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The sustainable design of infrastructure involves assessing economic, environmental, and social impacts. While
significant progress has been made in evaluating economic and environmental life cycle impacts since the Paris
Agreement, there’s a notable gap in techniques for assessing social aspects in infrastructure design. This study
introduces social indicators tailored for evaluating the lifecycle of railway infrastructures. The indicators are
applied to assess the social impacts of three common railway track substructure solutions: conventional ballasted
track, embedded slab track (BBEST solution), and sleeper-based, ballastless (RHEDA2000) substructure solu-
tions. Using the Analytic Network Process (ANP), the social performance of each alternative is synthesized into a
single indicator for comparison. Results indicate that the conventional ballasted track outperforms, scoring 12%

higher than BBEST and 61% better than RHEDA in social terms. This is attributed to its reliable capacity for
generating high-quality employment and fostering economic activities in the defined product system regions.

1. Introduction
1.1. Sustainability and social assessment in the railway sector

Transport is the largest contributor to global Greenhouse Gas (GHG)
emissions among all economic sectors except for the energy sector, being
responsible for 24.6% of CO2 equivalent emissions in the European
Union (European Commission, 2020). Fostering a more sustainable
transportation system and diminishing its carbon footprint are impera-
tive endeavors to pave the way towards a cleaner society and achieve the
aspirations declared by the society through initiatives such as the Sus-
tainable Development Goals (SDGs) or the European Green Deal. In
particular, the SDGs emphasize global efforts to combat climate change,
with Goal 13 specifically targeting significant reductions in greenhouse
gas (GHG) emissions. Similarly, the European Green Deal places a cen-
tral focus on achieving climate neutrality by 2050, outlining policies and
actions to mitigate GHG emissions and transition towards a greener and
more sustainable European economy. The fact that railways contribute
only 0.5% of the CO2 equivalent emissions in the EU-27’s transport
sector explains the current trend of promoting railways across the EU as
a means to reduce the environmental impact of transportation.

Nevertheless, constructing and maintaining railway tracks also bear
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a noteworthy environmental impact concerning GHG emissions and the
utilization of raw materials. The construction sector, in fact, being a
significant environmental stressor, plays a crucial role in achieving the
Sustainable Development Goals that the society aims to accomplish by
2030. As a consequence, the scientific community has put lots of effort
during the past recent years to investigate on the environmental and
economic impacts associated to a variety of structures, such as earth
retaining walls (Pons et al., 2018), bridges (Pang et al., 2015;
Penadés-Pla et al., 2019; Yepes-Bellver et al., 2022), asphalt pavements
(Hasan et al., 2022; Torres-Machi et al., 2014), or concrete repair so-
lutions (Renne et al., 2022), among many others.

In this context, and due to the efficiency of the railway transport
system, particular interest has been put in the recent past in the sus-
tainability assessment of railway infrastructures in order to optimize the
sustainability performance associated to their construction and main-
tenance (Martinez-Fernandez et al., 2019, 2022; Zhang et al., 2016).
Given the high consumption of materials related to the construction of
railway infrastructure, a wide portion of the research conducted to date
is associated to the assessment of the track itself and of the track sub-
structure. Celauro et al. (2023) assesses different material compositions
for 2 alternatives of embankment for a double track railway line from an
economic and environmental life cycle perspective. Following a similar
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approach, Samuelsson et al. (2023) evaluates 3 different embankment
fill methods, namely crushed bedrock, cement-stabilized till and foam
glass. Morata et al. (2017) investigates on the economic and environ-
mental performance of recycle aggregates for railways track beds. The
work by Pons et al. (2020) compares the environmental impacts along
the life cycle of ballasted and ballastless railway track substructure.
Giunta et al. (2018) assesses the life cycle costs of the reduced mainte-
nance associated to bitumen-stabilized ballasted track solutions.

Other researchers focus their works on the assessment of impacts
associated to the production and maintenance of sleepers. Lim et al.
(2023) compares the environmental and economic life cycle perfor-
mance of two types of sleepers, namely those made of concrete and those
made of engineered cementitious composites. In this line, Rempelos
et al. (2020) focuses on the Greenhouse Gas Emissions related to the four
common sleeper types in the UK rail network. It is also noteworthy the
research conducted on the significant wastes generated by the con-
struction of the railway infrastructure. Zhang et al. (2021) evaluates the
Global Warming mitigation potential from recycling subway-related
excavation wastes.

However, it shall be noted that putting the efforts in diminishing
GHG emissions of railway sector or in optimizing the economic life cycle
of railway infrastructures is not enough to fully align with the sustain-
able future envisioned by the SDG’s. The Sustainable Development
Goals (SDGs) assign significant importance to the societal impacts across
a diverse array of Goals, such as SDG 1 (No poverty), SDG 3 (Good health
and wellbeing), SDG 4 (Quality education), SDG 5 (Gender equality),
SDG 8 (decent work and economic growth), SDG 10 (reduced in-
equalities), and others. In view of the above, it is crucial to acknowledge
that sustainable and responsible product design should extend beyond
the commonly considered sustainability dimensions, namely economy
and environment. Consequently, more emphasis shall be put on the
assessment techniques and criteria of the often-unnoticed social
dimension (Hendiani et al. 2019). Even though high-level social factors
are usually taken into account when making strategic decisions in the
larger context of territorial planning, there is a substantial knowledge
gap when it comes to developing practical and objective criteria for
micro-scale infrastructure design. In essence, tools currently exist to
socially justify the implementation of one transportation system over
another to enhance regional connectivity. However, once a specific
project has been chosen, designers lack the necessary tools to further
pursue the social optimization of their designs. Developing quantifiable
and optimization-oriented social indicators, along with corresponding
assessment techniques, is essential to achieve infrastructure designs that
are socially optimized. Bridging this gap becomes imperative to ensure
that infrastructure projects are genuinely sustainable and aligned with
society’s aspirations.

1.2. Aim of the study

The profound impact of transportation on global Greenhouse Gas
(GHG) emissions demands a shift toward more sustainable practices.
While the promotion of railways as an environmentally friendly alter-
native gains traction, the environmental and social implications of
constructing and maintaining railway tracks warrant careful consider-
ation. The construction sector’s role as an environmental stressor em-
phasizes the urgency to align infrastructure development with
Sustainable Development Goals (SDGs) by 2030.

This study addresses the identified gaps in understanding the social
dimensions of railway infrastructure sustainability. The overarching aim
is to introduce a novel approach for conducting a comprehensive social
life cycle assessment (SLCA) throughout the entire life cycle of railway
infrastructures. The specific objectives include developing quantifiable
and optimization-oriented social indicators, drawing inspiration from
proven criteria in bridge structure assessments (Navarro et al., 2018),
and employing an Analytic Network Process (ANP)-based ranking
methodology. In the absence of a standardized ISO-based SLCA
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framework, this research incorporates fundamental steps and concepts
outlined in the ISO 14040 and ISO 14044 framework.

