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Abstract - The global infrastructure sector, particularly 

road construction, faces a dual challenge: escalating costs 

and significant environmental degradation. This review 

paper explores the synergistic integration of waste fibers 

(WF) from industrial and agricultural by-products and 

engineered geosynthetics as a sustainable alternative in 

pavement construction. While the technical benefits of 

these materials, such as improved soil stabilization, crack 

resistance, and drainage, are increasingly documented, 

their widespread adoption is hindered by perceived 

financial risks and a lack of robust, long-term economic 

data. This paper systematically reviews the existing 

literature to construct a comprehensive financial viability 

model for WF-geosynthetic composites. It moves beyond 

traditional Life-Cycle Cost Analysis (LCCA) by critically 

examining the role of advanced Artificial Intelligence (AI) 

and Machine Learning (ML) methods in de-risking these 

sustainable investments. We analyze how AI/ML can 

optimize material design, predict long-term performance, 

and automate asset management, thereby transforming 

uncertain cost projections into data-driven financial 

forecasts. The review identifies that the initial premium of 

10-25% for integrating these materials is often offset by a 

30-50% reduction in maintenance cycles and a 15-40% 

extension in service life, leading to a positive Net Present 

Value (NPV) and attractive Life-Cycle Cost (LCC) 

savings. The paper concludes that the fusion of sustainable 

material science with AI-driven predictive analytics 

presents a paradigm shift, making green road construction 

not just an environmental imperative but a financially 

superior strategy for long-term asset management. 

Keywords: Sustainable Road Construction, Waste Fibers, 

Geosynthetics, Financial Viability, Life-Cycle Cost Analysis 

(LCCA), Artificial Intelligence, Machine Learning, Asset 

Management, Net Present Value (NPV). 

I. Introduction 

Road networks are the arteries of economic 

development, facilitating trade, mobility, and social 

connectivity [2] [5] [7] [12]. However, their construction and 

maintenance consume vast quantities of natural resources like 

aggregates and binders, contributing significantly to carbon 

emissions, landfill waste, and ecological disruption [1] [3] [4] 

[6] [8]. Concurrently, municipal, industrial, and agricultural 

sectors generate enormous volumes of fibrous waste such as 

plastic strips, textile remnants, and agricultural residues (e.g., 

coir, jute, sisal)which often end up in landfills or are 

incinerated, posing severe environmental threats [11] [13] [14] 

[15]. 

In this context, the concept of "sustainable asset 

management" has emerged, advocating for infrastructure 

solutions that balance economic, environmental, and social 

objectives over the entire asset lifecycle [16] [17] [18]. Two 

key material innovations align with this philosophy: 

1. Waste Fibers (WF): The use of randomly 

distributed, discrete fibers from waste streams to 

reinforce soil or asphalt, mimicking the root-

reinforcement mechanism in soil. This enhances 

tensile strength, ductility, and resistance to fatigue 

cracking [19] [20]. 

2. Geosynthetics: Factory-manufactured polymer 

materials (geotextiles, geogrids, geocells) used for 

separation, filtration, reinforcement, drainage, and 

barrier functions in geotechnical engineering [21] 

[22]. 

While these materials have been studied in isolation, 

their integration offers a composite system where 

geosynthetics provide primary, structured reinforcement and 

drainage, while waste fibers offer secondary, micro-level 

reinforcement and crack inhibition. Despite promising 
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technical results, the adoption rate remains low, primarily due 

to financial apprehensions among asset owners, contractors, 

and investors. Decision-makers are often hesitant due to 

higher initial costs and a lack of quantifiable, long-term 

financial data [23] [24] [25]. 

This review paper aims to bridge this gap by 

conducting a systematic financial viability assessment of 

integrating WF and geosynthetics in road construction. 

Crucially, it investigates how modern AI and ML technologies 

are revolutionizing the financial calculus by providing 

accurate performance predictions, optimizing maintenance 

schedules, and minimizing lifecycle risks [38] [39] [40]. The 

objective is to demonstrate that this integration, when 

managed with data-driven intelligence, is not only sustainable 

but also financially prudent [26] [27]. 

II. Material Systems: Waste Fibers and Geosynthetics 

2.1 Characterization of Waste Fibers (WF) 

Waste fibers are typically categorized by their source: 

 Plastic Fibers: Sourced from discarded plastic 

bottles, bags, and industrial waste (e.g., 

polypropylene, polyester). They are hydrophobic and 

improve the cohesion of granular materials [12] [28]. 

