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Abstract

Warm Mix Asphalt (WMA) has emerged as a promising sustainable alterna-
tive to traditional Hot Mix Asphalt (HMA), offering substantial environmen-
tal and performance advantages by enabling asphalt production and compac-
tion at lower temperatures. This review paper explores the role of natural and
renewable additives—such as bio-based waxes, vegetable oils, natural zeolites,
and bio-binders—in enhancing the workability, compatibility, and durability
of WMA while significantly reducing energy consumption, greenhouse gas
emissions, and environmental pollution. Particular emphasis is placed on how
these additives improve binder performance, enable higher incorporation of
Reclaimed Asphalt Pavement (RAP), and contribute to circular economy
principles by valorizing bio-waste and industrial by-products. The paper also
discusses the limitations and challenges associated with variability of natural
feedstocks, field performance uncertainties, and standardization needs. By
synthesizing recent research and field applications, this study highlights the
practical potential of bio-based WMA technologies to advance sustainable
road construction and identifies critical areas for future research and large-
scale implementation.

Keywords

Warm Mix Asphalt (WMA), stainable Pavement, Bio-Based Additives,
Vegetable Oils, Natural Zeolites, Bio-Binders, Reclaimed Asphalt Pavement
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1. Introduction

Asphalt pavements are a fundamental component of modern transportation in-
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frastructure worldwide. However, the traditional production and placement of
Hot Mix Asphalt (HMA) involve heating aggregates and bitumen to high temper-
atures—typically between 150°C and 180°C—to ensure proper coating and work-
ability. This high-temperature process is energy-intensive and results in signifi-
cant environmental impacts, including elevated fuel consumption and the emis-
sion of greenhouse gases (GHGs) such as carbon dioxide (CO,), as well as volatile
organic compounds (VOCs) and particulate matter that contribute to air pollu-
tion and health risks for workers and nearby community [1].

In response to increasing environmental concerns and stricter regulatory re-
quirements aimed at reducing the carbon footprint of road construction, Warm
Mix Asphalt (WMA) technology has emerged as a sustainable alternative. WMA
allows asphalt mixtures to be produced and placed at temperatures 20°C to 40°C
lower than HMA, resulting in reduced energy consumption, decreased emissions,
and improved working conditions [2]. Beyond these operational advantages, WMA
has been shown to reduce oxidative aging of the asphalt binder during production,
which can enhance pavement durability and extend service life, thereby lowering
life-cycle environmental impacts.

An important recent development in WMA technology is the incorporation of
natural and renewable additives—such as bio-based waxes, vegetable oils, natural
zeolites, and bio-binders—that further enhance environmental benefits while main-
taining or improving pavement performance. These additives can reduce the vis-
cosity of the asphalt binder at lower temperatures, improve mix workability, reju-
venate aged binders, and promote higher usage of Reclaimed Asphalt Pavement
(RAP), thus supporting circular economy principles [3].

This paper presents a comprehensive review of the current state of knowledge
on the use of natural additives in WMA with a focus on their role in preventing
environmental pollution. The review covers the environmental impact of conven-
tional asphalt production, different WMA technologies, natural additives and
their mechanisms, performance improvements, challenges faced in practical im-
plementation, and future research directions. By synthesizing recent advances and
identifying knowledge gaps, this work aims to guide researchers, practitioners,

and policymakers toward more sustainable asphalt pavement solutions [4].

2. Environmental Impact of Conventional Asphalt Production

The production and placement of Hot Mix Asphalt (HMA) have long been asso-
ciated with significant environmental challenges. Conventional HMA requires
mixing aggregate and bitumen at high temperatures, typically between 150°C and
180°C, to ensure proper coating, workability, and compaction. This high-temper-
ature process consumes substantial amounts of fossil fuel, resulting in considera-
ble greenhouse gas (GHG) emissions such as carbon dioxide (CO,), sulfur dioxide
(SO3), and nitrogen oxides (NOy).

In addition to direct emissions from combustion, asphalt plants generate sig-

nificant amounts of volatile organic compounds (VOCs) and particulate matter,
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which contribute to air pollution and pose health risks to workers and nearby
communities. Studies estimate that traditional HMA can produce up to 30% more
CO; emissions compared to Warm Mix Asphalt [2].

Furthermore, the high temperatures accelerate the oxidative aging of the as-
phalt binder during production and placement. This premature aging can reduce
pavement flexibility and shorten its service life, leading to more frequent mainte-
nance and rehabilitation cycles, which further increase energy consumption and
environmental impacts throughout the pavement life cycle.

The health and safety of asphalt workers are also affected, as higher production
temperatures generate dense fumes and aerosols, exposing workers to harmful
chemicals. As governments and industries aim to meet stricter climate targets and
occupational health standards, the need for sustainable alternatives like WMA be-

comes increasingly urgent.

3. Warm Mix Asphalt Technologies

Warm Mix Asphalt (WMA) has emerged as an innovative and sustainable solu-
tion to address the environmental drawbacks of conventional HMA. WMA tech-
nologies allow asphalt mixtures to be produced and compacted at temperatures
20°C to 40°C lower than traditional mixes, significantly reducing fuel consump-
tion and emissions while maintaining or even improving pavement performance
[5].

Three main categories of WMA technologies have been developed.

3.1. Chemical Additives

Chemical additives include surfactants, emulsifiers, and viscosity modifiers that
improve the coating and workability of the asphalt binder at lower temperatures.
Products like Evotherm and Rediset are well-known examples. These additives en-
hance the adhesion between binder and aggregates, allowing for effective mixing
and compaction without compromising mechanical properties. Chemical WMA
additives are widely used because they are easy to integrate into existing produc-

tion processes [6].