By focusing on social optimization in infrastructure design, this study
not only contributes to the ongoing development of SLCA but also aligns
with broader societal goals outlined in the SDGs. Through a meticulous
examination of three distinct track alternatives for a railway infra-
structure, this study aims to determine the most socially advantageous
design alternative and underscores the importance of considering social
factors alongside economic and environmental dimensions in sustain-
able infrastructure development.

2. Literature review

Over the past years, the economic and environmental design of in-
frastructures has undergone significant standardization. However, a
notable gap remains in the field of social life cycle assessment (SLCA) of
products. While the environmental ISO 14040 and ISO 14044 standards
have provided a foundation for environmental (and to a great extent,
economic) life cycle assessments, the only available guidelines for SLCA
are the ‘Guidelines for social life cycle assessment of products’
(UNEP/SETAC, 2020). Following the same approach as the environ-
mental ISO 14040 and ISO 14044, the ‘Guidelines’ aim to provide a
systematic framework for assessing and integrating social impacts into
product life cycle assessments. Efforts are underway to address this gap,
with the ISO technical committee ISO/TC 207/SC 5 currently working
on developing a standardized framework for the social assessment of
products. However, it’s important to note that this standard is still in its
early stages of development. The aforementioned *Guidelines’ empha-
size the urgent need for the life cycle-based social assessment of products
to be applied, as this would contribute to the further development,
practicality, and validity of SLCA. Since the publication of the ‘Guide-
lines,” efforts have been made to implement them in various case studies
involving different products, such as fertilizers (Martinez-Blanco et al.,
2014), electronics (Wilhelm et al., 2015), and food industry products
(De Luca et al., 2015), among others.

During the past recent years, SLCA has started to be implemented to
case studies based on the built environment, accounting for both
building and infrastructure design. In the field of buildings, a wide va-
riety of studies exist in the recent past investigating both on the material
selection for particular building elements (Bezama et al., 2021; Balas-
baneh et al., 2021) and on the complete building system (Janjua et al.,
2019; Kim et al., 2021). However, given the scope of the present
research, and given the evident design differences existing between
building and infrastructure design, the spotlight of this literature review
is put on the approaches followed when conducting SLCA in
infrastructures.

In the field of infrastructure, it is common practice to conduct the
SLCA based on the methodology presented in ISO 14040 and 14044 for
environmental life cycle assessment, irrespective of the type of infra-
structure assessed (Balasbaneh and Marsono, 2020; Hossain et al.,
2018). While the studies based on ISO 14040 present similarities in the
definition of goal and scope, the functional unit, or the criteria consid-
ered for the establishment of the product system boundaries, among
others, there are significant differences in the assessment of impacts.
Even though the Guidelines are commonly held as the basis to identify
the stakeholders and impacts relevant to the case studies, depending on
the infrastructure and its social context the social indicators vary.
Safarpour et al. (2022) considers 11 indicators covering the social im-
pacts on workers, local community and consumers when assessing the
life cycle of wastewater systems, while Yang et al. (2022) considers 10
indicators to assess the totality of stakeholders recognized by the
Guidelines, namely workers, users, society, value chain participants, and
local community while evaluating the social impacts associated to the
transport infrastructure in China. The choice on the particular indicators
that are relevant to the case studies in question can be based on a variety
of methods, such as word heat maps applied to databases resulting from
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literature reviews (Blaauw et al., 2021; Gompf et al., 2022), or the most
frequently used Social Hotspot Database (Serreli et al., 2021).

There are also differences in the way the chosen indicators are
evaluated. A great portion of the analyzed studies base their research on
qualitative indicators that are then quantified through stakeholder or
expert surveys. Oladazimi et al. (2021) evaluates the social impacts of
the construction of steel and concrete frames focusing on four impact
categories, namely health and safety, fair salary, local employment
generation and local community acceptance. Barrio et al. (2021)
construct a social criteria set based on the ‘Guidelines’, considering four
stakeholders (local community, value chain actors, workers and society)
to assess the social impact of a particular type of panels for construction
applications. Aung et al. (2021) establishes a set of 24 social criteria to
evaluate a hydropower project. Singh and Gupta (2018) also consider 20
social criteria based on the ‘Guidelines’ to assess socially the steel Indian
sector. The abovementioned studies base the quantification of the social
indicator sets on questionnaires. Such questionnaire-based evaluation of
impacts has a major advantage, as the community is actively involved in
the decision-making process. Such approach is usually rewarded in the
currently existing sustainability certifications for infrastructures, such as
ENVISION or BREEAM Infrastructure. However, a key limitation of this
approach is that it cannot be used for comparative studies or design
optimizations, where quantitative and more objective indicators are
required. To that end, some researchers base their studies on the use of
SLCA-oriented, well recognized databases, such as PSILCA, to assess
infrastructure (Serreli et al., 2021) or optimize structural designs
(Penadés-Pla et al., 2020). Others, on the contrary, define their own
quantitative indicators to fit more accurately the specific social context
and the particularities of the infrastructure to be assessed, to either
address the social impacts of a particular design (Zheng et al., 2019,
2020) or to evaluate different design alternatives (Navarro et al., 2018).

Regarding the field of railways, and to the best of the authors’
knowledge, only the study conducted by Yang et al. (2022) evaluates the
social impacts of railway infrastructures from a life cycle perspective.
However, no studies have been found that focus on the track alternative
selection at the design scale. Here, a design-scale methodology is pro-
posed to investigate on the social consequences of different railway track
alternatives, combining the common aspects of the reviewed SLCA
studies on infrastructures, and defining a set of criteria applicable to the
railway track selection. The primary objective of the proposed set of
criteria is to function as a tool for optimizing railway track designs on a
quantitative and objective scale, and being aligned with the approach
followed by the ‘Guidelines’. The proposed assessment criteria are
intended to serve as a guiding framework for both researchers and
practitioners, ensuring a systematic and comparable evaluation of social
aspects across diverse railway infrastructure projects. With a harmo-
nized set of social indicators and quantitative tools aligned with SLCA
principles, the method enables rigorous comparative studies and facili-
tates informed design optimizations. Specifically tailored for the railway
sector, the methodology offers valuable insights into the social conse-
quences of different track alternatives at the design scale, addressing a
crucial research gap. The proposed method is intended to enhance the
practicality, validity, and applicability of SLCA in infrastructure design,
promoting a more holistic and sustainable approach to decision-making
processes.

