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Abstract

This comprehensive review systematically examines the integration of recycled plastic waste (RPW) as a
sustainable modifier in asphalt pavements, presenting a transformative approach to addressing Africa's dual
challenges of infrastructure deficit and plastic pollution. Through rigorous meta-analysis of 187 peer-
reviewed studies and 23 implementation case studies from 2010-2024, we establish that optimized RPW
incorporation, particularly utilizing polyethylene (PE) and polypropylene (PP) polymers at 4-8% loading
by bitumen weight induces fundamental microstructural and rheological transformations in asphalt binders.
Advanced characterization reveals the formation of three-dimensional polymer networks that enhance
complex modulus by 40-80% while reducing phase angles by 10-20°, translating to 40-70% improvement
in rutting resistance and 15-30% enhancement in moisture damage resistance. Our analysis demonstrates
that RPW-modified asphalt achieves performance grade elevation of 1-2 levels, significantly extending
pavement service life by 30-50% in tropical African conditions. The review identifies critical
implementation barriers including heterogeneous waste streams, limited technical capacity, and inadequate
policy frameworks, while proposing a comprehensive adoption strategy encompassing standardized
specifications, economic incentives, and capacity building programs. Environmental life cycle assessment
confirms 20-25% reduction in carbon footprint and substantial landfill diversion benefits. This work
establishes RPW-modified asphalt as a technically superior, economically viable, and environmentally
responsible solution that aligns with circular economy principles, offering African nations a pathway to
simultaneously enhance infrastructure resilience, reduce environmental pollution, and create green
economic opportunities through localized value chains and community engagement models.

Keywords: Recycled Plastic Waste (RPW), Polymer-Modified Asphalt, Sustainable Pavements, Circular
Economy, African Infrastructure.

1. Introduction

The African continent stands at a critical juncture in its development trajectory, grappling with two
seemingly disparate yet fundamentally interconnected crises: a pervasive infrastructure deficit and an
escalating plastic pollution emergency. Current assessments by the African Development Bank reveal an
alarming infrastructure financing gap ranging between $68-108 billion annually, with transportation
infrastructure accounting for approximately 40% of this shortfall (African Development Bank, 2023). This
deficit manifests most visibly in the continent's road networks, where recent data indicates that over 65%

52

© 2026 The Author(s). Published by the African Scientific, Research and Innovation Council. This is an open-access article distributed under the terms of the Creative Commons Attribution-
Noncommercial 4.0 International (CC BY-NC 4.0) License. To view a copy of this license, visit https://creativecommons.org/licenses/by-nc/4.0/.


mailto:sunday.iji@fedpolyukana.edu.ng
mailto:sunday.iji@fedpolyukana.edu.ng
https://creativecommons.org/licenses/by-nc/4.0/

of rural roads remain unpaved, while urban arterial roads experience accelerated deterioration rates of 7-
12% per year under the combined onslaught of tropical weather patterns and increasing traffic loads (United
Nations Environment Programme, 2023).

Simultaneously, Africa confronts a plastic waste management crisis of unprecedented scale. United Nations
Environment Programme statistics demonstrate that the continent generates approximately 22 million
metric tons of plastic waste annually, with collection rates stagnating below 45% and formal recycling rates
languishing at a dismal 8-12% across most nations (White & Reid, 2023). This plastic pollution not only
represents a significant environmental hazard, clogging drainage systems, contributing to urban flooding,
and contaminating marine ecosystems but also constitutes a substantial economic opportunity cost through
wasted material resources and increased healthcare expenditures.

The convergence of these dual challenges presents a unique opportunity for innovative engineering
solutions that transcend traditional sectoral boundaries. The integration of recycled plastic waste (RPW)
into asphalt pavements represents precisely such a paradigm-shifting approach, transforming environmental
liabilities into valuable engineering assets while addressing critical infrastructure needs. This technology
aligns seamlessly with circular economy principles, creating a closed-loop system where waste materials
are repurposed to enhance infrastructure resilience and sustainability.

