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Abstract

Green road construction is a shining example of environmental stewardship and innovation in the pursuit of
sustainable development. This method incorporates environmentally friendly materials and construction methods to
create roadways that not only fulfill their intended function but also benefit the environment. Green road construction is
changing the way we think about infrastructure development by combining environmental responsibility with
functionality through the use of improved bitumen and recyclable materials.One of the most crucial elements is the
choice of materials in the development of green roads. Conventional road construction uses a lot of materials with high
carbon footprints, such as concrete and regular asphalt. In contrast, green road building makes use of resources such as
warm-mix asphalt, bio-based binders, and recycled asphalt pavement (RAP). These materials aid in the preservation of
natural resources in addition to lowering greenhouse gas emissions.This study contributes to practical approaches to
reducing environmental impact, enhancing resilience, and promoting sustainability in road construction and maintenance,
summarizing current knowledge and highlighting best practices. By ensuring that innovations are successfully integrated
into ongoing and future projects, this assessment facilitates informed policy and decision-making, promoting sustainable
transport systems, and addressing global climate concerns.
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Introduction

Road pavement networks are essential to many contemporary demands and expectations. Therefore, they must
offer safe and effective transportation, sustainable economic and environmental practices, and dependable and easily
accessible forms of transportation[1-4].Sustainable development is the morally righteous and conscientious use of natural
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resources to lessen air pollution and global warming. This sustainability can be increased by combining well-thought-out
building materials and techniques with sophisticated designs and procedures.In the fields of environmental sustainability
and civil engineering, the idea of "green road construction” is groundbreaking. This approach reduces the environmental
impact of road construction by giving priority to the use of eco-friendly materials and methods. It is a reaction to the
increasing demand for sustainable development methods, particularly in light of the environmental problems facing the
world today.[5]

Green road construction uses creative methods in addition to environmentally safe materials. These include the
installation of solar panels in roads to provide renewable energy, the use of permeable pavements to permit water
penetration and lessen flooding, and enhanced water drainage systems that lower pollution and runoff.[6-11]It is
impossible to overestimate the importance of bitumen and asphalt in the building of green roads. Modified bitumen,
especially emulsion bitumen, is primarily responsible for the construction of longer-lasting and more sustainable roads.
Its application at a lower temperature lowers pollutants and energy use during construction.[12,13] . There are humerous
advantages to building green roads. It prolongs the life and durability of roads while also lessening their negative effects
on the environment. Long-term cost reductions may also result from these methods since they require less upkeep and
repairs.[14-20]. Despite the obvious benefits, there are drawbacks to using green road construction methods, including
greater upfront expenditures and the requirement for certain tools and training. However, these techniques are becoming
more practical and widely accepted as a result of ongoing improvements and growing awareness.[21]

The aim of this study is offering insightful information on practical methods for lowering environmental impact,
boosting resilience, and advancing sustainability in road construction and maintenance, this review synthesizes current
knowledge and highlights best practices. By ensuring that innovations are successfully incorporated into ongoing and
upcoming projects, this evaluation facilitates well-informed policy creation and decision-making, promoting sustainable

transportation systems and tackling global climate concerns.

Sustainable Materials

The use of cutting-edge sustainable materials is crucial in green road construction for both improved road
performance and environmental health. These substances, which include several types of modified bitumen, are essential
for extending the life and functionality of road infrastructure.One of these materials are Bitumen Emulsion for Greener
Roads, In environmentally friendly road construction, emulsion bitumen—a mixture of bitumen, water, and an
emulsifying agent—stands out. Because of its lower application temperatures, it uses less energy and produces fewer
pollutants. This substance is perfect for a variety of weather conditions because it bonds to damp surfaces very well.[22-
27]

By adding polymers to conventional bitumen, PMB (polymer modified bitumen; PMB) and CRMB (crumb
rubber modified bitumen) greatly increase the flexibility, temperature resistance, and durability of asphalt. It has a longer
road life and requires less maintenance, making it appropriate for heavy traffic and harsh weather. [28].CRMB offers an
environmentally sustainable method of waste management by using recycled tire rubber in bitumen. In line with green
construction principles, it improves the road's resistance to a variety of stressors.