3.2. Organic Additives

Organic additives, including synthetic and natural waxes, lower the viscosity of
bitumen at mixing temperatures but solidify at service temperatures, providing
stiffness and rutting resistance to the final pavement. Fischer-Tropsch (FT) waxes
derived from coal or natural gas are commercially popular. However, there is grow-
ing interest in bio-based waxes, such as beeswax or rice bran wax, which are re-
newable and biodegradable. These natural waxes function similarly to synthetic

waxes while offering additional sustainability benefits [7].

3.3. Foaming Techniques

Foaming methods reduce binder viscosity by introducing controlled amounts of
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water into the hot binder, which rapidly vaporizes and expands, creating a foam
that increases binder volume and improves aggregate coating [8]. Water can be
introduced directly through mechanical foaming devices or indirectly using wa-
ter-containing additives like zeolites. Natural zeolites, such as clinoptilolite, are
especially attractive due to their abundance and low environmental impact [9].
Foamed WMA methods are popular because they require minimal changes to
existing asphalt plants and equipment. They are also cost-effective and have been

successfully used in many large-scale road projects worldwide [10].

4. Natural and Renewable Additives in Warm Mix Asphalt

While traditional WMA additives and foaming agents have already demonstrated
significant environmental benefits over conventional HMA, further advances are
focusing on replacing petroleum-derived or synthetic additives with natural, re-
newable, or waste-derived materials [11]. These natural additives not only reduce
the carbon footprint of asphalt production but also often provide performance
benefits such as improved workability, reduced binder aging, and increased dura-
bility. The following sub-sections review key types of natural additives currently
researched and applied in Warm Mix Asphalt [12].

4.1. Bio-Based Waxes

Bio-based waxes are a promising category of natural organic additives that can be
used to modify the rheological properties of asphalt binders in Warm Mix Asphalt
(WMA). These waxes are derived from renewable biological resources such as
plants, crops, or natural processes (e.g., beeswax from honey production). Unlike
synthetic Fischer-Tropsch waxes produced from coal or natural gas, bio-waxes are
biodegradable and have a lower environmental footprint, aligning with sustaina-
bility and circular economy goals [13].

Bio-based waxes primarily function by temporarily reducing the viscosity of the
asphalt binder at mixing and compaction temperatures. When heated, the wax
crystals melt, allowing the binder to flow more easily and coat the aggregates at
lower temperatures (typically 20°C - 40°C below conventional HMA) [14]. Once
the pavement cools to service temperatures, the wax recrystallizes, providing ad-
ditional stiffness that can improve rutting resistance without significantly com-
promising low-temperature cracking performance [15].

Common types of bio-based waxes investigated for WMA applications include
beeswax, rice bran wax, carnauba wax, and palm oil-derived waxes. These waxes
differ in their melting points, chemical compositions, and effects on binder rhe-
ology. Beeswax, for example, is composed mainly of esters of fatty acids and long-
chain alcohols and has a relatively moderate melting range (60°C - 65°C). Rice
bran wax, a by-product of rice oil refining, contains high levels of wax esters and
free fatty alcohols, making it suitable as a viscosity reducer and performance en-
hancer.

Recent laboratory studies have demonstrated that adding 1% - 4% by weight of
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bio-wax to asphalt binder can reduce mixing temperatures by up to 30°C while
maintaining or improving the stiffness modulus and rutting resistance of the final
mix [16]. Moreover, bio-waxes can be blended with other renewable additives or
reclaimed asphalt pavement (RAP) to further enhance sustainability performance
[15].

However, the properties of natural waxes can vary due to climate, crop type,
and processing methods, requiring careful quality control to ensure consistent
performance (Table 1).

Table 1. Examples of bio-based waxes for warm mix asphalt.

. Typical .
Bio-Wax Melting .
T Source Dosage Point (°C) Key Effects Environmental Benefit
e [
P (% binder)
Beehive/h Lowers binder viscosity; Renewable,
echive/hone
Beeswax ndust Y 1% - 3% 60°C-65°C  moderate stiffening effect ~ biodegradable, supports
industr
¥ at service temperature local beekeeping
Rice B B duct of ri 1 Good viscosity reduction, Adds value to
ice Bran -product of rice oi
W vP tracti 1% - 4% 77°C-82°C enhances rutting agricultural waste,
ax extraction
resistance abundant in Asia
Leaves of carnauba Strong stiffening at
Carnaub Fully renewable,
arnatiba palm (Copernicia 1% - 2% 80°C-85°C  service temperature, good u. Y "
Wax ] . biodegradable
prunifera) rutting control
Softens binder for better Renewable, supports
Palm Oil  Fraction fi Im oil
avl\;l ' raction ;01.11 paimol 1% - 3% 50°C-60°C workability; mild palm oil by-product
ax refinin
g stiffening at ambient utilization

4.2. Vegetable Oils

Vegetable oils represent another important class of natural and renewable addi-
tives for Warm Mix Asphalt (WMA) [17]. They are primarily used as viscosity
reducers, rejuvenators, or fluxing agents that soften the asphalt binder, enhance
workability at lower temperatures, and help rejuvenate aged bitumen—making
them especially suitable for mixes with high Reclaimed Asphalt Pavement (RAP)
content [17].

Unlike waxes, which solidify at ambient temperatures, vegetable oils remain
liquid under typical service conditions. This allows them to effectively reduce binder
stiffness and restore the balance of lighter fractions (maltenes) in aged asphalt,
improving ductility and resistance to cracking [18].

Vegetable oils can be divided into two broad categories:

* Virgin edible oils: e.g., soybean oil, rapeseed (canola) oil, sunflower oil, palm
oil [19].

