condi
tions, compaction levels, and manufacturing processes, which can 
influence concrete porosity and CO2 diffusion. However, a uniform 
carbonation coefficient was adopted to maintain a consistent modeling 
framework and enable a robust comparative assessment between 
structural typologies. Given that the primary objective of the study is to 
evaluate relative differences across design alternatives, this assumption 
avoids introducing additional variability unrelated to geometric and 
structural parameters. Furthermore, the contribution of carbonation to 
the overall Global Warming Potential (GWP) remains secondary 
compared to the impacts associated with material production, particu
larly cement consumption. A preliminary sensitivity consideration sug
gests that moderate variations in the carbonation coefficient would not 
significantly alter the comparative results between alternatives, as the 
contribution of carbonation to total GWP remains secondary relative to 
material production impacts. Future research could refine this aspect by 
incorporating differentiated carbonation coefficients or performing 
sensitivity analyses to account for variability in material properties and 
exposure conditions.

2.2.4.4. End-of-life phase. After completing their 100-year service 
period, both ISRCF and PRCAF structures are decommissioned through 
excavation, material separation, and final processing.

For ISRCF, dismantling involves excavation followed by mechanical 
demolition using a hydraulic hammer, operating at an estimated rate of 
20 min per cubic meter of concrete. Reinforcing steel is recovered 
through magnetic separation and directed to recycling. At the same 
time, the concrete rubble is transported to a landfill, where full 
carbonation of the crushed material is assumed, resulting in additional 
CO2 uptake consistent with the system boundary defined in Fig. 2.

For precast hinged frames (PRCAF), the modular design allows a 
more controlled and efficient disassembly process (Ansah et al., 2021). 
After excavation, the two prefabricated units are lifted using cranes, 
conveyed to recycling plants, and crushed to separate concrete and steel 
components. The steel fraction is entirely recycled, and complete 
carbonation of the concrete residue is again assumed under landfill 
conditions. Although reuse of precast components in secondary appli
cations has been proposed in prior research, it is not included within the 
defined scope of this study to maintain consistency between typologies 
and focus on comparative assessment rather than circularity scenarios.

2.3. Impact analysis approach

The impact evaluation stage translates the quantified outputs 

obtained from the life-cycle inventory into measurable indicators that 
reflect the potential environmental and social burdens of the system 
under comparative assessment conditions. This conversion, performed 
through life-cycle impact assessment (LCIA) procedures, establishes 
connections between material flows, energy use, and labor inputs and 
their corresponding impact categories. Because characterization models 
and assumptions vary across LCIA methodologies, the selected frame
work has a decisive influence on how system performance is interpreted 
when evaluating competing infrastructure alternatives.

To ensure methodological consistency, distinct LCIA models were 
applied to the environmental and social analyses. The environmental 
evaluation employed the ReCiPe 2016 methodology (Huijbregts et al., 
2017), which combines midpoint and endpoint impact assessment per
spectives within a unified LCIA framework. The midpoint perspective 
provides detailed outputs for multiple environmental categories, each 
expressed in its native physical units. In contrast, the endpoint model 
aggregates them into three global areas of impact—human health 
(DALY), ecosystem integrity (species⋅year), and depletion of resources 
(USD). The hierarchical (H) view from the ReCiPe normalization set 
(H/A, person-year) was used to derive composite impact points, 
ensuring consistency and comparability between the two structural al
ternatives within a unified damage-oriented perspective.

In the ReCiPe framework, midpoint results are first characterized in 
their respective physical units and subsequently translated into endpoint 
damage categories through established environmental cause–effect 
pathways. These endpoint indicators are then normalized against 
reference annual environmental loads associated with the selected hi
erarchical perspective and weighted to derive the aggregated single- 
score indicator expressed in impact points. This procedure facilitates 
comparative interpretation between structural alternatives while pre
serving methodological consistency across all evaluated configurations.

Although both LCA and S-LCA apply aggregation procedures to 
facilitate interpretation, the underlying meaning of weighting differs 
between the two approaches. In ReCiPe, midpoint indicators are 
aggregated through environmental damage pathways linked to scien
tifically modeled cause–effect mechanisms. In contrast, the PSILCA/ 
SOCA framework aggregates heterogeneous social risk indicators into 
stakeholder-oriented medium-risk-hour (MRH) metrics based on pre
defined risk-weighting structures rather than direct physical damage 
relationships. Consequently, environmental endpoint results represent 
damage-oriented impact estimates, whereas social endpoint results 
should be interpreted as comparative indicators of potential social risk 
exposure within the adopted database structure.

Employing both midpoint and endpoint representations allows the 
analysis to capture detailed category-level variations as well as overall 
sustainability trends. Although the midpoint assessment covers 18 
distinct indicators, this study emphasizes Global Warming Potential 
(GWP) as a benchmark metric, given its central relevance to concrete- 
based infrastructure and its prominence in infrastructure impact 
assessment practice. The endpoint analysis, on the other hand, in
tegrates long-term damage results to identify dominant life-cycle stages 
and determine whether the cast-in-place (ISRCF) or precast (PRCAF) 
typology achieves better overall environmental outcomes at the system 
level.

In order to ensure the robustness and statistical consistency of the 
environmental results, a Monte Carlo–based uncertainty analysis was 
performed using 1000 simulation runs. This probabilistic approach 
allowed the statistical characterization of midpoint and endpoint in
dicators, supporting comparative interpretation across configurations. 
For the midpoint analysis, representative configurations were selected 
based on two bounding cases (8 m span with 1 m cover and 16 m span 
with 5 m cover), capturing the minimum and maximum structural de
mand conditions within the design space.

The social life-cycle assessment (S-LCA) followed a comparable logic, 
applying the Social Impacts Weighting Method together with the SOCA 
v2 database. This dataset aggregates a set of 55 midpoint social 
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indicators distributed across four stakeholder categories (workers, local 
community, society, and value chain actors), as defined within the 
PSILCA framework, which are converted into endpoint metrics 
expressed in medium-risk hours (MRH). These scores capture the po
tential cumulative social implications for four groups of stakeholders: 
employees, supply-chain actors, society, and local residents. For the 
social assessment, endpoint results were obtained directly from the So
cial Impact Weighting Method and expressed as absolute medium-risk 
hour values, enabling consistent comparison across stakeholder cate
gories within a screening-level framework.

The selection of the Social Impacts Weighting Method, the use of 
medium-risk hours (MRH) as the endpoint metric, and the underlying 
set of 55 midpoint indicators are consistent with the standardized 
structure of the PSILCA/SOCA v2 framework, which is widely applied in 
screening-level social life-cycle assessments. This approach enables the 
translation of heterogeneous social risk indicators into a common unit 
(MRH), facilitating comparability across processes, stakeholder cate
gories, and system configurations.

The adoption of this method is aligned with the objective of this 
study, which focuses on the comparative evaluation of multiple opti
mized design alternatives under consistent system boundaries. Alter
native S-LCA approaches, including those based on site-specific data 
collection or different activity variables (e.g., working hours or value 
added), may provide higher resolution for project-level assessments but 
require detailed primary data that are not available at early design 
stages. In this context, the use of PSILCA-based activity variables ensures 
consistency with the life-cycle inventory structure derived from envi
ronmental modeling, enabling a coherent integration of environmental 
and social dimensions. In the SOCA implementation used in this study, 
the aggregation from midpoint indicators to stakeholder-level endpoint 
results is performed through the predefined Social Impact Weighting 
Method embedded within the platform, following the stakeholder- 
oriented weighting structure provided by the SOCA/PSILCA frame
work. Accordingly, the reported endpoint MRH values do not represent a 
direct summation of heterogeneous midpoint risks (e.g., child labor and 
fair salary), but rather the outcome of a standardized characterization, 
weighting, and aggregation procedure implemented within the SOCA 
framework. The present study does not propose a new aggregation 
methodology and therefore adopts the aggregation logic predefined 
within the SOCA implementation, interpreting these endpoint values 
exclusively as comparative screening-level indicators of potential social 
risk exposure across alternatives.

It is acknowledged that the choice of activity variable and weighting 
structure may influence the absolute magnitude of social impact results. 
However, as all alternatives are evaluated under the same methodo
logical assumptions, the observed comparative patterns remain inter
nally consistent within the defined modeling framework. A formal 
sensitivity analysis based on alternative activity variables (e.g., worker 
hours or value added) was not performed, as this would require repar
ameterization of the underlying PSILCA/SOCA model and access to 
alternative inventory structures beyond the scope of the present study. 
Nevertheless, to evaluate whether the comparative behavior depended 
primarily on the aggregation of endpoint results, an additional 
robustness-oriented consistency analysis was conducted by indepen
dently examining the four stakeholder endpoint categories across all 
optimized configurations. The results, presented in Appendix D, indicate 
that the comparative trends between cast-in-place and prefabricated 
alternatives are consistently reproduced across stakeholder categories 
and are not driven exclusively by the aggregation of total MRH values. 
Although this analysis does not replace a full activity-variable sensitivity 
assessment, it provides an additional robustness check supporting the 
stability of the comparative conclusions within the adopted screening- 
level framework. Future research could further explore the influence 
of alternative allocation bases, weighting schemes, and activity vari
ables on S-LCA outcomes.

