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Abstract: The design of sustainable sewerage infrastructure is fundamental for achieving long-term
sustainability goals. Piping systems are essential components in the water supply chain and in waste
disposal systems worldwide. Among possible designs for concrete pipes, steel cages consisting of
curved rebars have been predominantly used as reinforcement. However, structural fibres have
emerged as an attractive technical and economical alternative for substituting steel cages. Due to
increasing urbanisation, thousands of kilometres of pipes will be constructed in the near future. At
present, decisions regarding reinforcement of concrete pipes are primarily cost-driven. To consider
other aspects, it is fundamental to identify and quantify potential sustainability issues properly.
Hence, this paper focuses on the sustainability analysis of reinforced concrete pipes using a multi-
criteria decision-making method. A model based on criteria, indicators, weights and value functions
is developed and calibrated by assessing various concrete reinforcement strategies (steel bars or
steel/synthetic fibres). The main contributions of the article are the proposal and application of
a model for the case of concrete pipes which can be adapted for other case studies; determining
how different typologies of pipes contribute to the overall sustainability of infrastructure systems;
and the use and application of a robust and interesting multi-criteria decision-making methodology.
The results show that fibre reinforced concrete pipes are promising alternatives in social, economic
and environmental terms. Both the model and results are expected to be useful to stakeholders in
decision-making processes.

Keywords: sustainability; pipeline; fibre-reinforced concrete; concrete pipe; Integrated Value Model
for Sustainability Assessment (MIVES); water supply

1. Introduction

Water is basic for humans. This has been reflected in many internationally recognised
documents such as the resolution adopted by the United Nations (UN) [1]. Through this
resolution, the UN recognised the human right to water and sanitation and acknowledged
that clean drinking water and sanitation were essential to the realisation of all human rights.

Besides, this resolution also emphasised the role of institutions in helping capacity-
building and technology transfer to support countries that do not have clean, safe, accessible
and affordable drinking water and sanitation for all. Furthermore, the relationship between
WaSH (Water, Sanitation and Hygiene) and economic, environmental and social factors has
been increasingly recognised as an important component within lifecycle thinking and the
sustainable development framework [1]. This has been transferred to the 2030 Agenda for
Sustainable Development, which determines issues related to water and sanitation to be
fundamental. Setty et al. [2] identified the current priority areas in the field of WaSH and
in relation to meeting Sustainable Development Goal 6 (SDG 6). In particular, at present,
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development of sanitation and wastewater networks is a major challenge in many countries
as this has a strong connection to aspects such as health, nutrition, education or poverty
eradication [3,4].

Whilst some research has been carried out in different areas related to SDG 6, there is
a gap in scientific understanding of wastewater infrastructure from a sustainability point
of view. In this context, piping systems are crucial elements [5,6]. Although sometimes
overlooked, these are essential in the urban water cycle as a mainstay of wastewater
treatment. Design is particularly important, as underground sanitation networks tend to
be difficult to access.

Sewerage pipes can be divided into flexible and rigid, according to the relative soil-
pipe stiffness [7]. The former are frequently made out of steel or thermoplastics (e.g.,
polypropylene, polyethylene and PVC), whilst the latter are made out of concrete (either
plain or reinforced). Thermoplastic pipes are usually designated for pipes with internal di-
ameters under 300 mm, whereas concrete pipes (CPs, hereinafter) are more often produced
for diameters ranging between 300 and 3000 mm.

Traditionally, unreinforced concrete pipes (UCPs) and steel-bar reinforced concrete
pipes (RCPs) have been two predominant alternatives when designing sewerage and
drainage pipes. However, more recently, fibre-reinforced concrete pipes (FRCPs) emerged
as a viable alternative. The introduction of structural fibres in this context was mainly
due to their technical and economic advantages [8–10]. In fact, numerous publications
address and compare technical specificities concerning different concrete pipe configu-
rations. Some examples are: (1) determination of optimal fibre content according to the
required strength class [11,12]; (2) mechanical properties and design of steel [10,13–19]
and polypropylene CPs [20–24]; (3) fibre hybridisation [24,25] and the combination of
steel cages and fibres [26–28]; (4) the long-term performance under boundary loading
conditions [21,23,29]; (5) computer-aided design [25,30–33]; and (6) analysis of damage
evolution when in service [34]. Nevertheless, it is essential to better understand the sus-
tainability implications that the use of different reinforcements have. In fact, the choice of
reinforcement is at present primarily cost-driven, and it does not consider other fundamen-
tal aspects that are currently disregarded (or subjectively taken into account). These other
factors include risks during pipe manufacturing and handling; recyclability of the concrete
mix constituents; emissions and embodied energy associated with the production of the
reinforcement; and social perceptions.

Currently, no comparative studies exist on sustainability of concrete pipes with dif-
ferent reinforcements. It is in this context that decision-making methods may be useful
to support production and installation of more sustainable piping systems, not only eco-
nomically or functionally, but also environmentally and socially. This said, it should be
mentioned that sustainability assessment studies in the civil engineering field have tended
to focus more on comprehensive analyses rather than on specific structural components.
Nevertheless, this is starting to shift towards more studies focusing on specific components
within a structure [35,36]. Analysis of specific structural elements (e.g., columns, beams and
slabs of a building) provides understanding on how a specific part of a system contributes
to overall sustainability. Besides, it can also be valuable in maintenance stages, where
specific parts of a structure need to be replaced.

Against this background, the Integrated Value Model for Sustainability Assessment,
known as MIVES (acronym from the Spanish Modelo Integrado de Valor para Evaluaciones de
Sostenibilidad), is a multi-criteria decision-making method that provides support for product
and service sustainability assessment. It has already proven to be a suitable approach to
assist stakeholders in decision-making processes where sustainability is a key determinant,
such as hydraulic [7,37] and underground [10,38,39] infrastructures; buildings [36,40–42];
industrial construction [43]; urban development [44]; electricity generation infrastruc-
ture [45,46]; and even post-disaster housing management and reconstruction [47,48]. It
should be mentioned that MIVES was included in the fib Bulletins 83 “Precast Tunnel
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Segments in Fibre Reinforced Concrete” [49] and 88 “Sustainability of Prefabrication” [50]
as a reference model to assess sustainability in the field of precast concrete products.