 Textile Fibers: Derived from carpet waste, clothing, 

and fabric remnants. They often have high tensile 

strength and can be effective in asphalt reinforcement 

[37]. 

 Natural/Bio Fibers: Agricultural wastes like coir 

(coconut), jute, sisal, and bamboo. They are 

biodegradable but can be treated for enhanced 

durability and are excellent for temporary erosion 

control and low-traffic roads [29]. 

Primary Functions in Roads: 

 Soil Subgrade Stabilization: Increase California 

Bearing Ratio (CBR), reduce plastic deformation. 

 Asphalt Concrete Reinforcement: Reduce rutting and 

reflective cracking. 

 Erosion Control in Embankments. 

2.2 Characterization of Geosynthetics 

Geosynthetics are engineered products with specific, 

predictable properties: 

 Geotextiles: Woven or non-woven fabrics used for 

separation (preventing intermixing of soil layers) and 

filtration. 

 Geogrids: Grid-like structures with large apertures 

for tensile reinforcement of base and subbase 

courses. 

 Geocells: 3D honeycomb structures that provide all-

round confinement to infill materials, significantly 

improving load-bearing capacity. 

 Geomembranes: Impermeable sheets used as 

moisture barriers [35] [36]. 

Primary Functions in Roads: 

 Reinforcement: Allow for the use of lower-quality, 

on-site soils, reducing import costs. 

 Separation: Maintain the integrity and function of 

different pavement layers. 

 Drainage: Facilitate water flow, preventing saturation 

and weakening of the subgrade. 

2.3 The Synergistic Composite System 

The true potential lies in their combination. For 

instance, a geocell layer can provide a stiffened platform over 

a soft subgrade, while the base course infill can be mixed with 

waste plastic fibers to further enhance its shear strength and 

resistance to permanent deformation. This multi-layered 

defence system leads to a more robust and durable pavement 

structure [30] [31] [32] [33] [34]. 

Table 1: Comparative Analysis of Material Functions and Benefits 

Material 

Type 
Primary Function Key Technical Benefit Typical Waste Source 

Plastic WF 
Micro-reinforcement, Crack 

control 

Increased ductility, reduced 

shrinkage cracks 
PET bottles, packaging 

Natural 

WF 

Temporary reinforcement, 

Erosion control 

Biodegradability, low cost, soil 

moisture retention 
Coconut husk, jute plants, sisal 

Geotextiles 
Separation, Filtration, 

Drainage 

Prevents pumping of fines, extends 

pavement life 

(Primarily virgin polymer, but can 

incorporate recycled content) 

Geogrids Tensile Reinforcement 
Reduces required base course 

thickness 
(Primarily virgin polymer) 
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Geocells 3D Confinement 
Allows use of local, marginal soils as 

infill 
(Primarily virgin polymer) 

 

III. Traditional Financial Viability Assessment 

Financial viability is assessed by comparing the total cost of a conventional road section against one incorporating WF 

and geosynthetics over its entire service life. The primary tool for this is Life-Cycle Cost Analysis (LCCA)[54] [55] [56]. 

3.1 Cost Components 

 Initial Costs (A): 

o Conventional: Material cost (virgin aggregates, asphalt), transportation, placement. 

o WF-Geosynthetic System: Material cost (geosynthetics, processed waste fibers), potential R&D/design cost, 

specialized installation labor. This is often 10-25% higher than conventional methods. 

 Agency Costs (B): 

o Routine Maintenance (e.g., patching, sealing). 

o Periodic Rehabilitation (e.g., overlays). 

o Major Reconstruction. 

o WF-Geosynthetic systems typically show significant reductions here. 

 User Costs (C): 

o Vehicle operating costs (fuel, tire wear). 

o Travel time delays due to maintenance and rehabilitation work. 

o Accident costs. A more durable road directly reduces user costs by minimizing traffic disruptions. 

3.2 Quantifying the Financial Benefit 

Studies and pilot projects have begun to yield quantifiable data. The higher initial cost (A) is an investment that yields 

returns through: 

1. Reduced Layer Thickness: Geosynthetics can reduce the required thickness of base and sub-base courses by 20-40% 

[54], saving on material and haulage costs. 

2. Extended Service Life: The composite system can increase the time to first major rehabilitation by 40-60% [55]. This 

defers massive capital expenditures far into the future, which, when discounted, have a low present value. 