The aggregation of the 55 midpoint indicators into stakeholder-level 

endpoint results follows the predefined characterization and weighting 
structure embedded within the Social Impacts Weighting Method and 
the SOCA/PSILCA framework. Accordingly, the reported MRH values 
should be interpreted as comparative indicators of potential social risk 
exposure rather than as direct measurements of actual social conditions 
at the project or company level. Differences between structural typol
ogies arise from variations in material demand, process distribution, 
supply-chain structure, and life-cycle stage contributions, which modify 
the relative exposure to sector- and country-specific social risk profiles 
represented in the database. Although alternative weighting schemes 
could influence the absolute magnitude of results, all configurations 
were evaluated under the same methodological assumptions, ensuring 
internally consistent comparison across alternatives. Therefore, the 
observed comparative trends do not imply that one construction system 
intrinsically provides better working conditions or social outcomes 
under all circumstances, but rather that the modeled life-cycle config
urations are associated with different distributions of potential social 
risks within the adopted screening-level framework.

Although midpoint-level results are internally computed within the 
PSILCA framework, they are not reported individually in this study due 
to the large number of indicators and the comparative scope of the 
analysis. Instead, the results are presented at the aggregated endpoint 
level to facilitate interpretation across multiple design configurations. 
The contribution of individual midpoint indicators was not extracted 
separately because the objective of the study was comparative system- 
level evaluation rather than hotspot attribution at the indicator level. 
To improve transparency and address the aggregation of social in
dicators, Appendix C provides a structured overview of the midpoint 
indicators and their relationship to the aggregated endpoint results. The 
social impact results are based on the aggregation of 55 midpoint in
dicators defined within the PSILCA/SOCA v2 framework, encompassing 
a broad range of social dimensions including labor conditions, human 
rights, societal well-being, and supply-chain-related risks. This 
comprehensive indicator set supports the consistency of the aggregated 
endpoint results and suggests that the observed comparative patterns 
are not dominated by a single social dimension within the adopted ag
gregation structure.

Such aggregation enables a harmonized comparison of social out
comes between the two construction systems throughout their entire life 
cycles for screening-level decision-support rather than predictive social 
risk quantification. In this context, the adopted approach is particularly 
suited for early-stage design phases, where multiple structural alterna
tives must be evaluated under limited data availability, supporting 
informed typology selection through the identification of trends and 
trade-offs rather than absolute social performance values. However, it 
should be acknowledged that, unlike environmental indicators, social 
impact results are inherently subject to higher levels of variability and 
epistemic uncertainty due to the aggregated and sector-based nature of 
PSILCA datasets. While the present study adopts a deterministic 
approach based on average values to ensure consistency and compara
bility, recent research has highlighted the importance of incorporating 
uncertainty and sensitivity analyses in sustainability assessments of 
concrete and structural systems to improve robustness and interpret
ability (Gao, 2025; Zhang et al., 2026). This aspect is therefore recog
nized as a limitation and is proposed as a direction for future 
methodological enhancement.

While the adopted databases and modeling framework ensure 
methodological consistency, it should be noted that the underlying in
ventory data primarily reflect European—particularly Span
ish—construction conditions. Consequently, the absolute values of 
environmental and social impacts may vary when extrapolated to other 
geographical contexts. Differences in cement production technologies 
(e.g., clinker ratios and fuel mixes), steel manufacturing routes (BOF 
versus EAF shares), electricity generation mixes, and the energy effi
ciency of prefabrication processes can significantly influence environ
mental outcomes. Likewise, variations in labor structures, supply-chain 

A. Ruiz-Vélez et al.                                                                                                                                                                                                                             Cleaner Environmental Systems 22 (2026) 100462 

8 



organization, and regulatory frameworks may affect the distribution and 
magnitude of social impact indicators derived from PSILCA. Therefore, 
the results of this study should be interpreted as comparatively robust 
within similar technological and regional contexts, while their trans
ferability to other regions should consider local adaptations of life-cycle 
inventory data and construction practices.

Fig. 3 illustrates the integrated framework that combines environ
mental, social, and economic dimensions, facilitating a holistic assess
ment of sustainability within cost-optimized reinforced-concrete road 
frames and the evaluation of construction alternatives. Environmental 
and social dimensions are assessed in parallel and interpreted through a 
multi-indicator perspective, allowing the identification of trade-offs 
between impact categories and supporting decision-making without 
relying on a single aggregated sustainability metric.

Complete midpoint social impact results for all road frame configu
rations are provided in the Supplementary Material in spreadsheet 
format to improve transparency and reproducibility of the SOCA/ 
PSILCA assessment.

2.4. Interpretation

The interpretation phase provides a structured analysis of the results 
obtained in the previous stages, aligning them with the study's goals and 
scope. Here, the emphasis lies in identifying which structural 
typology—ISRCF or PRCAF—shows lower overall environmental and 
social impacts and in determining which life-cycle phases most signifi
cantly influence those results under different geometric conditions.

The evaluation compares both road frame types across all geometric 
configurations to reveal the trade-offs within the sustainability-oriented 
assessment framework. The analysis expresses the relative performance 
differences through a delta (Δ) parameter, which quantifies either the 
absolute or percentage variation between alternatives. A positive Δ 
value indicates that the PRCAF demonstrates superior performance 
compared with the cast-in-place structure for the evaluated indicator. 
Conversely, a negative Δ value signifies that the ISRCF achieves better 
results under the same conditions.

This interpretive approach enables a transparent comparison of the 
environmental and social differences across all configurations, offering 
practical insights into which construction approach performs best under 
specific geometric and operational circumstances and supporting 

evidence-based typology selection at early project stages.

3. Results

3.1. Evaluation of environmental life cycle performance

Results for each level are presented independently, incorporating 
Monte Carlo simulations (1000 runs) to obtain average impacts and 
coefficients of variation (CV), ensuring statistically consistent and 
reproducible outcomes suitable for comparative infrastructure assess
ment and enabling a direct interpretation of the reliability of differences 
between alternatives. The explicit inclusion of CV values allows the 
evaluation of result dispersion and supports the statistical robustness of 
the observed differences between structural typologies.

3.1.1. Midpoint-level analysis
The evaluation of midpoint indicators requires the selection of 

representative impact categories that accurately reflect the primary 
environmental trends. As analyzing all 18 categories across 50 opti
mized frame designs exceeds the study's scope, two reference 
configurations—a short-span case of 8 m with 1 m of soil coverage and a 
long-span case of 16 m buried under 5 m of soil— were chosen as 
bounding cases capturing the minimum and maximum structural de
mand envelopes of the full design domain. Table B.1 (Appendix B) 
presents the mean values and coefficients of variation, while Figure A.1
(Appendix A) displays the normalized results for enhanced 
comparability.

Global Warming Potential (GWP), measured in kg CO2-eq, serves as a 
key reference indicator in environmental performance evaluations 
(Bennett et al., 2022; Moro et al., 2022) because of its dominance in 
infrastructure decision-making and regulatory reporting frameworks. 
Figure A.2 illustrates how GWP varies with increasing soil cover for each 
span. Across all configurations, PRCAF alternatives consistently record 
lower GWP values than ISRCF systems (Table B.2). This behavior is 
primarily driven by differences in material demand and construction 
processes, as prefabricated solutions typically require more optimized 
cross-sections and reduced on-site activities, leading to lower cement 
consumption and associated emissions.

The sensitivity analysis, derived from a comparative evaluation of 
mean values across span and burial depth increments, indicates that 

Fig. 3. Framework linking economic optimization with environmental and social life-cycle assessment of reinforced concrete road frames.
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span length has a greater influence on GWP than burial depth. 
Increasing the span by 2 m raises GWP by approximately 23% for ISRCFs 
and 25% for PRCAFs. In contrast, each additional meter of cover in
creases GWP by around 11% for both systems. This difference can be 
explained by the structural response of the frames, as increasing span 
length requires disproportionately larger cross-sections and reinforce
ment to satisfy bending and serviceability constraints, thereby signifi
cantly increasing material consumption. In contrast, increasing burial 
depth primarily affects vertical loads, leading to more moderate and 
approximately linear increases in material demand. The associated co
efficients of variation remain below 10% for most configurations, indi
cating low dispersion and reinforcing the reliability of the observed 
sensitivity trends with respect to span length and burial depth.

Identifying the most influential life-cycle phases is essential, given 
the distinct processes of both typologies. Table B.3 and Figure A.4
summarize the mean percentage contributions across burial depths. For 
ISRCFs, an increase in span shifts contributions toward manufacturing 
(78% → 88%) due to higher concrete demand. Although maintenance 
remains constant, carbonation during service reduces the use-phase 
contribution (4.4% → 1.6%) and enhances end-of-life fixation (− 5.8% 
→ − 11.3%), concentrating impacts in manufacturing and amplifying the 
importance of early-stage material efficiency. For PRCAFs, the 
manufacturing phase becomes increasingly dominant (from approxi
mately 89% up to nearly 100%), owing to the energy-intensive nature of 
prefabrication, while construction declines (21% → 16%). The use phase 
slightly decreases (− 5.3% → − 1.8%), and easier dismantling combined 
with carbonation improves end-of-life effects (− 16.7% → − 17.6%). 
Overall, PRCAFs present lower relative contributions in construction 
and decommissioning.

