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Abstract: Assessing infrastructure sustainability requires an evaluation of technical, eco-
nomic, environmental, and social dimensions, with the latter often being overlooked.
Asphalt mixtures incorporating end-of-life tire textile fiber additives in Chile have emerged
as a sustainable alternative to conventional fibers. However, the social sustainability
of these additives remains underexplored. This study develops a model to assess the
social sustainability of asphalt additives in Chile using fuzzy cognitive mapping. The
methodology includes three stages: (1) qualitative exploration of the conceptual model by
information triangulation, (2) construction of a fuzzy cognitive model to estimate social
contributions, and (3) dynamic analysis of four additives, including those derived from
end-of-life tire textile fiber. The results show that these recycled additives generate dis-
tinct social impacts, particularly in terms of consumer interest, innovation, knowledge
transfer, and regulatory alignment. Additionally, technical contributions and certifications
significantly influence sustainability assessments, exhibiting greater independence from
other factors. The findings highlight the potential of repurposed textile fiber as a socially
sustainable alternative in asphalt production. This approach supports circular economy
initiatives, fosters innovation, and enhances the acceptance of sustainable infrastructure
materials in Chile, contributing to a more resilient and responsible construction sector.

Keywords: social sustainability; Chile; Fityre; end-of-life tires (ELTs); fuzzy cognitive map
(FCM)

1. Introduction

In the context of sustainability, most countries are committed to advancing towards the
Sustainable Development Goals [1]. Of these, goals 9 and 12 promote the innovation and
responsible consumption and production of subcomponents of infrastructures. Sustainable
development includes at least the environmental, economic, and social dimensions [2].
Yet, in recent decades, there has been greater interest in the economic and environmental
pillars, to the detriment of the social pillars [3,4]. Sustainable design requires consideration
of each of the three dimensions. Social sustainability ensures equity, well-being, and justice
for present and future communities, promoting inclusion, human rights, and participa-
tory sustainable development [5]. Indeed, few studies consider the social sustainability
of infrastructure components, particularly in relation to asphalt mixes. Among them,
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Hossain et al. [4] recommend a stakeholder-based social life cycle assessment framework
for recycled building materials; however, they warn readers of their limited access to infor-
mation and databases that cover the social aspects. Given this limitation, other authors have
adopted a reductionist approach by pre-selecting social indicators to assess asphalt mix-
tures with scrap tires [6]. In contrast, Azzini and Munda [7] recommend that an adequate
assessment that represents real social sustainability should include aspects appropriate to
the context, based on the participation of stakeholders, without limiting them.

Thus, the social sustainability has been commonly recognized as the weakest and
least-developed pillar of sustainable development [3,5]. This is due to the absence of a
universally recognized scientific foundation for analysis or a standardized unit of mea-
surement, unlike the economic and environmental aspects of sustainability [5]. Moreover,
social indicators are not isolated but interrelated with each other and with other elements
of sustainability, resulting in first- and higher-order impacts [8,9]. This complicates the
implementation of a model that can accurately represent the social impact of infrastructure
components. Recently, Sierra et al. [3] developed a model to advance the estimation of
the social contribution of sustainable asphalt mixtures using a Bayesian decision-making
model. The model has 26 independent indicators distributed in the life cycles of extraction,
production, and placement of the mixtures. However, progress still needs to be made
in terms of depicting the impact of the interaction between indicators and adjusting the
measuring scale to the level of each component of the asphalt mix. This implies that,
in actuality, not all social indicators are independent and should be represented as such
to accurately simulate the real effect of a social system. In addition, the scale effect per
functional unit of asphalt mixture did not properly identify the effect of its components, as
in the case of asphalt additives.

Additives are one of the components in hot mix asphalt (HMA) and act in combina-
tion with stone aggregates and asphalt binder. The inclusion of an additive is typically
warranted by the enhancement of the pavement’s mechanical qualities [10]. The addi-
tives offered in the market for HMA can be commercialized in fiber format derived from
synthetic fibers (polyolefin and aramid, fiberglass, and others). There is already existing
evidence that demonstrates the improvement of the mechanical properties of polyolefin
and aramid fibers, prolonging pavement service life [11]. Specifically, Aramid fiber, espe-
cially when combined with polyolefins, enhances rutting resistance and permeability in
porous asphalt mixtures [12]. In this vein, glass fibers also stand out for their flexibility
and stability at 200 °C, improving the strength and fatigue properties of asphalt mixtures
and increasing ductility [13]. Polyester fibers consist of a long-chain synthetic polymer
containing a minimum of 85% by weight of a diol ester and terephthalic acid. Polyester
fibers, when chemically modified, improve adhesion to asphalt, increasing mechanical
strength and thermal stability. This fiber is highly resistant to traction, heat, chemical
agents, and rubbing, while humidity does not affect it [14]. From a sustainable perspective,
incorporating these fibers reduces reliance on virgin materials, promotes recycling, and
extends pavement lifespan, lowering carbon emissions. However, optimizing the fiber
dosage remains crucial to balancing mechanical performance and sustainability. In this
sense, Xing et al. [10] identify the factors and additive raw materials that affect the technical,
economic, and environmental performance of recycled asphalt emulsion mixtures. On
the other hand, notwithstanding progress in this field, these fibers are predominantly
manufactured outside of developing countries, resulting in transportation costs and import
duties that inflate the cost of the mixes and encourage deindustrialization. This affects
public spending on pavement investment to the detriment of other social needs in the
country where they are implemented [3,15].
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Recently, an eco-friendly additive has emerged in Chile that revalues waste prod-
ucts by using textile fibers derived from end-of-life tires (TfELTs) originating from the
recycling of end-of-life tires (ELTs). In its current state, as a waste product, this fiber has
various effects on the environment and human health. It is usually sent to a landfill or
used as fuel in cement plants [16]. Both uses have a negative impact on society, since
burning this fiber releases toxic gases into the atmosphere; in a landfill, it occupies space,
poses a risk of uncontrolled combustion, and serves as a possible source of disease and
infection [16]. It should be noted that 140,000 tons of ELTs in Chile are generated annually,
of which only 14% is recycled [17]. In 2021, a national regulation was enacted regarding
the collection and revaluation goals of ELTs [18] that promotes the increase in the use of
the amount of TfELTs. Along these lines, experimentally and validation studies in test
scales of Valdés-Vidal et al. [19], and Valdés et al. [20] have proposed the development of
an additive called Fityre, based on TfELTs, for environmentally sustainable asphalt mixes,
replacing the fibers currently required for HMA mixes.