It is noteworthy that recycled materials such as recycled concrete aggregate (RCA) and recovered asphalt
pavement (RAP) are becoming more popular. These materials provide renewable solutions and lessen dependency on
virgin resources, as can bio-based substitutes like bio-asphalt. [29-33], Other environmentally friendly developments in
this area include warm-mix asphalt, which is made at lower temperatures, and permeable pavements, which let water
infiltration.Moreover, the dedication to environmentally friendly road building is further evidenced by the use of geo
synthetics, such as geo grids and geotextiles, for soil stabilization. These materials lessen the demand for natural
aggregates and increase road strength, especially in locations with weak soil.[34-41]

In colder locations where hot-mix asphalt is difficult, cutback bitumen—which is created by diluting bitumen
with solvents—can be helpful. Although solvents raise environmental issues, efforts are underway to connect their use
with environmentally acceptable methods. [42-47]. Even if using these sustainable materials has drawbacks, such as
expense and the requirement for specialist equipment, there is no denying their long-term advantages in terms of
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sustainability, durability, and environmental impact. These materials are becoming more affordable and widely available
due to ongoing research and technological advancements. As shown in figure 1.
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Fig 1: Natural fiber-reinforcement materials and properties for eco-friendly road construction.[48]

Asphalt Implementation for Roadways

Asphalt technology has advanced remarkably in the pursuit of sustainable road construction. These
developments are essential for improving the longevity and performance of roads while lessening the negative
environmental effects of road construction.

Asphalt Pavement Recycled (RAP)

is acrucial innovation in contemporary road construction is the use of reclaimed asphalt pavement (RAP). By
recovering discarded asphalt from outdated roads, RAP considerably lowers the demand for new materials and the
resulting environmental impact. Recycling lowers landfill waste while simultaneously conserving natural resources. [49-
51]

The possible uses of RAP in highway construction were discussed by Chesner et al. [52]. Some state agencies
have claimed significant economic savings when RAP is given [53]. Roadway rehabilitation involves crushing the old
HMA and milling the surface to remove the existing asphalt concrete. RAP is the term used to describe the material that
is produced by this procedure. The possible economic and environmental advantages and trade-offs of employing RAP in
pavements were examined by Ventura et al. [54], and more recently by AL-Qadi et al. [55], Aurangzeb et al. [56], and
Del Ponte et al. [57]. However, only a minor amount of RAP was included in these analyses. Furthermore, the financial
and environmental benefits of employing RAP rather than conventional (i.e., virgin) materials were not systematically
evaluated quantitatively in any of the studies [58]. Therefore, the environmental impact and life cycle economic benefits
require a more thorough examination [59].The economic and/or environmental effects at every stage of the material
production process were the subject of earlier research on the LCA analysis employing RAP materials (AL-Qadi et al.,
[55], Aurangzeb et al., [56], and Del Ponte et al., [57]). Therefore, in order to address the potential drawbacks and
benefits of employing RAP in the LCA analysis of roadway projects, all stages of the roadway life-cycle
performance (i.e., construction, maintenance, and rehabilitation) must be taken into account. The
suggested holistic approach technique, which takes into account both the construction and
rehabilitation phases, quantifies the life cycle assessment (LCA) environmental benefits and cost

savings over the whole performance period of alternative sustainable alternatives. Two real-world
case study projects that represented field circumstances for Maryland's major roadways and common pavement building
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techniques in the northeastern United States were subjected to comparative parametric analysis in order to illustrate the
methodology's worth.

An Important Advancement Warm-mix Asphalt

is one of the most important developments (WMA). WMA is made and applied at lower temperatures than
conventional hot-mix asphalt. It is a more environmentally friendly choice because of the lower fuel usage and emissions
caused by this temperature drop. WMA also prolongs the paving season and enhances working conditions. HMA, WMA,
and cold mix asphalt are the various asphalt mixture types used by contractors for building pavements [60]. High energy
(fuel) expenditures and greenhouse gas emissions have resulted from the typical production of HMA at temperatures
between 155 and 165°C [61]. The normal mixing temperatures for asphalt mixtures are displayed in figure 2.