Therefore, this paper makes use of the flexibility of MIVES to simultaneously develop
a tool to assess the sustainability of structural concrete elements in the context of WASH and
to compose a decision-making tree based on the MIVES method to assess the sustainability
of concrete pipes. In particular, the main contributions of the article are threefold. First,
it proposes and applies a model for the case of concrete pipes; this model can easily be
adapted for other case studies. Second, it determines how different typologies of pipes
contribute to the overall sustainability of infrastructure systems, which can be useful
for practitioners and researchers. Third, it presents the application of a multi-criteria
decision-making methodology, which is potentially relevant for other researchers to better
understand how it can be used and applied.

The remainder of the paper is structured as follows. Section 2 introduces the reader
to standard practice concerning different reinforcement configurations for concrete pipes,
which is the basis of this paper. Then, Section 3 presents the MIVES methodology and the
model developed to assess sustainability of RCPs and FRCPs. The study case, including
the identification and quantification of the main variables, is described in Section 4. The
results are discussed in Section 5. To verify the robustness of these results, a sensitivity
analysis is carried out in Section 6. Finally, the conclusion is drawn in Section 7.

2. Conceptual Background

The mechanical performance of CPs is characterised by means of the three-edge
bearing test (TEBT) (see Figure 1), following procedures set in any national standard (e.g.,
EN 1916:2008 in Europe or ASTM C497-19a in the USA [51,52]). This test procedure has
been accepted worldwide owing to the representativeness and robustness of its results,
among other features [53].

Figure 1. Three-edge bearing test on a 2500 mm double-cage steel reinforced concrete pipe.

Concrete reinforcement has been provided since the early 1900s [53,54] by steel-cages
(Figure 2a), requiring manual labour and/or special equipment to curve and weld rebars
(Figure 2b). This reinforcement strategy dominates the market due to the competitive cost
of steel and the standardisation of production processes; likewise, the geometry of these
cages means that the structural response of the RCPs can be optimised. Nonetheless, steel
is prone to corrosion and degradation under the severe environmental conditions to which
CPs are exposed. In this regard, controlling and imposing minimum concrete cover for steel
bars and maximum crack width under loading conditions is of paramount importance to
guarantee the expected service life (50–100 years). Although there are structural reliability-
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oriented measures (e.g., use of global safety coefficients and strict quality controls), these
parameters are subject to uncertainties due to acceptable manufacturing tolerances and
variability associated with service loads and soil-pipe interaction conditions as well as
inaccuracies in the design hypotheses. This variability leads to accepting a certain likelihood
that the concrete cover and crack width values will be thinner or higher, respectively, than
expected. This may jeopardise the pipeline durability [55].

(b)(a)

Figure 2. (a) Double cage for a high strength class reinforced concrete pipe; and (b) automatised
production of the steel cage.

During the late 1990s and early 2000s, steel fibres (SFs) (see Figure 3a) emerged
on the concrete pipe market as an attractive alternative to completely replace steel-cage
reinforcement in RCPs for diameters up to 1000 mm [19]. SFRCPs are regulated by EN
1916:2008 in Europe and ASTM C1765-19 in the USA [51,56].

(b)(a)

Figure 3. (a) Steel structural macrofibres; and (b) synthetic structural macrofibres.

SFs have proven to be a cost-effective solution since the processes associated with steel-
cage production and the space it requires for stacking (significant in plants with intense
production) can be reduced. From the mechanical performance point of view, extensive
experimental research has demonstrated that using the proper type and amount of SFs
can lead to reinforcements less prone to deterioration because fibres are more efficient in
controlling crack widths [57,58]. However, attention must be paid to operator safety during
handling since SFs are rigid and any remaining on the outer surface might cause injuries.

More recently, polymeric fibres (PFs) (see Figure 3b) are being introduced into the CP
market as the mechanical properties (modulus of elasticity and tensile strength capacity)
of these fibres have been largely enhanced and they can compete technically with steel
reinforcements up to certain pipe diameters and pipe strength classes. This is particularly
evident when durability aspects govern pipeline serviceability and maintenance as PFs
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are resistant to corrosive and chemically damaging environments [59,60]. To the authors’
best knowledge, only ASTM C1765-19 [56] permits the use of polymeric fibres and only for
non-structural proposals, most likely due to lack of sufficient evidence on the adequate long-
term response of PFRCs when the existing guidelines were under discussion. Nonetheless,
since then, extensive experimental research has been carried out on PFRCPs [20–24], even
combining steel cages and PF fibres [26,27], confirming the adequate response of these
pipes under permanent loading conditions [21].

3. Materials and Methods
3.1. Multi-Criteria Decision-Making Methods

Making decisions is inextricably linked to many areas of our lives This explains
why multi-criteria decision-making (MCDM) methods have arisen as key to address the
complexity inherent to introducing indicators from different areas, in different units and
with different relative importance in the decision-making processes. In the context of
sustainability, these tools are fundamental, as they can consider a multiplicity of factors
such as economic, environmental and social aspects.

There exist many different MCDM methods, including Analytic Hierarchy Process
(AHP [61]), Simple Additive Weighting (SAW [62]), Technique for Order Preference by Simi-
larity to Ideal Solution (TOPSIS [63]), Multicriteria Optimization and Compromise Solution
(VIKOR, from Serbian VIseKriterijumska Optimizacija I Kompromisno Resenje [64–66]), Elimina-
tion and Choice Translating Reality (ELECTRE, from French ELimination Et Choix Traduisant
la REalité [67]), Preference Ranking Organization METhod for Enrichment Evaluation
(PROMETHEE [68]), Characteristic Object Method (COMET [69–71]) and MIVES. Most of
these methods have been used to date in the field of civil engineering. The reader can find
a review of specific ways and contexts in which they have been utilised in civil engineering
in [72–74].