These advances are not isolated; in this respect, Mohd et al. [21] reported that incorpo-
rating solid waste as a secondary raw material for modified asphalts allows industries to
reduce waste disposal in landfills and diversify new profitable ventures while cultivating
high-impact, sustainable economic and ecological benefits. In addition, Arroyo et al. [6]
conclude that using ELTs in asphalt mixtures is more advantageous than conventional mix-
tures; however, the cost required for manufacturing and execution is 1.4 times higher, with
a much lower maintenance cost. In addition, Calabi-Floody et al. [22] found that adding
TfELTs to asphalt mixtures significantly improved the resistance to plastic deformation at
high temperatures without interfering with their performance at low temperatures. This
is consistent with what was reported by Bocci and Prosperi [16], who concluded that the
application of TfELTs not only allows the recycling of a material that currently ends up in
landfills or incinerators but can also be a resource to improve the performance of HMA.

For their part, Landi et al. [23] favorably validate the reuse of TfELTs for asphalt
mixtures. Their study focused on the technical, environmental, and economic attributes of
the life cycle analysis, concluding a reduction in the impacts on global warming potential
(GWP) and acidification potential (AP) compared to fiber incineration for energy recovery.
The primary economic advantages are the valorization of rubber powder and the cost
savings from not utilizing higher-value fibers. However, the extensive effects of asphalt
mix additives on sustainable development have not been extensively studied. In fact, in
a system that represents a contribution to social sustainability, the assessment indicators
in the life cycle of hot mix asphalt additives are rarely independent. Furthermore, the
nature of the interaction among these social indicators remains indeterminate, exhibiting
a degree of uncertainty and frequently contingent upon the influence of the products in
a specific context [5,24]. In this sense, these conditions can be represented through fuzzy
cognitive maps (FCMs). FCMs are soft computing techniques that combine fuzzy logic
and neural networks [25]. They were introduced in the 1970s by Robert Axelrod to repre-
sent social scientific knowledge [26]. These tools offer multiple comparative advantages,
including simplifying a complicated decision-making environment and integrating diverse
stakeholder viewpoints and ideas through a semi-quantitative methodology. This strat-
egy facilitates the management of complexity, ambiguous information, and uncertainty
attributes [27]. This method has already been successfully employed in modeling the social
dimension, managing infrastructure projects [28], evaluating photovoltaic systems [29],
representing stakeholder knowledge in agricultural and food sciences [30], making deci-
sions, diagnoses, and predictions in the medical area [31], or serving as a technique for
implementing the theory of inventive problem-solving in the eco-innovation of ceramic
products (eco-design) [32], among others.
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Thus, taking into account that no documentation has been reported on the contribution
of ELT textile fiber-based additives to the social sustainability of asphalt mixtures, four
starting points were identified for the development of this work. First, it is necessary to
specify the additive as a functional unit of reference to adequately identify the effects of
the product on social sustainability [3]. Second, in a social context, there is an interaction
between the indicators that affect the assessment of the social sustainability that must be
represented [8,9,33]. Third, there are innovative alternatives to TfELT-derived additives,
which contribute to the revaluation of waste in Chile [20]. Fourth, and finally, FCMs
have facilitated the implementation of social assessments that incorporate interactions and
uncertainty, which can support this study [25].

Therefore, this work aims to determine a model for assessing the social sustainability
of additives in asphalt mixtures in Chile using a fuzzy cognitive map. To this end, a case
study that includes aramid fiber, fiberglass, polyester fiber, and Fityre is conducted to
evaluate their contributions to social sustainability throughout the life cycles of extraction,
fiber production, and blend production. The following sections explain the methodological
processes, results, and main conclusions of this study.

2. Research Methodology
2.1. Case Study

The aim is to build a model to measure the social contribution of innovative additives
used in asphalt mixtures in Chile. Specifically, four additives used in hot mix asphalt
(HMA) were evaluated: Fityre, fiberglass, polyester fiber, and aramid fiber. Fityre is
an additive of Chilean origin made from TfELTs, asphalt cement, and rubber powder
to form a granular mass and not specifically a fiber. This additive emerged from the
innovation and development of FONDEF project ID 20110160, which was funded by the
Chilean Government [20]. The remaining additives correspond to imported fibers; their
raw materials are extracted from virgin sources. The optimum amount of additive used
in HMA is added according to the weight of the binder, which, in the case of Fityre, is
2% [20]. Following Ziari et al. [34], 2.3% is defined as the optimum percentage of fiberglass
addition, consistent with the results of Mohammed et al. [35]. Polyester fiber is included
at 4%, aligning with the intermediate utilized by many authors. Indeed, Dehghan and
Modarres [36], Qian et al. [37], and Hong et al. [38] used 1%, 4%, and 7% polyester fiber
addition, respectively. In studies involving aramid fiber, an additive percentage of 0.05% is
used based on the weight of the mixture [11,39,40]. However, it is important to consider
that the percentage relative to the binder will vary depending on the binder dosage in each
mixture. Asphalt mixtures move between binder dosages of approximately 4.5 and 5.5%.
In this context, the aramid dosage by binder weight varies in the range of 1 to 1.2%; hence,
an intermediate value of 1.1% was chosen for the analysis. Table 1 shows the technical
characteristics of each additive evaluated.

This study examines the assessment criteria and indicators that distinguish the role of
the fibers in Table 1 in the life cycle of raw material extraction, pellet additive manufacture,
and HMA production. The pavement placement and operation stages require long-term
pavement performance studies in an uncontrolled environment, which is beyond the scope
of this study.