Overall, uncertainty levels at the midpoint stage remain moderate, 
with coefficients of variation generally below 12% for ISRCFs and 
slightly higher values for PRCAFs due to the increased variability asso
ciated with industrialized production processes, and the differences 
between typologies are generally larger than the observed dispersion 
levels.

3.1.2. Endpoint-level analysis
The endpoint evaluation combines midpoint indicators into three 

broad categories of damage—ecosystem integrity (species•yr), human 
health (DALY), and resource use (US$)—providing a concise yet 
comprehensive picture of the overall performance of the different con
figurations at the damage-oriented decision-support level. In addition to 
mean values, the reported coefficients of variation enable a direct 
assessment of uncertainty at the endpoint level. Across all damage cat
egories, variability remains within acceptable ranges (typically between 
7% and 15%), supporting the statistical consistency of the aggregated 
indicators and indicating that endpoint aggregation does not substan
tially increase variability relative to midpoint results.

Table B.4 summarizes the results of ecosystem damage, and Fig. 4
illustrates their evolution in terms of span and cover. PRCAFs consis
tently show lower ecosystem impacts, with an average reduction of 
2.25 × 10− 5 species⋅yr (approximately 15.4%). For both structural 
configurations, ecosystem damage increases quadratically with span 
length and approximately linearly with burial depth. This behavior re
flects the direct relationship between geometric design parameters and 
material requirements, as longer spans lead to higher concrete volumes 
and reinforcement ratios, which in turn increase upstream environ
mental burdens associated with raw material extraction and processing. 
This trend is consistent with previously reported relationships between 
geometric parameters and material consumption (Ruiz-Vélez et al., 
2023a; Yepes-Bellver et al., 2025). The comparative advantage of 
PRCAFs decreases as span increases, from approximately 18% at 8 m to 
about 12% at 16 m. The coefficients of variation reported in Table B.4
indicate moderate dispersion, generally below 13% for PRCAFs and 
below 10% for ISRCFs, confirming that the observed differences be
tween typologies are robust and not driven by stochastic variability.

For human health damage, the results in Table B.5 and Fig. 5 confirm 
the same trend: PRCAFs outperform ISRCFs in 24 of 25 configurations, 
with an average improvement of 9.9% (≈2.6 × 10− 3 DALY). The only 
exception occurs for the 16 m × 5 m configuration, where cast-in-place 
performs slightly better (approximately 3.8%). Uncertainty levels follow 
a similar pattern, with coefficients of variation remaining below 
approximately 11% for most configurations, indicating consistent 
behavior across the analyzed design space, with differences between 
alternatives generally exceeding the associated dispersion levels.

The outcomes for resource depletion (Table B.6, Fig. 6) mirror the 
general performance trend: PRCAFs register reduced resource-related 
impacts in 23 out of 25 analyzed cases, averaging a 6.5% decrease 
(approximately 32 USD). This reduction is mainly associated with more 
efficient use of materials in prefabricated systems, where controlled 
manufacturing conditions allow better optimization of concrete volumes 
and reinforcement layouts, reducing the consumption of energy- 
intensive resources such as cement and steel. Minor exceptions occur 
for the 12 m and 16 m spans at a burial depth of 5 m, where ISRCFs 
exhibit slightly better performance. Although the precast typology pre
sents greater variability (with CV values generally around 15–20%, 
compared to approximately 10–13% for ISRCFs), this higher dispersion 
remains within typical LCA uncertainty ranges and does not alter the 
overall comparative trend, as differences between typologies are 
generally larger than the observed dispersion levels.

The phase contribution analysis (Table B.7, Figure A.5) reveals that 
manufacturing is the primary contributor to ecosystem damage, with 
PRCAFs averaging a 7.2% higher contribution than ISRCFs. However, 
the construction phase consistently contributes less to PRCAFs (≈1.5% 
lower on average). The end-of-life phase contributes negative values for 
both typologies due to CO2 fixation from carbonation, being 

Fig. 4. Ecosystem damage (species⋅yr) comparison across all design configurations.
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approximately 6% lower in PRCAFs.
For human health, Table B.8 and Figure A.6 indicate similar patterns: 

manufacturing dominates (≈80–90%), while construction impacts are 
lower for PRCAFs (≈4–5% less). The use and end-of-life phases exhibit 
more minor but favorable differences, with PRCAFs reducing end-of-life 
impacts by up to 9.6% relative to ISRCFs.

Regarding resource damage (Table B.9 Figure A.7), the 
manufacturing phase remains predominant (≈60–75%), especially for 
PRCAFs. The construction phase impact declines slightly with span due 
to efficient assembly, while end-of-life contributions diverge—ISRCFs 
increase from 11% to 13%. In contrast, PRCAFs decrease from 5% to 
3.5%.

The relatively low dispersion observed across midpoint and endpoint 
indicators supports the robustness of the comparative conclusions, 

particularly regarding the environmental advantage of prefabricated 
systems across most configurations.

Finally, Table 4 and Fig. 7 present the aggregated single-score re
sults, synthesizing all endpoint categories. The precast typology scores 
lower in 24 of 25 configurations, confirming its superior overall envi
ronmental performance from a damage-weighted multi-criteria 
perspective. The trends show linear growth with burial depth and 
quadratic dependence on span, consistent with the structural and ma
terial behavior patterns observed in the preceding analyses. This con
sistency further confirms that aggregated environmental performance is 
largely governed by material consumption patterns, which are directly 
controlled by geometric design variables and structural requirements.

Fig. 5. Human health damage (DALY) comparison among configurations.

Fig. 6. Resource depletion impact (US$) for each configuration.

Table 4 
Overall single-score results for both typologies across all configurations.

Cover (m) Clear span (m)

8.00 10.00 12.00 14.00 16.00

ISRCF PRCAF ISRCF PRCAF ISRCF PRCAF ISRCF PRCAF ISRCF PRCAF

5.00 1281.05 1122.33 1528.69 1354.09 1901.50 1695.00 2342.66 2191.04 2825.01 2913.71
4.00 1161.84 1006.15 1392.21 1224.69 1739.88 1550.25 2150.12 1964.96 2604.45 2428.90
3.00 1046.38 888.15 1259.02 1108.62 1582.51 1366.16 1960.11 1772.54 2386.24 2242.47
2.00 933.03 813.96 1128.54 997.46 1425.12 1265.17 1776.30 1605.79 2172.62 2018.33
1.00 840.94 757.72 1001.62 893.73 1270.50 1106.45 1593.33 1410.48 1965.18 1791.40
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3.2. Analysis of social life cycle performance

This section examines social performance across the complete life 
cycle of the road frame typologies, representing one of the core pillars of 
sustainability. Table 5 summarizes the endpoint S-LCA results for all 
cost-optimized configurations, applying a 105 normalization factor to 
present the four aggregated social impact categories—Workers (W), 
Value Chain Actors (VCA), Society (S), and Local Community (LC)— 
expressed in medium-risk hours (mrh × 105).

Unlike the environmental assessment, the S-LCA results are not 
associated with stochastic simulation; therefore, no coefficients of 
variation are reported. The interpretation is based on deterministic 
impact values derived from the adopted social database and character
ization model. Consequently, the observed differences between typol
ogies should be interpreted as deterministic trends rather than 
statistically distributed outcomes, although their consistency across 
configurations supports the robustness of the comparative patterns.

The initial analysis indicates notable differences compared to the 
environmental outcomes obtained in the E-LCA. As illustrated in Fig. 8, 

ISRCFs generally exhibit lower social damage, with an average 
improvement of 4.16 × 105 mrh (2.34%), positioning them as the 
preferable option from the aggregated S-LCA perspective when impacts 
are aggregated across all configurations. Both typologies exhibit a 
quadratic relationship between social damage and span (Fig. 8). For 
8–10 m spans, PRCAFs perform better (− 3.18 •105 mrh, 6.1%), while for 
14–16 m spans, ISRCFs dominate (reductions up to 10.8%).

Fig. 9 shows that social damage increases linearly with burial depth, 
affecting PRCAFs more strongly. PRCAFs outperform ISRCFs only at 1 m 
cover (− 4159 mrh), whereas ISRCFs become superior from 2 m down
ward, with improvements rising to 8.34 •105 mrh (7.7%) at 5 m.

To identify which configuration is most socially sustainable, Fig. 10
details damage differences by stakeholder category. In the Local Com
munity category, PRCAFs outperform ISRCFs for 8 m spans (3.8–9.2% 
reduction) and maintain small benefits for 10 m spans (1.9%). Beyond 
12 m, the advantage alternates with burial depth, disappearing in deeper 
configurations. For spans of 14–16 m, ISRCFs prevail, with improve
ments of up to 5 × 105 mrh (≈10%).

Society results follow a comparable trend, with PRCAFs showing 
2–9% lower impacts for 8 m spans, whereas ISRCFs outperform them in 
longer spans, achieving up to 10% lower damage values. In the Value 
Chain Actors category, PRCAFs remain favorable for short spans 
(8–10 m) with reductions up to 8.9%, but their advantage fades beyond 
12 m, where ISRCFs achieve 4–5% lower damage. For the Workers 
category, PRCAFs show substantial benefits (up to 18.8%) for spans 
≤12 m, while ISRCFs perform better in larger spans, reducing damage by 
up to 17.6%. Similar trends across stakeholder categories indicate that 
the comparative behavior is not driven by a single social dimension.