* Waste-derived oils: e.g., waste cooking oil (WCO), which is recycled from
restaurants and households [18].

Waste cooking oil (WCO) is especially attractive for WMA because it turns a
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problematic waste stream—often improperly disposed of—into a valuable re-
source for sustainable pavements. Studies have shown that adding 2% - 6% WCO
by weight of binder can reduce mixing and compaction temperatures by up to
30°C and restore the flexibility of RAP-heavy mixes [20].

Virgin vegetable oils, such as soybean or rapeseed oil, offer similar performance
but raise sustainability concerns if they compete with food supplies. Thus, many
researchers recommend prioritizing waste or non-food-grade vegetable oils to
align with circular economy goals [21].

Vegetable oils can also be blended with other WMA additives, such as waxes or
polymers, to create hybrid modifiers that combine the benefits of viscosity reduc-

tion, rejuvenation, and performance enhancement [17] (Table 2).

Table 2. Examples of vegetable oils for warm mix asphalt.

Typical
Oil Type Source Dosage Key Functions Benefits Sustainability Impact
(% binder)
Waste Recycled from Viscosity Lowers mixing
Cooking Oil h hold 2% - 6% reducer, temperature, restores Diverts waste oil from
ooking Oi ouseholds, - . . . . .
(ch) . ¢ voeR rejuvenator for aged binder, improves improper disposal
restaurants
RAP ductility
Virgin or . . . .
. Softens binder, Effective for viscosity
. non-edible 0 0 . . . Renewable but may
Soybean Oil 2% - 5% improves reduction, improves .
grades from soy - ] . compete with food crops
workability cracking resistance
crops
L . . Similar to soybean oil, Widely available in
Rapeseed Virgin or o o Binder softening, .
. . - 2% - 5% . . good low-temperature Europe; potential food
(Canola) Oil  industrial grades mild rejuvenator .
performance supply impact
. Softens binder, . Renewable but linked to
. Fraction from . Enhances workability at ]
Palm Oil Im oil refinin 2% - 4% mild low temps land use concerns if
a
P & rejuvenation P unsustainable sources used

4.3. Natural Zeolites

Natural zeolites are one of the most widely adopted mineral-based additives for
Warm Mix Asphalt (WMA) due to their simple, effective foaming mechanism and
environmentally friendly characteristics. Zeolites are crystalline hydrated alumi-
nosilicate minerals with a unique porous structure that can trap and gradually
release water molecules when heated [22].

In WMA production, natural zeolites—particularly clinoptilolite, one of the
most abundant natural zeolite types—are added to the hot binder during mixing.
The released water vapor creates micro-foaming within the asphalt binder, ex-
panding its volume and temporarily reducing its viscosity. This improves aggre-
gate coating and mixture workability at temperatures 20°C - 30°C lower than con-
ventional Hot Mix Asphalt (HMA) [23].
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Unlike organic chemical additives, zeolites are inert, non-toxic, and do not
chemically react with the bitumen [24]. They provide a purely physical foaming
effect, which makes them especially suitable for plants looking for a low-cost,
easy-to-implement WMA method with minimal equipment modifications [25].

Zeolites are naturally occurring in volcanic tuff deposits and are abundant in
many countries, including Tiirkiye, China, India, Italy, and the United States. The
use of natural zeolites also supports sustainable resource utilization and can pro-
vide economic benefits for regions with significant mineral reserves [26].

Commonly, natural zeolites are added at rates of 0.3% to 0.5% by weight of the
total asphalt mix (approximately 3 - 6 kg per tonne of mix). Care must be taken
to control moisture content and ensure proper dispersion to achieve consistent

foaming performance [27] (Table 3).

Table 3. Examples of natural zeolites for warm mix asphalt.

Zeolite Type  Main Mineral

Typical
Dosage Foaming Mechanism Benefits Sustainability Impact

(% of mix)

Hydrated

Clinoptilolite y ra.e.
aluminosilicate

Hydrated

Mordenite Y rale.
aluminosilicate

Hydrated

Chabazite Y ra.e.
aluminosilicate

0.3% - 0.5%  when heated, creating

Reduces mixing temp
by 20°C - 30°C,
improves workability,

Releases water vapor Naturally abundant,
non-toxic, minimal

micro-foam in binder processing required

simple to apply
Available in volcanic
Similar physical Good thermal stability, .
0.3% - 0.5% . regions, supports local
water-release foaming low cost . ]
mining economies
Physical water-release Effective foaming at Low environmental
0.3% - 0.5% . . . .
foaming moderate temps impact, widely available

4.4. Bio-Binders and Waste-Derived Additives

Bio-binders and waste-derived additives are gaining significant attention as sus-
tainable alternatives to conventional petroleum-based asphalt binders and chem-
ical modifiers. These materials are obtained from renewable biological sources or
recycled industrial/agricultural waste, contributing directly to resource conserva-
tion, waste valorization, and circular economy principles in pavement construc-
tion.

Bio-binders are partially or fully renewable materials that can replace a portion
of the bitumen or act as modifiers to adjust the rheological and aging properties
of asphalt binders. They can be derived from lignin, tall oil, algae, pyrolysis bio-
oils, or residues from the paper, forestry, or food industries [28].

* Lignin, the second most abundant natural polymer on Earth (after cellulose),
is extracted as a by-product of the pulp and paper industry. It has shown prom-
ise as a partial bitumen substitute due to its aromatic structure and high carbon
content, which provides compatibility with the bitumen matrix and contrib-
utes to binder stiffness [29].
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* Pyrolysis bio-oils, produced from fast pyrolysis of biomass such as wood chips
or agricultural residues, contain complex mixtures of phenols and organic ac-
ids that can soften aged binders, reduce viscosity, and rejuvenate RAP-heavy
mixtures. However, issues such as high oxygen content and long-term stability
need to be carefully addressed [30].