Figure 1 represents the six stakeholders involved in developing an additive evaluation
model for asphalt mixtures. Recyclers are the companies that specialize in the recycling
of ELTs, and their role in the production process and use of fibers is to extract the TfELTs
throughout the recycling process. Researchers investigate developments in technology to
incorporate waste into asphalt mix components and enhance asphalt pavement perfor-
mance. The additive producers are the companies that currently offer imported additives
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and those interested in producing the new TfELT-based additive (Fityre). Asphalt mix
producers are companies that produce asphalt mixes and use fiber additives during the
manufacturing process. Their interests are exclusively technical and economic, concerning
the improvement the additives would give their end product. Consumers of asphalt mix-
tures require the use of mixtures and the inclusion of additives for asphalt formulations. It
should be noted that the main consumer of asphalt mixes in Chile is the Ministry of Public
Works (MOP) for their own projects or indirectly through a concession or bidding pro-
cess. The Regulators consist of the Ministry of the Environment and the Ministry of Public
Works, which serve as the government entities responsible for technical standardization and
authorizations regarding the use of fibers in asphalt mixtures for public paving projects.

Table 1. Technical characteristics of additives evaluated for HMA.

Additive Ref. Derg;?r’l/l];fgrgth/ Advantages Disadvantages
) 3 Increases in indirect tensile strength.
Mohammed et al. I‘i.' % 5183g/ cm High resistance to moisture damage. Less resistance to fatigue with a
" 2020 [35] o 0_01;1(%2 mm Improves resistance to content of 2%.
2 T ) low-temperature cracking.
%D Improves resistance to cracking witha  About 2% of the resistance to
= Ziari et al p: 1.18 g/ cm3 content of 1% and 2%. cracking of the mixtures is affected.
i 2000 [34] . L: 12 mm The positive effect of the fibers However, better performance is
@:0.13 mm outweighs the adverse impact of the maintained than in the
reclaimed asphalt pavement material. ~ control mixture.
Decrease in the content of
3 . . . air voids.
zcogqtaggt al. ﬁ 144 g/cm F;)ber positively influences Lower resistance to indirect tensile
[39] 16 mm abrasion resistance. strength (ITS).
e Increased moisture susceptibility.
% Improves performance at Agglomeration of 6 mm
Q Xing et al p:lddg /cm3 high temperatures. long fibers.
202% [41] ’ L: 1-6 mm Improves the viscosity of the modified = Fibers do not have a promising
@:12 ym asphalt cement, increasing the effect on low-temperature
modulus of rigidity. crack resistance.
Due to the agglomeration
. 3
Dehghan and p.. 1.35 g/cm . . generated in the mixture, the
Modarres L: 10-20 mm Improves fatigue resistance. . . R
2017 [36] @: 30 um maximum fiber content is limited
: to 2%.
Improvement in the mechanical
. p: 140 g/cm?® properties of the asphalt mix:
ZK[;{% Ff;iza]l ) L:6 mn%r Marshall stability, indirect tensile -
J:41 pm strength (ITS), permanent
3 deformation, and bending capacity.
n
o . 3
%‘ Hong et al. E'. % 24 g/cm Improves resistance to The fiber distribution in the mix is
~ 2020 [38] - ZOIﬂg low-temperature cracking. affected by about 7%.
: A fiber content of less than 1% and
3 ilmfp rovef‘ tensile i more than 8% has an unfavorable
Qian et al. p: 1.38 g/cm I\/f ormation plﬁ?pgr lefs’l'. dl effect on tensile performance.
2014 [37] Ié42_024 mm famtams tensi "; uctility, regardless T4 fiber length is crucial for good
FeHm 01 temperature change performance and distribution in
(low temperatures). the mix. Optimal length is 6 mm.
° 3 Improves performance properties, At the laboratory scale, increased
IS Valdés et al. p: 1.18 g/cm especially up to 40% of permanent compaction energy requirements
= L:48-12.1 mm pecia’y ub P
= 2022,2024 19,201 S ee deformations, and can double the have been proven to

fatigue life of the material. enable densification.
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Figure 1. Stakeholders involved in the life cycle of HMA additives used in Chile.

2.2. Research Method

This study involved a set of techniques to determine a fuzzy cognitive map and estab-
lish a multi-criteria mechanism to assess the behavior and performance of different HMA
additives. A multi-criteria conceptual model was obtained by triangulating qualitative
techniques that define differentiating indicators for each stage of the additive life cycle
(raw material extraction, additive production, and mixture production). At every stage of
the life cycle, the indicators correspond to social criteria that signify the impact and are
linked to the interests of the different stakeholders. The conceptual model of indicators
is validated via the Delphi method [43]. With a set of selected indicators, the conceptual
model is formulated through an FCM [25]. Four types of additives most commonly used
in HMA in the Chilean market are used as case studies to evaluate their social contribu-
tion by assessment criteria and life cycle. Each additive in the case studies is assessed
using the FCM and compared through a multi-objective analysis of the distance to an
ideal point [24,44]. Thus, Figure 2 illustrates the structure of the methodological process
for assessing the contribution of HMA additives to social sustainability. The following
subsections detail the stages of the methodological process.

| METHODOLOGICAL PROCESS |

EXPLORATION |:> FORMULATION OF THE |:> CASE STUDY EVALUATION
FUZZY COGNITIVE MODEL

social indicators

Vam

Documentary study w

Survey of fuzzy interaction oj LDVnaml'C analysis of the FCMW

Vam

WOS and Scopus Literature Processing of a Fuzzy Evaluation of the behavior of
Review Inference System products

Semi-structured interviewsw

RESEARCH TECHNIQUES
e

Construction of the

Cognitive model and static

performance through

Determination of social
distance to the ideal ‘

analysis.
Differentiation analysis of

significant aspects and

interactions among:
- Social criteria

- Indicators of performance
- Stakeholders

- Lifecvcle
| RESULTS |

‘ Conceptual formulation ‘E>

Fuzzy Cognitive Model
(FCM)

