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Abstract: As infrastructure development accelerates globally, engineers are increasingly required to balance structural
performance, cost, and environmental responsibility in material selection. This study evaluates the sustainability of
conventional and alternative infrastructure materials using a lifecycle-based multi-criteria framework. Reinforced
concrete pipe (RCP) and high-density polyethylene (HDPE) pipe were compared for stormwater systems, while
conventional asphalt was evaluated against asphalt incorporating recycled glass aggregate for pavements. A weighted
Analytic Hierarchy Process (AHP) model was implemented under three decision scenarios: (i) sustainability-led control
(aligned with SDGs 11 and 12), (ii) current engineer priorities, and (iii) developer priorities. For stormwater applications,
RCP achieved overall preference scores of approximately 83% (control), 67% (engineer), and 65% (developer),
consistently outperforming HDPE. For pavements, asphalt with recycled glass aggregate achieved preference scores of
57% (control), 77% (engineer), and 76% (developer). All AHP matrices satisfied the consistency requirement (CR <
0.10). The findings demonstrate that newer materials are not inherently superior and that material preference is highly
sensitive to stakeholder weighting structures. The study highlights the importance of transparent, scenario-based multi-
criteria evaluation for sustainable infrastructure decision-making in the Australian context.
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INTRODUCTION

Infrastructure materials play a critical role in shaping
the environmental, economic, and mechanical
performance of modern civil engineering systems. In
applications such as stormwater management and road
construction, material selection directly influences
lifecycle energy consumption, greenhouse gas
emissions, durability, cost, and long-term serviceability.
As infrastructure demand continues to rise alongside
increasing pressure to meet sustainability targets, there
is a growing need for evidence-based comparisons of
construction materials across their full lifecycles (Islam
et al., 2025).

Existing studies have typically examined
infrastructure materials through isolated perspectives,
focusing on individual aspects such as embodied
energy, carbon emissions, cost, or production
efficiency. While these studies have generated
valuable insights, the resulting body of knowledge
remains fragmented, limiting holistic decision-making.
In particular, relatively few studies simultaneously
evaluate  environmental performance alongside
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mechanical behaviour, durability, and economic
feasibility. Furthermore, strength and performance data
are frequently derived from manufacturer specifications
rather than independent comparative studies, creating
uncertainty for regulators, designers, and asset owners
seeking objective benchmarks.

The introduction of the United Nations Sustainable
Development Goals (SDGs) has further highlighted the
importance of integrating sustainability considerations
into engineering practice (United Nations, 2023). Goals
related to sustainable cities and communities and
responsible  consumption and production are
particularly relevant to infrastructure development.
Despite this relevance, lifecycle assessments are rarely
aligned explicitly with these broader sustainability
objectives. As a result, many studies stop short of
determining whether one material can be considered
superior across multiple performance dimensions,
complicating the development of material selection
guidelines and regulatory frameworks (United Nations,
2025).

Within this context, two material comparisons are of
particular significance for Australian infrastructure:
reinforced concrete pipe (RCP) versus high-density
polyethylene (HDPE) for stormwater systems, and
conventional asphalt versus asphalt incorporating
recycled glass aggregate for road pavements. These

E-ISSN: 3083-3604/26



50 Journal of Sustainable Smart Materials and Structural Systems, 2026, Vol. 2

Turner and Islam

material pairs present contrasting characteristics in
terms of stiffness, durability, energy intensity,
recyclability, constructability, and cost. Although
individual aspects of these materials have been
investigated previously, comprehensive side-by-side
evaluations that integrate environmental, mechanical,
and economic performance across the lifecycle remain
limited, particularly for recycled material variants
(Chrysafi et al., 2022; Dassisti et al., 2016; Du et al.,
2013; Hasan et al., 2025; Holcim, 2023; Kyung et al.,
2017; Moins et al., 2022; Nguyen et al., 2020; Oreto et
al., 2021; Perera et al., 2021; Petit-Boix et al., 2016;
Sollazzo et al., 2020; Vahidi et al., 2016).