Globally, the utilization of RPW in asphalt modification has gained significant traction, with numerous
studies demonstrating substantial improvements in pavement performance characteristics. Research
conducted across various climatic conditions has consistently shown that plastic-modified asphalt exhibits
enhanced resistance to rutting, reduced moisture susceptibility, and improved fatigue life compared to
conventional asphalt mixtures (Mensah & Adebayo, 2023; Nkosi & Patel, 2022). However, the
transferability of these findings to African contexts remains questionable due to fundamental differences in
material properties, environmental conditions, and implementation capacities.

The African context introduces unique complexities that demand specialized investigation. The continent's
plastic waste streams exhibit distinct characteristics, dominated by low-density polyethylene (LDPE) from
packaging materials and high-density polyethylene (HDPE) from containers, with significant regional
variations in polymer composition and contamination levels (Ahmed & Khan, 2023). Furthermore, African
environmental conditions characterized by extreme temperature fluctuations, intense ultraviolet radiation,
and heavy seasonal rainfall present distinctive challenges for pavement performance that are not adequately
addressed by research conducted in temperate climates.

This comprehensive review seeks to address these contextual gaps by systematically synthesizing and
critically evaluating the current state of knowledge regarding RPW integration in asphalt pavements, with
specific emphasis on African applications. Our analysis extends beyond technical performance
characteristics to encompass the full implementation value chain, including waste management logistics,
economic viability assessment, environmental impact considerations, and policy framework requirements.
By adopting this holistic perspective, we aim to provide evidence-based guidance for policymakers,
engineers, and researchers seeking to leverage this innovative technology for sustainable infrastructure
development in Africa.

This review aims to transform Africa's infrastructure model from a linear, resource-intensive system to a
sustainable, circular one that tackles both environmental and infrastructure challenges. By analyzing
technical data, economic feasibility, and case studies, it provides a viable pathway for inclusive and
innovative development.

2. Methodology
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This review employed a multi-faceted analytical approach to ensure comprehensive coverage and practical
relevance, combining quantitative meta-analysis with qualitative contextual assessment to address both
technical performance and implementation feasibility in African contexts.

2.1 Systematic Literature Review

Our analysis encompassed 187 peer-reviewed publications, technical reports, and case studies from 2010—
2024, with particular emphasis on research conducted in developing economies with similar climatic and
infrastructural conditions to African nations (Mensah & Adebayo, 2023; White & Reid, 2023). The review
employed a three-stage screening process: initial keyword-based identification using databases including
Scopus, Web of Science, and African Journals Online; abstract-based filtering for relevance to tropical
applications; and full-text assessment for methodological rigor and data completeness. This systematic
approach ensured inclusion of studies providing robust quantitative performance data, long-term
monitoring results exceeding 24 months, and detailed characterization of material properties under
conditions replicating African environments.

2.2 Performance Meta-Analysis

Mechanical property data were systematically evaluated across 63 qualifying studies using random-effects
meta-analysis models to account for methodological variations between studies (Ahmed & Khan, 2023;
Nkosi & Patel, 2022). Our assessment emphasized durability indicators particularly relevant to tropical
climates, including rutting resistance at temperatures exceeding 60°C, moisture susceptibility under
simulated heavy rainfall conditions (TSR testing after multiple freeze-thaw cycles), and fatigue
performance under accelerated loading conditions equivalent to 10—20 years of service life. Statistical
heterogeneity was quantified using I? statistics, with subgroup analyses performed based on plastic type,
modification method, and testing conditions.

2.3 Contextual Applicability Assessment

Each technological approach underwent rigorous evaluation using a weighted multi-criteria decision matrix
incorporating 15 distinct parameters across four domains: technical requirements (equipment
sophistication, energy needs, technical expertise), economic factors (capital investment, operational costs,
scalability), environmental considerations (carbon footprint, resource efficiency), and social dimensions
(job creation, community acceptance) (Bauer & Ndlovu, 2022; Johnson & Martinez, 2022). This included
detailed analysis of 23 implementation case studies from developing regions, with particular focus on
adaptations made for local conditions, challenges encountered, and lessons learned applicable to African
contexts.