‘ Social contribution of
‘ E> asphalt additives ‘

Figure 2. Methodological process to evaluate the social contribution of additive to HMA.
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2.2.1. Exploration of the Conceptual Model

The preliminary conceptual model and its criteria and indicators are defined by tri-
angulating data from the review of technical documents (projects, technical standards,
manufacturers manuals), the literature review, and semi-structured interviews with stake-
holders involved in the life cycle of this study. The stakeholders are selected based on their
involvement in activities that influence the national, regional, and local environment. They
possess the expertise to perform multidisciplinary assessments of the implications of using
additives in HMA. This way, the social criteria and indicators for the stages of raw material
extraction, additive manufacturing, and asphalt mix production are determined based on
the case studies. The conceptual model and its indicators are validated by applying two
rounds of the Delphi technique and a set of multidisciplinary experts. The Delphi method
is suitable for reaching a consensus among stakeholders, who systematically evaluate
complex concepts after repeated reviews. In this case, the conceptual model was obtained
from the participation of thirteen experts. The number of experts and the selection criteria
align with Hallowell and Gambatese’s guidelines for applying this technique [43]. The
background of the experts involved in validating this model is presented in Table 2. Sixteen
indicators and seven evaluation criteria were selected. The selected indicators cover 82% of
those originally proposed. A consensus was achieved using a binomial distribution with a
75% agreement.

Table 2. Background of the panel of experts.

N° Institution Amount  Experience Profession Stakeholders
Ministry of Public . . Regulator/
1 Works 1 8 years Civil Engineer Asphalt Mix Consumer
State Universities Construction Engineers,
2 . 4 10-20 years Sociologist and Civil Researchers
Specialty Departments Engineer (PhDs)
Private asphalt L . .
3 company 1 18 years Civil Engineer Asphalt mix producer
4  Road dealership 1 45 years Civil Engineer (MSc) Asphalt mix Consumer
. . Mechanical engineer,
5 Sé‘;;a’;enlgigydmg 3 10-41 years Economist, Recycler/Additive producer
p Environmental engineer
Industrial Engineer, Asphalt mix
6  NGOs 2 15-18 years Sociologist (PhDs) consumer-community
7 %/Iin_istry of 1 20 years Environmental engineer Regulator
nvironment

2.2.2. Formulation of the FCM

An FCM makes it possible to operationalize the conceptual model, and its construction
requires that the cause—effect interaction between the indicators of the model be established.
For this, a survey of interrelationships was applied to 42 specialists through the QuestionPro
platform. It captures the level of relationship between indicators on a 5-point linguistic
scale (very low, low, medium, high, and very high) according to their magnitude, and
with “+” (contribute) or “—" (harm) signs according to the sense of the impact. If no
relationship between indicators is identified, it is cataloged as “zero”. The criteria for
selecting the respondents are as follows: belonging to an interest group, having more
than five years of experience, and having knowledge of some of the study topics (additive
production processes, asphalt mix production processes, recycling processes, processes for obtaining
TfELT and/or requlations applicable to the development of the product). From a response matrix
for each respondent, a fuzzy inference system (FIS) was applied to group the responses
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of the 42 respondents. The disproportionate weights that represent the strength of the
relationship between the social indicators were obtained through the FIS.

The FIS is implemented in four steps: (1) obtaining the data that were input into the
system, (2) establishing membership functions, (3) implementing the fuzzy system, and
(4) obtaining fuzzified values [24,45]. The fraction of each linguistic variable’s frequency
for the total number of respondents determines the degree of membership of the linguistic
variable and the distribution of the influence between indicators. This way, the input data
correspond to the aggregated response matrix based on the distribution of the respondents’
choices for the response states of each relationship among the indicators. The Matlab©
version R2021b software and its Fuzzy Logic Toolbox were used for FIS processing. In
this case, a triangular membership function (Figure 3) processes the aggregate response
distributions according to the membership degree of each linguistic variable and determines
the fuzzy influence weights. To achieve this, the Mamdani fuzzy inference method, through
IF-THEN rules, was used to process the input data. The Mamdani rules are more intuitive
than other systems, are widely accepted, and are better adapted to human language [45].
Then, the center of gravity approach yields the defuzzified weight value of the relationship
among indicators. For more specific information on these procedures, see the work of
Nasirzadeh et al. [28].

T T T T T T T T T
VERY LOW Low MEDIUM HIGH VERY HIGH

0 01 02 03 04 05 06 07 08 09 1
WEIGHT OF INFLUENCE BETWEEN INDICATORS

MEMBERSHIP LEVEL

Figure 3. Triangular membership function that processes the distribution of influences between indicators.

Thus, with the fuzzified weights of interrelation between each indicator (C;), an FCM
can be constructed following the recommendations of Nasirzadeh et al. [28]. The weighted
accumulation of the input (IN(C;)) and output (OUT(C;)) weights for each indicator makes
it possible to infer the strategic importance of each one (see Equations (1) and (2)). The
addition of all the input and output weights associated with each indicator determines the
overall importance of each indicator in a static assessment system (Equation (3)).

IN(C) =}, Wi (1)
OUT(CZ‘) = ZZ:1 Wik (2)
CEN (C;) = IN(C;) + OUT(C;) 3)

The FCM is a network of neural interrelationships between indicators and influence
weights. Based on this model, the Ai value of each indicator is calculated in each iteration
cycle, which integrates the influence of the other indicators and determines the overall
impact using the barrier function defined in Equation (4) [46]. Af“ is the value of indicator
C; in iteration cycle ¢ + 1. Al is the value of indicator C;. A; is the value of indicator C; over
time ¢ that affects C;. Wj; is the weight of the interaction from concept C; to concept C;.