In general terms, the differences between each method arise from the ways in which
the different steps involved in the decision-making process are carried out. In particular, the
main steps are the selection of indicators, the normalisation of the indicators, the weighting
technique, the aggregation of indicators, the sensitivity analysis and obtaining the final
ranking of alternatives. In fact, several authors have highlighted the fact that the choice of
the method can have a significant influence on the final results [75,76].

According to several authors (see, for instance, [70]), the different existing methods
can be grouped into three different trends according to their characteristics. These groups
are the American school, which includes methods that are based on usability or value,
and which exclude incomparability of different alternatives; the European school, which
generally uses relationships of indifference, incomparability between options and both
weak and strong preferences; and the rule methods, which lie between the two schools.

Some of the above-mentioned methods suffer from some drawbacks, such as the
fact that they are time-consuming and lack intuitiveness [77], which goes against the
aim of developing a method that is suitable for policy-makers. Another flaw is the fact
that the criteria values used can only be positive and maximising [78], which makes
calculations more complex if minimising indicators are to be used. A thorough review of
advantages of disadvantages of each method is out of the scope of the present paper, but
some comparisons between different methods can be found in [75,79–81].

At this point, it needs to be noted that various MCDM methodologies could have been
used in the present study. However, there were several characteristics that led the authors
to choose one in particular. The present analysis required a method that allowed flexibility
and adaptability to the specific requirements of the decision, as well as transparency
concerning how the data is processed. This is particularly important for cases in which
the decision may involve the opinion of third-parties, and it needs to be presented to non-
expert stakeholders. These are the reasons the rule-based method MIVES was considered
to be the most suitable tool, due to its simplicity but also rigour. Besides, as stated in
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Section 1, MIVES has previously been used and accepted by other researchers and technical
committees for this type of analysis [38,40,82–85].

3.2. General Aspects of MIVES

As outlined in [35], the MIVES implementation procedure starts by defining a theoret-
ical framework which is shaped by means of a decision-making tree (DMT). This DMT has
three levels, from more general to more specific: requirements, criteria and indicators. Only
the last level will be quantitatively measured. Indicators are selected by considering their
relevance to the topic being assessed, their measurability and accessibility and their relative
and mutual complementarity. Once indicators have been identified and selected, they must
be normalised to obtain values between 0 and 1. The normalisation process takes place
in MIVES through the so-called value functions, to assess each indicator’s contribution to
sustainability (or satisfaction in the case of decision-making analysis). Subsequently, it is
necessary to determine a weighting system through which the three levels of the decision
tree can be aggregated. The weighting system is usually defined through interviews with
experts and similar professionals involving experienced technicians and private/public
sectors stakeholders to guarantee the representativeness of the agreed set of indicators
and weights. The aggregation provides a sustainability index for each of the alternatives
under analysis (the reinforcement configuration for CPs in this case). The assessment may
finish at this point by drawing conclusions from the indexes thus obtained. However, if
deemed necessary, a complementary analysis can be performed by taking into account
the uncertainty of some determining data (e.g., costs for both the steel rebars and the
fibres, the weighting values) to establish confidence intervals for the sustainability indexes
derived from using deterministic values. This analysis is commonly performed using the
Monte-Carlo method and the results guarantee a robust, more reliable decision-making
process. The use of Monte-Carlo for sensitivity analyses in this context has already proven
to be valuable and suitable [45,86,87].

The following subsection introduces tree model development in more detail, as well
as its defining factors (weighting system and value functions of each indicator).

3.3. Decision-Making Tree and Components

Table 1 shows the DMT developed for the sustainability assessment (on the reinforce-
ment configuration of CPs) including the economic, environmental and social require-
ments [1]. The model was developed through a working group of seven experts: the
manager (>15 years of experience) and one labourer (>20 years) from a precast pipe plant,
one precast concrete product designer (>30 years) and five academics whose research is
focused on FRC structural applications, precast concrete products, health and safety in
construction and decision-making models based on sustainability.

Table 1. Model for the sustainability assessment of RCPs and FRCPs for sewerage.

Requirement w (%) Criteria w (%) Indicator w (%) Unit

R1 Economic 60 C1 Cost 70 I1 Production
costs 100 e/m

C2 Time 30 I2 Production
time 100 h/m

R2 Environmental 20

C3 Emissions 60 I3 CO2−eq
emissions 100 kgCO2−eq/m

C4 Resources 30
I4
Non-renewable 70 kg/m

I5 Energy 30 MJ/m
C5 Reusability 10 I6 Recyclability 100 Attribute

R3 Social 20 C6 Labour risks 70 I7 ORI 100 Weighted hour
C7 Innovation 30 I8 Innovation 100 Attribute
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3.3.1. System Boundaries

The functional unit is 1.0 m of pipe considering that the analysis runs from the
extraction and processing of the materials to the staking at the precast concrete plant
yard. Consequently, transport, installation and operation impacts are disregarded since
the reinforcement configuration does not entail any significant variation in the indicators
being considered (Table 1). Regarding the operational stage, this assumption implies that
the extension of the service life (regarding the design value, which is usually over 50 years),
which could potentially be achieved through the use of PFs, is not considered. It should be
noted that use of PFs is considered to have a positive impact on the three requirements;
nonetheless, that extension is difficult to forecast at a technical level with the information
currently available. Should this be possible, I1 and I3–I5 indicators could be factored by
the total expected years of service life to take this extension into account.

3.3.2. Weighting

Regarding the relative importance of each requirement, the most weight was assigned
to the economic requirement (60%), as the decisive driver in both precast industry and
public/private sectors, while the remaining 40% was shared out equally between the
environmental and social requirements. Although this is the tendency, this distribution
might be contrary to other opinions in the context of sustainability (e.g., equal distribution
of weights). For this reason, a sensitivity analysis of the sustainability index for each
alternative is carried out considering other sets of weights and presented in Section 5.