4. Discussion

The results reveal consistent patterns across environmental and so
cial dimensions, while also highlighting important divergences that are 
strongly dependent on geometric scale and construction approach. 
These findings provide insight into the mechanisms underlying the 
observed performance differences and their implications for infrastruc
ture design.

From an environmental perspective, midpoint and endpoint results 
consistently show that prefabricated systems (PRCAF) achieve lower 
impacts than cast-in-place alternatives (ISRCF) across most configura
tions. This advantage is particularly pronounced in Global Warming 

Fig. 7. Aggregated endpoint single-score results for both structural typologies.

Table 5 
S-LCA endpoint damage results (mrh⋅105) by stakeholder category for all configurations.

S-categ. Clear span (m)

8.00 10.00 12.00 14.00 16.00

Cover ISRCF PRCAF ISRCF PRCAF ISRCF PRCAF ISRCF PRCAF ISRCF PRCAF

Local Com. 5.00 m 16.30 15.70 19.50 19.30 23.80 25.00 29.70 33.40 36.10 40.00
Local Com. 4.00 m 15.10 14.20 18.10 17.70 22.20 23.10 27.80 30.30 33.90 38.10
Local Com. 3.00 m 13.90 12.70 16.70 16.30 21.20 20.50 25.90 27.50 31.70 35.60
Local Com. 2.00 m 12.70 12.00 15.30 14.90 19.50 19.40 24.60 25.30 29.50 32.40
Local Com. 1.00 m 11.60 11.00 14.00 13.70 17.90 17.30 22.60 22.40 28.00 29.20
Society 5.00 m 17.70 17.40 21.40 21.80 26.90 29.00 34.00 39.70 41.80 48.70
Society 4.00 m 16.60 15.90 20.10 20.20 25.40 27.00 32.20 36.20 39.70 46.10
Society 3.00 m 15.50 14.30 18.80 18.90 24.30 24.10 30.40 33.00 37.60 43.40
Society 2.00 m 14.40 13.80 17.60 17.50 22.80 23.20 29.10 30.70 35.50 39.90
Society 1.00 m 13.40 12.90 16.40 16.40 21.30 20.90 27.20 27.50 33.90 36.30
V. Chain Actors 5.00 m 10.80 10.30 13.10 12.90 15.80 17.00 20.00 23.20 24.50 28.20
V. Chain Actors 4.00 m 10.00 9.40 12.20 11.90 14.90 15.80 18.80 21.10 23.20 26.80
V. Chain Actors 3.00 m 9.33 8.45 11.40 11.10 14.60 14.10 17.70 19.20 21.90 25.10
V. Chain Actors 2.00 m 8.62 8.07 10.50 10.20 13.60 13.50 17.30 17.80 20.60 23.10
V. Chain Actors 1.00 m 7.98 7.51 9.71 9.51 12.60 12.10 16.00 15.90 20.00 20.90
Workers 5.00 m 19.20 18.40 23.20 22.80 28.00 29.80 35.10 40.10 42.80 48.50
Workers 4.00 m 17.90 16.70 21.60 21.00 26.20 27.60 33.00 36.50 40.40 46.10
Workers 3.00 m 16.60 15.00 20.10 19.40 25.70 24.50 30.90 33.10 37.90 43.20
Workers 2.00 m 15.20 14.20 18.50 17.90 23.70 23.40 30.10 30.70 35.50 39.50
Workers 1.00 m 14.00 13.20 17.00 16.50 21.80 20.90 27.70 27.30 34.40 35.70

A. Ruiz-Vélez et al.                                                                                                                                                                                                                             Cleaner Environmental Systems 22 (2026) 100462 

12 



Potential (GWP), where optimized geometries, reduced material con
sumption, and carbonation effects contribute to limiting emissions 
(García-Segura et al., 2014), while improved material efficiency further 
reduces embodied carbon through lower cement demand and reduced 
formwork requirements (Bennett et al., 2022). The influence of geo
metric parameters is also evident, as span length exerts a stronger effect 
on environmental impacts than burial depth. This behavior is consistent 
with previous optimization studies on bridges (Yepes-Bellver et al., 
2025; Ruiz-Vélez et al., 2023a) and with findings reported by Milić 
and Bleiziffer (2024), who emphasize the sensitivity of life-cycle re
sults to structural design variables.

At the same time, the environmental advantage of prefabrication is 
not uniform across all conditions. As span length increases, material 
intensities between both typologies tend to converge, reducing the 
relative benefit of PRCAF solutions, even though absolute impact re
ductions remain significant. This effect is observed across endpoint in
dicators, including ecosystem damage, human health, and resource 
depletion. It reflects the increasing dominance of structural demand 
over construction-related efficiencies in large-scale configurations. 
Similar patterns have been reported in previous studies, which associate 
the environmental performance of precast systems with improved ma
terial efficiency and reduced on-site activities (Richardson, 2003; 
Aghasizadeh et al., 2022).

These findings are consistent with previous life-cycle assessment 
studies on prefabricated and cast-in-place systems in bridges and 
building structures, which report improved environmental performance 
of prefabrication due to enhanced material efficiency and reduced on- 
site activities (Yepes-Bellver et al., 2025; Ruiz-Vélez et al., 2023a; 
Aghasizadeh et al., 2022). However, the present study extends these 
insights by demonstrating that such advantages are not constant but 
depend strongly on geometric scale, with diminishing relative benefits 
for larger spans. This scale-dependent behavior has been less explicitly 
addressed in previous studies, which are often based on single or limited 
design configurations. Furthermore, unlike building and bridge systems, 
road frame structures exhibit a strong sensitivity to both span length and 
burial depth, which directly influence structural demand and material 
consumption patterns. This dual geometric dependency introduces 
additional complexity in environmental and social life-cycle assessment 
and contributes to the non-linear trends and trade-offs identified in this 
study, highlighting the need for parametric and design-oriented evalu
ation frameworks.

The phase contribution analysis further clarifies these differences. 
For PRCAF systems, impacts are heavily concentrated in the 
manufacturing stage due to the energy-intensive nature of prefabrica
tion. In contrast, construction and end-of-life phases contribute less, 
reflecting simplified assembly processes and more efficient dismantling. 

Fig. 8. Evolution of S-LCA endpoint damage with varying horizontal span lengths.

Fig. 9. Variation of S-LCA endpoint damage with increasing soil cover depth.

A. Ruiz-Vélez et al.                                                                                                                                                                                                                             Cleaner Environmental Systems 22 (2026) 100462 

13 



ISRCF systems exhibit a more distributed impact profile, with relatively 
higher contributions from construction and end-of-life stages. These 
differences highlight the importance of early-stage material efficiency 
and production processes in determining environmental performance, 
particularly in industrialized construction systems.

In contrast to environmental results, the social assessment reveals a 
more complex and, in some cases, opposing trend. While prefabricated 
systems perform better for smaller spans and shallow burial depths, cast- 
in-place solutions tend to exhibit lower social impacts in larger config
urations. This divergence between environmental and social outcomes 
aligns with previous S-LCA findings for infrastructure systems, where 
increased labor intensity and a greater relative contribution of localized 
construction activities within the life cycle can offset the environmental 
advantages of industrialized construction. It should be noted that these 
trends are derived from mean S-LCA values within a screening-level 
framework and are therefore subject to inherent uncertainty associ
ated with aggregated social risk indicators; nevertheless, the consistency 
of the observed patterns across configurations supports the robustness of 
the comparative conclusions, in line with recent studies emphasizing 
uncertainty-aware sustainability assessment in structural systems (Gao, 
2025; Zhang et al., 2026).

Moreover, the consistency of these trends across 50 independent 
optimized configurations suggests that the observed patterns are not 
dominated by isolated configuration-specific effects within the adopted 
social-impact framework, providing an additional level of consistency 
within the screening-level framework. In this context, the observed re
versals in relative performance between typologies should be inter
preted as deterministic trend-based crossover points rather than 
statistically significant thresholds, as no stochastic uncertainty propa
gation is applied in the S-LCA model. The observed trends emerge from 
the aggregation of multiple social dimensions within the PSILCA 
framework, including labor conditions, societal factors, and supply- 
chain-related risks, rather than from isolated indicators.

An additional consistency analysis was conducted at the stakeholder- 
category level to evaluate whether the observed comparative trends 
depended primarily on the aggregation of total MRH values. The results, 
presented in Appendix D, show that the comparative behavior between 
cast-in-place and prefabricated typologies is independently reproduced 

across the four stakeholder endpoint categories (workers, local com
munity, society, and value chain actors). This consistency indicates that 
the identified trends are not generated exclusively by the aggregation 
procedure or by a single stakeholder dimension, but rather emerge from 
broader differences in life-cycle process distribution and material de
mand within the PSILCA/SOCA framework.