A = FALY " Wjix Af) 4)

Finally, Equation (5) shows the sigmoid threshold function that triggers the next
time cycle ¢t + 1 and limits the output response for all the indicators in the system [47].
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The function uses a A factor to control the curve’s slope. An A of 0.75 creates a smoother
transition between 0 and 1 than a standard function with a A of 1 [48]. This slower transition
reduces sensitivity to input variations, which benefits new systems which are in need of

gradual adaptation.
1

t+1) _
f(Ai ) e

According to the above, and using the FCM Expert software version 1.0, the cognitive

)

map is determined, and the dynamic states of the indicators are processed for each additive.

2.2.3. Case Study Evaluation

Once the values of the social indicators for each additive have been surveyed at a
time zero tg, and the dynamic states of the fuzzy cognitive model have been verified for
each additive, the indicators are assessed in five iteration cycles until the stability of the
system is achieved. The system’s stability is assessed using a convergence criterion, in
which the difference in node activations between the fifth and sixth iterations was less
than 0.001 [25]. During each iteration cycle, the indicators are consolidated according to
their specific criteria and aligned with the corresponding life cycle stage. Thus, the life
cycles of raw material extraction, additive manufacturing, and mixture production can
determine a vector of social contribution per additive type and calculate its distance from
an anti-ideal point of minimum social contribution. For this, a multi-objective analysis and
the Manhattan distance are used. The Manhattan distance between two points is calculated
as the length of any path that joins them through vertical and horizontal segments. This
distance is most often used in operational research to prioritize alternatives [44]. In light of
this, the Manhattan distances between two vectors p and g of coordinates p; and g;, where i
corresponds to each stage of the life cycle, are defined by Equation (6). From these distances,
the life cycles can be integrated, and can act as an aggregate indicator to prioritize the social
impact of additives in asphalt mixtures.

Duannattan(p,q) = 2?21“71' — il (6)

3. Results
3.1. Conceptual Formulation

According to the methods described in Section 2.2 and Figure 2, the exploration and
conceptual formulation are developed using the NVIVO 1.7.2 software. Table 3 presents the
conceptual structure of 16 indicators grouped into seven criteria in the life cycle stages of the
additives being studied. In this vein, the first criterion of Social expenditure is assumed to be
the hypothetical expenditure opportunity for social development, produced by the savings
in the life cycle of the additives, transferred to the value of the asphalt mix and pavement.
The Revaluation criterion groups the indicators that represent the new value assigned to a
waste material and the advantages it confers on using a new product. The third criterion,
Impact on health, refers to how these products affect people’s health at different life cycle
stages. The criterion Media impact and public awareness refers to the effect the product has
on public opinion and industry to the point of reversing actions or behaviors. The fifth
criterion is Public policies, which pertains to promoting or improving existing public policies
due to the development of these additives. The sixth criterion is Innovation and development,
which refers to the innovation generated following the technological development of new
products. The last criterion is Conditions for Product Use, which focuses on the suitability
and compliance with the requirements for products to be used in pavements.
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Table 3. Conceptual framework of social indicators for case study additives.

Criterion LCy1 ID Indicator Definition of the Indicator
&
£ EPr. (ABC) 11 Reduction in additive cost The ratio between 1 ton of mix and the cost in
85| M.Pr. (A B, CF) per ton of mix USD of the required amount of additive.
N A
99)
. : Contribution of the additive to the circular
A,B,D,E . .
1]2:‘)1(} (( A, B, E) ) 12 Exten((iilng :cihe }:Seful life of a economy (extension of the useful life of a
. .Pr. reused produc waste product).
'% Documented improvements in the technical
i MPr ABCED 13 Technical input on existing  performance of asphalt mixes (sensitivity to the
§ o additives action of water, resistance to crackmg, resistance
& to plastic deformation, and modulus of rigidity).
Ext. (A/B,D) . . No. of workers required to produce the additive
FPr. (A B©) 14 National jobs in a production plant.
L T Reduced risk of landfill fires by preventing the
(A,B,D,E) yP &
Ext. I5  Reduction in landfill fire risk waste from reaching the landill.
% Ext. (AB,D,E) I Reduction in area of Defines the area of land no longer allocated
g occupied land for landfill.
A,B,D,E . e
§ E)Igt (( A,B,C, E) F) [7 Amount of The necessary weight of the additive is to
é er)r (A, B,C, F) additive required produce one ton of mix.
= . Defines the volume of the environmental load
Ext. (A-B/D,E) I8 .Refl u(ff(?llltlme spent caused by the fiber reaching the landfill
1 fandil considering the degradation time of the waste.
T
g 5 Level of acceptance by those seeking a pavement
é =) F.Pr. A B) 9 Degree of acceptance of composed of asphalt fibers, including the
8 E M.Pr. ©F) change possible use of innovative raw materials that
g 9 replace part or all of a conventional mixture.
IS
98 Role of the additive in meeting the collection and
= e A,B,D,E P 3
< = 11;:)1(;[ ((B, E) ) 110 és‘iﬁ)aatlon to the REP revaluation goals established by the Extended
AR T a Producer Responsibility Law.
2 = Ext. (A D) 11 finnoxlfatlon and pﬁtented Pertains to whether the productis a
c & EPr. B E) evelopmentin the domestic innovation
g g . domestic industry '
53 (A, D) Stakeholders involved in product devel t
Ext. akeholders involved in product developmen
>0
e 2 FPr. B CH M2 Knowledge transfer (E = Enterprise, A = Academia, G = Government)
c T
Defines the % of interest asphalt mix producers
(A,B,C,F) P P
M.Pr. I13  Interest from producers have in these additives.
g EPr. A BCER 0 oo ifications Additive status under evaluation. Defines the
5 M.Pr. & B CEF) importance of product certification.
-
£ Fiber coverage to meet the demand for
2 Ext. replacement of existing pavement. Assuming a
:g (A, B,C, D, E, F) I15 Current fiber supply 100 km stretch of pavement, the required fiber is
E FPr. A B CEF) calculated and compared with
S monthly availability.
M Pr. (AB,C.F) 116 General consumer interest Percentage of interest asphalt mix consumers

have in these additives.