* Waste-derived oils and residues, such as waste engine oil residue or used mo-
tor oil, have been explored to restore the maltene fraction of oxidized binders
and improve the workability of recycled mixes. However, their use must be
managed carefully to prevent contamination with heavy metals or other haz-
ardous substances.

The main advantage of using bio-binders and waste-derived additives in WMA
is their dual role: lowering mixing and compaction temperatures while partially
replacing virgin bitumen—a petroleum-based, non-renewable material. This sig-
nificantly reduces the carbon footprint and total energy demand of asphalt pave-
ments [31] (Table 4).

Table 4. Examples of bio-binders and waste-derived additives for warm mix asphalt.

Material

Lignin

Pyrolysis

Bio-Oil

Waste
Engine Oil
Residue

Tall Oil

Source

By-product of pulp
& paper,
lignocellulosic
biomass

Fast pyrolysis of
wood, straw, or
agri-residues

Recovered used
motor oil

By-product of wood
pulping

Typical Sustainabilit
YI,) ¢ . Key Functions Benefits ustainablty
Application Impact
Improves Utilizes forestry

Partial bitumen
replacement
(5% - 20%)

Modifier/rejuvenat
or (5% - 10%)

Rejuvenator
(2% - 6%)

Partial binder
extender
(5% - 10%)

Increases binder
stiffness, reduces
binder demand

Softens aged binder,
reduces viscosity

Restores maltene
fraction, improves
workability

Improves
workability, mild
rejuvenation

high-temp rutting
resistance,
renewable

Enhances RAP mix
performance,
reduces temp

Enables higher
RAP %, lowers
mixing temp

Maintains
workability at lower
temps

waste, reduces
bitumen
dependency

Adds value to
biomass waste
streams

Diverts hazardous
oil waste, reduces
landfill disposal

Fully renewable,
common in forestry
regions

5. Performance Benefits of Natural Additives in Warm Mix
Asphalt

The use of natural and renewable additives in Warm Mix Asphalt (WMA) not
only reduces the environmental footprint of pavement construction but also offers
multiple performance-related advantages. These benefits can help address com-
mon challenges associated with low-temperature mixing and ensure that the du-
rability and structural integrity of pavements are maintained or even enhanced
compared to conventional Hot Mix Asphalt (HMA).

This section highlights how bio-based waxes, vegetable oils, natural zeolites,

and bio-binders contribute to the mechanical performance, durability, and sus-
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tainability of WMA mixtures [32].

5.1. Improved Workability and Compactability

One of the most significant performance benefits of Warm Mix Asphalt (WMA)
technologies—particularly when using natural and renewable additives—is the
substantial improvement in mix workability and compactability at reduced tem-
peratures. These enhancements directly contribute to better pavement quality,
longer service life, and reduced construction risks [33].

Workability Improvement Mechanism

Workability refers to the ease with which the asphalt mix can be handled, placed,
and spread during paving operations. In conventional Hot Mix Asphalt (HMA),
high production temperatures (typically 150°C - 180°C) are necessary to lower the
binder viscosity enough to ensure complete coating of aggregates and smooth flow
of the mix. Lowering production temperatures without an additive can result in a
stiffer mix, poor coating, and difficulties during compaction [34].

Natural additives such as bio-based waxes, vegetable oils, natural zeolites, and
bio-binders modify the binder’s rheology by either physically reducing its viscos-
ity (organic additives) or creating foaming effects (zeolites). Bio-waxes melt when
heated, temporarily lubricating the binder and allowing it to flow more freely
around aggregates at temperatures 20°C - 40°C lower than HMA. Vegetable oils
act as internal lubricants and rejuvenators, softening the binder and restoring
workability, especially in RAP-rich mixes. Natural zeolites, on the other hand, re-
lease water vapor under heat, generating micro-foaming that expands the binder
volume and reduces internal friction within the mix [35].

Enhanced Compactability

Compactability refers to the mix’s ability to be effectively densified under the
action of rollers during construction. Proper compaction is critical to minimize
air voids, achieve design density, and ensure long-term pavement durability by
reducing moisture damage and oxidation susceptibility [36].

The reduced viscosity and internal friction achieved through WMA additives
allow the mix to be compacted more easily, even at lower temperatures. This re-
sults in faster achievement of target density, reduced risk of cold spots or incom-
plete densification, and extended paving windows in colder climates or remote
sites where maintaining high temperatures is challenging [37].

Several field studies have shown that using WMA with natural additives can:

* Improve density by up to 2% compared to conventional HMA at the same or
lower compaction temperatures.

* Reduce required compaction effort (roller passes) by 10% - 30%, saving fuel
and equipment wear [38].

* Enable successful compaction at ambient temperatures as low as 5°C - 10°C
lower than would be feasible for HMA, extending paving seasons in cold re-
gions.

Practical and Environmental Implications
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Better workability and compactability not only improve the immediate quality
of the pavement but also reduce energy consumption at the asphalt plant, lower
fuel use for compaction equipment, and decrease construction time. In remote or
urban projects where haul distances are long, improved workability allows longer
haul times without risking premature cooling of the mix, further improving logis-
tical flexibility.

These benefits make WMA with natural additives an attractive option for agen-
cies and contractors aiming to balance environmental sustainability with high-

performance pavements.

5.2. Reduced Binder Aging

Another notable performance advantage of Warm Mix Asphalt (WMA) technol-

ogies, especially when incorporating natural additives, is the reduction in asphalt

binder aging during both production and laying processes. Binder aging is a crit-
ical factor that affects pavement durability, cracking resistance, and long-term
maintenance needs.