Accordingly, this study presents a structured
comparative evaluation of RCP versus HDPE pipes
and conventional asphalt versus asphalt incorporating
recycled glass aggregate. Key lifecycle stages
considered include production and construction,
recyclability, carbon emissions and embodied energy,
mechanical performance, and cost (Alsadi & Matthews,
2020; Vahidi et al., 2016). By synthesising existing
evidence within a transparent multi-criteria decision
framework, this paper aims to support engineers,
policymakers, and asset owners in making informed,
sustainability-aligned material selection decisions.

While prior studies have examined lifecycle
emissions, embodied energy, or cost comparisons for
individual infrastructure  materials, few have
synthesised environmental, mechanical, and economic
dimensions within a transparent multi-scenario decision
framework calibrated to Australian infrastructure
practice. This study advances existing work by:

1. Integrating lifecycle evidence within a structured
AHP model aligned explicitly with SDGs 11 and
12;

2. Comparing both traditional and recycled material
variants side-by-side under identical evaluation
criteria;

3. Introducing stakeholder-weighted decision

scenarios (engineer and developer) to quantify
how procurement behaviour diverges from
sustainability-led frameworks; and

preference
Australian

4. Providing scenario-based
magnitudes relevant to regional
infrastructure contexts.

This structured synthesis moves beyond isolated
lifecycle studies by operationalising sustainability
priorities within a reproducible decision-support
framework.

METHODOLGY

Research Design and Data Sources

An analytical evidence-synthesis methodology was
adopted to compare conventional and alternative
infrastructure materials across key lifecycle and
performance criteria. Data were compiled from four
primary source categories: peer-reviewed academic
literature, government and industry technical reports,
relevant standards and regulatory guidance, and
manufacturer specifications. The collected information
was critically appraised to characterise each material’s
lifecycle profile and to identify documented advantages,
limitations, and trade-offs.

To ensure relevance and currency, sources
published within the past ten years were prioritised.
Older references were included only where they
addressed foundational material behaviours or
established engineering practices that have not
materially changed. Academic literature was retrieved
primarily through the University of Southern
Queensland library databases and Google Scholar
using structured keyword combinations related to
materials and lifecycle stages. Although the literature
base was predominantly drawn from Western contexts,
data from other regions were included where numerical
results could be interpreted unambiguously.

Sustainability Framing using United Nations SDGs
11 and 12

To explicitly link material selection to sustainability-
relevant engineering outcomes, the analysis was
framed wusing the United Nations Sustainable
Development Goals (SDGs), with emphasis on SDG 11
(Sustainable Cities and Communities) and SDG 12
(Responsible Consumption and Production). SDGs
were used as an organising lens for prioritising
assessment criteria associated with urban resilience,
environmental externalities, and circular resource use
(United Nations, 2025).

SDG 11: Sustainable Cities and Communities

SDG 11 prioritises resilient and sustainable urban
development and highlights the importance of reducing
environmental burdens that affect community liveability.
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In this study, SDG 11 was operationalised through a
focus on lifecycle carbon emissions and associated
indicators (e.g., embodied energy, production energy
intensity), recognising that lower-emission material
choices support improved air quality outcomes and
reduced climate-related risks in both metropolitan and
regional contexts (United Nations, 2023).

SDG 12: Responsible Consumption and Production

SDG 12 emphasises resource efficiency, waste
reduction, and the transition toward circular material
flows. Accordingly, recyclability and recycled-content
pathways were treated as central evaluation
dimensions. Where available, evidence on the
performance implications of recycled variants (e.g.,
recycled aggregates in concrete, recycled HDPE,
reclaimed asphalt pavement, and asphalt incorporating
glass aggregate) was incorporated to assess whether
environmental benefits are achieved without
unacceptable degradation in mechanical performance
or serviceability (United Nations, 2023).

Software Tools

Two software tools were used to
transparency, traceability, and
consistency:

support
computational

. EndNote was used for reference management,
including import, organisation, and citation
formatting, enabling systematic source handling
and reducing the risk of omissions or duplication.

. Microsoft Excel was used to perform all
calculations associated with the multi-criteria
decision analysis, including normalisation,
weighting, overall scoring, and verification
computations (e.g., consistency metrics). Excel
also supported rapid scenario iteration and
tabular presentation of results.