3.3.3. Economic Requirement

The economic requirement (R1) consists in two criteria: cost (C1) and time (C2). Each
criterion is measured by one indicator. In the case of C1, the indicator used is production
costs (I1). The prices for transportation and assembly were omitted in this indicator since
the different alternatives have the same costs. Both materials and processing labour costs
are gathered using the I1 indicator. The average costs of the concrete reinforcing alternatives
considered herein are based on Spanish market prices in 2020. In particular, specific data
were provided by a company producing CPs.

• RCPs: 0.75e/kg for curved cages with grade B500S steel (including the manufacturing
process).

• SFRCPs: 1.25 e/kg of a hooked-end steel macrofibre with 60 ≤ λ f ≤ 80, where
λ = l f /φ f is the aspect ratio, l f the length, φ f the diameter of the fibre, and with a
tensile strength ( f f u) ranging from 1000–1200 N/mm2 and modulus of elasticity (E f )
between 200,000–210,000 N/mm2.

• PFRCPs: 4.00 e/kg of synthetic macrofibre with 40 ≤ λ f ≤ 60, 500 ≤ f f u ≤ 650
N/mm2 and 5000 ≤ E f ≤ 9000 N/mm2.

The cost of a vibrated-compressed concrete strength class C30/35 ( fck,cyl = 30 N/mm2)
was estimated as 51.5 e/m3. This cost can be slightly higher when FRC is used since the
composition is modified (granular skeleton and admixtures dosage) to guarantee that the
mix is workable. This variation is, nonetheless, of minor importance in the total cost and
omitted thereof.

Additionally, the cost associated with the finish (e.g., external surface polishing) is
also included. This cost depends primarily on the outer pipe diameter (Do) and varies
linearly from 1.9 e/m (Do = 300 mm) to 6.3 e/m (Do = 1000 mm).

Finally, in the case of C2, the indicator is total time (I2). This I2 indicator is included
to quantify the time allocated for producing and assembling the reinforcing steel-cage
(97 kg/h). In the case of RCPs, the time necessary for concrete production and vibration
(1.68 m3/h) is also considered. For FRCPs, the fibres are directly dosed and mixed with the
remaining concrete components. The information necessary for this indicator was provided
by experts working in the production of CPs.
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3.3.4. Environmental Requirement

The environmental requirement (R2) is comprised of three criteria: emissions (C3),
resources (C4) and reusability (C5).

On the one hand, Criterion C3 is evaluated using a single indicator: equivalent carbon
dioxide emissions (I3). This indicator was obtained by considering the emissions of all the
constituent materials of the pipe (concrete and reinforcing). On the other hand, Criterion
C4 consists of two indicators: non-renewable resources (I4) and energy resources (I5). The
former is meant to assess the impact on the stock of existing resources considering its renova-
tion capacity. To this end, the required weights of each pipe constituent are added together by
applying an importance factor. This importance factor is based on the environmental profiles
by Harris [88] and the methodology by Kappenthuler and Seeger [89] to consider the short
and long-term availability of building materials. The data in [90,91] were examined to
calculate these availabilities. The latter makes it possible to examine the embodied energy
linked to the production and assembly processes for the pipe component elements. The
inventory in [92] was utilised as a reference for assessing I3 and I5 indicators.

Finally, Criterion C5 (reusability) is represented by one indicator, recyclability (I6). This
aspect is considered a key factor in many studies (see, e.g., [35,88,93,94]). While previous
indicators in the environmental requirement considered the first stages of the lifecycle of
the reinforcing alternatives, this indicator takes into consideration the final stage of the
lifecycle, namely the decommissioning, and the recycling potential of each alternative. A
building material that can be recycled is defined in [95] as a “material which can be remade
and reused as a building material after the building is disassembled”. In this study, this
indicator was evaluated through attributes by using a five-point scale based on experts’
seminars as well as on other references [35,88,93,94]. The details of drawing up this scale
are shown in Table 2. Note that the table shows the levels assigned to Points 1, 3 and 5,
which correspond to the Likert scale [96]. However, mid-values (i.e., 2 and 4) may also be
assigned for hybrid reinforcements.

Table 2. Attributes and respective points assigned to the different levels of recyclability.

Level of Recyclability Attribute Type of
Reinforcement Points

Non-recyclable Low Steel fibres 1
Partially recyclable Medium Polymeric fibres 3

Completely recyclable High Steel cage 5

3.3.5. Social Requirement

The social requirement (R3) is defined by two criteria: labour risks during pipe
manufacturing (C6) and innovation of the solution (C7). Other aspects, such as creating
jobs and inconveniences for society, were considered to be insignificant impacts in the
context of this study. The occupational risks during manufacturing were assessed using
the Occupational Risk Index (ORI) (I7) defined in [97] according to Equation (1).

ORI = ∑ ORIi = ∑
i

IRi × Ei =
1

1000 ∑
i
(Pi × Ci × Ei) (1)

where i is the risk associated with an activity and IRi is the importance of risk i, defined
as the probability that an accident (Pi) will occur when risk i is present, multiplied by the
severity of the most probable consequence (Ci) and divided by 1000 to standardise it by
the maximum risk possible. Ei is the total time (in hours) that the workers are exposed to
the risk. The information for this time was obtained from [98], which is a database that
contains prices for the construction industry, as well as construction times for different
structural elements.

CPs are manufactured mechanically but require some manual operations. The activi-
ties carried out during manufacturing were analysed from an occupational risk point of
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view, which led to detecting the risks presented in Table 3. The probability and conse-
quences ratings of the first three risks have been directly obtained from [97], whereas those
of the two last risks have been newly evaluated for the present research. The probability
and consequences of the first three risks in Table 3 were evaluated for the construction
work conditions and could be slightly lower for the CPs as these are manufactured in a
factory with controlled activities.