3. Reduced Maintenance Frequency: Fiber-reinforced asphalt shows 30-50% less cracking and rutting, leading to less 

frequent and less intensive maintenance cycles [56]. 

Table 2: Illustrative LCCA for a 1-km Road Section (20-Year Analysis) 

Cost Parameter 
Conventional Section 

(USD) 

WF-Geosynthetic Section 

(USD) 
Notes 

Initial Cost (A) 10,00,000 12,00,000 +20% initial premium 

Maintenance (Year 5) 1,50,000 75,000 -50% due to better performance 

Rehabilitation (Year 10) 5,00,000 - Deferred in WF-Geo section 

Rehabilitation (Year 15) - 4,00,000 Later and less intensive rehab 

User Cost (NPV) 2,00,000 1,00,000 Less traffic disruption 

Total NPV (r=5%) ~1,650,000 ~1,550,000 WF-Geo system saves ~100,000 
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Total NPV (r=7%) ~1,550,000 ~1,480,000 WF-Geo system saves ~70,000 

 

Table 2 is a simplified illustration. The actual savings are highly sensitive to traffic volume, material quality, and climate. 

IV. The Role of AI and ML in De-risking and Enhancing Financial Viability 

The primary financial barrier is uncertainty. How long will the road actually last? How will local climate and traffic 

affect the WF? AI and ML transform this uncertainty into probabilistic, data-driven forecasts, thereby de-risking the investment 

[41] [42] [43]. 

4.1 AI/ML for Material Design and Optimization 

 Generative AI and Multi-objective Optimization: ML algorithms can be trained on vast datasets of mix designs, fiber 

types, lengths, percentages, and resulting mechanical properties (CBR, Unconfined Compressive Strength, Indirect 

Tensile Strength). They can then generate optimal composite designs that simultaneously maximize strength and 

durability while minimizing cost and environmental impact [44] [45]. 

 Predictive Modeling for Performance: Supervised ML models (e.g., Random Forest, Gradient Boosting, Neural 

Networks) can predict the long-term performance of a WF-geosynthetic composite under specific conditions (e.g., 

"Given a subgrade CBR of 5%, 0.3% plastic fiber content, and a geogrid with tensile strength of 30 kN/m, predict the rut 

depth after 10 million standard axles"). This provides a quantitative basis for performance guarantees [46] [47]. 

4.2 AI/ML for Construction and Quality Control 

 Computer Vision for Quality Assurance: Drones and site cameras equipped with computer vision can monitor the 

distribution of fibers in a soil mix or the placement of geosynthetics, ensuring compliance with design specifications and 

reducing human error [48] [49]. 

 IoT and Sensor Data Fusion: Embedding sensors (strain gauges, moisture sensors) during construction creates a 

"digital twin" of the road. ML models can continuously analyze this real-time data to assess the health of the pavement 

and calibrate performance models [50]. 

4.3 AI/ML for Predictive Asset Management 

This is the most significant financial game-changer. 

 Predictive Maintenance Models: By combining historical maintenance data, real-time sensor data from the digital twin, 

and external data (weather, traffic counts), ML models can predict when a road section will require maintenance. This 

enables: 

o Condition-Based Maintenance: Instead of fixed schedules, maintenance is performed only when needed, 

optimizing budget allocation. 

o Prevention of Catastrophic Failures: Early detection of issues prevents small problems from escalating into 

expensive reconstruction projects. 

 Remaining Service Life Prediction: AI models can continuously update their forecast of the pavement's remaining 

service life, allowing asset managers to plan and budget for future interventions with high accuracy [51] [52] [45] [46]. 

Table 3: Advanced AI/ML Methods and Their Financial Impact 

AI/ML Method Application in WF-Geosynthetic Roads Direct Financial Impact 

Random 

Forest / 

Gradient 

Boosting 

Predicting rutting, cracking, and IRI 

(International Roughness Index) based on 

design, traffic, and climate. 

Reduces risk by providing data-backed performance 

forecasts, lowering the risk premium in costing. 

Convolutional 

Neural 

Networks 

Automated analysis of pavement images 

from drones to detect early-stage cracking 

Lowers QC costs, enables early intervention, and provides 

objective proof of construction quality. 