Multi-Criteria  Evaluation
Hierarchy Process (AHP)

using the Analytic

A structured multi-criteria decision analysis was
implemented using the Analytic Hierarchy Process
(AHP) to compare each material pair and determine an
overall preference. AHP was selected because it
provides a transparent framework for: (i) defining the
decision problem, (ii) weighting evaluation criteria via
pairwise comparisons, (iii) rating alternatives with
respect to each criterion, (iv) testing internal
consistency of judgments, and (v) producing

interpretable overall priorities. While AHP reduces
subjective bias by enforcing a structured scoring logic,
some subjectivity remains unavoidable due to the need
to assign relative importance to criteria and interpret
heterogeneous evidence (Ferdous, 2024).

AHP Model Structure

The AHP hierarchy consisted of three levels:

. Level 1 (Goal): Identify the best overall material
option for each application.

. Level 2 (Criteria): (1) Production/Construction,
(2) Recyclability, (3) Carbon Emissions, (4)
Mechanical Performance, and (5) Cost.

. Level 3 (Alternatives):

. Stormwater pipes: Older (RCP) vs Newer
(HDPE).

= Road pavements: Older (asphalt) vs Newer
(asphalt with recycled glass aggregate).

Criteria were aligned with the lifecycle themes
synthesised in the literature review and were selected
to balance environmental outcomes, functional
performance, and economic practicality.

Pairwise comparison scale and criterion weighting

Criterion importance was established using the
standard AHP nine-point pairwise comparison scale (1
= equal importance; 9 = extreme importance). Pairwise
matrices were constructed for each weighting scenario
and then normalised to derive criterion priority weights.
These weights represent the relative contribution of
each criterion to the overall decision.

Translation of Evidence into AHP Judgments

Local alternative priorities were derived by
translating quantitative lifecycle data and qualitative
performance evidence into the standard AHP nine-
point scale. The following decision rules were applied
to improve transparency and reproducibility:

. Where numerical differences exceeded ~25%
between materials for a given criterion, a strong
preference (scale 5-7) was assigned.

. Differences between 10-25% were assigned
moderate preference (scale 3-5).

. Differences below 10% were treated as weak or
near-equal (scale 1-3).
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. Where qualitative literature indicated comparable
performance but higher uncertainty, equal
importance (1) was applied.

When multiple studies reported conflicting findings,
conservative mid-range scale values were adopted.
This structured translation rule was applied consistently
across both material comparisons.

Consistency Assessment

To verify the logical coherence of pairwise
judgments, the Consistency Ratio (CR) was calculated
for each scenario using the Consistency Index (Cl) and
Random Index (RI) appropriate to the number of
criteria. A CR threshold of < 0.10 was adopted as
acceptable. Matrices meeting this threshold were
treated as sufficiently consistent to proceed to
alternative scoring and aggregation.

Weighting Scenarios

To reflect differing stakeholder priorities, the AHP
was executed under three weighting scenarios. Across
all scenarios, the local priorities of the alternatives (i.e.,
the relative performance of each material under each
criterion) were held constant because they were
derived from the same evidence base; only the criterion
weights were varied (Mu & Pereyra-Rojas, 2017).

Scenario 1: Control (sustainability-led)

The control scenario prioritised sustainability
outcomes aligned with SDGs 11 and 12. Criterion
importance was set to favour carbon emissions and
recyclability, followed by production/construction
impacts, mechanical performance, and cost. The
resulting criterion weights (normalised priorities) were
as follows, which are illustrated in Figure 1:

o Carbon emissions: 0.451

Percentage

Figure 1: Scenario criteria weighting bar chart (Control).

. Recyclability: 0.356

. Mechanical performance: 0.095
. Cost: 0.062

. Production/construction: 0.037

Scenario 2: Current engineer priorities

A practitioner-informed scenario was developed
using a small survey of engineers associated with
SITEC Pty Ltd. Respondents prioritised
constructability/time, mechanical performance, and
cost over environmental criteria. Average survey
responses were converted into an AHP pairwise
comparison matrix using a consistent transformation
rule, and the resulting matrix was verified via CR. The
final criterion weights are shown below and in Figure 2:

. Mechanical performance: 0.405
. Cost: 0.256

. Production/construction: 0.228
. Recyclability: 0.058

. Carbon emissions: 0.054

Scenario 3: Developer Priorities

A pre-construction stakeholder scenario was
developed using a small survey of developers
associated with SITEC Pty Ltd. Similar to engineers,
developers emphasised delivery/timeline, mechanical
performance, and cost, with comparatively low
weighting placed on recyclability and carbon emissions.
After pairwise construction and CR verification, the
criterion weights were as follows and can also be seen
in Figure 3:
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Figure 2: Percentage of criteria weights bar chart (Current Engineer).
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Figure 3: Percentage of criteria weights bar chart (Developer).