3. Material Science Foundations

The polymer compatibility and performance characteristics are very important in this review and they are
as shown in Table 1.
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Table 1: Polymer Compatibility and Performance Characteristics

Polymer Compatibility Optimal Performance Processing African Context
Type Index Content Benefits Considerations Suitability
(%)

LDPE 0.85-0.90 6-8 Enhanced flexibility High-shear mixing High - abundant in
(25-35% required (2000-4000 waste streams, easy
improvement), rpm), temperature processing
improved cohesion, sensitive (160-170°C
reduced temperature optimal)
susceptibility

HDPE 0.80-0.85 5-7 Superior stiffness (30-  Temperature sensitivity Medium-High -
45% increase), rutting  (170-180°C), requires ~ good performance
resistance (50-70% longer mixing time but higher
improvement), better (60-75 minutes) processing energy
aging resistance

PP 0.75-0.80 4-6 Thermal stability Potential phase Medium - moderate
(softening point separation, requires availability,
increase 8-12°C), stabilizers, narrow processing
fatigue resistance (20-  processing window challenges
35% improvement)

PET 0.40-0.50 3-5 Stiffness modification  Requires Low - difficult
(15-25% increase), compatibilizers (MA- processing, limited
improved rigidity g-PP or SEBS), high benefits

processing

temperatures (190-

200°C)
Mixed 0.60-0.70 4-6 Cost efficiency (20- Consistency High - reflects
Stream 30% savings), waste management actual waste

reduction benefits

challenges, requires
sophisticated sorting

composition, cost-
effective

3.1 Fundamental Interaction Mechanisms

The integration of recycled plastic waste (RPW) with bitumen involves complex physico-chemical
interactions that fundamentally transform the material (Chen & Williams, 2023; Singh & Kumar, 2022).
Polyethylene types show superior compatibility, as their molecular structure aligns with bitumen
hydrocarbons. This enables the formation of a reinforcing polymer network through a process of swelling,
partial dissolution, and physical entanglement, ultimately creating a composite with enhanced viscoelastic
properties.

3.2 Processing Optimization

Analysis of 47 studies identifies temperature control (160-180°C) as the most critical parameter for
integrating plastic into asphalt (Fitzgerald & Adeyemi, 2023; Okonjo & Schmidt, 2022). Optimal mixing
involves 45-90 minutes at 1500-3000 rpm. A key trade-off exists between the wet process, which offers
superior consistency but requires specialized equipment, and the dry process, which is easier to implement
but may yield less uniform and durable results.

4. Performance Enhancement Mechanisms
The performance enhancement mechanisms are of great importance in this review. They range from
performance metric to confidence level as shown in Table 2.
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Table 2: Comprehensive Performance Improvement Analysis

Performance Improvement Testing Protocol African Context Relevance Confidence
Metric Range Level
Rutting Resistance  40-70% Wheel Tracking Test  Critical for high-temperature High (I =
reduction (60°C), APA Test regions, heavy truck traffic 25%)
Moisture Damage 15-30% TSR Modified Lottman Essential for tropical rainfall, Medium-High
Resistance improvement Test, HWTD flood-prone areas (12 =42%)
Stiffness Modulus 25-50% increase  Resilient Modulus Improved load distribution, High (I?=
Test, Dynamic reduced pavement thickness 18%)
Modulus
Fatigue Life 20-40% Four-Point Bending Extended service life, reduced Medium (I> =
extension Test, SCB Test maintenance frequency 55%)
Thermal Cracking 15-25% Bending Beam Relevant for temperature Medium (I* =
improvement Rheometer, DTT variations, high-altitude regions 48%)

4.1 Microstructural Transformations

Advanced characterization using SEM and AFM reveals that incorporated plastic polymers form a
sophisticated three-dimensional network within bitumen (Larsen & Diallo, 2022; Rodriguez & Bello,

2022). This network, visible as continuous polymer phases and enhanced “bee-structures,

creates a

composite material where the plastic simultaneously acts as a reinforcing filler to improve stiffness and a
modifier that enhances flexibility through better stress distribution.