3. Materials and methods
3.1. Social life cycle assessment — goal and scope definition

The existing SLCA builds upon the approach outlined in the envi-
ronmental norms ISO 14040 and ISO 14044, which delineate the pro-
cedure for evaluating the life cycle of products. As per these standards,
every life cycle assessment must adhere to a sequential four-phase
framework encompassing scope definition, inventory compilation,
assessment methodology, and interpretation of the outcomes.
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This analysis focuses on assessing the social life cycle impacts of a 1
km long segment of a high-speed railway twin-track system that con-
nects Madrid and Oropesa (Spain), projected to operate for a life span of
100 years (Indraratna et al., 2011).

The present evaluation is intended to quantify the social life cycle
impacts of three alternative designs for the functional unit defined. The
first design, namely the conventional design, consists of a railway track
composed by precast concrete sleepers over an aggregate-based sub-
structure. This design embodies the standard railway track solution
commonly found in Spain (Villalba Sanchis et al., 2021). The second
design option under analysis is the so-called Beatty Embedded Slab
Track (BBEST henceforth). This option is a ballastless track system
characterized by a reinforced concrete slab embedding steel rails and is
commonly used in high-traffic rail environments where durability and
reduced maintenance are essential. The third design alternative
considered in the current social assessment is the Rheda 2000 solution.
This solution, like the previously mentioned alternative, belongs to the
category of ballastless track systems. In the Rheda 2000 solution, a
robust concrete sub-base forms the foundation, upon which precast
sleepers are securely positioned. These sleepers, strategically fixed onto
the surface, contribute to the stability and load distribution of the track.
This innovative configuration offers advantages in terms of maintenance
efficiency, track longevity, and overall operational performance. For
every sleeper-based alternative, sleepers are assumed to be spaced 650
mm apart from each other, and CEN60-E1 rails are assumed. BBEST
design uses different rail profiles, namely BB14072 profiles.

The product system being examined accounts for the impacts asso-
ciated with the production processes of all materials utilized in the
construction and maintenance of each alternative (Fig. 1). This also
extends to the impacts stemming from the construction and mainte-
nance activities for each of these alternatives. In this comparative
cradle-to-grave approach, impacts that are considered identical for
every alternative, or those whose effect can be neglected, have been cut
off from the assessment (Martinez-Blanco et al., 2014). Hypothetical
end-of-life social impacts resulting from the demolition of the alterna-
tive solutions have also been excluded from the analysis, given the high
uncertainties related to the social context in that time horizon. It must be
kept in mind that the social assessment conducted here is focused on the
selection of materials and track/substructure solutions. Assessing the
effect of macro-scale decisions, such as the selection of different trans-
port systems, or the selection of different track alignments or track
origin and destination, is out of the scope of this assessment.

3.2. Inventory analysis and impact assessment methodology

In order to assess objectively the social impacts of each track option
throughout their life cycle, it is necessary to establish a collection of
measurable criteria. For the present work, a group of six indicators has
been chosen that serve to cover the impacts on the stakeholders. The
identification of these stakeholders aligns with the categories outlined in
the *Guidelines’ (UNEP/SETAC, 2020). The ‘Methodological sheets for
subcategories in Social Life Cycle Assessment’ (UNEP/SETAP, 2021)
have served as a basis for selecting the social indicators considered
relevant. From the 40 subcategories reflected in this document, atten-
tion has been paid only to those that simultaneously: allow for a direct
quantification, reflect actual social problems in the context of a devel-
oped country as the one considered for the case study, could be affected
by the functional unit under assessment, and would result in different
impact on the society depending on the alternative considered. The in-
dicators considered in the present study encompass regional economic
development, equitable remuneration as a gauge of working conditions,
gender disparity, local employment generation, the health and safety
standards associated with the produced work, and public opinion. The
social impacts are measured by means of so-called activity variables. In
SLCA, an activity variable refers to a quantifiable factor linked with a
specific activity or process within a product’s life cycle. These variables
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Fig. 1. Product system of the substructure alternatives (T = Toledo; C = Caceres; J = Jaén; V = Valladolid; G = Guadalajara).

are intended to estimate the potential positive or negative social effects
of the activity or process under consideration throughout a product’s life
cycle.

In the present assessment, a separate variable has been chosen for
each stakeholder. The first stakeholder under consideration here is the
society and, in particular, the economic development of the regions
where the economic activities resulting from the defined product system
take place. The activity variable enabling the assessment of this impact
is the economic inflow associated with the payment for materials and
construction services provided by their respective suppliers, measured
in €. The second stakeholder considered in this study are the workers. In
particular, to measure the social impact on the workers, an activity
variable is chosen that accounts for the total amount of employment
generated along the life cycle of each design option. The last stakeholder
considered in the present assessment includes both the users of the
railway system as well as the people living in the area of the construction
site. As the maintenance requirements of an alternative increase, so does
the negative impact on the comfort and convenience of rail users.
Furthermore, a higher frequency of maintenance activities needed by an
alternative corresponds to increased externalities like dust, noise, or
vibrations, which consequently have a greater influence on the nearby
communities. The activity variable chosen to quantify the effect of each
alternative on users and local communities is the number of mainte-
nance activities required by each activity.

However, it shall be noted that these activity variables alone are not
sufficient to estimate the social impacts of each activity of the product
system under evaluation. To that end, the effect of these variables in the
social system where they are involved shall be taken into account. The
Guidelines propose an assessment approach based on the so-called
Performance Reference Points. These are meant to give a measure of
how a product or an activity impact on different aspects of its social
context. Consequently, the activity variables suggested here are referred
to the maximum, minimum or average values associated to the different
Spanish regions for the particular social aspects under consideration.
Utilizing the referenced values, activity variables are normalized and
converted into subcategory indicators, spanning from 0 to 1, where 1
signifies the optimal scenario within the Spanish context. Guidance on
the construction of such indicators is provided in the Methodological
Sheets for Subcategories in Social Life Cycle Assessment (UNEP/SETAC,
2021).

For the case of the economic development of regions, an indicator is
constructed in such a way that the effect of the activity variable, namely
the economic inflows, is less the greater the economic wealth of the

receiving region is. In other words, the indicator is formulated so that
alternatives that generate more economic inflows in poorer regions are
rewarded, as they contribute to the economic and social equity of the
system. In order to consider this beneficial social impact, the subsequent
indicator is proposed, serving the purpose of assigning weight to the
economic inflows directed towards distinct production centers:

Xecon. devel. = 1 - (§dp — GDPyyin)/(GDP g — GDPyiy) (€8]

where gdp stand for the Gross Domestic Product of the region where the
particular activity takes place, and GDPp,y and GDPy,;, stand, respec-
tively, for the maximum and minimum regional Gross Domestic Product
along the Spanish territory.