. Mechanical performance: 0.311
. Production/construction: 0.302
. Cost: 0.293

. Recyclability: 0.049

. Carbon emissions: 0.045

The engineer and developer scenarios were
informed by a small, targeted survey of stakeholders
associated with SITEC Pty Ltd. The sample size was
limted (n < 10 per stakeholder group), and
respondents were primarily drawn from regional
infrastructure practice. While sufficient for illustrative
weighting scenario development, the sample does not
represent the full diversity of Australian infrastructure
stakeholders. Accordingly, results should be interpreted
as indicative rather than statistically generalisable.

Alternative performance scores were held constant
across scenarios to isolate the influence of stakeholder
weighting structures. Allowing performance scores to
vary by stakeholder group would introduce confounding
effects and reduce interpretability of how priorities
alone shape outcomes. While in practice stakeholders
may interpret performance evidence differently,

maintaining constant local priorities enables controlled
comparison of weighting-driven decision sensitivity.

Alternative Scoring and Aggregation

For each criterion, the two alternatives (e.g., RCP
vs HDPE) were compared using AHP pairwise
judgments to derive local priorities (criterion-level
preference weights). These local priorities quantify the
degree to which one material outperforms the other for
that criterion based on the synthesised evidence.

Overall priorities were then calculated by multiplying
the criterion weights (scenario-specific) by the
corresponding local priorities (alternative-specific) and
summing across all criteria. This produced a final
preference score for each alternative within each
application domain (stormwater pipes and road
pavements), enabling direct comparison of outcomes
across sustainability-led and stakeholder-led decision
contexts.

RESULTS AND DISCUSSION

Summary of AHP Outcomes across Scenarios

The Analytic Hierarchy Process (AHP) results
demonstrate that material preferences are highly
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sensitive to stakeholder-driven criterion weighting.
Across the three scenarios examined: Control
(sustainability-led), Current Engineer, and Developer,
the relative importance assigned to lifecycle and
performance criteria varied substantially, which in turn
changed the strength of preference for each material
option. Figure 4 illustrates the pronounced divergence
in weighting structures, particularly the fourfold
increase in environmental emphasis in the control
scenario relative to practitioner scenarios. This
divergence directly explains the shift in preference
magnitudes observed in subsequent results.

In the Control scenario, the weighting structure
strongly prioritised carbon emissions and recyclability,
reflecting alignment with sustainability objectives
(SDGs 11 and 12). Consequently, materials with lower
embodied impacts and strong end-of-life recovery
pathways achieved higher overall priorities. In contrast,
the Current Engineer and Developer scenarios placed
greater emphasis on mechanical performance,
production/construction, and cost, with recyclability and
carbon emissions receiving comparatively low weights.
This pattern is consistent with a delivery-focused
decision environment where constructability,
performance compliance, time, and budget often
dominate procurement and design trade-offs.

Notably, while the Current Engineer scenario results
were expected based on industry focus on
constructability and performance risk, the Developer
scenario yielded a similarly low prioritisation of
environmental criteria. This was less expected given
increasing sustainability commitments within some
development contexts. However, the results indicate
that at least for the surveyed stakeholder set,
environmental factors were not primary decision drivers
when compared with schedule, performance, and
financial considerations. Importantly, these findings do
not imply that engineers or developers disregard

sustainability; rather, they suggest that sustainability-
related criteria may not be explicitly weighted as
heavily during typical project decision-making,
reinforcing a practical gap between sustainability intent
and procurement behaviour.

Overall, the scenario comparison highlights a critical
implication: the “best” material is not universal, but
contingent upon the decision framework adopted. This
underscores the value of formal multi-criteria methods
such as AHP for transparently revealing how priorities
shape outcomes, and for enabling policy makers and
asset owners to test how sustainability targets could be
operationalised within engineering selection processes.