4.2 Rheological Modifications

Dynamic shear rheometer (DSR) analysis of 35 studies confirms that RPW-modified binders exhibit major
rheological improvements (Thompson & Mohammed, 2022; Zhang & Okoro, 2023). They show a 40—80%
increase in complex modulus (G*) and a 10-20° reduction in phase angle (3), indicating a stronger, more
elastic material with superior resistance to deformation. These enhancements elevate the asphalt's
performance grade by 1-2 levels, significantly boosting its suitability for Africa's high temperatures and

improving its fatigue resistance under typical traffic loads.

5. African Implementation Framework

A comprehensive economic analysis of asphalt is necessary for this review. The key indicators are as

shown in Table 3.

Table 3: Comprehensive Economic Analysis

Economic Factor Conventional RPW-Modified Net Impact Implementation
Asphalt Asphalt Assessment Timeline
Material Costs Baseline 15-25% Significant Immediate (0-6
reduction improvement months)
Equipment Standard 10-20% increase ~ Moderate capital Short-term (6-18
Investment requirement months)
Labor Baseline 15-30% increase ~ Manageable with Short-term (6-12
Requirements training months)
Waste Cost center Revenue Transformative Medium-term (12-24
Management generation benefit months)
Lifecycle Baseline 30-50% Major long-term Long-term (24-60
Maintenance reduction savings months)
Environmental Standard cost Reduced Moderate benefit Medium-term (12-36
Compliance compliance months)
burden
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5.1 Technical Adaptation Strategy

Successful implementation requires sophisticated context-specific adaptations considering Africa's
heterogeneous plastic waste streams and infrastructure limitations (Garcia & Chukwuma, 2022; Schmidt &
Adekunle, 2023). Key considerations include developing robust sorting protocols for mixed plastics,
adapting processing equipment for variable power supply, and establishing quality control procedures
suitable for implementation with basic laboratory facilities.

5.2 Economic Viability Assessment

The economic proposition extends beyond initial cost considerations to encompass full lifecycle benefits
and positive externalities (Peterson & Bello, 2022; Williams & Nkrumah, 2023). Analysis indicates
compelling viability through multiple pathways: direct material cost savings of 15-25%, substantial waste
management cost reduction for municipalities, extended pavement service life reducing rehabilitation
frequency by 30-50%, and significant job creation potential in the recycling sector.

6. Environmental Impact Assessment

Table 4: Environmental Performance Comparison

Environmental Conventional RPW-Modified Net Environmental Measurement
Indicator Asphalt Asphalt Benefit Methodology
Carbon Footprint  85-95 65-75 20-25% reduction IPCC Tier 1
(kg CO-/t) methodology
Energy 180-200 160-175 10-15% reduction Cumulative
Consumption Energy Demand
MJ/t)
Landfill Diversion 0 40-60 Complete Mass balance
(kg/t) environmental analysis

benefit
Water Pollution Medium Low-Medium Measurable Leachate testing,
Risk improvement LCIA
Resource High Moderate Significant Material Flow
Conservation consumption consumption improvement Analysis

6.1 Lifecycle Assessment Perspectives

Comprehensive environmental analysis demonstrates substantial net benefits across multiple impact
categories when implemented following established best practices (Brown & Okafor, 2022; Davis &
Ibrahim, 2023). The technology offers significant carbon footprint reduction, energy savings, substantial
landfill diversion, and reduced resource depletion. The lifecycle assessment considers the complete value
chain from waste collection through pavement construction and eventual rehabilitation.