Hot Mix Asphalt { = 155°C )

WWarm hiix Asphalt (120 to 135%C)

Cold Mix Asphalt (25 to 359C)

Fig.2:The usual range of temperatures for mixing asphalt mixes [61]

Because the mixes are made closer to the operational temperatures, the WMA technique can lower production
temperatures, lower plant odor emissions, extend paving seasons, transport longer distances, open traffic earlier, decrease
binder aging, minimize oxidative hardening, and prevent cracking. [62-64]. The rutting properties of WMA mixtures
with different heated additives—designated as additives A, B, C, and D—were examined by Zhao et al. [65]. They
discovered that the modified mixture with chemical additives and the control mixture had equal rutting characteristics,
proving that the chemical additives neither soften nor stiffen the binder.

Petit et al. [66] used the Sasobit type Fisher-Tropsch process (FT) to experimentally assess the mechanical
properties of WMA in terms of stiffness and shear fatigue. The experimental results of their study and associated
modeling work showed that the addition of WMA additive to the composition of WMA mixes had no effect on their
destructive or non-destructive performance when compared to HMA. Among the WMA combinations used in the Caro
study's evaluations were Aspha-Min, Evotherm, and Sasobit, which stand for the three different forms of WMA
technology [67]. The investigation's findings indicate that the water-based WMA technology Aspha-Min-WMA fine
mixes is the most vulnerable to moisture deterioration.

Kim et al. [68] used foaming and emulsion technologies to investigate the performance of WMA in the USA
through a laboratory study and field performance. In a study on the use of WMA for airport maintenance in Japan, Su et
al. [69] employed a chemical additive (small solid pellets of synthetic wax) made by a Japanese business. They
discovered that the WMA produced at a temperature 30°C lower than usual indicated a practical usage because, aside
from its moisture-sensitive characteristic, its performance was comparable to or marginally lower than that of the control
HMA combination.figure 3 below shows the typical process diagram for a WMA.
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Fig. 3: Warm Mix Asphalt (WMA) process diagram [70]

Porous Asphalt

A new approach to water management in road building is porous asphalt. Because of its permeability, water can
flow through it, lowering runoff and averting flooding. By filtering contaminants, this feature can also help recharge
groundwater and enhance water quality.Numerous research has been conducted in recent years to assess the impact of
preparing PA mixtures using WMA technology. Goh et al. conducted research in the USA [70, 71] on the effectiveness
of PA mixtures with 0.25% Advera® as a WMA ingredient and 15% RAP. According to the researchers, a higher RAP
proportion may be employed to create warm PA combinations, and the WMA component could enhance the high
temperature mixing of RAP-containing mixtures.

Aman [72] assessed the impact of water sensitivity on heated porous asphalt that incorporates Sasobit in a more
recent investigation. He constructed the warm PA mixtures using the Dutch PA gradation while adhering to Malaysian
quarry practices, and he employed hydrated lime and Pavement Modifier (PMD) as anti-stripping additives. Additionally,
the results demonstrated that the warm PA mixes with PMD and hydrated lime could be compressed to temperatures as
low as 135°C and 125°C, respectively. As shown in figure 4.
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Fig. 4 : Types of Recycled Asphalt Pavement (RAP) and processes as cited in the literature.[48]
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Bio-Asphalt

is a revolutionary development in asphalt technology that provides an environmentally friendly substitute for
petroleum-based asphalt by using renewable resources such awmas vegetable oil or tree resin as a binder. This innovation
is in line with international efforts to lessen dependency on fossil fuels.