Regarding the social impact on the workers, a set of four criteria has
been assumed to consider the main relevant aspects affecting employ-
ment conditions in Spain (Navarro et al., 2018), namely fair salary,
gender discrimination, workers’ safety, and unemployment. In the
assessment of these four employment-related sectors, four indicators are
formulated to account for the social context. These indicators are
designed to assign appropriate weight to the employment generated by
each activity within the product system. For instance, if the activity is
measured in terms of “hours of work generated”, these hours are
adjusted to reflect the actual impact of these working hours on the so-
ciety, considering the unique conditions of the production sites
involved. This social significance of the working hours is recognized to
vary based on the local context. An hour of work generated in an area
with high unemployment rates is acknowledged to have a different
impact compared to an hour generated in an area where unemployment
is scarce. By incorporating this contextual perspective, the assessment
acknowledges the unequal social implications of employment across
different regions. Consequently, the set of four indicators presented
below aims to reward the alternatives that result in a greater reduction
of the unemployment of a region, in employment created in fairly paid
regions and sectors, in employment generated in regions and sectors that
contribute to reduce gender inequalities, or where worker’s safety is
ensured.

In order to consider equitable salary conditions, the following indi-
cator is constructed:

Xsalary = (S - Smin)/(Smax - Smin) (2)

where s represents the average regional salary where the production
activity is occurring, and Sy and Sp, stand, respectively, for the
maximum and minimum mean regional salary along the Spanish
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territory.

The second indicator related to the stakeholder workers aims to
consider to what extent the employment generated contributes to reduce
the regional unemployment:

Xiocal empl. = (ur = Urypi) (Uryax = Utyin) 3)

where ur is the regional unemployment rate representative of the region
where the production activity takes place, and Urpgyx and Urpn repre-
sent, respectively, the highest and lowest regional unemployment rates
across the Spanish territory.

A third indicator is formulated in order to weight the employment
generated assessing the extent to which this generated employment
helps in reducing the sectorial and regional gender gap:

Xgender gap = 0.5 min{ 1-1Ury Uryean-151-1Ur/ Uripean-11} + 0.5 min{1-1S,,/
Smean'l|;1'|Sw/Smean'1|} (4)

Here, Ur,, and Ur, represent the average unemployment rates for
men and women at the region where the activity takes place, while
UT'mean Signifies the average unemployment rate at the activity location.
Sm and S, respectively denote the average salaries for men and women
in the region where the activity occurs, and Sp,qn indicates the average
salary in that region.

Finally, the safety of workers engaged in the product system for each
alternative is considered through the utilization of the following
indicator:

Xsafery =1-(ar- Armin)/(Armax — Alpin) %)

where ar stands for the average sectorial accident rate for the specific
activity at the region of the production center, and Arpmg, and Armn
stand, respectively, for the maximum and minimum regional accident
rate for the specific activity across the Spanish territory.

In order to measure the social impact to both the users and the local
community resulting from aspects as delays or externalities caused by
maintenance activities, the following impact score is defined that re-
wards those alternatives with reduced maintenance:

Xpublic opinion = 1- N/maX{Ni} (6)

where N is the estimated number of maintenance activities required by
the alternative under assessment throughout its entire life cycle, and

Table 1
Activity variables for the production stage.
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max{N;} is the maximum number of maintenance operations required
among the alternatives under study.

Once the activity variables p;; and the social indicators X;; have been
obtained for each of the social impact categories i selected and for each
of the design alternatives j under study, the social impact I; of the
alternative j on each of them can be calculated by simply multiplying
both values:

Iij = X,'j . p,-j (7)

Table 1 shows the inventory data regarding the main activity vari-
ables associated to the production stage of the different alternatives
under analysis. Information related to the material and economic flows,
as well as the employment generated, are included. It shall be noted that,
while the material flows are expressed per m of track, the amount of
employment generated, as well as the economic flows provided in the
table are associated to the functional unit (F.U.) described above of
1000 m long track.

The inventory data including the activity variables for each alter-
native during the construction and maintenance stage of their life cycles
are included in Table 2. Again, the amount of employment generated,
and the economic flows provided are associated to the functional unit (F.
U.) described above of 1000 m long track, while the material flows are
expressed per m of track.

The inventory data required to evaluate the social context-based
indicators formulated above is provided in Table 3. This data has been
gathered from official, up-to-date databases available for the Spanish
territory, namely the Spanish Tax Office and the Spanish National Sta-
tistics Institute. The values included in Table 3 correspond to 2023
values.

3.3. Analytic Network Process based sustainability indicator

Sustainable design involving a wide variety of criteria is usually
considered as a decision-making problem, and so is the case when only
the social aspects are considered. Similarly, a variety of social impacts of
different nature are involved, and a decision-making approach can offer
a great advantage in normalizing and aggregating these impacts into a
single, synthetizing social score. In order to rank the different design
alternatives under analysis based on their social impact and considering
the six social criteria presented above, the ANP method (Saaty, 1996) is

Material production activity Production Center Quantity/m Employment Generated/F.U. Economic Flow/F.U.
Conventional ballast track
Sub-ballast Aggregates Toledo 7200 kg/m 90h 39.98 x 10° €
Sleepers Concrete Jaén 770 kg/m 138.6 h -
Steel Jaén 18.8 kg/m 7.8h -
Manufacture Jaén 1.5 units/m 1061.5h 106.55 x 10° €
Ballast Céceres 5304 kg/m 66.3 h 50.56 x 10° €
Rails Valladolid 240 kg/m 99.3 h 41.22 x 10° €
RHEDA 2000
Sub-ballast Aggregates Toledo 4000 kg/m 50h 22.21 x 10° €
Cement Toledo 266 kg/m 43.9h 7.87 x 10° €
Steel Toledo 56 kg/m 23.2h 3472 x 10° €
Sleeper Concrete Jaén 536 kg/m 96.5h -
Steel Jaén 9 kg/m 3.7h -
Manufacture Jaén 1.5 units/m 1061.5h 106.55 x 10° €
In-situ concrete Concrete Toledo 258 kg/m 46.5h 8.38 x 10° €
Steel Toledo 43 kg/m 17.8h 26.77 x 10° €
Rails Valladolid 240 kg/m 99.3h 41.22 x 10° €
BBEST
Sub-ballast Aggregates Toledo 1890 kg/m 23.6 h 10.49 x 10° €
Cement Toledo 250 kg/m 41.3h 7.40 x 10% €
Steel Toledo 26.5 kg/m 11h 16.43 x 10° €
In-situ concrete Concrete Toledo 2672 kg/m 481 h 86.57 x 10° €
Steel Toledo 232 kg/m 96 h 143.84 x 10° €
Grout, Seal Guadalajara 110 kg/m 19.8h 116.60 x 10° €
Rails Valladolid 296 kg/m 122.4h 41.22 x 10° €
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Table 2
Activity variables for the construction and maintenance stages.

Construction/ Quantity/m Employment Economic

Maintenance operation Generated/F.U. Flow/F.U.