Understanding Binder Aging

Asphalt binder is a complex blend of hydrocarbons and heteroatoms that grad-

ually hardens due to oxidation and volatilization of lighter fractions during mix-

ing, transport, and placement. In conventional Hot Mix Asphalt (HMA) produc-

tion, the binder is exposed to high temperatures (often 150°C - 180°C) for ex-
tended periods. This prolonged thermal exposure accelerates oxidation, leading
to increased stiffness and brittleness. Over time, this contributes to reduced flexi-
bility, increased susceptibility to fatigue cracking, and premature pavement dis-
tress, especially in cold climates.

How WMA Lowers Binder Aging

WMA technologies lower the production and compaction temperatures by
20°C - 40°C compared to HMA. This temperature reduction significantly de-
creases thermal oxidation and the volatilization of lighter binder components. By
minimizing heat-induced aging at the mixing plant and during haulage, WMA
helps preserve the binder’s viscoelastic balance and ductility.

Natural additives further enhance this benefit. For instance:

* Bio-based waxes melt and temporarily lower binder viscosity without requir-
ing extreme heat, so less oxidation occurs [39].

* Vegetable oils and bio-oils act as softening agents or rejuvenators, compen-
sating for any loss of lighter fractions by restoring maltene content, which
counteracts binder hardening [40].

* Bio-binders such as lignin or pyrolysis oils can partially replace virgin bitu-
men with renewable fractions that offer additional resistance to aging when
properly blended [41].

Field and Laboratory Evidence
Studies have demonstrated that WMA binders typically exhibit lower levels of

oxidation indicators—such as carbonyl and sulfoxide functional groups—than
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HMA binders prepared under equivalent conditions. Rheological analyses (e.g.,
Dynamic Shear Rheometer tests) show that WMA binders often retain higher
phase angles, indicating better flexibility and lower risk of thermal cracking over
time [42].

Moreover, when WMA is combined with high RAP content, the rejuvenating
effect of vegetable oils or bio-oils helps soften the aged binder within the RAP,
improving blend homogeneity and delaying age-related brittleness [43].

Practical Implications

Reducing binder aging at the production stage extends the service life of pave-
ments by maintaining a more favorable balance between stiffness and ductility.
This lowers the likelihood of premature fatigue cracking and thermal cracking,
especially in regions with significant temperature variations. As a result, agencies
can expect reduced maintenance costs and improved sustainability of road assets
[44].

5.3. Enhanced Moisture Resistance

One of the persistent challenges in asphalt pavement performance is moisture

damage, also known as stripping—a phenomenon where the bond between the

asphalt binder and aggregates weakens under the combined effect of water infil-
tration and repeated traffic loading. Stripping leads to loss of cohesion, raveling,

potholes, and reduced pavement service life [45].

While lowering production temperatures is the core benefit of Warm Mix As-
phalt (WMA) technologies, early concerns were raised that reduced mixing tem-
peratures might impair aggregate coating and bonding, potentially making WMA
more vulnerable to moisture-induced damage compared to conventional Hot Mix
Asphalt (HMA). However, numerous studies and practical applications have
shown that, when used with appropriate natural additives, WMA can maintain or
even improve moisture resistance [46].

Mechanisms for Improved Moisture Resistance

Natural and renewable additives play a critical role in protecting WMA from
stripping by modifying the binder’s physical and chemical properties to promote
stronger adhesion to aggregate surfaces:

* Bio-based waxes improve aggregate coating by temporarily reducing binder
viscosity, ensuring thorough and uniform coverage even at lower tempera-
tures. This better coverage reduces the likelihood of water infiltrating and dis-
rupting the bond.

* Vegetable oils and bio-oils often contain naturally occurring polar functional
groups (e.g., carboxylic acids) that can enhance binder-aggregate adhesion
through stronger physico-chemical interactions.

* Natural zeolites, though primarily used for their foaming effect, have been
shown to help maintain good coating because the micro-foam improves binder
distribution over aggregate surfaces.

* Some bio-binders, such as lignin, contain aromatic structures and hydroxyl
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groups that can act as natural anti-stripping agents, improving binder wetta-
bility and adhesion.

Additionally, many WMA additives allow for higher Reclaimed Asphalt Pave-
ment (RAP) content. The fine mineral particles in RAP can improve binder film
thickness, creating an extra barrier to moisture infiltration [47].

Evidence from Research and Field Practice

Experimental studies often use the Tensile Strength Ratio (TSR) or AASHTO
T283 test to assess moisture susceptibility. Research comparing HMA and WMA
mixes has found that when bio-based or zeolite additives are used, the TSR values
of WMA mixes typically meet or exceed standard moisture resistance thresholds
(typically = 80%). Some studies even report better retained strength than compa-
rable HMA, especially when natural anti-stripping agents are blended with the
binder.

Field trials have confirmed that pavements built with WMA and natural addi-
tives perform comparably to HMA in wet climates, provided that proper mix de-
sign and quality control are observed.

Practical Considerations

To fully realize enhanced moisture resistance:

* Proper mixing time and additive dosage must be ensured to achieve complete
coating.

* Aggregate type and cleanliness are crucial—natural additives are not a substi-
tute for good aggregate selection.

*  When required by specifications, additional anti-stripping agents can be used

alongside natural WMA additives to meet stringent durability standards.

5.4. Higher Potential for Recycling

One of the major sustainability benefits of Warm Mix Asphalt (WMA) technolo-
gies is their ability to enable greater incorporation of Reclaimed Asphalt Pave-
ment (RAP) into new mixes without compromising performance. RAP consists
of milled or removed asphalt pavement that contains both aggregates and aged
binder. Recycling RAP conserves natural resources, reduces landfill disposal, and
cuts the demand for virgin aggregates and bitumen—all of which are important
for sustainable road construction [48].