Note: 1. LC (life cycle): Ext (extraction); F.Pr. (fiber production); M.Pr. (mix production) St (Stakeholders):
A (researcher); B (asphalt additive producer); C (asphalt mix producer); D (recycler); E (regulatory agency);
F (consumer); 2. The indicator contributes to Social Spending and Revaluation; 3. Extended Producer Responsibil-
ity (REP in Spanish). The indicator contributes to Public policies and Media impact and awareness.
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3.2. Fuzzy Cognitive Model (FCM)

Based on the application of the FCM Expert software and the application of a FIS,
the FCM that interrelates the indicators identified in Table 3 was determined. The FCM
illustrates the interaction weight of 16 indicators of the additives that contribute socially to
sustainability in a national setting. The operational formulation of the FCM is configured
through the FCM Expert software and Equations (4) and (5). In this case, the A value of 0.75
was used, which is consistent with the proposals by Nasirzadeh et al. [28] and Kordestani-
Ghaleenoei et al. [49] for equivalent situations. Based on the FCM interrelationships, two
proposals are presented. The first is the full unconstrained interrelationship model. The

second is derived from the first but includes constraints that limit the positive impact of
some indicators based on the type of product evaluated. Figure 4 depicts the complete
FCM without restrictions.
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Figure 4. Fuzzy cognitive map of the social contribution of unrestricted HMA additives (Domestic
product and eco-friendly).

Based on Equation (1) and Equation (2), Figure 5 represents the strategic positioning of
the indicators of the cognitive assessment system. Figure 5 on the left represents the strategic
positioning of the indicators of the complete model (Fityre), and the one on the right
represents the model with restrictions (other fibers). In both cases, the indicators Consumer
interest (116), Innovation and Development (111), Knowledge transfer (112), and Association to the
REP law (I110) of quadrant Z1 show a high degree of impact on and from other indicators.
In this case, controlling them is challenging despite their significance, as they are the most
affected by the system. This set includes the indicators (17) Amount of additive required, (I9)
Degtee of acceptance to change, and (12) Extension of useful life of a reused product in the complete
model without restrictions.
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Figure 5. Strategic positioning of indicators in the assessment system. On the left: the complete
model (Fityre). On the right: the model with interaction restrictions (other fibers).

In contrast, the indicators Technical Contribution (ID3) and Certifications (ID14) in
quadrant Z4 are of greater strategic importance in both cases. In other words, these
indicators are less influenced by the rest, making their intervention more effective and
significantly impacting the rest of the system. Similarly, the indicators in quadrant Z2 are
highly influenced by the rest of the system even though they do not have a major impact,
and the indicators in quadrant Z3 have the least amount of influence on the system.

3.3. Social Contribution of the Study Case

For the 16 indicators in Table 4, the response states and the basic information for each of
the asphalt additives are presented. The values representing each indicator are normalized
according to the maximum (or best alternative) of each indicator. Thus, each indicator is
rated for each additive on a scale from 0 (worst alternative) to 1 (best alternative). These
values represent the value at a f, of the FCM nodes in Figure 4 and are processed according
to Equation (4) and Equation (5). This way, the results of the indicators for each iteration
cycle and type of additive are determined. Based on this information, the indicators are
aggregated according to the structure in Table 3 to determine the social contribution by
criteria, life cycle, and stakeholder for each additive.

From the dynamic analysis, the value of the indicators for each iteration cycle is
determined and aggregated according to the arithmetic mean. In Figure 6, aggregate
behaviors are identified for each criterion, each additive, and iteration cycle. In the short
term, disparities in the social contribution according to the type of additive are highlighted.
In the long term, the effects stabilize and tend to meet according to the appreciation scale at
a t,. In this regard, although all the products generally satisfy the criteria, a permanent gap
is identified concerning the criteria of Revaluation, Health Impact, and Public Policies. This
gap separates the impacts attributable to Fityre from the rest. In the six-criteria performance
analysis, Fityre contributes the most to social sustainability. This is not the case for the
Conditions for Use criterion, for which polyester fiber has a higher short-term contribution
determined by consumer interest and the current supply.

The life cycle impact (extraction, additive manufacture, mixture production) and
stakeholder impact of each of the additives are quantified using the Manhattan distance
to an ideal point of maximum social contribution according to Equation (6). Figure 6
represents the Manhattan distance for each additive for each iteration cycle. Figure 7 on the
left represents the distance regarding the life cycle of each additive. Figure 7 on the right
illustrates the distance from the contribution to the interest of the stakeholders involved by
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each type of additive. In this case, the long-term effects are more noticeable according to
the appreciation scale at each t; for the k iteration cycle. According to the Kruskal-Wallis
statistical test at a 95% confidence interval, significant differences were detected between
the social contribution distances of the additives studied, with a p-value of 0.003 and 0.001
for the life cycle and stakeholders, respectively. Specifically, according to Tukey’s HSD,
in every case, multiple comparisons identify that Fityre makes a significant difference in

greater social contribution than the other fibers evaluated.

Table 4. Response states of the indicators for the additives in the case study.