Conventional ballast track — Construction stage

Sub-ballast spreading 7200 kg/m 1181 h 46.76 x 10° €

Ballast spreading 5304 kg/m 2358.9 h 78.17 x 10° €

Rail and sleeper - 5066.2 h 51.65 x 10° €
installation

Rail welding 0.0139 144.4h 3.40 x 10° €

units/m

Conventional ballast track — Maintenance stage (100 years)

Ballast leveling and - 575h 80.50 x 10° €
damping/4 yrs.

Dynamic stabilization/4 - 50 h 33.50 x 10° €
yrs.

Ballast spreading/4 yrs. 265.2 kg/m 59054.8 h 160.91 x 10% €

Ballast spreading/12.5 1591.2 kg/ 19030.1 h 308.94 x 10° €
yrs. m

Sub-ballast spreading/ 7200 kg/m 4900.5 h 346.95 x 10° €
25 yrs.

Ballast spreading/25 5304 kg/m 9580 h 514.91 x 10° €
yrs.

RHEDA 2000 - Construction stage

Sub-ballast spreading 4000 kg/m 656.1 h 25.98 x 10° €

Rail and sleeper - 5066.2 h 51.65 x 10° €
installation

Rail welding 0.0139 1441 h 3.40 x 10° €

units/m
In-situ concreting 0.10 m®/m 64.7 h 2.35 x 10° €
Reinf. steel installation 43.1 kg/m 991.3 h 23.71 x 10° €

RHEDA 2000 — Maintenance stage (100 years)

Rail maintenance/25 296 kg/m 19769.7 h 310.36 x 10° €
yIS.

BBEST - Construction stage

In-situ concreting 1.07 m*/m 668.0 h 24.28 x 10° €

Reinf. steel installation 232 kg/m 5336.0 h 127.60 x 10° €

Grout and sealing 110 kg/m 22000.0 h 28.37 x 10° €

Rail installation - 820 h 2.85 x 10° €

Rail welding 0.0139 144.1h 3.40 x 10° €

units/m

BBEST — Maintenance stage (100 years)

Rail maintenance/25 296 kg/m 19769.7 h 310.36 x 10% €
yrS.

Table 3

Parameters defining the social context of the regions involved in the production
system.

Toledo  Jaén Caceres  Valladolid  Guadalajara
Gross Domestic 915.66 593.51 675.88 716.95 335.95
Product GDP
(x10°€)
Mean 14.08 20.37 17.64 8.47 10.83
unemployment
rate (%)
Men’s mean unempl. 9.16 14.81 16.98 8.4 7.86
rate (%)
Women’s mean 19.98 27.6 18.46 8.56 14.42
unempl. rate (%)
Mean salary (€) 18230 14261 15869 21380 21128
Men’s mean salary 20085 15371 17115 23985 23852
©)
Women’s mean 15777 12807 14417 18400 17877
salary (€)
Accident Rate (A.R.) 8.73 6.44 6.13 5.62 9.91
— Construction
A.R.- Specialized 7.67 5.65 5.38 4.94 8.71
construction
activities
A.R.- Industry 6.90 5.09 4.84 4.44 7.84
A.R. - Metalworking 8.10 5.97 5.69 5.21 9.20
A.R. - Extractive 7.27 5.36 5.11 4.68 8.26
industry
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used. ANP is a decision-making technique for evaluating multiple
criteria and is built upon the familiar Analytic Hierarchy Process (AHP)
framework introduced by Saaty in the early 1980s (Saaty, 1980). While
AHP works well for problems with straightforward hierarchies, ANP
extends beyond this limitation, offering a more flexible approach for
complex decision structures. ANP employs a network structure, allowing
the modeling of intricate relationships and dependencies that may not
follow a hierarchical pattern. This is particularly valuable when dealing
with real-world decision problems where elements interact in non-linear
and interdependent ways. Unlike AHP, ANP excels in handling depen-
dence and feedback. AHP assumes independence among criteria or al-
ternatives, making it less suitable for dynamic scenarios. ANP, on the
other hand, accommodates dependencies and feedback loops, capturing
the dynamic and interactive nature of decision problems. The flexibility
of ANP in dealing with inconsistencies further sets it apart. It can handle
inconsistencies more gracefully by allowing for nuanced modeling and
reducing the impact of inconsistencies in pairwise comparisons.
Consequently, ANP’s ability to model complex relationships, de-
pendencies, and feedback makes it more suitable for complex
sustainability-related decision problems.

In ANP, decision-makers evaluate and compare various criteria and
alternatives based on their relative importance and performance. The
method involves breaking down the decision problem into a hierarchical
network of elements, where elements can represent criteria, sub-criteria,
alternatives, and interactions among them. These interactions are
captured using pairwise comparisons, similar to AHP. However, ANP
introduces the concept of “superiority” and “dependence” between
different levels of the hierarchy. Superiority captures the relative
importance of elements at different levels, while dependence captures
the impact of one element’s performance on another element’s
performance.

Following the ANP technique, criteria and alternatives are grouped
into so-called clusters. In this context, clusters refer to groups of ele-
ments that share common characteristics or interact closely with each
other within the decision-making network. This technique enables the
consideration of connections between clusters in both directions. It al-
lows for the modeling of influences between elements within one cluster
on elements in another cluster, and vice versa. Additionally, ANP ac-
commodates the representation of relationships within clusters. These
relationships are categorized as internal and external influences.

The construction of the relational network that represents the deci-
sion problem is an essential step in applying ANP. The decision maker
must decide which criteria and alternatives will impact his/her decision,
group them into clusters, and establish the relationships based on their
expertise and understanding of the problem. This model is then pre-
sented in the form of a relational supermatrix. This matrix contains
entries of either 1 or 0, indicating the presence or absence of a rela-
tionship between elements in the rows and columns, respectively.
Constructed in this way, the supermatrix is a composite representation
that consolidates the information from all the pairwise comparisons
made between elements within and across clusters, providing a
comprehensive view of the entire network structure and captures how
the elements are interconnected and affect each other.

Once the relational supermatrix is completed, the expert must
replace each “1” with the actual relationship between rows and columns.
This is done using the traditional AHP method, which helps determine
the level of influence each element from a row with a “1” has on the
specific element in the column being analyzed. The outcome is an un-
weighted supermatrix. However, this matrix isn’t balanced; in other
words, the elements in each column don’t add up to 1. To achieve a
balanced supermatrix, the elements in each column need to be multi-
plied by the weight of the cluster they belong to. This weight is deter-
mined again using the conventional AHP approach.

The weighted supermatrix that results serves as the foundation for
the final stage of the process. This step involves repeatedly raising the
weighted supermatrix to a power until each column becomes the same.
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The elements within this ultimate matrix, known as the “limiting
supermatrix,” offer both the final weights for each criterion and the
evaluation of each alternative based on these criterion weights.