International Research Journal of Innovations in Engineering and Technology (IRJIET) 

ISSN (online): 2581-3048 

Volume 9, Issue 10, pp 223-232, October-2025 

https://doi.org/10.47001/IRJIET/2025.910029   

© 2025 IRJIET All Rights Reserved                            www.irjiet.com                             227                                                                    
 

(CNN) and segregation. 

Reinforcement 

Learning (RL) 

Optimizing long-term maintenance 

strategies for a network of roads by 

simulating different "what-if" scenarios. 

Maximizes the Return on Investment (ROI) of the 

maintenance budget, extending the average network life. 

Natural 

Language 

Processing 

(NLP) 

Mining vast volumes of research papers, 

case studies, and failure reports to identify 

best practices and hidden risks. 

Accelerates R&D and prevents repetition of past mistakes, 

saving on design and troubleshooting costs. 

Digital Twin 

& Simulation 

Creating a live, virtual replica of the road 

that updates with sensor data and predicts 

future states. 

The ultimate de-risking tool; allows for virtual testing of 

strategies, minimizing real-world failures. 

 

V. Integrated Financial Model: Blending LCCA with AI-

Driven Predictions 

The future of financial modeling for sustainable 

infrastructure lies in integrating dynamic AI predictions into 

static LCCA frameworks. 

1. Probabilistic LCCA: Instead of single-point 

estimates, AI models provide probability 

distributions for key parameters (e.g., "Service Life = 

25 years with 70% probability, 20 years with 20% 

probability, 15 years with 10% probability"). This 

allows for a Monte Carlo simulation of the NPV, 

giving a range of possible financial outcomes and 

their associated probabilities, which is far more 

informative for investors [54]. 

2. Risk-Adjusted Discount Rates 

(RADR): Traditionally, risky projects are evaluated 

with a higher discount rate. With AI providing 

concrete, high-confidence predictions of 

performance, the perceived risk of WF-geosynthetic 

systems decreases. This justifies using a lower 

discount rate in the LCCA, which significantly 

improves the NPV of long-term benefits, making the 

sustainable option more attractive [55]. 

3. Performance-Based Contracting: AI-powered 

predictive models enable new contract models like 

Performance-Based Road Maintenance (PBRM). A 

contractor can be hired to design, build, and maintain 

a road for 30 years, guaranteeing a specific level of 

service (e.g., IRI < 2.5). The robust predictions from 

AI make it feasible for contractors to confidently bid 

on such contracts for WF-geosynthetic roads, as they 

can accurately model their long-term liability [56]. 

 

 

VI. Challenges and Future Directions 

Despite the promise, challenges remain: 

 Data Scarcity: Long-term performance data for 

novel WF-geosynthetic composites is still limited, 

which can affect the accuracy of ML models. 

 Standardization and Codes: Lack of universal 

standards for using waste fibers can be a regulatory 

and perception hurdle. 

 Initial Investment in AI: Implementing an AI-

driven asset management system requires upfront 

investment in sensors, software, and skilled 

personnel. 

 Interdisciplinary Collaboration: Success requires 

close collaboration between material scientists, 

geotechnical engineers, data scientists, and financial 

analysts—a synergy that is not yet common. 

Future work should focus on: 

 Creating open-source databases of WF-geosynthetic 

performance. 

 Developing explainable AI (XAI) models to build 

trust among engineers. 

 Integrating environmental cost factors (like carbon 

credits) into the financial model. 

 Exploring blockchain for transparent and verifiable 

tracking of waste fiber sourcing and carbon footprint. 

VII. Conclusion 

The integration of waste fibers and geosynthetics 

represents a cornerstone of sustainable road construction, 

turning waste liabilities into engineering assets. This review 

demonstrates that while there is an initial cost premium, the 

long-term financial viability is strong, driven by significant 
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savings in maintenance and rehabilitation, and extended 

service life. The traditional hesitation due to financial 

uncertainty is now being systematically dismantled by the 

advent of AI and ML. 

These advanced technologies act as a powerful de-

risking engine. By enabling precise material design, rigorous 

quality control, and, most importantly, predictive asset 

management, AI and ML convert the long-term performance 

benefits of WF-geosynthetic composites into reliable, 

quantifiable financial gains. The fusion of sustainable material 

science with data-driven intelligence heralds a new era where 

the most environmentally responsible choice is also the most 

economically prudent one. For asset managers and 

policymakers, the message is clear: embracing this integrated 

approach is key to building resilient, cost-effective, and 

sustainable infrastructure for the future. 
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