Bio-asphalt, a plant-derived asphalt, can be used as a rejuvenating material in accordance with environmentally
friendly and sustainable technology because it is a fraction of bio-oil made from biomass obtained from the pyrolysis
process (rapid heating of waste materials oxygen-free farms, as well as carbonization processes)[73], agricultural or
plantation waste containing lignin [74], industry, and livestock. Various materials, such as sawdust, cooking oil, straw
[75], pine wood [76], and coconut shell [77], have been used to create bio-asphalt. Based on rheological, chemical
structure, and asphalt morphological tests, [78] investigated the potential of straw bio-asphalt (BioST) and coconut shell
bio-asphalt (BioCS) as fluxing materials. The study suggests that bio-asphalt could be used as a rejuvenating agent for
aged asphalt (RAP bitumen).

[79] examines the benefits of adding bio-asphalt made from coconut shell (BioCS) and straw (BioST) to asphalt
mixtures that incorporate recovered asphalt pavement (RAP). Four mixtures' laboratory performance characteristics and
the binders that were taken out of them were determined and compared as part of the study. The outcome shown that bio-
asphalt was successful in raising the 30% RAP mix's performance to levels comparable to those of the virgin mix. Future
developments in asphalt for environmentally friendly roads appear bright. More eco-friendly materials, better recycling
methods, and cutting-edge applications that further lessen the carbon footprint of road building are anticipated as a result
of ongoing research and development. As shown in figure 5.
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Fig. 5: Bio-based materials and areas of application.[48]
Cost-Effectiveness

Cost-effectiveness is a key consideration in the field of sustainable road construction. A closer look finds long-
term economic benefits that make sustainable road development a financially viable option, despite initial preconceptions
that eco-friendly materials and techniques may be more expensive.Significant long-term savings can result from the use
of long-lasting, environmentally friendly materials such crumb rubber modified bitumen (CRMB), polymer modified
bitumen (PMB), and emulsion bitumen. These materials minimize the road's overall lifecycle cost by reducing the need
for regular repairs and maintenance, even though they may be more expensive up front.[80]

Lower environmental expenses are another benefit of using green building techniques while building roads.
Utilizing recycled resources, such as bio-based goods and recovered asphalt pavement (RAP), reduces the demand for
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new raw materials, which lowers the cost of waste management and material procurement. In addition to, using warm-
mix asphalt and emulsion bitumen are examples of sustainable road construction techniques that reduce emissions and
energy use throughout the application and production stages. This lowers the energy expenses related to road
construction while also improving the environment.[81-84]

For sustainable infrastructure projects, numerous governments and international organizations provide money,
subsidies, and incentives. The initial increased costs of utilizing eco-friendly materials and technologies in road
construction can be considerably mitigated by these financial incentives.[85] Even though there are obvious long-term
advantages, adopting sustainable practices might be difficult due to factors including higher initial costs and the
requirement for certain tools and training. However, these obstacles are progressively vanishing as eco-friendly methods
gain popularity and technology develops.

Improving the Durability of Roads

The improvement of road durability is a top priority in the field of green road construction. In addition to
achieving environmental goals, green construction techniques greatly increase the durability and resilience of road
infrastructure.In order to increase the longevity of roads, advanced materials including Polymer Modified Bitumen
(PMB), Crumb Rubber Modified Bitumen (CRMB), and Emulsion Bitumen are essential. Road longevity is increased by
these materials' exceptional resistance to environmental stresses, high traffic volumes, and temperature swings.[86]

The ultimate qualities of PMB can be improved by adding polymers to bitumen in order to create binary [87-89]
or multicomponent blends (MC) [90,91], according to several studies. This results in materials with improved properties
for applications where bitumen alone would not function well. Studies that seek to optimize the various mixes to enhance
qualities and lessen frequent failure causes in asphalt mixtures while lowering manufacturing costs are uncommon,
despite significant advances in properties.

Prior research has demonstrated that adding these kinds of polymers improves PMB characteristics. For
example, bitumen has been treated with SBS to lessen cracking and rutting [92,94,97]; PW to lessen rutting
[90,91,95,96]; and CR to lessen cracking and rutting, but at lower levels than those achieved with SBS or PW
[93,98,100]. table 1 also displays some of these polymer modifiers' primary attributes.