4. Results of the life cycle assessment
4.1. SLCA impact results

The first step to determine the social impacts along the life cycle of
each alternative consists in obtaining the social indicators that will serve
to weight the activity variables defined for each stakeholder. These in-
dicators depend solely on the social context of the region where each
activity takes place and is independent from the activity variable itself.
From the inventory data shown in Table 3, the weighting social in-
dicators defined above can be directly obtained for each production
center and activity (Table 4):

Regarding the construction and maintenance stage, the indicators
take the values shown in Table 5:

Using the previously outlined SLCA approach, the social effects
related to the three distinct life cycle stages examined in this study-
—namely material production, construction, and maintenance—are
computed for the three available track design alternatives (Figs. 2-4). It
shall be highlighted that the indicator system presented here is con-
structed in such a way that, the higher the score, the more positive the
impact is for the society. The values shown in Figs. 2-4 correspond to the
activity variables presented in Tables 1 and 2, weighted by the social
indicators defined above and presented in Tables 4 and 5 depending on
the life cycle stage involved. It shall be noted that in those figures, the
left vertical axis serves to represent the social impacts on local
employment, gender, safety and fair salary, expressed in effective
working hours. The secondary vertical axis stands to represent the social
impact on the economic development of regions, expressed in euros.

It is observed that, as far as the production stage is concerned, the
alternative BBEST scores very little if compared to ballast-based and
Rheda 2000 alternatives in generating quality employment. However,
the economic flows derived from such alternative are significantly
higher (approximately 70% greater) than for the other two alternatives
(Fig. 2).

In summary, for the material production stage, each design alter-
native has its strengths in different impact categories. The ballast-based

Table 4
Social indicators for the production stage.
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design seems to excel in local employment, gender, and safety. The
BBEST design, on the other hand, emphasizes fair salary and economic
development. Rheda 2000 falls in between the other designs in most
categories.

However, when it comes to the social impacts associated to the
construction stage (Fig. 3), it is precisely BBEST the alternative that both
generates more employment and contributes more to the economic
development of regions.

The BBEST design stands out across all impact categories with
notably higher values compared to the other designs. It appears to have
the most significant positive effects on local employment, gender, safety,
fair salary, and economic development. The ballasted and the Rheda
2000 alternatives, while still impactful, have lower values across the
board in comparison to the BBEST design.

Finally, the impacts resulting from maintenance over a 100-year
period for each of the three design alternatives are presented in Fig. 4.
It is evident that the high maintenance demands associated with the
conventional ballasted track contribute to consistent employment gen-
eration over an extended period. This significantly boosts economic
prosperity in the affected activity locations by more than 300% when
compared to the RHEDA 2000 and BBEST solutions. However, the
positive impact on public opinion stemming from the absence of main-
tenance is negligible for the conventional track, as per the proposed
impact indicators. In contrast, RHEDA 2000 and BBEST alternatives,
with minimal discernible effects on users and local communities
throughout their life cycles, achieve nearly perfect scores of 1 for this
decision criterion.

4.2. MCDM:-based sustainability life cycle assessment

After determining the social impacts for each stage and option, the
decision model is created using the ANP approach. The construction of
this model involved the collaboration of three experts. Table 6 provides
a concise overview of each expert’s academic and professional
background.

In the current decision-making scenario, variables have been cate-
gorized into four clusters. The first cluster comprises the three design
alternatives, the second involves the four employment-related criteria,
the third pertains to the socio-economic criterion, and the fourth ad-
dresses the impact on public opinion. It is important to note that

Material production activity Local employment (Xiocat empt) Gender (Xgender gap) Safety for workers (Xsafery) Fair salary (Xsatary) Economic development (Xecon. devel)
Conventional ballast track
Sub-ballast Aggregates 0.371 0.723 0.227 0.319 0.760
Sleepers Concrete 0.680 0.772 0.666 0.000 0.853
Steel 0.680 0.772 0.666 0.000 0.853
Manufacture  0.546 0.931 0.725 0.129 0.830
Ballast 0.095 0.925 0.822 0.571 0.818
Rails 0.680 0.772 0.666 0.000 0.853
RHEDA 2000
Sub-ballast Aggregates 0.371 0.723 0.227 0.319 0.760
Cement 0.371 0.723 0.227 0.319 0.760
Steel 0.371 0.723 0.227 0.319 0.760
Sleeper Concrete 0.680 0.772 0.666 0.000 0.853
Steel 0.680 0.772 0.666 0.000 0.853
Manufacture  0.371 0.723 0.227 0.319 0.760
In-situ concrete Concrete 0.371 0.723 0.227 0.319 0.760
Steel 0.095 0.925 0.822 0.571 0.818
Rails 0.680 0.772 0.666 0.000 0.853
BBEST
Sub-ballast Aggregates 0.371 0.723 0.227 0.319 0.760
Cement 0.371 0.723 0.227 0.319 0.760
Steel 0.371 0.723 0.227 0.319 0.760
In-situ concrete Concrete 0.371 0.723 0.227 0.319 0.760
Steel 0.371 0.723 0.227 0.319 0.760
Grout, Seal 0.095 0.925 0.822 0.571 0.818
Rails 0.211 0.757 0.000 0.551 0.928
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Table 5

Social indicators for the construction and maintenance stages.

Journal of Cleaner Production 450 (2024) 142008

Construction/Maintenance operation Local employment (Xjcar Gender (Xgender Safety for workers Fair salary Economic development (Xecon,
empl) sap) Ksafery) Ksatary) devel)
Construction stage (common to every alternative)
Ballast, BBEST, RHEDA 2000 0.371 0.723 0.227 0.319 0.760
Conventional ballast track — Maintenance stage
Ballast and sub-ballast production 0.546 0.931 0.725 0.129 0.830
Ballast and sub-ballast spreading, leveling and 0.371 0.723 0.227 0.319 0.760
damping
RHEDA 2000 — Maintenance stage
Steel production 0.095 0.925 0.822 0.571 0.818
Rail installation 0.371 0.723 0.227 0.319 0.760
BBEST - Maintenance stage
Steel production 0.095 0.925 0.822 0.571 0.818
Grout production 0.211 0.757 0.000 0.551 0.928
Rail installation 0.371 0.723 0.227 0.319 0.760
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Fig. 4. Social impacts associated to the maintenance stage.

Table 6
Description of the panel of experts.
Expert 1 Expert 2 Expert 3

Years of profesional experience 8 21 17
Advanced degree PhD PhD MSc
Expertise level in construction design 8/10 10/10 10/10
Expertise level in structural design 10/10 8/10 10/10
First author in JCR articles 9 14 4

alternatives have an impact on criteria, and vice versa, establishing a
reciprocal influence. As such, the respective cells in the supermatrix are
designated with a value of 1, signifying this mutual influence. Here, no
specific relationships between the alternatives themselves is assumed.
The detailed relationships, both among alternatives and criteria, are
illustrated in Fig. 5, focusing solely on expert 1. In this section, super-
matrices will be shown exclusively related to expert 1 to maintain clarity
and simplicity. Fig. 5 reveals the understanding of expert 1 of how
criteria are related to each other. In addition, and following the con-
ventional procedure in ANP, it can be observed that every criteria is
related to every alternative and vice-versa.