Recycling Challenges in Conventional HMA

In traditional Hot Mix Asphalt (HMA), incorporating high RAP content often
presents performance and production challenges. The aged binder in RAP is stiffer
and more brittle due to oxidation over its service life. Blending this stiff binder
with fresh binder at high temperatures is necessary to soften and mobilize it, but
even then, excessive RAP can lead to insufficient blending and poor coating. If not
properly rejuvenated, high RAP content may cause poor workability, insufficient
coating, or increased risk of cracking [49].

How WMA Supports Higher RAP Percentages

Warm Mix Asphalt, when combined with natural additives such as vegetable
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oils, bio-oils, or certain bio-binders, helps to mitigate these challenges. These ad-
ditives act as natural rejuvenators, softening the aged binder by restoring its mal-
tene content and lowering its viscosity. This rejuvenation effect allows the RAP
binder to blend more uniformly with the virgin binder at lower temperatures than
in conventional HMA [50].
Additionally, the improved workability provided by WMA additives means that
RAP-containing mixes can still achieve good aggregate coating and compactabil-
ity even when the total mix temperature is 20°C - 40°C lower. Natural zeolites can
also help by improving coating through micro-foaming, ensuring that both virgin
and RAP aggregates are thoroughly coated [51].
Practical Benefits and Evidence
Numerous laboratory and field studies have demonstrated that using WMA
technologies makes it feasible to increase RAP content from typical levels of 20%
- 30% to 40% or more, depending on local specifications and binder properties.
Some agencies and contractors have successfully placed WMA pavements with
RAP contents as high as 50% when rejuvenating additives are used [52].
The combined effect is a significant reduction in demand for virgin bitumen
and aggregates, which lowers raw material extraction impacts, transport emis-
sions, and project costs. This directly supports circular economy goals by closing
the loop on end-of-life asphalt materials [53].
Important Considerations
To fully benefit from increased RAP usage with WMA:
¢ The condition, gradation, and binder content of RAP must be properly evalu-
ated and controlled.

¢ Additive type and dosage should be optimized to ensure sufficient rejuvena-
tion without over-softening the final binder blend.

¢ Effective mixing and quality control are essential to achieve uniform distribu-
tion of RAP throughout the mix.

5.5. Contribution to Circular Economy

Warm Mix Asphalt (WMA) technologies, especially when enhanced with natural
and renewable additives, strongly align with the principles of the circular econ-
omy—an economic model that aims to minimize waste, maximize resource effi-
ciency, and keep materials in use for as long as possible through recycling, recov-
ery, and reuse [54].

Closing the Loop in Asphalt Production

Traditional Hot Mix Asphalt (HMA) production relies heavily on non-renew-
able virgin aggregates and petroleum-based bitumen, both of which involve en-
ergy-intensive extraction and refining processes. Large amounts of old asphalt
pavement are also generated each year during road rehabilitation and resurfacing.
Without effective recycling, this material often ends up in landfills or as low-value
fill, representing a loss of embedded resources [55].

WDMA technologies help close this loop by:
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* Lowering production temperatures, which conserves energy and reduces
greenhouse gas emissions compared to HMA.

* Enabling higher RAP content, which keeps reclaimed asphalt materials in
productive use rather than sending them to waste streams.

* Encouraging the use of renewable or waste-derived additives such as vege-
table oils, lignin, waste cooking oil, or bio-oils that partially replace virgin bi-
tumen, a finite resource.

* Supporting local resource utilization, for example, by using locally available
natural zeolites or regionally abundant agricultural by-products as modifiers.

Resource Efficiency through Renewable Additives

The use of bio-based waxes, vegetable oils, and other natural modifiers replaces
a portion of fossil-derived chemical additives. Many of these materials come from
agricultural or forestry side streams (e.g., rice bran wax, lignin from pulp mills,
waste cooking oil from restaurants), creating new markets for by-products that
might otherwise require disposal. This reduces waste and provides added eco-
nomic value to other industries.

By partially replacing virgin bitumen with bio-binders or rejuvenators, WMA
with natural additives also lowers the overall demand for petroleum resources,
helping reduce the carbon footprint of road construction [56].

Socioeconomic and Local Benefits

A shift toward circular economy practices in asphalt production can generate
local economic benefits by:

* Creating local supply chains for bio-based or waste-derived additives.

* Supporting local industries such as agriculture, forestry, and food processing
through value-added by-product markets.

* Reducing the need for long-distance transport of virgin materials by maxim-
izing the reuse of locally sourced RAP.

In addition, the reduced energy requirements and lower emissions from WMA
support broader sustainability targets set by governments and road agencies to cut
carbon footprints and meet climate commitments [57].

Integration with Other Sustainable Practices

The principles of the circular economy can be further amplified when WMA is
combined with other sustainable construction practices, such as:
¢ Use of recycled aggregates from construction and demolition waste.

* Incorporation of reclaimed fillers or alternative binders.

* Adoption of life cycle assessment (LCA) and environmental product declara-
tions (EPD) to measure and communicate environmental impacts transpar-

ently.

5.6. Field Performance and Durability

Beyond laboratory-scale studies and pilot projects, the field performance and
long-term durability of Warm Mix Asphalt (WMA) pavements are critical for

demonstrating the practical viability of these technologies under real traffic and
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environmental conditions. While the primary goal of WMA is to enable lower

production and compaction temperatures, its sustained field performance must

match or exceed that of conventional Hot Mix Asphalt (HMA) to justify wide-

spread adoption [58].