Table 1: properties and characteristics of base bitumen and polymer modifiers.[101]

Value
Bitumen
Penetration 25 °C (dmm) 83
Softening point (°C) 64
SARA analysis (%)
Asphaltenes 12
Resins 36
Aromatics 38
Saturates 14
SBS
Total styrene (over polymer) 20
Hardness shore A 60
PW
Viscosity 140 C (cps) 80
Penetration 25 (dmm) 1
Softening point (°C) 130
Melting temperature (C) 122

Recycled materials like Recycled Asphalt Pavement (RAP) and Recycled Concrete Aggregate (RCA) boost the
longevity of roads. It has been demonstrated that these materials provide strong and durable road surfaces that function
on par with, and occasionally even better than, their virgin equivalents.In addition to efficiently managing water runoff,
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innovative pavement designs like porous or permeable pavements also lessen the strain on road surfaces, increasing their
durability. [102]. Better water drainage made possible by these design guards against erosion and water damage beneath
the road surface.

An additional layer of strength and stability is added when geosynthetics, such as geotextiles and geogrids, are
used into road construction. These materials enhance the structural integrity of roads and more equally distribute loads,
particularly in regions with unstable or weak soils. Using energy-efficient building methods, including warm-mix asphalt
technology, improves the roads' overall durability and quality. By ensuring improved pavement layer compaction and
bonding, these methods produce road constructions that are more resilient.[103] , Carroll et al. [104] investigated the
strengthening techniques used with geogrids on asphalt roadways. They claimed that geogrid reinforcement enables a
50% reduction in the thickness of the granular base while still lowering permanent deformations in flexible pavement
systems, based on equal load deformation performance.

To improve the bearing capacity ratio and determine their subgrade modulus, Schriver et al. [104]
experimentally investigated geogrid-reinforced lightweight aggregate beds. The experiment demonstrated that the
lifespan of paving roads is considerably increased by placing reinforced geogrid at the sub-base/aggregate
contact.Milligan et al. [105] conducted monotonic plate load testing on a large scale. The study found that at a 1.5-inch
settlement, adding geogrid reinforcement increased pavement thickness by 2 inches.Chan et al. [106] conducted
extensive field research. The subgrade used in the investigation had a CBR of 2.6% and was covered in a layer of
crushed granules at the right moisture content.

Giroud and Han [107] used the field study conducted by Watts et al. (2004) to investigate the impact of the
geosynthetic fabric's tensile strength at 5% strain.The efficiency of geogrid reinforcement installed in three distinct
locations was examined by Moayedi et al. [108]. (for example, 50, 25, and 5 cm out from the base of the model).Tang et
al. [109] examined the impact of geogrid properties on subgrade stabilization using extensive direct shear
experiments. The long-term advantages in terms of road longevity and lower maintenance costs are indisputable, even
though putting these green building techniques into practice may initially bring difficulties like greater upfront
expenditures or the requirement for specialist equipment.

The conventional test methods still used to evaluate durability are frequently out of date and not always
appropriate to evaluate new goods, even if the future of road construction demands more robust designs. For instance, an
"accelerated weathering machine" that efficiently simulates the effects of environmental factors, mainly sunlight and
water, on the performance of the materials in a comparatively short amount of time, ensuring that the exacting level of
durability is met for both customers and compliance. This enables the group to test every product under strong UV
radiation. In order to extend the lifespan of the products and guarantee their long-term performance and durability, it can
bealso investigating new polymers and chemical additives as part of future emphasis.

Creative Methods for Building Eco-Friendly Roads

Innovative methods are constantly being developed in the field of environmentally friendly road construction to
satisfy the twin objectives of functional excellence and environmental sustainability. These methods guarantee long-term
performance and cost-effectiveness while also lessening the environmental impact of road developmentA cutting-edge
technique called Cold In-Place Recycling (CIR) rebuilds worn-out pavements by reusing existing road material. During
this procedure, the old pavement is milled, mixed with additives if needed, and then relayed at room temperature. CIR
drastically lowers the requirement for new materials as well as the corresponding emissions and energy use.[110]