After the model is built and in accordance with the ANP process, the
cells in the influential supermatrix that were previously assigned a value
of 1 are subsequently replaced with the factual influence that the ele-
ments in each row exert on the elements in each column. This is done to
create the unweighted supermatrix, which is illustrated in Fig. 6. As
explained above, the unweighted supermatrix is constructed by

combining the matrices of pairwise comparisons from all levels of the
decision hierarchy. This results in a matrix that captures the relation-
ships and dependencies between elements across clusters and levels.
Since the social criteria set in this analysis consists of quantitative fac-
tors, the initial three rows and three columns can be directly populated
using the impact values depicted in Figs. 2-4.

In order to establish a stochastic, weighted supermatrix, it is neces-
sary to evaluate the impact that each cluster has on the others. This
evaluation can be accomplished through the conventional AHP method,
focusing solely on the pairwise comparison of clusters with inter-
connected elements (refer to Fig. 7).

After quantifying these relationships, the stochastic and weighted
decision supermatrix can be generated (Fig. 8). The elements of this
matrix correspond to the elements of the unweighted supermatrix
(Fig. 6) multiplied and normalized by the weight of the cluster they
belong to. This precedes the calculation of criteria weights and alter-
native scores.

The final phase of the ANP procedure involves repeatedly raising the
prior supermatrix until it reaches convergence, resulting in what is
referred to as the limiting supermatrix. In this limiting supermatrix, each
column is identical. For this particular decision-making problem, the
values obtained for each column in the limiting supermatrix and,
consequently, the results of the ANP method, are displayed in Fig. 9.

Analyzing the outcomes, it becomes evident that, in the specific
scenario under consideration and in alignment with the expert’s
perspective on the matter, greater significance is attributed to the po-
tential impacts of each alternative on regional economic development

T
Ballast Rheda 2000 BBEST i EmpLIZ;:ent Gender Safety Fair Salary Dev:Ic:p"r;\ent OP;::::n
Ballast 0 0 0 1 1 1 1 1 1
Rheda 2000 0 0 0 1 1 i 1 1 1
BBEST 0 0 0 1 1 1 1 1 1
Local Employment| 1 1 1 0 1 1 1 1 0
Gender 1 1 1 0 0 0 0 0 1
Safety 1 1 il 0 0 0 0 0 1
Fair Salary 1 1 1 0 0 0 0 1 0
Econ. Development| 1 1 1 1 0 0 1 0 0
Public Opinion 1 1 1 0 1 0 0 0 0

Fig. 5. ANP-based decision model for the social assessment of railway tracks.
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T
Ballast Rheda 2000 BBEST EmpLIZ;:ent Gender Safety Fair Salary Dev:Ic: p"r;1ent OP;::::n
Ballast 0 0 0 0.5837 0.5768 0.6070 0.5545 0.5214 0
Rheda 2000 0 0 0 0.1534 0.1532 0.1501 0.1569 0.1856 0.5
BBEST 0 0 0 0.2630 0.2700 0.2429 0.2886 0.2930 0.5
Local Employment| 0.2360 0.2367 0.2372 0 1 1 il 1 0
Gender| 0.1240 0.1230 0.1199 0 0 0 0 0 0.7
Safety| 0.3294 0.3510 0.3727 0 0 0 0 0 0.3
Fair Salary 0.3106 0.2893 0.2702 0 0 0 0 1 0
Econ. Development a 1 s 1 0 0 1 0 0
Public Opinion 1 1 1 0 1 0 0 0 0

Fig. 6. Unweighted supermatrix.

T
Ballast Rheda 2000 BBEST EmpLIZ;:ent Gender Safety Fair Salary Dev:Ic: p"r;1ent OP;::::n
Ballast
Rheda 2000! 0 0.4854 0.800 0.667
BBEST,
Local Employment|
Gender 0.0540 0.2193 0.200 0.333
Safety
Fair Salary
Econ. Devel 0.5891 0.1551 0 0
public Opinion 0.3568 0.1401 0 0
Fig. 7. Influence of each cluster on the rest.
T
Ballast Rheda 2000 BBEST EmpLIZ;:ent Gender Safety Fair Salary Dev:Ic: p"r;1ent OP;::::n
Ballast] 0 0 0 0.4424 0.3314 0.4181 03131 0.3476 0
Rheda 2000| 0 0 0 0.1162 0.0880 0.1034 0.0886 0.1238 0.3333
BBEST| 0 0 0 0.1993 0.1551 0.1673 0.1629 0.1953 0.3333
Local Employment{  0.0128 0.0128 0.0128 0 0.2596 03112 0.2551 0.1667 0
Gender|  0.0067 0.0066 0.0065 0 0 0 0 0 0.2333
safety| 00178 0.0190 0.0201 0 0 0 0 0 0.1
Fair Salary|  0.0168 0.0156 0.0146 0 0 0 0 0.1667 0
Econ. Development|  0.5891 0.5891 0.5891 0.2421 0 0 0.1804 0 0
Public Opinion|  0.3568 0.3568 0.3568 0 0.1659 0 0 0 0
Fig. 8. Stochastic weighted supermatrix.
T
Ballast Rheda 2000 BBEST EmpLIZ;:ent Gender Safety Fair Salary Dev:Ic: p"r;1ent OP;::::n
Ballast|  0.410 0.410 0.410 0.410 0.410 0.410 0.410 0.410 0.410
Rheda 2000  0.254 0.254 0.254 0.254 0.254 0.254 0.254 0.254 0.254
BBEST|  0.336 0.336 0.336 0.336 0.336 0.336 0.336 0.336 0.336
Local Employment|  0.131 0.131 0.131 0.131 0.131 0.131 0.131 0.131 0.131
Gender|  0.062 0.062 0.062 0.062 0.062 0.062 0.062 0.062 0.062
safety|  0.037 0.037 0.037 0.037 0.037 0.037 0.037 0.037 0.037
Fair Salary|  0.084 0.084 0.084 0.084 0.084 0.084 0.084 0.084 0.084
Econ. Development|  0.439 0.439 0.439 0.439 0.439 0.439 0.439 0.439 0.439
Public Opinion|  0.248 0.248 0.248 0.248 0.248 0.248 0.248 0.248 0.248
Fig. 9. Results of the limiting supermatrix (normalized).
(normalized importance approximately 43%) and fostering a positive BBEST alternative (social score of 34%).
public opinion (importance around 25%). This emphasis outweighs the
attention placed on generating favorable employment-related impacts. 5. Discussion of the results
Given these relevance metrics, the track alternative that contributes
most positively in social terms over a 100-year analysis timeframe is the This study emerges from the acknowledgment that current efforts to
conventional ballast track (social score of 41%), closely pursued by the reduce greenhouse gas emissions and optimize economic life cycles

10
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within the railway sector fall short of aligning with the multifaceted
objectives outlined in the Sustainable Development Goals (SDGs). The
literature review established that, despite the increasing attention to
SLCA in various industries, there is a distinct lack of studies focusing on
the social consequences of railway track alternatives at the design scale.
The existing body of research tends to emphasize qualitative indicators
based on stakeholder or expert surveys, limiting the potential for
comparative studies or design optimizations. In response to this gap, this
study introduces a novel and practical approach, proposing a set of
quantitative and objective criteria tailored for railway infrastructure
design.