Limitations Related to Stakeholder Representation

The weighting scenarios reflect a limited regional
stakeholder sample and may not capture variations
present in metropolitan infrastructure agencies, state
transport authorities, or large-scale developers.
Broader stakeholder engagement may shift weighting
distributions, particularly regarding environmental
criteria. Future research should incorporate larger and
more diverse samples to enhance external validity.

Stormwater Pipes: Reinforced Concrete Pipe (RCP)
versus High-Density Polyethylene (HDPE)

Overall Preferences by Scenario

Across all three scenarios, RCP was preferred over
HDPE for stormwater pipe applications, although the
magnitude of preference varied with criterion weighting
(Humes, 2025; RCPA, 2025). The results for all three
scenarios for pipe materials are below in Table 1 and
Figure 5.

. Under the Control scenario, RCP achieved a
strong preference (approximately 83% vs 17%),
primarily driven by its comparative advantage in
recyclability and lower lifecycle carbon

Weighting of Priorities

Percentage

]I: '
10
- Production / o
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:nt Engineer 2.8
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Figure 4: Overall criteria weightings.
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Table 1: All Scenarios overall Priorities for Stormwater Pipes
. . Production / - Carbon Mechanical Overall Out of
Scenario Alternatives Construction Recyclability Emissions Performance Cost Priority 100%
Criteria 0.037 0.356 0.451 0.095 0.062
Weights
Control
RCP 0.031 0.311 0.401 0.076 0.012 0.832 83%
HDPE 0.005 0.044 0.050 0.019 0.050 0.168 17%
V(\:/”Feﬂf‘ 0.228 0.058 0.054 0.405 0.256
Current eights
Engineer RCP 0.195 0.051 0.048 0.324 0.051 0.669 67%
HDPE 0.033 0.007 0.006 0.081 0.205 0.331 33%
Criteria 0.302 0.049 0.045 0.311 0.293
Weights
Developer RCP 0.259 0.043 0.040 0.249 0.059 0.649 65%
HDPE 0.043 0.006 0.005 0.062 0.234 0.351 35%

Overall Priorities - RCP

Percentage

E .
10%

Production /
Constructior

. i

Perfc

[l ]
Recyclability Sl
)

Enm

Overall Priorities - HDPE Pipe

Production/ | _ Carbor Mechanical
e Performanc

(a) (b)
Figure 5: Overall scenario priorities: (a) RCP; and (b) HDPE.
emissions. Because these criteria dominated the mechanical performance, it retained overall
sustainability-led  weighting  profile, RCP’s preference.

performance in these areas outweighed HDPE’s
advantages in cost-related considerations.

i Under the Current Engineer scenario, the
preference for RCP remained substantial (~67%
vs 33%). Here, RCP’s strength was attributed to
its higher evaluated performance in
production/construction and mechanical
performance, both of which were heavily
weighted in this scenario. Although HDPE
performed better on cost, cost weighting was
insufficient to overturn the advantages of RCP
across the more influential criteria.

. Under the Developer scenario, RCP again
remained the preferred alternative (~65% vs
35%). The developer weighting profile closely
resembled that of engineers, with emphasis
placed on production/construction, mechanical
performance, and cost. Since RCP performed
strongly in production/construction and

These results suggest that RCP provides robust
performance across a broad range of decision
contexts, including both sustainability-led and delivery-
led frameworks.

All pairwise matrices satisfied the AHP consistency
threshold (CR < 0.10). Calculated CR values were:

. Control scenario: CR = 0.0
. Engineer scenario: CR = 0.08
. Developer scenario: CR = 0.07

These values confirm acceptable logical coherence
of pairwise judgments.

Interpretation and Practical Implications

The consistent preference for RCP is aligned with
the broader literature synthesis presented earlier in the
manuscript: RCP generally exhibits strong mechanical
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performance and service longevity, and its lifecycle
profile is favourable when recyclability and emissions
are incorporated into the evaluation. However, these
findings must be interpreted in the context of practical
delivery constraints. HDPE’s advantages, particularly
lower mass, easier handling, and lower transport and
installation burden remain materially important for
many project environments, especially where
constructability and logistics dominate risk and cost.