According to Wagoner et al. [111], who tested four mixtures with different compositions, compared to other
indirect measurements like tensile strength, the fracture energy appears to be a far better indicator of the material's
resistance to fracture.They showed that after performing dynamic modulus and creep compliance tests on the same
specimen, the DCT test can determine the fracture parameters of asphalt concrete specimens taken from field cores. The
fracture energy method made a clear distinction between the materials based on variations in the characteristics of the
binder.
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After coring three field projects that produced six essentially distinct mixtures, Kim et al. [112] got a DCT
sample. According to the visual field crack assessment, these combinations were supposed to exhibit notably varying
degrees of fracture resistance. They showed a reasonable correlation between the field performance of the pavement
portions under investigation and the fracture energy measured in the lab based on the observations.TheSCB test's
capacity to assess HMA's low temperature fracture resistance was assessed by Li and Marasteanu [113]. The findings
showed that the test temperature had a significant impact on the low temperature cracking resistance.The failure
processes were interpreted and examined using a three-dimensional (3D) finite element (FE) model. in the SCB test was
confirmed by Elseifi et al. [114] in a related work.as shown in figure6.

Stage 3 Total Damage

Fig.6:Damage evolution in the SCB test [114].

Reclamation in Full (FDR) another environmentally friendly method that works well for badly damaged roads is
Full-Depth Reclamation (FDR). To create a solid, fresh foundation layer, FDR entails pulverizing the pavement's whole
thickness as well as some of the underlying materials, then adding stabilizing chemicals and compacting. This approach
reduces the environmental impact of road construction while conserving resources.Solar highways and photovoltaic
pavements represent a major leap in environmentally friendly road construction. Roads could become sustainable energy
sources thanks to these creative pavements that use solar cells to create electricity. By producing clean energy, this
technology delivers value in addition to helping the environment.

Applying Cutting-Edge Geosyntheticsmodern road building relies heavily on advanced geosynthetics. Road
durability, drainage, and soil stabilization are all enhanced by these materials. Their application results in more sturdy
and stable road construction, particularly in regions with difficult soil or topography. [115]Wildlife Crossings and Green
Bridges One innovative method for building environmentally friendly roads is to include wildlife crossings and green
bridges. By lessening the negative effects of highways on animals, these structures aim to increase ecological
connectedness and biodiversity. They provide as evidence of the comprehensive strategy used in environmentally
friendly road building.

Overcoming Obstacles with Innovative Approaches Even while these cutting-edge methods pose significant
difficulties in terms of technical know-how and upfront costs, they have enormous long-term advantages for
environmental preservation, road quality, and sustainability.[116]

Conclusions

Although they are necessary for sustainable growth, green road construction projects have their own set of
difficulties. For eco-friendly road construction projects to be implemented successfully and last a long time, these issues
must be resolved.Finding a balance between sustainability and cost is one of the main issues in building green roads.
When compared to conventional approaches, sustainable materials and practices might frequently be more expensive
upfront. But emphasizing the long-term financial and ecological advantages—Ilike lower energy and maintenance
expenses—helps defend these upfront expenditures.
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Adopting cutting-edge methods like full-depth reclamation (FDR), cold in-place recycling (CIR), and the use of
sophisticated geosynthetics calls for specific tools and technical know-how. Finding and deploying these new
technologies might provide logistical difficulties, particularly in areas with restricted access to such resources.To
overcome these obstacles, ongoing research and development are crucial. R&D expenditures contribute to the
advancement of material science, the enhancement of construction methods, and the creation of more economical and
effective solutions for environmentally friendly road building.

In order to address environmental issues while preserving the effectiveness and longevity of road infrastructure,
green road development has become a crucial solution. This thorough investigation has covered a wide range of topics,
from the application of environmentally friendly materials like recycled asphalt and emulsion bitumen to cutting-edge
methods like cold in-place recycling and porous pavements. Higher initial prices and technical complexity were also
mentioned, highlighting the significance of public awareness, research, and development in overcoming these
obstacles.In the end, building green roads is a big step toward sustainable development since it not only shows
environmental responsibility but also provides long-term functional and economic advantages.
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