Table 3. Ratings of probability, severity of the most probable consequence and importance of the
occupational risks in pipe manufacturing.

Risk-Activity P C IR

1
Collision with or trapping by a moving load due to its
movement or detachment—mechanical load handling
(other means of mechanical load handling)

1 20 0.020

2 Blows to upper and lower limbs—manual load handling
(installation of reinforcing bars) 3 7 0.021

3 Burns-welding 1 7 0.007

4 Cuts, blunt trauma and other injuries—work with hand
tools (smoothing trowels in steel fibres) 3 1 0.003

5 Cuts, blunt trauma and other injuries—work with hand
tools (smoothing trowels in plastic fibres) 2 1 0.002

Criterion C7 is assessed using the I8 innovation indicator to promote the research and
progress on new reinforcing systems for concrete pipes. Steel cages for RCPs have been
used satisfactorily for more than 100 years, but fibres (even recycled) are emerging that are
proving to be a technically viable alternative within a certain range of pipe diameters. How-
ever, the construction sector is reluctant to make changes, and, therefore, changes should
be encouraged by using multi-criteria decision-making approaches based on sustainability
that also recognise innovation. This indicator does not only account for innovation in
terms of the reinforcement itself, but also for other aspects such as in technologies or
other materials. Examples of these would be using bendable bars for reinforcement or
improvements associated with the welding methodologies. The attributes of this indicator
were assigned during experts’ seminars.

3.3.6. Value Functions and Sustainability Index

In MIVES, value functions are used to normalise the range of the indicators to an
interval between 0 and 1 [42,99]. The specific function that is used in the methodology
is such that it takes several different shapes when certain parameters are modified. The
shapes that the function can take is increasing/decreasing and linear, concave, convex or
S-shaped. These value functions are mathematically expressed by Equation (2).

Iind(X) = B

[
1− e−Ki

( |Xind−Xmin |
Ci

)Pi
]

(2)

where Xmin is the minimum abscissa value of the assessed indicator interval; Xind is the
abscissa value for the assessed indicator; Pi > 1 is a shape factor that defines whether
the curve is concave (Pi < 1), convex (Pi > 1), linear (Pi = 1) or S-shaped (Pi > 1); Ci
approximates the abscissa at the inflexion point; Ki tends towards Iind at the inflexion point;
and B is the factor that prevents the function from exceeding the range (0,1) according to
Equation (3).

B =

[
1− e−Ki

( |Xmax−Xmin |
Ci

)Pi
]−1

(3)

The above-described value functions were assigned to each indicator (Iind), thereby
transforming physical units of each indicator (e.g., e/m, kg/m, kgCO2/m) into ranges
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from 0.0 to 1.0. The functions used for each indicator are shown in Figure 4, and the
parameters defining each function are shown in Table 4. In particular, the parameters of
each function were defined based on other studies [35,36], as well as based on experts’
criteria.
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Figure 4. Value functions and respective constitutive parameters.

Table 4. Constitutive parameters of the value functions in Figure 3.

Indicator Xmax Xmin C K P

R1 Economic I1 Production costs 1.25 0.75 2.00 700 3.00I2 Production time

R2 Environmental

I3 CO2−eq emissions
1.25 0.50 0.25 0.50 1.00I4 Non-renewables

I5 Energy
I6 Recyclability 1.25 0.75 0.50 6.00 3.10

R3 Social I7 ORI 3.40 0.00 1.00 0.00 1.00
I8 Innovation 1.50 0.50 1.00 0.00 1.00

Indicator magnitudes for the alternatives were expressed relative to those for RCPs,
taken as a reference, except for indicators I6 and I8, which were measured by attributes. The
following criteria were assumed for defining the value functions constitutive parameters:

• For both production costs (I1) and time (I2), the market competitiveness was intro-
duced by considering that the reference RCPs present a satisfaction of 0.75, which is
high and reflects the existing level of optimisation achieved over time. Alternatives
to traditional steel cage reinforcement would lead to the maximum satisfaction (1.0)
for both indicators if a reduction of 25% of the corresponding magnitude is achieved;
on the contrary, the minimum satisfaction (0.0) would be reached for an increase of
25% with respect to the reference values. The transition is simulated with an S-shaped
function (Figure 4) presenting remarkable sensitivity to increasing costs and time to
further emphasise this competitiveness.

• The same value function was fixed for CO2−eq emissions (I3) and both non-renewal
(I4) and energy resources consumption (I5) indicators. In an attempt to promote
environmentally friendly practices, the 0.50 value was established for RCPs, while
maximum and minimum satisfaction can be achieved by decreasing and increasing
the reference values 50% and 25% respectively, using a convex function (Figure 4).

• A value of 0.5 was set as the reference value for RCPs for the satisfaction function
of recyclability (I6) to support alternatives with higher values for the recyclability
attributes. For this indicator, the maximum value can be achieved by having indicators
that are more than 25% of the reference value, whereas the minimum value is obtained
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when the indicator decreases 25% from the reference value. This is achieved through
an increasing S-shaped value function (Figure 4).

• The satisfaction function for the occupational risks during construction indicator (I7)
was defined as decreasing linear so that the maximum satisfaction is obtained for a
null ORI, and a value of 0.6 is obtained for the maximum ORI.

• For the satisfaction function of the indicator innovation (I8), it was considered that
the reference value for satisfaction was represented by a satisfaction of 0.5 for the
RCPs, whereas the maximum or minimum values can be attained by increasing
50% or decreasing 50%, respectively, using an increasing linear function (Figure
4). Innovations in concrete pipe reinforcement could include enhancements in the
welding process, the use of thermoplastic bendable rebars, and other systems that are
arriving on the market.

Finally, the sustainability index Is was obtained by adding together the weighted
indicators of the decision-making tree. It needs to be mentioned that an index for the
sustainability of each level of the tree could be obtained. First, the indicators are added
at the criterion level, as shown in Equation (4), where the Icrit is the sustainability of each
criterion, and it is obtained from applying the weights w of each indicator i. Then, an
index for each requirement (Ireq) can be obtained by adding the weighted indexes of the j
criteria, as presented in Equation (5). Finally, the index of sustainability can be obtained
following Equation (6), where the k requirements are added after applying their respective
weights wk.