A notable contextual factor reinforcing the
persistence of RCP in Australian practice is
manufacturing availability. The evidence presented
indicates substantially higher domestic production
capacity for RCP relative to HDPE, which may
influence procurement decisions through shorter supply
chains, reduced lead times, and lower logistical risk. In
practice, supply network maturity can be as influential
as unit cost or embodied impacts, particularly for large-
scale projects with schedule constraints.

The results may appear counterintuitive given the
strong market demand for HDPE in certain construction
contexts. It may be expected that HDPE would perform
better overall due to lower transport burdens, easier
installation, and its ability to accommodate deformation
under loading through soil-structure interaction.
Nevertheless, the AHP outcomes indicate that, when
assessed holistically and consistently against the
selected criteria, HDPE’s cost and constructability
benefits were not sufficient to overcome RCP’s
combined advantages in sustainability-linked criteria
(control scenario) and mechanical/production-linked
criteria (engineer and developer scenarios).

Discussion of Trade-Offs and Boundary Conditions

The results do not indicate that HDPE is an inferior
product; rather, they demonstrate that HDPE’s
advantages are more application specific. HDPE is
likely to remain attractive where rapid installation,
reduced lifting requirements, and flexible pipe, soil
interaction are decisive. Conversely, RCP appears
preferable where long-term performance confidence,
high stiffness requirements, and end-of-life recyclability
are prioritised or mandated.

A further consideration is that recycled variants
introduce uncertainty  into  performance-based
decisions. Strength degradation reported for recycled
HDPE, and compressive-strength reductions reported
for recycled aggregate concrete, suggest a need for
stronger evidence linking recycled-content adoption to

compliance with relevant standards and service-life
expectations. This is particularly important because the
environmental advantage of recycling is only realised if
performance remains acceptable over the asset life.

Road pavements: Asphalt versus Asphalt with
Recycled Glass Aggregate

Overall Preferences by Scenario

For pavement materials, AHP outcomes were
consistent across all scenarios in favouring asphalt
incorporating  recycled glass aggregate over
conventional asphalt, with preference strengthening
under delivery-focused weighting (Austroads, 2022).
The results for all three scenarios for asphalt materials
are below in Table 2 and Figure 6.

. Under The Control Scenario, Asphalt With Glass
Aggregate Achieved A Moderate Advantage
(~57% Vs 43%). This Outcome Reflects The
Sustainability-Led  Emphasis On  Carbon
Emissions And Recyclability, Where Glass
Incorporation Improved Environmental Indicators
(Notably Emissions-Related Measures), Even
Though Conventional  Asphalt  Retained
Advantages Related To Established Recycling
Pathways.

. Under The Current Engineer Scenario, Asphalt
With Glass Aggregate Showed A Strong
Preference (~77% Vs 23%). This Was Driven By
Superior Performance Across The Criteria Most

Heavily Weighted By Engineers,
Production/Construction, Mechanical
Performance, And Cost With Conventional
Asphalt's Recyclability Advantage Carrying

Insufficient Weight To Change The Decision.

. Under The Developer Scenario, The Results
Remained Similar (~76% Vs 24%), Again
Reflecting The Dominance Of Delivery And
Performance Criteria In Developer Priorities.

Overall, the results indicate that asphalt with
recycled glass aggregate performs well under both
sustainability-led and industry-led evaluation frames.