ID Indicators Unit of Measure Response Status FiTyre Fiberglass P°1}iylf:1fer A;f‘];‘e‘ id
Cost of additive for  Ton of mixture/USD
1 one ton of mixture  of additive 1Ton/USD 1/5 1/9 1/8 1/12
Extending the
2 useful life of a Answer to question YES/NO YES NO NO NO
reused product
N° of technical
3 Technical Level of contributions (water 1 5 1 1
contribution improvement resistance, cracking,
deformation, fatigue)
4  National jobs N° of employees Estimated number of jobs. 30 0 0 0
Kg of TfELT not .
Reduction in reaching the landfill Kg of TfE.LTS not reaching
5 i - the landfill for each ton of 0.577 0 0 0
landfill fire risk for each ton of mix .
mix produced
produced
P (m? released/ton of  (m? released/ton of fiber)
6 Efe gélcclilo-n&r} arceia fiber) x (amount of X (amount of fiber/ton of 0.001 0 0 0
pied lan . - .
fiber/ton of mixture) mixture)
Amount of fiber Kg of additive per Kg of additive per ton of
7 required ton of mixture mixture 1.06 1.06 212 0.583
Reduced time Volume per ton of The lower the volume, the
8 . . . 3 lower the environmental 3356 0 0 0
spent in landfill mixture (cm>) load
Degree of . . .
9  acceptance of Reception level ;/ery high, high, medium, Medium  Very high  Very high  Very high
ow, very low
change
% of the total fiber
Associati ith produced by a unit
10 ssociation wi of waste used in the =~ Percentage 0.63 0 0 0
the REP Law -
production of 1 ton
of mixture
Innovation and
patented . Complies; does not . Doesnot  Doesnot  Does not
1 development in Compliance comply Complies comply comply comply
national industry
Knowledge Link to knowledge ) ) 1
12 transfer transfer E+A+GE+AE+G. E+A+G E E E+A
Interest from Level of interest in o o o o
13 producers the product Percentage 51% 61% 75% 50%
14  Certifications State Certified; not certified lzgrer?pligt Complies Complies Complies
Amount of fiber
. ded to suppl Does not
Current fiber nee PPy Meets the demand; does Meets Meets Meets
15 100 km of road in the . meet
supply short term /amount not meet the demand demand demand demand demand
of fiber available
16 Consumer interest -eVel of interestin Percentage 56% 51% 83% 66%

the product

I Note for indicator No. 12: E: Enterprises; A: Academia; G: Government.
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Figure 6. Dynamic behavior of the social contribution criteria for the HMA additive.
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Figure 7. Dynamic behavior of the Manhattan distance with respect to the life cycle (left) and
stakeholders (right).

4. Discussion

A model for assessing the contribution to the social sustainability of HMA additives is
proposed based on seven social criteria and 16 indicators. Using an FCM, the relationships
between indicators that contribute to social sustainability are identified. One hundred and
sixteen relationships were identified for domestically produced environmentally friendly
additives (Fityre), and ninety-nine relationships were identified for imported fibers. Ac-
cordingly, the differences in the interrelationships become significant for the impacts of
the indicators on National Jobs or the Extension of the useful life of a reused product, in view
of whether they are national eco-friendly products or not. This restricts the model’s inter-
relationships for imported additives. This is consistent with the findings of Romero [15],
Bocci and Propeti [16], and Mohd et al. [21], where the revaluation of national products
reduces negative externalities on the environment and enhances industrialization and job
creation to provide greater opportunities for social development.

The assessment system enables the management of uncertainty by applying a FIS
associate to FCM, where disproportionate correlations emerge, grouping the opinions
of a set of specialists. In this context, prospective soft systems arise to address complex
issues characterized by limited information, interaction and varying assessment criteria. In
this line, Azzini and Munda [7] recommends multi-criteria methods to avoid reductionist
models limited by a lack of information on social aspects [4]. In this vein, previous works by
Sierra et al. [24], and Sierra-Varela et al. [3] also propose multi-criteria soft systems that can
project the sustainable contribution of road infrastructures and asphalt components under
uncertainty and interaction conditions. Similarly, studies by Tiiu-Szab6 and Kéczy [45] and
Nasirzadeh et al. [28] promote using FIS to address the uncertainty of assessment processes
and aggregate information from a set of specialists. ANP (Analytical Network Processing)
is another multi-criteria technique that processes interactions between social variables.
However, its implementation is more complex when many variables are compared. Re-
spondents must compare variables on a nine-point Saaty scale, considering that their
decisions’ inconsistency may not exceed 10% [50]. Similarly, other probabilistic systems,
such as Bayesian networks, require the completion of conditional probability tables for the
combination of different response states of variables, which jeopardizes the consistency
of respondents’ decision-making [51]. In other cases, system dynamics models illustrate
the interaction between variables, even though the lack of precise data, the difficulty of
parameterizing social behaviors, or the difficulty in specifying qualitative changes can lead
to bias in the model’s approach [52].

According to Equation (3), in the assessment system with and without restrictions, the
indicators identified with the highest overall importance are Consumer Interest (116), Innova-
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tion and Development (I11), Knowledge Transfer (112), and Association with the REP Law (110).
The indicators Technical Contribution (ID3) and Certifications (ID14) are strategically relevant,
as they are less influenced by the rest of the system, while at the same time, they have a
significant impact on the rest. In this respect, previous studies by Sierra-Varela et al. [3]
assess the influence of media impact, the role in professional growth, and the patenting
of innovative eco-friendly asphalt mixtures on consumer interest. In this case, the end
consumers of fiber-incorporated asphalt mixtures are road concessionaires and public
agencies in charge of maintenance. Arroyo et al. [6] demonstrated that asphalt mixtures
incorporating ELT compounds have a lower maintenance cost than conventional mixtures.
In fact, according to Lago et al. [33] and Alavi et al. [53], the consumption condition is
not independent and is aligned with the interaction of different social aspects of value.
Technical contributions, institutional endorsements, and certifications confer consumer
confidence. By 2023, Chile had included the Roads Manual Vol 9 in the compendium of
technical requirements for road construction, which encompasses sustainable criteria that
repurpose waste materials in alignment with the SDG [54]. In addition, the Ministry of
Environment and the Chamber of the Tire Industry of Chile have promoted the circular
economy of tires by progressively implementing the Extended Producer Responsibility Law
(REP). This legislation contains mechanisms that directly target the collection and recovery
of ELT; by 2025, the aim is to achieve 50% collection and 35% recovery of ELTs [17,18].