Icrit =
n

∑
i=1

Iindi
· wi (4)

Ireq =
n

∑
j=1

Icritj · wj (5)

Is =
n

∑
k=1

Ireqk · wk (6)

At this point, it is worth noticing that the value functions and weights proposed
herein might be representative of a competitive market mainly driven by costs and with
incipient sensitivity towards the environmental and social indicators presented in Table 1.
Nevertheless, should other stakeholders’ preferences be considered, these functions and
weights could be properly calibrated.

4. Case Study
Alternatives Analysed

For this analysis, internal pipe diameters (Di) of 300, 600 and 1000 mm were considered
along with the two alternative wall-thicknesses (type B or C, which correspond to two
different thicknesses according to UNE 127916 [100]) per pipe diameter. As for the pipe
strength class, the C60, C90, C135 and C180 classes were included, the number representing
the failure load (Fn) to be achieved in the TEBT (Figure 1).

In this regard, the distribution and amount of steel-cage reinforcement proposed in
the Spanish Annex [100] of the EN 1916:2008 was considered in this study for RCPs [51].
Other distributions, such as any proposed in the ASTMC1765-19 [56], can be used as
an alternative. For the FRCPs, as no recommendations regarding the required type and
amount of fibres to reach each pipe strength class are currently available, the MAP (Model
for the Analysis of Pipes) design approach valid for SFRCPs [10] and PFRCPs [20] is used
instead.

This combination of parameters (three diameters, two wall-thicknesses, three rein-
forcement configurations and four pipe strength classes per diameter) produced a total of
24 concrete pipes (Table 5).

The data corresponding to the indicator quantification necessary to calculate the
sustainability indexes can be found in Tables A1–A3. The tables show the data for the
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RC, SFRC and PFRC alternatives, respectively. Note that the way in which the data were
obtained is presented in Sections 3.3.3–3.3.5.

Table 5. Parameters defining analysed alternatives.

Nº Ref. Code Dint (mm) Thickness (mm) Resistance
Class (kN/m2)

1 300/50/C60

300

50 (B) C 602 300/69/C60 69 (C)
3 300/50/C90 50 (B) C 904 300/69/C90 69 (C)
5 300/50/C135 50 (B) C 1356 300/69/C135 69 (C)
7 300/50/C180 50 (B) C 1808 300/69/C180 69 (C)

9 600/75/C60

600

75 (B) C 6010 600/94/C60 94 (C)
11 600/75/C90 75 (B) C 9012 600/94/C90 94 (C)
13 600/75/C135 75 (B) C 13514 600/94/C135 94 (C)
15 600/75/C180 75 (B) C 18016 600/94/C180 94 (C)

17 1000/109/C60

1000

109 (B) C 6018 1000/128/C60 128 (C)
19 1000/109/C90 109 (B) C 9020 1000/128/C90 128 (C)
21 1000/109/C135 109 (B) C 13522 1000/128/C135 128 (C)
23 1000/109/C180 109 (B) C 18024 1000/128/C180 128 (C)

5. Results and Discussion

Figure 5 shows the sustainability indexes corresponding to the economic aspect. The
results are separated according to the resistance class. The different diameters of each
alternative are shown through the x-axis, whereas the thickness is shown with different line
types and the different reinforcement types are shown with different colours. The y-axis
corresponds to the values of the sustainability indexes. Because the analysis is parametric
and the indicators were expressed in relation to the RC alternative, the sustainability index
for the RCPs is constant.

All the alternatives were found to have economic sustainability indexes higher than
0.3, with the best results being achieved by the C60 resistance class alternatives. FRCPs
seem to perform economically better for Di = 300 mm, independently of the strength class
(except for C135 and C180 wall type B). Likewise, FRPCs C60 with Di up to 1000 mm and
wall type B achieve higher economic satisfaction than RCPs. These results are aligned
with current market practice where both FRCPs and RCPs are competing for low strength
(≤C90) classes and Di ≤ 600 mm.

Figure 6 shows the results corresponding to the environmental sustainability indexes.
It should be noted that the PFRCPs lead to greater environmental performance with respect
to RCPs and SFRCs for all diameters and strength classes. This is a consequence of the
lower CO2 emissions and embodied energy required to produce synthetic microfibres as
well as the low amounts required to reach the target mechanical performance. SFRCPs
show better tendencies in terms of environmental impacts with respect to the RCPs for
strength classes inferior to C90 (inclusive, except wall type C).
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Figure 5. Economic sustainability indexes of each alternative.
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Figure 6. Environmental sustainability indexes of each alternative.

The results obtained for the social sustainability indexes, as presented in Figure 7,
highlight that FRCPs yield represent an enhancement (quantified in a 40%) with respect to
RCPs in terms of social sustainability.

Finally, Figure 8 shows the results corresponding to the global sustainability indexes
(Is) of each alternative, which have been calculated by using the weighting system presented
in Table 1. From these results, it should be mentioned that FRPCs with Di = 300 mm
present a higher sustainability index with respect to the traditional RCPs, independently of
the strength class (except wall type B for C135 and C180). Contrarily, as Di and the strength
class increase, the RCPs alternative is confirmed as the most suitable.
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Figure 7. Social sustainability indexes of each alternative.
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Figure 8. Global sustainability indexes of each alternative.

6. Sensitivity Analysis

The approach taken in the previous section was deterministic. This means that the
results and corresponding discussion disregarded input data uncertainties (e.g., cost of the
materials, amount of CO2 emissions and embodied energy and weights). However, the
variability should be included to quantify the robustness of the results and the range of
validity for the conclusions. The Monte Carlo method was used for this purpose.