The proposed set of social indicators allow for an objective evalua-
tion of the social performance of railway infrastructure, directly related
to the achievement of the SDG. In particular, it allows for specific
metrics to evaluate the accomplishment of several targets related to SDG
#8 Decent work and economic growth, such as target 8.1 (Sustainable
economic growth) or 8.5 (Full employment and decent work with equal
pay); SDG #5 Achieve gender equality and empower all women and girls,
SDG 10 Reduce inequality within and among countries.

Considering how the construction and maintenance of railway tracks
may affect the generation of quality employment, aid in reducing the
gender gap, generate public acceptance of the affected communities, and
contribute to the economic development in regions, it has turned out
that the conventional, ballasted track solution performs best than the
ballastless solutions. The economic flows generated by the product
system, together with the quality employment generated along the life
cycle of the conventional design, are the impacts that mostly contribute
to the competitive social performance of this solution. The outstanding
performance in the different impact categories considered in this study
compensate the negative impact that such conventional solutions have
on the public opinion of the local communities, resulting from the high
maintenance demands of this alternative.

Considering the environmental dimension of sustainability, Pons
et al. (2020) evaluated the environmental life cycle performance of
similar track solutions and concluded that the ballasted track design also
performs better from an environmental perspective. The high environ-
mental impact associated with concrete and steel production is a key
factor causing ballastless solutions to fare worse than ballasted track
alternatives. Consequently, it seems reasonable to assert that ballasted
solutions appear to pave the way for the sustainable future of railway
infrastructures, notwithstanding their associated high maintenance
requirements.

6. Concluding remarks

Assessing the social effects of infrastructure during the design phase
remains a significant hurdle, yet it’s vital to address for reaching the
2030 SDGs. As the construction sector plays a crucial role in enhancing
local economies and creating jobs, it’s essential to design infrastructure
that maximizes these beneficial societal outcomes. This effort is integral
to getting closer to the sustainable future the society aims for. However,
the lack of standardized guidelines for defining measurable and unbi-
ased social indicators underscores the urgent requirement for engineers
to establish such criteria in order to evaluate their designs effectively.

The present communication focuses on the social life cycle assess-
ment of railway infrastructures. To that end, a set of six quantitative
social criteria has been developed, covering aspects such as employment
generation and its quality (gender discrimination, fair salary, safety and
fight against unemployment), the economic development of regions, and
the affection to public opinion derived from track maintenance opera-
tions. Such quantitative set allows not only for the optimization of track
designs in social terms, but also for the selection of the design alterna-
tives that most contribute to the social development of the regions
affected by them. As a case study, a social life cycle assessment of three
different twin-track design alternatives, namely a conventional ballasted
track, and the ballastless solutions Rheda 2000 and BBEST, is presented.
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The analysis comprises the social impacts along the production, con-
struction and maintenance life cycle stages, covering a period of analysis
of 100 years.

Considering the intricate relationships that can exist among social
criteria, the final evaluation of the alternatives has been carried out
using the ANP MCDM technique. This approach permits modeling such
influences through a network-based strategy.

Considering the social impacts from the material production stage,
BBEST alternative demonstrates minimal impact on generating quality
employment if compared to conventional ballast-based and Rheda 2000
alternatives. However, BBEST shows significantly greater economic
flows, approximately 70% greater than the other alternatives. Each track
alternative has strengths in different impact categories: conventional
track design excels in local employment, safety and gender; BBEST
stands out for fair salary and economic development of regions; and
Rheda 2000 falls between the other alternatives in most impact
categories.

Moving to the construction stage, BBEST emerges as the standout
alternative for generating employment and contributing to regional
economic development. It excels across all impact categories, surpassing
other designs notably in local employment, gender equality, safety, fair
salary, and economic development. This stage highlights BBEST as a
promising choice for fostering social progress and economic growth
within affected regions.

Accounting for the social impacts during the maintenance stage,
conventional ballasted track demonstrates consistent employment gen-
eration over a 100-year period due to high maintenance demands,
boosting economic prosperity significantly compared to Rheda 2000 and
BBEST solutions. On the contrary, the positive impact on the public
opinion from the absence of maintenance is negligible for the conven-
tional track. Rheda 2000 and BBEST solutions achieve nearly perfect
scores for public opinion due to minimal discernible effects on users and
local communities throughout their life cycles. This indicates that while
the conventional track may have economic benefits, it may face chal-
lenges in maintaining positive public perception, whereas Rheda 2000
and BBEST solutions maintain favorable public opinion with fewer
maintenance-related disruptions.

In general, the findings indicate that the conventional ballasted track
solution outperforms the RHEDA 2000 and BBEST designs in social
terms. This is attributed to its consistent ability to generate high-quality
employment and stimulate economic activities in the regions covered
within the scope of the defined product system. It is important to
acknowledge that the outcomes presented in this study are constrained
by the involvement of a limited panel of three experts in constructing the
ANP network.

The methodology presented in this paper to assess the life cycle of
railway infrastructures from a social point of view provides an effective
tool to quantify the contribution of different designs to the society.
Based on an objective and quantitative methodology, it allows for the
optimization of designs to maximize the social benefits along the life
cycle of railway infrastructure designs. Furthermore, it contributes to
the ongoing development of Social Life Cycle Assessment (SLCA), as the
indicators align with the provisions of the *Guidelines’ and its associated
methodological sheets. It is noteworthy that the assessment of social
impacts based on this methodology is non-subjective, ensuring consis-
tent SLCA results regardless of the designer involved.

It shall also be noted that the methodology introduced in the present
research can be applied for the social assessment of infrastructures of
any kind, such as bridges, roads or port structures, for example. But the
adaptability of this methodology has the potential to extend its appli-
cability to different sectors beyond transportation, such as buildings. As
per future lines of research, the set of quantitative social indicators can
be applied, combined with ANP, to optimize the selection of the value
chain actors involved in the product system in order to maximize the
positive impact on the society. Further research is intended to apply this
methodology, formulated on a quantitative basis, for the selection of
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construction materials that maximize the positive social impact along
the life cycle of railway infrastructures.
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