This apparent lack of scalability in social benefits contrasts with the 
environmental advantages of industrialization. While prefabrication 
benefits from economies of scale in terms of material efficiency and 
process optimization, these gains do not directly translate into lower 
social impacts within the S-LCA framework. Social indicators are 
strongly influenced by the distribution of labor across sectors and re
gions, as captured by PSILCA-based datasets. As geometric scale in
creases, the growth in material demand amplifies upstream supply-chain 
activities associated with manufacturing and raw material extraction, 
which carry higher social risk intensities. In contrast, cast-in-place sys
tems rely more heavily on localized construction processes, where social 
risk contributions are distributed differently across stakeholder cate
gories. As a result, the increasing dominance of supply-chain-related 
impacts at larger scales explains why the relative social advantage of 
prefabrication diminishes and may reverse for longer spans (Navarro 
et al., 2024; Sánchez-Garrido et al., 2026a). This behavior is also 
influenced by the structure of PSILCA-based datasets, where upstream 
industrial activities tend to concentrate higher social risk intensities 
than localized construction processes.

A lifecycle-stage perspective helps to further interpret this behavior. 
In prefabricated systems, social impacts are primarily associated with 
upstream manufacturing and supply-chain activities, where material 
production and industrial processes dominate and are linked to higher 
cumulative social risk exposure in globalized value chains. As geometric 
scale increases, the growth in material demand further amplifies these 
upstream contributions. In contrast, cast-in-place systems rely more 
heavily on construction-stage activities, which are more locally 
distributed and involve different stakeholder groups, particularly 
workers and local communities. As a result, while prefabrication reduces 
impacts in construction phases, it increases the relative importance of 
upstream stages, whereas cast-in-place systems distribute impacts more 
evenly across the life cycle. This difference in stage contribution explains 

Fig. 10. Comparison of social impact differences between ISRCF and PRCAF by span length, disaggregated by stakeholder group: a) Local Community; b) Society; c) 
Value Chain Actors; d) Workers.
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the origin of the observed trade-off between environmental and social 
performance, particularly for larger spans. Although a quantitative 
stage-by-stage disaggregation is not available within the aggregated S- 
LCA framework, the observed trends are consistent with the distribution 
of material and labor processes across life-cycle stages. These in
terpretations should be understood as indicative trends derived from the 
distribution of activities within the PSILCA framework, rather than as 
direct evidence of specific social conditions at the project level. Because 
the assessment relies on generic country-sector social risk data rather 
than project-specific information, the results are intended to support 
comparative interpretation between alternative structural configura
tions under consistent modeling assumptions, rather than to predict 
actual social outcomes for a specific construction project or geographical 
location. Consequently, the identified trends should be interpreted as 
relative differences in modeled social risk exposure within the adopted 
database structure.

For larger spans and deeper burial conditions, cast-in-place systems 
are associated with lower aggregated social risk exposure, particularly 
for stakeholder categories related to workers and local communities. 
This is associated with a higher relative contribution of on-site con
struction activities within the life cycle, which, in the PSILCA frame
work, is reflected in the distribution of social risk across stakeholder 
categories. As a result, traditional construction methods may be asso
ciated with lower aggregated social risk exposure for stakeholder cate
gories linked to workers and local communities within the PSILCA 
framework, particularly in contexts where labor-intensive and locally 
distributed construction activities represent a larger share of the life 
cycle.

Overall, the results highlight a clear trade-off between environ
mental efficiency and social performance. Prefabricated systems tend to 
minimize environmental impacts through material optimization and 
process efficiency, whereas cast-in-place systems may be associated with 
different social impact profiles due to a higher share of labor-intensive 
and localized construction activities within the life cycle. This trade- 
off underscores the importance of adopting a multidimensional 
perspective when evaluating infrastructure alternatives, as single- 
criterion approaches may overlook critical sustainability factors 
(Božićek et al., 2021; Bruno et al., 2025).

From a practical standpoint, these findings provide direct guidance 
for infrastructure decision-making in early design stages. In particular, 
prefabricated systems (PRCAF) are preferable in scenarios where envi
ronmental performance is prioritized, especially for small-to-medium 
spans and moderate burial depths, where their advantages are more 
pronounced. Conversely, cast-in-place solutions (ISRCF) may be more 
suitable in projects where social criteria, such as the relative importance 
of labor-intensive activities and stakeholder-related social risk exposure, 
are critical, particularly in large-span configurations. Therefore, the 
proposed framework enables decision-makers to balance environmental 
and social objectives by selecting the most appropriate structural ty
pology according to project-specific priorities, regulatory requirements, 
and local socioeconomic conditions. In this sense, the results are not 
intended to prescribe a universally optimal solution, but rather to pro
vide structured evidence that supports informed decision-making under 
competing objectives.

Finally, the observed trends also have implications for the trans
ferability of results. While the general relationships between geometry, 
material consumption, and life-cycle impacts are consistent with pre
vious literature, the magnitudes of environmental and social impacts 
may vary across regions, depending on factors such as energy mix, 
supply chain structure, and labor conditions. This geographical de
pendency is particularly relevant in S-LCA, where social indicators are 
linked to country- and sector-specific risk profiles that may vary sub
stantially across regions and supply chains. Consequently, while the 
absolute magnitude of social impacts may not be directly transferable to 
different contexts, the study aims primarily to evaluate relative differ
ences between structural alternatives under a harmonized modeling 

framework. Accordingly, the objective of the present S-LCA is not to 
predict site-specific social conditions, but rather to identify how alter
native structural configurations modify the distribution of potential 
social risk exposure within a consistent life-cycle modeling structure.

Therefore, the conclusions should be interpreted as representative of 
the context under study. However, the comparative trends identified (e. 
g., the relative influence of span length and the trade-offs between 
prefabrication and cast-in-place solutions) are broadly applicable. 
Furthermore, the methodological framework itself remains transferable 
to other regions and construction scenarios, provided that input data are 
adapted to local conditions. This enables decision-makers to replicate 
the analysis and obtain context-specific results while preserving the 
robustness of the comparative insights presented in this study. It should 
be clarified that, within the proposed framework, economic consider
ations are incorporated at the design stage through cost optimization, 
which defines the feasible set of structural configurations, rather than 
through a full life-cycle costing assessment. In this context, the inte
gration of LCC analysis represents a natural extension of the proposed 
framework for future research.

It should be noted that the social life-cycle results are derived from a 
screening-level framework using aggregated PSILCA-based indicators, 
and therefore carry inherent uncertainty. Despite this, the observed 
trends across 50 optimized configurations are consistent, supporting the 
robustness of comparative insights. Future work could incorporate 
probabilistic and sensitivity analyses for S-LCA to further quantify un
certainties and strengthen evidence-based decision-making in infra
structure planning.

5. Conclusions

This study conducted an extensive life-cycle sustainability analysis 
comparing two significant types of reinforced concrete road frames: 
ISRCF and PRCAF, by merging E-LCA and S-LCA approaches within an 
optimization-based design framework. The assessment of 50 optimized 
alternatives, varying in span length and soil cover, revealed systematic 
and geometry-dependent correlations between geometry and sustain
ability indicators, offering practical guidance for the comparative 
evaluation of construction alternatives in road infrastructure projects.

The study confirms that geometry is a primary determinant of life- 
cycle performance. Quantitatively, environmental results show that 
increasing span length by 2 m leads to impact increases of approximately 
23–25% in GWP, whereas each additional meter of burial depth results 
in an increase of around 11%. Both environmental and social assess
ments indicate a quadratic dependence of impacts on span length and a 
linear correlation with burial depth, particularly influencing precast 
configurations beyond 12 m. These geometric dependencies underscore 
the necessity of incorporating sustainability criteria into early-stage 
typology selection and preliminary design, rather than treating them 
as post-design evaluations.

Precast systems generally show better environmental performance, 
particularly in embodied emissions. Across the evaluated configura
tions, PRCAFs achieve lower environmental impacts in the majority of 
cases, with reductions of approximately 15.4% in ecosystem damage, 
9.9% in human health damage, and 6.5% in resource depletion on 
average. Global Warming Potential (GWP) is lower for spans of 8–10 m, 
with consistent reductions observed across all burial depths. For larger 
spans, absolute savings increase but the relative advantage decreases. 
Cast-in-place systems become comparatively more competitive as span 
increases, partly due to differences in manufacturing and logistics- 
related impacts. Phase analysis shows that precast impacts are concen
trated in manufacturing, while cast-in-place systems have higher con
struction and end-of-life impacts. Therefore, prefabrication is 
advantageous under specific geometric and logistical conditions rather 
than universally.

Social results, in contrast, depict a more complex and configuration- 
dependent scenario. PRCAFs outperform in smaller and medium spans 
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(≤12 m), with improvements of up to 18.8% in the Workers category 
and up to 8.9% for Value Chain Actors, suggesting social benefits linked 
to improved safety, mechanization, and controlled labor conditions in 
prefabrication environments. For larger spans (≥14 m), ISRCFs become 
more socially favorable, with reductions of up to 17.6% in total social 
damage and improvements reaching approximately 10% depending on 
the stakeholder category, driven by higher local employment and skill 
engagement during on-site execution. These findings confirm that 
environmental and social sustainability may diverge, reinforcing the 
importance of an integrated approach to capture multidimensional ef
fects in infrastructure planning contexts.