This paper considers two types of uncertainty linked to the model. The first corre-
sponds to possible uncertainties in the weighting system. The second one corresponds to
uncertainties linked to indicator quantification.

6.1. Uncertainties in the Weighting System

The uncertainties in the weighting system were introduced at the requirements level by
assuming a variation of a ±10% of each weight deterministic magnitude (see Table 1). The
uncertainties were modelled using beta PERT distributions. One aspect to consider when
introducing uncertainties in the weights is that, even with uncertainties, the weighting
system of each level of the tree needs to add up to 100%. To take this aspect into account,
the weights were normalised in each iteration of the Monte Carlo simulation.

The results of this probabilistic analysis are shown in Figure 9. The diagram presents
the cumulative distributions of the sustainability indexes obtained for each alternative in
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12 different plots. In this sense, the results make it possible to confirm that the ordering
is maintained for almost all the alternatives, proving that the model is robust and depen-
dencies not heavily dependent on the weighting system. In other words, the ordering
and sustainability indexes derived from the deterministic analysis can be representative of
a wide range of stakeholders’ preferences (e.g., from pipe producer and public investor
perspectives, whose interest and expectancies might differ).
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Figure 9. Cumulative distributions corresponding to each alternative for the probabilistic scenario
with uncertainties in the weighting system.

6.2. Uncertainties in the Data

As for the uncertainties in the data, these were calibrated in the same experts’ seminars
mentioned in Section 3. It was considered that the highest uncertainties came from the costs
of the three reinforcement types, corresponding to indicator I1. Therefore, in this study,
uncertainties were only introduced in the quantification of this indicator. The variations
considered in this indicator for each of the alternatives are 5%, 15% and 20% for the steel
bars, the steel fibres and the plastic fibres, respectively. These uncertainty levels reflect the
variability on the production costs and the competitiveness for each product (higher for
the fibres, and particularly for synthetic fibres).
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The sensitivity analysis results are presented in Figure 10.
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Figure 10. Cumulative distributions corresponding to each alternative for the probabilistic scenario
with uncertainties in the data.

In this case, the ordering is remarkably sensitive to the cost variability of the reinforc-
ing material and the results presented above cannot be ensured in all cases within 90%
confidence intervals. PFRCPs of Di = 300 mm and 600 mm and resistance class C60 per-
form better than RCPs. Besides, PFRCPs with wall type C, Di = 1000 mm and resistance
class C180 is also more sustainable than the other alternatives. RCPs with Di = 300 mm
and resistance classes C135 and C180 as well as with Di = 1000 mm and resistance class
C90 perform better than the other alternatives. In the remaining cases, sufficient robustness
is lacking to draw any conclusions on a specific ranking between FRCPs and RCPs.

7. Conclusions

This paper proposes a methodology to assess the sustainability performance of CPs.
The method is based on the use of MIVES, which allows alternatives to be compared and
ranked based on sustainability. In particular, the model being developed is built upon three
aspects: economy, environment and society. For each aspect, several criteria and indicators
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were defined within experts’ seminars to be able to evaluate the sustainability quantita-
tively.

The model was applied to a case study of reinforced concrete pipes. In particular, the
alternatives considered had four main variables: the type of reinforcement (steel bars, steel
fibres and synthetic fibres), the diameter (300, 600 and 900 mm), the thickness (type B or C
according to UNE-EN 1916:2008 [51]) and the resistance class (C60, C90, C135 or C180). In
total, 72 alternatives were analysed. The following conclusions can be drawn:

• Economically, FRCPs were demonstrated to be the most favourable alternatives to
RCPs for lower diameters and resistance classes.

• Environmentally, PFRCPs are the most favourable. Besides, SFRCPs perform better
than RCPs for low diameters and strength classes. On the one hand, SFRCPs are less
advantageous in terms of recyclability with respect to PFRCPs and RCPs.

• Socially, FRCPs achieve better results than RCPs since production risks are lower.
• In terms of global sustainability, the results show that PFRCPs are more sustainable

than RCPs for Di = 300 mm, irrespective of the resistance class. However, overall,
traditional alternatives (RCPs) are shown to perform slightly better as the diameter
and the strength class increase.

• The sensitivity analysis on the weights showed that the model is robust under varia-
tions of the weighting system since the ordering remained unaltered for ±10% varia-
tions of the weight magnitudes. On the contrary, the sensitivity analysis performed
on the cost of materials led to higher variations from the deterministic scenario. In
particular, 32% of the cases do not fall within a 90% confidence interval of the results.
The fact that the relative ordering between alternatives is not maintained when costs
vary highlights the importance of costs in the context of the decision-making process.

The decision-making model proposed herein and the results obtained might be of
interest to private and public stakeholders. Likewise, the model and its components can be
adapted and calibrated to preferences and situations other than considered by the experts
involved in the seminars.

Future research could move in two directions. First, pipes and most structural elements
are designed by following specific regulations. However, certain solutions that are more
innovative and better in terms of sustainability may not be considered in such regulations,
which jeopardises the deployment of these technologies, and therefore the advancement
towards more sustainable solutions. Hence, future research could focus on examining how
legislations influence the design and construction of more sustainable structures. It needs
to be noted that legislations are not the only barriers that may exist; other factors could
also be slowing down the construction of more sustainable structures, such as society’s
resistance to change.

Secondly, next studies could also focus on improving the MIVES methodology by
examining how the perspectives of different stakeholders can be integrated into the model
(multi-actor approach). Research in this area of study is still scarce, but considering multiple
opinions is essential for a wider acceptance of decisions.
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Appendix A

Table A1. Quantification of indicators for the economic requirement.