It is important to distinguish between sustainability
performance and implementation readiness. While
asphalt incorporating recycled glass aggregate
demonstrates favourable technical and environmental
performance within the AHP framework, market
adoption barriers including supply chain maturity,
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Table 2: All scenarios Overall Priorities for Asphalt
Scenario Alternatives Production / Recvelabilit Carbon Mechanical Cost Overall Out of
Construction Y Y Emissions Performance Priority 100%
Criteria 0.037 0.356 0.451 0.095 0.062
Weights
Control Asphalt 0.009 0.285 0.113 0.012 0.015 0434 43%
Asphalt with
glass 0.027 0.071 0.338 0.083 0.046 0.566 57%
aggregate
Criteria 0.228 0.058 0.054 0.405 0.256
Weights
Current Asphalt 0.057 0.046 0.013 0.051 0.064 0.231 23%
Engineer -
Asphalt with
glass 0.171 0.012 0.040 0.354 0.192 0.769 77%
aggregate
Criteria 0.302 0.049 0.045 0.311 0.293
Weights
Developer Asphalt 0.076 0.039 0.011 0.039 0.073 0.238 24%
Asphalt with
glass 0.227 0.010 0.033 0.273 0.220 0.762 76%
aggregate
Overall Priorities - Asphalt Overall Priorities - Asphalt with Glass Aggregate
45¢ 45
. £ N
10¢ 109
7.6% 3.9 3.9 7.3% 2.7 3.6 4.6
Engineer 6.6 4.3 1.3 5.0 5.8 r 9.99 3.9 17.3
N Critera . ) o i CY‘:BM i b
(a) (b)
Figure 6: Overall scenario priorities: (a) Asphalt; and (b) Asphalt with glass aggregate.
contamination control, and specification alignment, may established in the literature compared with
constrain uptake independent of technical merit. conventional asphalt, which benefits from mature

Therefore, lower adoption should not be interpreted as
inferior sustainability performance.

Interpretation and Practical Implications

The consistent preference for asphalt with recycled
glass aggregate aligns with the compiled literature
suggesting improved or comparable mechanical
performance indicators (e.g., stability, flow resistance,
stiffness) under appropriate conditions, alongside
potential reductions in emissions due to reduced virgin
aggregate demand. Importantly, the analysis also
highlights a key limitation: recyclability and end-of-life
pathways for glass-modified asphalt remain less

reclaimed asphalt pavement (RAP) processes.

Despite the stronger overall performance of asphalt
with glass aggregate in this study, its limited adoption,
particularly in Australia, should be understood as a
function of market maturity, standards alignment, and
supply chain readiness rather than technical merit
alone. The introduction of Australian guidance and
standards for recycled crushed glass in pavement
applications is a significant enabling step, but
implementation typically requires time for producers to
adjust manufacturing lines, validate compliance
performance, and establish consistent material supply
and contamination control.
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Discussion of Trade-offs and Boundary Conditions

The results support adoption of glass aggregate
asphalt as a higher-performing and potentially more
sustainable alternative; however, adoption should be
guided by boundary conditions identified in the
literature. Glass aggregate performance is sensitive to
factors such as contamination, particle grading, and
climate/temperature regime. The benefits identified in
stiffness and deformation resistance may not be
uniform across all environmental conditions, and
performance should be validated under local pavement
design requirements. Furthermore, while the study
suggests that costs can be comparable to conventional
asphalt, real-world economics may vary depending on
the intensity of cleaning processes required for waste
glass and the availability of clean glass streams.

A key research gap emerging from these findings is
the need for robust evidence on recycling and long-
term performance of glass-modified asphalt, including
whether RAP processes remain efficient and whether
repeated recycling cycles affect binder—aggregate
interaction, durability, and service life. Establishing
these pathways would strengthen the SDG 12
alignment and further improve the comparative
advantage identified in the control scenario.

Uncertainty in Lifecycle Evidence

A substantial portion of embodied energy and
production data was derived from manufacturer
documentation and secondary LCA databases.

Variations in system boundaries, transport
assumptions, and allocation methods introduce
uncertainty into comparative carbon estimates.

Additionally, recycled material performance data are
often laboratory-based and may not fully represent
long-term field behaviour. These uncertainties may
influence the magnitude, though likely not the direction,
of preference outcomes. Future work should
incorporate region-specific primary LCA datasets to
reduce this limitation.

Cross-Material Insights and
Practice and Policy

Implications for

Collectively, the results indicate that:

1. Stormwater pipes: RCP  demonstrates
consistently higher overall performance across
sustainability-led and delivery-led scenarios, with
HDPE remaining attractive for specific
constructability-driven applications.

2. Road pavements: asphalt with recycled glass
aggregate is consistently preferred across
scenarios, with the primary limitation being end-
of-life pathway maturity rather than operational
performance.