Overall, this research enhances our understanding of how geometric 
and design parameters influence the environmental and social perfor
mance of civil infrastructure. The results indicate that prefabricated 
systems outperform cast-in-place solutions in 24 out of 25 configura
tions at the aggregated environmental level, whereas the opposite trend 
is observed in social performance for larger spans and deeper burial 
conditions. Through the integration of optimization-driven design with 
combined environmental and social life-cycle assessment, it proposes a 
replicable and transferable comparative assessment framework to sup
port evidence-based typology selection in road infrastructure systems. 
The findings reveal that no single construction method consistently 
outperforms the other—environmental and social outcomes vary 
depending on span length, soil cover, and the dominant life-cycle stages 
involved. Furthermore, although the present study is based on conven
tional material classes (C25 concrete and B500S steel), the proposed 
framework is inherently flexible and can be extended to evaluate 
alternative material grades and more sustainable solutions. By updating 
the material properties in the structural optimization stage and the 
corresponding datasets in the life-cycle inventory, the methodology can 
support the assessment of low-carbon concretes, alternative binders, or 
recycled materials, enabling its application to emerging sustainability- 
oriented design strategies.

This study is subject to several limitations that should be acknowl
edged. The environmental assessment is based on the ReCiPe 2016 
method and specific life-cycle inventory assumptions, which may in
fluence the magnitude of certain impact categories, although not the 
comparative trends observed. This is particularly relevant in a para
metric framework, where maintaining a consistent impact assessment 
method across all alternatives is essential to ensure the robustness of 
relative comparisons. While uncertainty has been addressed through 
Monte Carlo simulation, the results remain dependent on the quality and 
representativeness of input data. In addition, the social assessment relies 
on a screening-level approach using the Social Impact Weighting 
Method, providing relative indicators of social risk rather than site- 
specific evaluations. Furthermore, the analysis is limited to a pre
defined set of geometric configurations and is primarily based on Eu
ropean (Spanish) construction conditions; therefore, regional 
differences in cement production, steel supply chains, energy mixes, 
prefabrication processes, and labor structures may influence the abso
lute magnitude and distribution of impacts. Consequently, absolute 

impact magnitudes may vary across regions, although the comparative 
trends and methodological framework remain transferable.

Future research should build upon this framework by incorporating 
additional sustainability dimensions, particularly economic assessment, 
to enable full life-cycle cost–benefit comparisons. Although the present 
study incorporates cost optimization at the design stage, a full life-cycle 
cost (LCC) analysis was not explicitly included, as it would require 
additional assumptions regarding discount rates, maintenance strate
gies, and economic boundary conditions beyond the scope of this work. 
Nevertheless, the proposed framework is inherently compatible with 
LCC methodologies and can be readily extended to integrate economic 
indicators within the same parametric and optimization-based structure. 
This would enable a fully integrated sustainability assessment while 
preserving the parametric and comparative structure proposed in this 
study. Moreover, the use of region-specific environmental and social 
datasets would improve the representativeness of results. At the same 
time, more detailed, site-specific S-LCA approaches could provide 
deeper insights into stakeholder-level impacts. Extending the method
ology to other infrastructure typologies and integrating dynamic or 
scenario-based analyses would further enhance its applicability within 
environmental impact assessment processes and strategic infrastructure 
planning, thereby fostering designs aligned with circularity, social eq
uity, and long-term environmental responsibility. Future developments 
integrating region-specific datasets, probabilistic S-LCA approaches, and 
full life-cycle costing methodologies could further enhance decision- 
support capabilities for sustainable infrastructure planning.

CRediT authorship contribution statement
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Fig. A.1. Normalized midpoint results for minimum and maximum impact configurations in each typology.

Fig. A.2. Evolution of Global Warming Potential (GWP) with earth cover depth for all spans.

Fig. A.3. Comparative decrease in PRCAF GWP with respect to ISRCF across span and burial depth: (a) absolute variation in GWP; (b) percentage-based differential.
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Fig. A.4. Relative impact of individual life-cycle stages on overall GWP for the range of analyzed spans.

Fig. A.5. Stage-specific share of each life-cycle phase in the overall ecosystem damage (species•yr) across the different span lengths.

Fig. A.6. Phase contribution to total human health damage (DALY) for varying spans.
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Fig. A.7. Relative contribution of life-cycle phases to resource depletion impacts (US$) by span length.

Appendix B. supplementary tables

Table B.1 
Midpoint results corresponding to the least and most impacting configurations for each frame type.

Code Setup (8.00 m; 1.00 m) Setup (16.00 m; 5.00 m)

ISRCF PRCAF ISRCF PRCAF

Environmental Impact Measurement Average cv (%) Average cv (%) Average cv (%) Average cv (%)

WD Water depletion m3 12613.27 6.62 12336.41 9.82 41027.47 9.86 45465.5 7.31
ULO Urban land occupation m2 ⋅ a 303.56 10.05 351.46 30.94 1172.98 18.03 1075.21 23.22
TEPT Terrestrial ecotoxicity kg 1.4-DB eq 0.78 13.28 1.11 31.34 2.93 22.56 3.02 26.66
TAP Terrestrial acidification kg SO2 26.33 5.72 22.42 12.48 95.09 7.72 81.61 8.31
POFP Photochemical oxidant form. kg NMVOC 36.74 5.31 29.97 11.57 134.11 7.31 113.39 7.49
PMFP Particulate matter formation kg PM10 eq 15.76 5.32 14.08 13.46 54.75 8.18 53.35 8.12
ODP Ozone depletion kg CFC-11 eq 6.13E-04 11.72 6.04E-04 32.99 2.19E-03 18.27 1.99E-03 23.99
NLT Natural land transformation m2 2.40 12.23 2.40 22.14 9.10 16.53 7.85 18.05
MD Metal depletion kg Fe eq 0.96 10.86 0.97 13.75 3.22 16.04 3.56 11.56
MEP Marine eutrophication kg N eq 1.70 4.69 1.44 8.33 5.91 6.46 5.62 5.56
MEPT Marine ecotoxicity kg 1.4-DB eq 135.73 4.74 134.76 8.45 404.74 8.92 504.81 6.46
IRP Ionizing radiation kg U235 eq 444.12 9.69 444.00 20.15 1563.84 14.28 1511.18 14.26
HTP Human toxicity kg 1.4-DB eq 1792.11 7.27 1872.31 18.38 5689.84 12.77 6837.35 11.01
FEP Freshwater eutrophication kg P eq 1.77 5.64 1.72 7.48 5.34 8.28 6.86 5.15
FEPT Freshwater ecotoxicity kg 1.4-DB eq 144.91 4.53 141.36 6.14 432.17 8.42 529.53 5.93
FD Fossil depletion kg oil eq 1711.7 9.01 1664.02 24.37 5783.15 14.29 5585.55 16.02
GWP Climate change kg CO2 eq 6813.6 6.45 6077.43 17.57 23327.56 9.64 21174.01 11.2
ALO Agricultural land occupation m2 ⋅ a 533.98 8.78 108.52 9.02 1562.59 7.81 404.48 7.14

Table B.2 
Global Warming Potential (GWP) values (kg CO2eq) across all span–cover configurations.

Cover (m) Clear span (m)

8.00 10.00 12.00 14.00 16.00

Frame Average cv (%) Average cv (%) Average cv (%) Average cv (%) Average cv (%)

5.00 ISRCF 10680.58 8.64 12656.91 9.08 15716.45 8.03 19343.85 8.49 23327.56 9.64
5.00 PRCAF 8999.63 11.56 10881.06 12.1 13639.35 14.33 17605.34 12.75 21174.01 12.17
4.00 ISRCF 9600.06 7.87 11512.70 8.63 14329.06 8.09 17583.40 7.91 21222.88 8.51
4.00 PRCAF 8068.45 12.71 9824.40 11.46 12403.62 11.37 15689.27 12.39 19362.99 13.32
3.00 ISRCF 8613.37 7.55 10320.37 8.06 12961.39 8.09 16029.49 8.26 19442.74 8.78
3.00 PRCAF 7150.43 16.8 8881.92 14.28 10937.89 15.29 14098.05 12.87 17732.84 13.79
2.00 ISRCF 7562.72 7.15 9193.53 8.07 11634.28 8.31 14442.59 9.48 17704.36 11.43
2.00 PRCAF 6503.24 13.66 7979.63 13.54 10112.69 13.91 12785.71 12.79 16058.69 14.5
1.00 ISRCF 6813.60 6.45 8089.76 8.33 10286.57 9.01 12873.98 8.12 16019.15 9.08
1.00 PRCAF 6077.43 17.57 7126.50 13.58 8736.65 13.33 11271.48 16.48 14111.71 13.75
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Table B.3 
Average percentage phase contribution to midpoint GWP (kg CO2eq) by span and typology.

Span (m) Production phase Assembly phase Operation phase Disposal phase

ISRCF PRCAF ISRCF PRCAF ISRCF PRCAF ISRCF PRCAF

8.00 78.17% 88.52% 23.24% 20.84% 4.43% 5.29% − 5.84% − 14.65%
10.00 80.72% 91.48% 23.61% 19.53% 3.55% 4.15% − 7.87% − 15.16%
12.00 83.62% 94.70% 22.98% 18.49% 2.68% 3.16% − 9.28% − 16.35%
14.00 85.74% 98.03% 22.33% 16.78% 2.04% 2.40% − 10.12% − 17.21%
16.00 87.77% 100.10% 21.95% 15.69% 1.58% 1.76% − 11.31% − 17.55%

Table B.4 
Ecosystem damage values (species⋅yr) × E− 04 depending on burial depth and span configuration.