RC Pipes SFRC Pipes PFRC Pipes

I1 I2 I1 I2 I1 I2
Production Costs Total Time Production Costs Total Time Production Costs Total Time

e/m hr/m e/m hr/m e/m hr/m

300/50/C60 6.67 0.02 5.88 0.00 5.51 0.00
300/69/C60 8.23 0.02 7.70 0.00 7.16 0.00
300/50/C90 6.67 0.02 5.88 0.00 5.95 0.00
300/69/C90 8.23 0.02 7.70 0.00 7.16 0.00
300/50/C135 6.67 0.02 7.12 0.00 7.11 0.00
300/69/C135 8.23 0.02 7.70 0.00 7.35 0.00
300/50/C180 6.73 0.02 7.94 0.00 7.57 0.00
300/69/C180 8.23 0.02 7.86 0.00 7.93 0.00

600/75/C60 16.18 0.03 16.19 0.00 16.48 0.00
600/94/C60 19.06 0.03 18.66 0.00 17.34 0.00
600/75/C90 16.18 0.03 20.37 0.00 19.75 0.00
600/94/C90 19.06 0.03 21.52 0.00 21.68 0.00
600/75/C135 19.37 0.08 24.37 0.00 21.51 0.00
600/94/C135 21.41 0.07 24.69 0.00 24.10 0.00
600/75/C180 21.21 0.10 28.37 0.00 22.76 0.00
600/94/C180 21.78 0.07 27.97 0.00 25.71 0.00

1000/109/C60 38.49 0.12 38.53 0.00 39.31 0.00
1000/128/C60 38.62 0.05 41.17 0.00 41.91 0.00
1000/109/C90 41.83 0.16 52.42 0.00 47.48 0.00
1000/128/C90 42.79 0.11 53.09 0.00 51.56 0.00

1000/109/C135 49.47 0.27 65.00 0.00 51.61 0.00
1000/128/C135 45.54 0.15 63.46 0.00 56.30 0.00
1000/109/C180 59.86 0.41 78.46 0.00 54.72 0.00
1000/128/C180 51.86 0.24 74.35 0.00 59.85 0.00
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Table A2. Quantification of indicators for the economic requirement.

RCPs SFRCPs PFRCs

I3 I4 I5 I6 I3 I4 I5 I6 I3 I4 I5 I6

CO2
Non-

Renewable Energy Recyclability CO2
Non-

Renewable Energy Recyclability CO2
Non-

Renewable Energy Recyclability

kg/m MJ/m MJ/m Points kg/m MJ/m MJ/m Points kg/m MJ/m MJ/m Points

300/50/C60 20 139 151 4 18 138 125 2 17 138 118 4
300/69/C60 27 202 202 4 26 201 181 2 24 200 171 4
300/50/C90 20 139 151 4 18 138 125 2 17 138 130 4
300/69/C90 27 202 202 4 26 201 181 2 24 200 171 4

300/50/C135 20 139 151 4 21 139 151 2 17 138 163 4
300/69/C135 27 202 202 4 26 201 181 2 24 200 177 4
300/50/C180 20 139 153 4 23 140 169 2 17 138 177 4
300/69/C180 27 202 202 4 26 201 185 2 24 200 193 4

600/75/C60 54 401 396 4 54 400 379 2 48 398 404 4
600/94/C60 68 516 490 4 66 514 464 2 62 513 441 4
600/75/C90 67 401 396 4 64 404 469 2 48 399 497 4
600/94/C90 68 516 490 4 73 517 526 2 62 514 565 4

600/75/C135 62 405 488 4 74 408 556 2 48 400 548 4
600/94/C135 74 519 558 4 81 520 595 2 62 515 633 4
600/75/C180 67 408 541 4 83 412 642 2 48 400 583 4
600/94/C180 75 519 569 4 89 524 666 2 62 515 679 4

1000/109/C60 136 961 1020 4 134 958 961 2 115 952 1042 4
1000/128/C60 146 1139 1043 4 152 1140 1070 2 137 1136 1135 4
1000/109/C90 190 965 1116 4 168 972 1261 2 115 955 1274 4
1000/128/C90 157 1145 1162 4 181 1152 1327 2 137 1139 1410 4

1000/109/C135 164 975 1335 4 199 984 1533 2 116 956 1392 4
1000/128/C135 164 1148 1241 4 206 1163 1551 2 138 1141 1545 4
1000/109/C180 190 989 1633 4 231 998 1824 2 116 957 1480 4
1000/128/C180 180 1157 1423 4 232 1174 1786 2 138 1142 1646 4
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Table A3. Quantification of indicators for the social requirement.

RCPs SFRCPs PFRCPs

I7 I8 I7 I8 I7 I8
Accidentability Innovation Accidentability Innovation Accidentability Innovation

ORI Points ORI (×103) Points ORI (×103) Points

300/50/C60 0.22 3 0.10 4 0.07 4
300/69/C60 0.22 3 0.10 4 0.07 4
300/50/C90 0.22 3 0.10 4 0.07 4
300/69/C90 0.22 3 0.10 4 0.07 4
300/50/C135 0.22 3 0.10 4 0.07 4
300/69/C135 0.22 3 0.10 4 0.07 4
300/50/C180 0.23 3 0.10 4 0.07 4
300/69/C180 0.22 3 0.10 4 0.07 4

600/75/C60 0.40 3 0.20 4 0.13 4
600/94/C60 0.40 3 0.20 4 0.13 4
600/75/C90 0.40 3 0.20 4 0.13 4
600/94/C90 0.40 3 0.20 4 0.13 4
600/75/C135 0.93 3 0.20 4 0.13 4
600/94/C135 0.79 3 0.20 4 0.13 4
600/75/C180 1.23 3 0.20 4 0.13 4
600/94/C180 0.85 3 0.20 4 0.13 4

1000/109/C60 1.33 3 0.40 4 0.27 4
1000/128/C60 0.62 3 0.40 4 0.27 4
1000/109/C90 1.85 3 0.40 4 0.27 4
1000/128/C90 1.28 3 0.40 4 0.27 4

1000/109/C135 3.06 3 0.40 4 0.27 4
1000/128/C135 1.71 3 0.40 4 0.27 4
1000/109/C180 4.69 3 0.40 4 0.27 4
1000/128/C180 2.70 3 0.40 4 0.27 4
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