From a policy and governance perspective, the
scenario results suggest that sustainability outcomes
will not be reliably achieved if decision-making remains
dominated by short-term delivery metrics alone. If asset
owners and regulators seek meaningful alignment with
SDGs 11 and 12, procurement frameworks may need
to formalise environmental criteria (e.g., embodied
carbon thresholds, recycled-content requirements, or
circularity credits), thereby shifting weighting structures
closer to the control scenario. Conversely, for industry
adoption, the strongest pathway for sustainable
alternatives is where they also demonstrably improve
delivery and performance outcomes, an alignment that
appears particularly favourable for asphalt with
recycled glass aggregate.

CONCLUSIONS

This study sets out to determine whether newer
infrastructure  materials  consistently  outperform
established alternatives when assessed through a
structured, sustainability-aligned lifecycle framework.
The results demonstrate that performance superiority is
context-dependent and strongly influenced by
stakeholder weighting structures.

An extensive review of the literature was
undertaken to characterise each material across key
lifecycle stages, including production and construction,
recyclability, carbon emissions and embodied energy,
mechanical performance, and cost. These data were
synthesised within the AHP framework, allowing
material alternatives to be compared consistently while
accounting for differing stakeholder priorities. Three
weighting scenarios were considered: a sustainability-
led control scenario aligned with United Nations
Sustainable Development Goals (SDGs) 11 and 12,
and two industry-focused scenarios reflecting current
engineer and developer priorities.

The results demonstrate that material preference is
strongly dependent on the weighting of evaluation
criteria. For stormwater applications, RCP was
consistently identified as the preferred option across all
scenarios, with overall preference levels of
approximately 83% under the sustainability-led
scenario and 67-65% under the engineer and
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developer scenarios. This outcome was primarily
driven by RCP’s favourable recyclability, lower lifecycle
carbon emissions, and robust mechanical performance.
While HDPE pipe offers advantages in cost and
constructability, these benefits were insufficient to
outweigh RCP’s combined lifecycle and performance
strengths under the criteria considered.

For road pavements, asphalt incorporating recycled
glass aggregate was consistently preferred over
conventional asphalt, achieving overall preference
levels of approximately 57% under the control scenario
and more than 75% under both industry-focused
scenarios. The improved ranking of the glass-modified
asphalt reflects its strong mechanical performance and
potential reductions in environmental impact through
reduced reliance on virgin aggregates. The principal
limitation identified for this material relates to the
relative immaturity of established recycling pathways

compared with conventional reclaimed asphalt
pavement.
Collectively, the findings indicate that newer

materials are not inherently superior across all
sustainability and performance dimensions. The initial
hypothesis that newer materials would universally
outperform established alternatives, was therefore only
partially supported. Importantly, these results do not
suggest that alternative materials such as HDPE pipe
or conventional asphalt should be excluded from
practice. Rather, they highlight the necessity of context-
specific material selection, informed by application
requirements, stakeholder priorities, and clearly defined
sustainability objectives.

Several limitations should be acknowledged. The
analysis was constrained by the availability and
regional concentration of published data, and by the
limited empirical evidence on the long-term
performance of recycled material variants. In addition,
time constraints restricted the depth of lifecycle
assessment achievable for each material. Addressing
these limitations represents an important avenue for
future research.

Future research priorities are ranked as follows:

1. Development of region-specific primary lifecycle
datasets for pipe and pavement materials;

2. Long-term field validation of recycled material
performance under Australian climatic
conditions;

3. Expanded stakeholder surveys across
metropolitan and state infrastructure agencies;

4. Integration of probabilistic uncertainty modelling
within AHP frameworks.

Among these, lifecycle dataset refinement and long-
term durability validation are considered most critical
for advancing sustainable material selection practice.

PRACTICAL RECOMMENDATIONS
. Engineers: adopt structured  multi-criteria
evaluation tools when comparing material
alternatives, particularly where sustainability
claims are prominent.

. Asset Owners: formalise environmental
weighting within procurement criteria to align
decisions with SDGs 11 and 12.

. Policymakers: incentivise  recycled-content
materials through embodied carbon benchmarks
and circularity credits.

. Industry: strengthen end-of-life and recycling
pathways for glass-modified asphalt to improve
circular performance.

Overall, this study demonstrates the value of
structured multi-criteria  decision-making tools in
infrastructure material selection and underscores the
importance of explicitly incorporating sustainability
criteria alongside traditional engineering and economic
considerations. Such approaches can support more
informed, balanced, and sustainable decisions in future
infrastructure development.
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