Cover (m) Clear span (m)

8.00 10.00 12.00 14.00 16.00

Type Average cv (%) Average cv (%) Average cv (%) Average cv (%) Average cv (%)

5.00 ISRCF 1.20 8.37 1.42 9.03 1.61 8.09 2.19 9.78 2.64 9.39
5.00 PRCAF 0.98 12.83 1.17 12.21 1.47 12.55 1.89 11.89 2.47 10.94
4.00 ISRCF 1.08 7.77 1.29 8.91 1.62 8.72 1.99 8.55 2.42 8.63
4.00 PRCAF 0.87 12.38 1.06 13.16 1.35 12.72 1.70 14.06 2.09 12.93
3.00 ISRCF 0.96 7.93 1.17 8.88 1.47 8.04 1.82 8.61 2.21 8.64
3.00 PRCAF 0.77 13.52 0.96 13.6 1.19 13.37 1.54 14.36 1.93 14.03
2.00 ISRCF 0.85 7.41 1.04 8.38 1.32 8.85 1.65 9.99 2.01 9.18
2.00 PRCAF 0.70 12.77 0.86 14.98 1.11 15.70 1.40 14.16 1.73 13.28
1.00 ISRCF 0.76 6.49 0.92 7.47 1.17 7.83 1.47 9.87 1.81 8.18
1.00 PRCAF 0.64 16.98 0.78 15.09 0.975 17.19 1.23 19.62 1.56 21.78

Table B.5 
Human health damage results (DALY) × E− 02 according to earth cover and span configuration.

Cover (m) Clear span (m)

8.00 10.00 12.00 14.00 16.00

Type Average cv (%) Average cv (%) Average cv (%) Average cv (%) Average cv (%)

5.00 ISRCF 2.33 7.87 2.76 8.53 3.11 7.58 4.23 9.16 5.09 8.80
5.00 PRCAF 2.03 11.01 2.44 10.51 3.08 10.70 3.97 10.06 5.28 9.11
4.00 ISRCF 2.10 7.30 2.51 8.44 3.12 8.18 3.85 8.01 4.67 8.09
4.00 PRCAF 1.80 10.70 2.21 11.33 2.81 10.90 3.57 11.91 4.41 10.93
3.00 ISRCF 1.87 7.48 2.26 8.38 2.85 7.60 3.51 8.05 4.27 8.04
3.00 PRCAF 1.59 11.80 2.00 11.72 2.45 11.50 3.21 12.29 4.05 11.91
2.00 ISRCF 1.67 6.97 2.02 7.90 2.55 8.30 3.20 9.31 3.87 8.57
2.00 PRCAF 1.45 11.17 1.78 12.99 2.28 13.56 2.90 12.14 3.62 11.32
1.00 ISRCF 1.49 6.16 1.78 7.03 2.27 7.38 2.86 9.23 3.51 7.70
1.00 PRCAF 1.31 14.92 1.60 13.15 1.99 14.97 2.53 17.00 3.24 18.66

Table B.6 
Resource damage (US$) × E+02 for each combination of span and earth cover depth.

Cover (m) Clear span (m)

8.00 10.00 12.00 14.00 16.00

Type Average cv (%) Average cv (%) Average cv (%) Average cv (%) Average cv (%)

5.00 ISRCF 4.29 11.17 5.12 12.50 5.81 11.22 7.91 14.11 9.58 13.50
5.00 PRCAF 3.93 16.15 4.69 15.32 5.89 16.3 7.58 15.37 10.00 14.06
4.00 ISRCF 3.88 10.58 4.66 12.44 5.85 12.46 7.21 12.27 8.82 12.48
4.00 PRCAF 3.51 15.50 4.26 17.03 5.41 16.48 6.86 18.43 8.46 17.01
3.00 ISRCF 3.49 11.19 4.23 12.36 5.33 11.46 6.60 12.38 8.05 12.61
3.00 PRCAF 3.13 17.49 3.89 17.49 4.77 17.34 6.27 18.95 7.84 18.39
2.00 ISRCF 3.12 10.32 3.78 12.00 4.79 12.91 6.01 14.65 7.29 13.49
2.00 PRCAF 2.86 16.77 3.50 19.77 4.49 20.73 5.69 18.64 7.05 17.55
1.00 ISRCF 2.83 9.05 3.35 10.77 4.27 11.43 5.37 14.53 6.55 12.08
1.00 PRCAF 2.64 22.35 3.19 19.94 3.98 22.71 5.02 26.01 6.41 28.74
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Table B.7 
Average percentage phase contribution to endpoint ecosystem damage (species⋅yr) by span and typology.

Span (m) Production phase Assembly phase Operation phase Disposal phase

ISRCF PRCAF ISRCF PRCAF ISRCF PRCAF ISRCF PRCAF

8.00 79.83% 85.73% 18.59% 18.60% 4.33% 5.35% − 2.76% − 9.68%
10.00 81.76% 88.35% 18.82% 17.47% 3.52% 4.26% − 4.08% − 10.08%
12.00 83.86% 90.93% 18.43% 16.71% 2.71% 3.30% − 4.97% − 10.94%
14.00 85.40% 93.43% 18.04% 15.63% 2.11% 2.49% − 5.51% − 11.55%
16.00 86.84% 95.44% 17.79% 14.55% 1.67% 1.90% − 6.27% − 11.89%

Table B.8 
Average percentage phase contribution to endpoint human health damage (DALY) by span and typology.

Span (m) Production phase Assembly phase Operation phase Disposal phase

ISRCF PRCAF ISRCF PRCAF ISRCF PRCAF ISRCF PRCAF

8.00 81.26% 93.66% 20.48% 14.21% 1.67% 1.77% − 3.40% − 9.63%
10.00 79.78% 91.50% 20.89% 15.54% 2.11% 2.34% − 2.78% − 9.38%
12.00 78.09% 88.83% 21.55% 16.93% 2.71% 3.10% − 2.35% − 8.86%
14.00 75.88% 86.14% 22.22% 17.95% 3.52% 4.01% − 1.62% − 8.10%
16.00 74.30% 83.44% 21.88% 19.26% 4.34% 5.05% − 0.51% − 7.75%

Table B.9 
Average percentage contribution of life-cycle phases to endpoint resource depletion (US$) across both structural systems.

Span (m) Production phase Assembly phase Operation phase Disposal phase

ISRCF PRCAF ISRCF PRCAF ISRCF PRCAF ISRCF PRCAF

8.00 62.53% 74.56% 21.23% 17.13% 3.47% 4.74% 12.77% 3.58%
10.00 62.05% 72.27% 21.38% 18.26% 4.24% 4.96% 12.33% 4.51%
12.00 61.07% 69.73% 21.70% 19.36% 5.26% 5.80% 11.96% 5.12%
14.00 60.08% 67.52% 21.94% 20.03% 6.62% 7.24% 11.35% 5.20%
16.00 59.63% 64.61% 21.70% 21.29% 7.94% 8.76% 10.73% 5.34%

Appendix C. Midpoint social indicators underlying S-LCA results

This appendix presents the set of midpoint social indicators derived from the PSILCA/SOCA v2 database and used in the assessment. The objective 
is to illustrate the underlying structure of the aggregated endpoint results (medium-risk hours, MRH) and to provide transparency regarding the range 
of social dimensions considered in the analysis. The indicators include categories related to labor conditions, supply-chain activities, and societal 
factors. All 55 midpoint indicators defined within the PSILCA framework are considered in the assessment, ensuring a comprehensive representation 
of social impacts across the life cycle. Rather than focusing on individual indicators, the S-LCA results are based on their aggregated contribution 
through the Social Impact Weighting Method. The grouping presented below is intended to facilitate the interpretation of how different social di
mensions are reflected in the endpoint results.

Table C.1 
Grouping of midpoint social indicators within the PSILCA framework and their contribution to aggregated endpoint results.

Social dimension Midpoint indicators (PSILCA) Relation to endpoint results

Labour conditions and 
workers' rights

Child labour (female, male, total); Forced labour (frequency, goods produced); Fair salary; Weekly working 
hours; Trade unionism; Violations of employment laws; Gender wage gap; Unemployment; Fatal and non- 
fatal accidents

Primarily contributes to Workers and 
Value chain actors

Human rights and societal 
conditions

Indigenous rights; Corruption (public sector, enterprises); Anti-competitive behaviour; Risk of conflicts; 
Trafficking in persons

Contributes to Society and Value chain 
actors

Social well-being and public 
services

Health expenditure; Expenditures on education; Sanitation coverage; Drinking water coverage; Social 
security expenditures; Life expectancy; Illiteracy (female, male, total); Youth illiteracy

Primarily contributes to Local 
community and Society

Supply chain and economic 
activity

Contribution to economic development; Value added; International migrant workers; Migration flows; Net 
migration; Sectoral labour force (men/women)

Mainly reflected in Value chain actors 
and Society

Environmental-social 
interface

DALYs due to pollution; GHG footprints; Biomass consumption; Fossil fuel consumption; Minerals 
consumption; Water depletion; Embodied footprints (agricultural, biodiversity, forest, water)

Distributed across all stakeholder 
categories, especially Society

Governance and social 
responsibility

Certified environmental management system; Promoting social responsibility; Safety measures Contributes across all stakeholder 
categories

Demographic and structural 
indicators

International migrant stock; Workers affected by natural disasters Distributed across Society and Local 
community

Table C.1 summarizes the midpoint social indicators and thematic dimensions included within the PSILCA/SOCA v2 framework and considered in 
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this study. These indicators are aggregated into endpoint results expressed in medium-risk hours (MRH) through the Social Impact Weighting Method. 
It should be noted that the relationship between midpoint indicators and endpoint results is not a one-to-one correspondence, but rather the outcome 
of a weighted aggregation process embedded within the PSILCA methodology. Therefore, the grouping presented in Table C.1 is intended to provide a 
conceptual interpretation of how different social dimensions contribute to the aggregated results. This presentation is intended to enhance trans
parency and support the interpretation of aggregated results, rather than to establish a direct causal attribution between individual midpoint in
dicators and specific endpoint values.