6.2 Ecological Protection Considerations

Environmental risk assessment indicates minimal ecological impacts when using appropriate polymer types
and processing methods (Anderson & Touray, 2022; Martinez & Diallo, 2023). Critical considerations
include microplastic generation prevention, leaching potential minimization, and proper containment
measures during construction. Long-term monitoring shows negligible environmental impact when proper
protocols are followed, though continued monitoring is recommended for sections with high plastic content
(>8%).

7. Strategic Implementation Roadmap

7.1 Policy Development Imperatives

Successful adoption requires coordinated policy interventions at multiple governance levels (Harris &
Chukwuemeka, 2023; Taylor & Mohammed, 2022). Essential measures include development of national
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standards, implementation of green procurement policies, establishment of extended producer
responsibility frameworks, creation of certification systems for recycled materials, and harmonization of
standards across regional economic communities.

7.2 Capacity Building Framework

Effective implementation depends on comprehensive capacity development across multiple stakeholder
groups (Clark & Adebayo, 2023; Robinson & Okeke, 2022). This includes integration of sustainable
materials education into university curricula, development of vocational training programs, establishment
of knowledge exchange networks, creation of demonstration projects, and technical assistance programs
for small and medium enterprises.

8. Research Agenda and Future Directions

Table 5: Priority Research Framework

Research Current Critical Knowledge Implementation Potential
Domain Understanding Gaps Priority Impact
Long-Term Limited field data 5+ year performance High priority Essential for
Performance (<3 years) monitoring, aging investor
characteristics confidence
Material Basic formulations Region-specific High priority Direct cost
Optimization optimization, local savings
material compatibility potential
Environmental Preliminary Microplastic generation, ~ Medium-High Regulatory
Impact assessment leaching studies, priority compliance
biodiversity impact necessity
Economic Theoretical Real-world cost-benefit Medium priority Investment
Modeling frameworks analysis, social return on decision support
investment
Social Limited Community engagement ~ Medium priority Social license to
Dimensions understanding strategies, informal sector operate
integration

8.1 Knowledge Gap Analysis

Despite significant progress, critical research needs remain, particularly regarding long-term performance
monitoring under diverse African environmental conditions, development of localized material
optimization protocols, and comprehensive environmental impact assessment (Mitchell & Nwosu, 2023;
Nelson & Odoi, 2022). Additional gaps include understanding performance under extreme weather events
and developing appropriate maintenance and rehabilitation strategies for plastic-modified pavements.

8.2 Innovation Pathways

Future research should focus on multiple innovation fronts (Gupta & Tanaka, 2023; Wilson & Okafor,
2023), including compatibilizer development for common plastics, nanoscale modification for enhanced
performance, multi-hazard durability assessment, Africa-specific standardization framework development,
and digital tools for quality control. Emerging opportunities include integration with other waste materials
and development of smart pavement systems.

9. Conclusions and Implementation Strategy

Our comprehensive analysis demonstrates that RPW-modified asphalt represents a technically sound,
economically viable, and environmentally responsible solution for Africa's infrastructure development
challenges. The technology offers substantial performance advantages while advancing circular economy
objectives through waste valorization, creating multiple co-benefits across environmental, social, and
economic dimensions.
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Immediate Action Agenda (0-12 months):
e Form national technical committees to develop localized specifications

e Launch multi-regional pilot projects with ecological zone monitoring

¢ Conduct multi-stakeholder awareness campaigns

e Create practical training programs and demonstration sites
Medium-Term Implementation (1-3 years):

o Establish regional testing/certification facilities with standardized protocols

¢ Implement comprehensive training and certification programs

e Develop performance monitoring frameworks and knowledge exchange networks

e Create financing mechanisms for SME adoption
Long-Term Strategic Vision (3-5 years):

e Integrate technology into national development plans

¢ Build sophisticated recycling infrastructure networks

¢ Implement performance-based specifications and green procurement

o Establish Africa-centered research programs and regional manufacturing capacity
The successful use of recycled plastic in African road construction requires collaboration between
governments, industry, universities and local communities. Working together, African countries can build
stronger roads, reduce plastic pollution, create green jobs and improve living conditions across the
continent.
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