Specifically, when assessing the indicators of the case study in the assessment systems,
the results (Figure 6) show that the criterion with the lowest long-term contribution is
Social Spending. Indeed, in the short term, the mixture containing Fityre exhibits a higher
contribution, which diminishes in the long term, ultimately aligning with the performance
of the other fibers. Due to the redistribution of spending, these results are equivalent to the
contribution to direct public spending promoted by the savings from asphalt mixtures [3].
Moreover, in other cases, including ELT components in asphalt mixes has increased the
production value of a conventional mix by 40% and can be passed on to the user [6].
However, when considering the externalities that promote the circular economy (reduced
landfill waste and improved public health), social expenditure can be favored due to
the ecological and economic benefits [21]. Similar behavior occurs with Media Impact
and Awareness, Innovation and Development, and Conditions for Use. The absence of long-
term differentiation may be influenced by temporal factors and the technology of the
evaluated products, which shape societal value judgments [55]. In the case of the Conditions
for Use, the lack of confidence in Fityre is demonstrated by the lack of certificates with
institutional endorsements and transfer to public knowledge, which confer confidence on
its performance in the short term.

Nevertheless, the contribution of Fityre stands out over the other fibers when estimat-
ing the contribution to the criteria Revaluation, Impact on Health, and Public Policy. In these
cases, Figure 6 presents, in the long term, an insurmountable gap in favor of the TfELT-
based additive compared to imported ones. This is clarified by the structural constraints of
the model interactions, in which the imported fiber production components are virgin and
devoid of recycled materials; thus, the imported fibers fail to contribute to waste reduction,
gas reduction, or other health-promoting effects, unlike the eco-friendly additive. This
result is consistent with the findings of Landi et al. [23], who, by assessing the contribution
of TfELT to asphalt mixtures, identify reductions in global warming, acidification, and
incineration while also promoting the revaluation of TfELTs compared to other fibers.
Furthermore, national legislation encourages the sustainable use and reuse of materials [18].
In this sense, public policies will not be impacted by the use of imported fibers. In all cases
in Figure 6, the narrowing of gaps in the long term takes, as a reference, the initial moment
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of assessment, when the differences are highlighted and in the long term, the situation
becomes normalized.

Based on stakeholder interests (Table 3), imported additives contribute mainly to
Consumers and Producers of asphalt mix and additives, both in the short and long term.
Similarly, the national additive (Fityre) contributes to the interests of Recyclers, Additive
Producers, and Regulatory Agencies in the same order. This does not mean that consumers
and producers are not interested in eco-friendly products but that other stakeholders are
more interested in consistency with the national contingency and guidelines regarding the
SDG [1,18].

By consolidating social contributions according to the life cycle and stakeholder type
and standardizing the value of each additive into a distance metric during each iteration, it
becomes feasible to prioritize the additives by maximizing their distance from an anti-ideal
point of minimum social contribution. Figure 7 represents the distance for each iteration
cycle and for each additive based on the life cycle (extraction, additive manufacturing,
mixture production) and the contribution to the types of stakeholders. According to the
results, the long-term behavior is similar in both cases, with the Fityre additive being
prioritized. In the long term, the distance between domestic and imported additives is
at the extremes with maximum differentiation. In other words, the alternatives assessed
conflict with the social contribution. In other future cases, it is advisable to include other
national and eco-friendly additive options, with a gradual contribution to each indicator of
the model. Nonetheless, the distance analysis in every case emphasizes the outcomes of
each iteration cycle, as its magnitude signifies the positioning of the additive relative to
each time period rather than from the origin [24,44].

The results of this study are limited to a geographic scope in Chile and the additive
alternatives assessed in the case study. Including other national eco-friendly additives
could illustrate a more pronounced graduality in the behavior of the distances. Replicability
in other countries can follow the same methodological structure, even though the indicators
and transcendent criteria depend on the context and the products being assessed.

Furthermore, the results are limited to explaining the social behaviors arising from the
production and use of asphalt mixture additives during raw material extraction, additive
production, and mixture production. Other impacts that transcend the operation of paved
roads require long-term technical studies that differentiate the effects among the additives
of the case study and support prospective stakeholder analyses, including end users.
Despite this, road dealers, NGOs, and decision-makers from the Ministry of Public Works
represented consumers’ perspectives before road operation. The high variability of opinions
among policymakers based on their beliefs and variables unrelated to the study limited its
adequate representation.

The results of this study complement other technical, economic, and environmental
studies regarding the assessment of innovative HMA additives [19,20,23] to estimate their
real contribution to sustainability.

5. Conclusions

A set of additives to be incorporated in hot mix asphalt was assessed to determine
their contribution to social sustainability based on the characteristics of the fibers and the
implementation context. Among the assessed additives, Fityre demonstrates the most
substantial contribution to social sustainability, emphasizing its eco-friendly attributes and
national production.

The relationships among indicators are established through a fuzzy cognitive map in
which a model of 116 relationships (national and eco-friendly additive) and others with
restrictions that address 99 relationships (imported fibers) are distinguished. This model
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made it possible to prioritize additives for hot mix asphalt according to their contribution
to social sustainability and based on their short- and long-term dynamic behavior. The
evaluation model is stable within six iteration cycles for the set of alternatives evaluated in
a geographic context in Chile.

The results reveal four indicators with greater global importance: Consumer Interest,
Innovation and Development, Knowledge Transfer, and Association with the REP Law; and
two strategic indicators: Technical Contribution and Certifications. It also highlights a short-
and long-term gap between Fityre (domestic and eco-friendly) and other conventional
imported fibers in terms of Revaluation, Impact on health, and Public policies.

The validity of these results is limited to the Chilean geographic context and the per-
ception of the actors represented and decision-makers in the information-gathering period.
Specific results are limited to the additives that make up the case study. Other case studies
with domestic additives and more gradual eco-friendly inputs may lead to variations
in prioritization. Future studies may integrate technical, economic, and environmental
aspects into a single mechanism for prioritizing sustainable materials and infrastructure
components. FCM models are currently being examined in various contexts and materials,
including sustainable concrete, to evaluate criteria and significant relationships concerning
their social contributions.

This study provides methodological foundations for representing the social contribu-
tions created by novel asphalt mix additives, considering the management of uncertainty
and the interrelationships of various aspects. In addition, it demonstrates, using a social
approach, the potential of Fityre and the incorporation of TfELT in the construction of
national asphalt pavements.
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