Demonstrated Pavement Lifespan

Over the past two decades, a growing number of countries have trialed and de-
ployed WMA technologies at scale, often with natural or bio-based additives. Per-
formance monitoring data from these projects generally show that when properly
designed and constructed, WMA pavements exhibit comparable—and in some

cases superior—durability to conventional HMA pavements [59].

Key performance measures include:

* Rutting Resistance: Many field trials have found that WMA pavements main-
tain similar or slightly better rutting resistance compared to HMA, partly due
to improved compaction at lower temperatures and the stiffening effects of
additives such as bio-waxes.

* Fatigue and Cracking: The reduced binder aging during production and
placement helps maintain binder flexibility, which in turn delays the onset of
fatigue and thermal cracking, especially in cold climates.

* Moisture Damage: When WMA additives with adhesive or anti-stripping prop-
erties (e.g., vegetable oils, lignin) are used, field sections have shown good strip-
ping resistance, maintaining high levels of tensile strength retention over mul-
tiple years.

Performance Monitoring Data
Studies conducted in Europe, North America, and Asia have demonstrated that

WMA pavements perform satisfactorily under various climatic conditions and

traffic loads:

* In Germany, sections constructed with zeolite-based WMA have been moni-
tored for over 10 years, showing rutting depths and surface conditions equiv-
alent to or better than adjacent HMA sections.

¢ In the United States, multiple state Departments of Transportation (DOTs)
have placed WMA pilot projects using natural waxes, waste oils, or foaming
additives. These sections continue to exhibit good ride quality, smoothness,
and structural integrity.

* In China, growing adoption of bio-based additives such as vegetable oils and
rice bran wax in WMA has shown promising field performance, particularly
in regions with high RAP use [60].

Long-Term Durability Considerations
To ensure WMA pavements deliver full design life:

* Proper mix design and quality control are essential to achieve target density
and binder coating at reduced temperatures.

* The dosage and compatibility of natural additives must be optimized for local
climate and traffic conditions.

* Monitoring programs are needed to track performance indicators such as rut-
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ting, cracking, and moisture susceptibility over time.
¢ Combining WMA with high RAP content or recycled materials requires care-
ful balance to avoid over-softening or durability loss.

Long-term studies continue to expand the evidence base supporting the reliable
field performance of WMA with natural additives. As agencies gain experience
and confidence in the technology, these solutions are being increasingly incorpo-
rated into national standards and specifications for sustainable pavement con-
struction [61] (Table 5).

Table 5. Field applications of natural and renewable additives in Warm Mix Asphalt (WMA).

Observed Field
try/Regi Additive T Project E 1 Key Not:
Country/Region itive Type roject Example Performance ey Notes
Rutting depth and ki Zeolite foami ided
Natural Zeolite Autobahn test HHINg CEPTh and cracking € 1.e Oammg provice
Germany . o . comparable to HMA after reliable coating and
(Clinoptilolite) sections It
10+ years compactability
Bio-Based Wax State DOT pilot Good rutting resistance, Bio-waxes improved

United States

United States

China

Sweden

Multiple
Countries

(Fischer-Tropsch or
Montan Wax)

Waste Cooking Oil
(WCO)

Vegetable Oil (Rapeseed
Oil, Rice Bran Wax)

Bio-Oil (Pyrolysis Oil)

Zeolite + Bio-Wax
Hybrid

roads in Texas,
Virginia
Trial projects in
Florida and
California

Urban and rural
WMA overlays

Test stretches on
municipal roads

Various European

projects

stable binder, extended
paving window

Improved workability,
successful high RAP use,
no early cracking

Better workability at low
temps, good surface
durability

Maintained flexibility,
delayed thermal cracking

Reliable workability, high
TSR values, long-term
durability

compaction in cooler
climates

WCO acted as a
rejuvenator for aged RAP
binder

Increasing adoption with
local agricultural
by-products

Limited large-scale use due
to sourcing and
consistency

Hybrid approaches
combine foaming and
viscosity reduction

6. Limitations and Challenges

Despite the clear environmental and performance benefits of Warm Mix Asphalt
(WMA) technologies enhanced with natural additives, several limitations and
practical challenges must be addressed before widespread adoption can be achieved
globally. Understanding these challenges is critical for researchers, industry stake-
holders, and policymakers to design effective solutions and develop reliable guide-

lines for implementation [62].

6.1. Variability and Quality Control

A major challenge associated with natural additives is the potential variability in
their physical and chemical properties. For example, the composition of bio-based

waxes, vegetable oils, and waste-derived additives can differ significantly based on
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their source, extraction process, and storage conditions. Beeswax quality can vary
depending on bee species and regional flora; similarly, the fatty acid composition
of waste cooking oil is inconsistent due to variations in food types and cooking
practices.

This variability can lead to unpredictable impacts on asphalt mix properties,
including viscosity, stiffness, and aging resistance. Ensuring consistent quality and
performance requires the development of standardized processing methods, strin-
gent quality control measures, and clear specifications for sourcing and handling
natural additives [63].

6.2. Potential Performance Trade-Offs

While natural additives can enhance workability and reduce production temper-
atures, excessive softening of the binder may lead to decreased rutting resistance
at high service temperatures. For instance, some vegetable oils or bio-oils can overly
reduce binder stiffness if dosages are not carefully optimized, potentially causing
deformation under heavy traffic loads.

Finding the optimal dosage and balancing short-term workability with long-
term performance remain critical technical challenges that require more extensive

laboratory testing and field validation [64].