Appendix D. Robustness analysis of stakeholder-category S-LCA results

The S-LCA results presented in this study are primarily discussed using aggregated endpoint values expressed in medium-risk hours (MRH). In 
order to evaluate whether the observed comparative trends between structural typologies were influenced by the aggregation procedure itself, an 
additional robustness-oriented consistency analysis was performed at the stakeholder-category level.

The analysis separately examined the four stakeholder endpoint categories defined within the PSILCA/SOCA v2 framework: 

• workers,
• local community,
• society,
• and value chain actors.

For each optimized configuration, the endpoint contributions of these categories were independently compared between cast-in-place (ISRCF) and 
prefabricated (PRCAF) alternatives.

The results indicate that the comparative behavior observed in the aggregated MRH values is consistently reproduced across the different 
stakeholder categories. In particular, the relative increase in social risk exposure associated with prefabricated solutions at larger spans is not 
attributable to a single stakeholder group, but reflects a broader shift in the distribution of social risk contributions across multiple stakeholder 
dimensions.

This consistency suggests that the comparative trends identified in the study are structurally linked to variations in material demand, supply-chain 
intensity, and life-cycle process distribution within the adopted PSILCA/SOCA framework, rather than being solely generated by endpoint aggregation 
effects.

It should be noted that this analysis does not constitute a full sensitivity assessment of alternative activity variables or weighting schemes, which 
would require reparameterization of the underlying S-LCA model. Nevertheless, the independent evaluation of stakeholder endpoint categories 
provides an additional level of methodological transparency and supports the robustness of the comparative conclusions within the adopted screening- 
level framework.

While the stakeholder-category analysis does not eliminate the inherent limitations associated with generic PSILCA/SOCA datasets, it indicates 
that the comparative behavior identified in the aggregated endpoint results is systematically reproduced across multiple social dimensions and 
stakeholder groups. The figures illustrate the evolution of stakeholder-category endpoint results across span lengths and burial depths for both 
structural typologies. The consistency of comparative trends across stakeholder categories supports the stability of the aggregated MRH-based 
interpretation within the adopted PSILCA/SOCA framework.

Fig. D.1. Stakeholder endpoint categories for ISRCF configurations.
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Table D.1 
Stakeholder-category endpoint results for optimized cast-in-place configurations (ISRCF).

Type Span (m) Depth (m) Local community Society Value chain actors Workers Total

In-Situ 8 1 1.15809E+06 1.34179E+06 7.97822E+05 1.40144E+06 4.69914E+06
8 2 1.26692E+06 1.44119E+06 8.62237E+05 1.52206E+06 5.09241E+06
8 3 1.38617E+06 1.54981E+06 9.33440E+05 1.65514E+06 5.52457E+06
8 4 1.50580E+06 1.65829E+06 1.00478E+06 1.78835E+06 5.95723E+06
8 5 1.62840E+06 1.76888E+06 1.07767E+06 1.92452E+06 6.39947E+06

10 1 1.39752E+06 1.63796E+06 9.71363E+05 1.69755E+06 5.70440E+06
10 2 1.53303E+06 1.76055E+06 1.05351E+06 1.85116E+06 6.19826E+06
10 3 1.67098E+06 1.88477E+06 1.13691E+06 2.00713E+06 6.69979E+06
10 4 1.80987E+06 2.00929E+06 1.22074E+06 2.16383E+06 7.20372E+06
10 5 1.95085E+06 2.13515E+06 1.30564E+06 2.32252E+06 7.71417E+06
12 1 1.78854E+06 2.12555E+06 1.25715E+06 2.18365E+06 7.35488E+06
12 2 1.95391E+06 2.27772E+06 1.35941E+06 2.37361E+06 7.96464E+06
12 3 2.12174E+06 2.43161E+06 1.46297E+06 2.56600E+06 8.58233E+06
12 4 2.22222E+06 2.53912E+06 1.49070E+06 2.62344E+06 8.87548E+06
12 5 2.38305E+06 2.68795E+06 1.58462E+06 2.79863E+06 9.45425E+06
14 1 2.26126E+06 2.71762E+06 1.60419E+06 2.77305E+06 9.35612E+06
14 2 2.46144E+06 2.90530E+06 1.73029E+06 3.00576E+06 1.01028E+07
14 3 2.58587E+06 3.04068E+06 1.77116E+06 3.08687E+06 1.04846E+07
14 4 2.77677E+06 3.22167E+06 1.88425E+06 3.29666E+06 1.11793E+07
14 5 2.96734E+06 3.40177E+06 1.99705E+06 3.50575E+06 1.18719E+07
16 1 2.79594E+06 3.38573E+06 1.99574E+06 3.43844E+06 1.16158E+07
16 2 2.94866E+06 3.55110E+06 2.05515E+06 3.55295E+06 1.21078E+07
16 3 3.16592E+06 3.76051E+06 2.18516E+06 3.79316E+06 1.29047E+07
16 4 3.38669E+06 3.97240E+06 2.31698E+06 4.03687E+06 1.37129E+07
16 5 3.60553E+06 4.18189E+06 2.44761E+06 4.27808E+06 1.45131E+07

Fig. D.2. Stakeholder endpoint categories for PRCAF configurations.

Table D.2 
Stakeholder-category endpoint results for optimized cast-in-place configurations (PRECAST).

Type Span (m) Depth (m) Local community Society Value chain actors Workers Total

Precast 8 1 1,09947E+06 1,28620E+06 7,50594E+05 1,31522E+06 4,45148E+06
8 2 1,19672E+06 1,37596E+06 8,07330E+05 1,42154E+06 4,80154E+06
8 3 1,26978E+06 1,43035E+06 8,44625E+05 1,49604E+06 5,04080E+06
8 4 1,42148E+06 1,58655E+06 9,40093E+05 1,66834E+06 5,61646E+06
8 5 1,56898E+06 1,73752E+06 1,03279E+06 1,83552E+06 6,17480E+06

10 1 1,37240E+06 1,63678E+06 9,51406E+05 1,65353E+06 5,61412E+06
10 2 1,49478E+06 1,75103E+06 1,02330E+06 1,78779E+06 6,05690E+06
10 3 1,63232E+06 1,88570E+06 1,10704E+06 1,94128E+06 6,56634E+06
10 4 1,77440E+06 2,02484E+06 1,19349E+06 2,09978E+06 7,09250E+06
10 5 1,93316E+06 2,18238E+06 1,29118E+06 2,27763E+06 7,68435E+06
12 1 1,72732E+06 2,08933E+06 1,21084E+06 2,09196E+06 7,11945E+06
12 2 1,94274E+06 2,32118E+06 1,35062E+06 2,34089E+06 7,95543E+06

(continued on next page)
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Table D.2 (continued )

Type Span (m) Depth (m) Local community Society Value chain actors Workers Total

12 3 2,05074E+06 2,41073E+06 1,40957E+06 2,45480E+06 8,32584E+06
12 4 2,30879E+06 2,69607E+06 1,58015E+06 2,75601E+06 9,34101E+06
12 5 2,50277E+06 2,89880E+06 1,70368E+06 2,97768E+06 1,00829E+07
14 1 2,24160E+06 2,74993E+06 1,58913E+06 2,72933E+06 9,30998E+06
14 2 2,52910E+06 3,07422E+06 1,78176E+06 3,06770E+06 1,04528E+07
14 3 2,74556E+06 3,29901E+06 1,91875E+06 3,31442E+06 1,12777E+07
14 4 3,02844E+06 3,61702E+06 2,10808E+06 3,64693E+06 1,24005E+07
14 5 3,34235E+06 3,96536E+06 2,31613E+06 4,01369E+06 1,36375E+07
16 1 2,91874E+06 3,63075E+06 2,09179E+06 3,57327E+06 1,22146E+07
16 2 3,24039E+06 3,98968E+06 2,30564E+06 3,95011E+06 1,34858E+07
16 3 3,55543E+06 4,33835E+06 2,51394E+06 4,31800E+06 1,47257E+07
16 4 3,80828E+06 4,60783E+06 2,67682E+06 4,60914E+06 1,57021E+07
16 5 4,63471E+06 5,63588E+06 3,27104E+06 5,62057E+06 1,91622E+07

Data availability

Data will be made available on request.
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