6.3. Limited Long-Term Field Data

Although numerous laboratory studies have demonstrated the potential of bio-
based and natural additives in WMA, long-term performance data from actual
pavements remain relatively scarce. Many experimental field trials have been con-
ducted on a small scale or in limited climatic conditions, and monitoring periods
are often too short to fully capture aging effects, fatigue cracking, or moisture-
related distress over the pavement’s service life [65].

To gain broader industry and regulatory acceptance, comprehensive, long-term
field studies are needed to confirm durability, validate laboratory findings, and
demonstrate cost-effectiveness under diverse traffic volumes and environmental

conditions [66].

6.4. Economic Feasibility

Cost considerations can pose a barrier to the widespread adoption of natural ad-
ditives in WMA, especially when competing with well-established, mass-pro-
duced synthetic additives. While some natural additives, such as waste cooking oil
or agricultural by-products, are inexpensive or even cost-negative due to their
waste status, others—such as high-quality bio-waxes—may be more expensive
due to limited production scales and processing requirements [67].

Additionally, transportation costs and supply chain logistics for bio-resources
can vary regionally, affecting overall economic feasibility. Conducting detailed life
cycle cost analyses (LCCA) can help demonstrate the long-term financial benefits

of using natural additives by accounting for extended pavement life and reduced
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environmental penalties [68].

6.5. Standardization and Regulatory Barriers

Many national and regional standards and specifications for asphalt paving have
been developed based on conventional Hot Mix Asphalt practices. These stand-
ards may not yet fully recognize or accommodate the unique properties and be-
haviors of WMA mixtures containing bio-based or waste-derived additives [69].

The lack of clear technical guidelines can discourage contractors and agencies
from using innovative natural additives due to uncertainties in approval, quality
assurance, and performance guarantees. Collaborative efforts between research-
ers, industry stakeholders, and transportation authorities are needed to update
standards, develop certification systems, and build trust in the performance of
natural additive-based WMA [70].

6.6. Research Gaps and Knowledge Transfer

Finally, wider implementation depends on continued research and knowledge

transfer:

* More life cycle assessments (LCA) are needed to quantify the full environmen-
tal benefits of using natural additives.

* Practical design methods for balancing binder viscosity, rejuvenation, and ag-
ing control should be developed.

* Field monitoring results should be shared through open-access databases to

build trust among road agencies, contractors, and policymakers.

7. Future Research and Development Directions

To fully realize the environmental and performance benefits of Warm Mix As-
phalt (WMA) enhanced with natural additives, focused research and technologi-
cal development must continue addressing current limitations while expanding
knowledge on emerging opportunities. This section outlines key research direc-
tions and innovation priorities that can support the large-scale adoption of sus-
tainable WMA solutions globally [71].

7.1. Advanced Material Characterization

Future studies should invest in deeper material characterization of natural addi-
tives. This includes identifying the chemical composition, molecular structure,
and thermal properties of bio-waxes, vegetable oils, natural zeolites, and bio-bind-
ers. Improved understanding at the molecular level can help predict how these
materials interact with bitumen and aggregates under various temperature and
loading conditions [72].

Advanced analytical methods, such as Fourier Transform Infrared Spectros-
copy (FTIR), Thermogravimetric Analysis (TGA), and Differential Scanning Cal-
orimetry (DSC), should be widely applied to evaluate additive consistency and

optimize formulations for stable, repeatable performance [73].
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7.2. Life Cycle Assessment and Carbon Footprint Analysis

While laboratory experiments highlight the environmental potential of WMA
with natural additives, comprehensive Life Cycle Assessments (LCAs) are needed
to quantify actual benefits in real-world scenarios. LCAs should account for feed-
stock cultivation or sourcing, processing, transportation, mixing, paving, mainte-
nance cycles, and end-of-life scenarios.

Detailed carbon footprint analyses comparing WMA with natural additives to
conventional HMA and synthetic WMA additives will strengthen the evidence
base for sustainability claims and guide policymakers in setting climate goals for

the road construction sector [74].

7.3. Long-Term Field Monitoring and Performance Modeling

To address uncertainties regarding long-term behavior, more large-scale pilot
projects and demonstration pavements should be implemented in diverse climates
and under various traffic loads. Continuous field monitoring over 5 - 10 years
would provide robust data on rutting, cracking, moisture damage, and aging per-
formance.

Additionally, advanced performance modeling tools, such as mechanistic-em-
pirical design methods and finite element simulations, can help predict the life
cycle behavior of WMA with natural additives and optimize mix designs for dif-

ferent service conditions [75].

7.4. Development of Hybrid and Multifunctional Additives

Emerging research is exploring hybrid additives that combine the benefits of mul-
tiple natural sources or integrate nano-modified components for enhanced per-
formance. For example, bio-based waxes blended with nano-clays or nano-silica
could improve both workability and high-temperature rutting resistance.
Multifunctional additives that combine viscosity reduction, rejuvenation, anti-
stripping, and self-healing properties are an exciting frontier for WMA innova-
tion. Research in this area can create more efficient, versatile solutions for sustain-

able pavements [76].

7.5. Integration with High RAP and Circular Economy

Another promising research area is the combined use of WMA with natural addi-
tives and high Reclaimed Asphalt Pavement (RAP) content. Bio-oils and vegetable
oils have demonstrated effectiveness as rejuvenators for aged binders, enabling
higher RAP percentages without compromising mix performance.

Future work should focus on optimizing RAP-WMA-natural additive systems,
evaluating their mechanical behavior, economic viability, and environmental im-
pact. This synergy aligns directly with circular economy principles by extending
the useful life of resources and minimizing waste [77].

7.6. Policy Support and Standardization

Finally, researchers should collaborate with industry stakeholders and transpor-
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tation authorities to develop updated technical standards, performance specifica-
tions, and certification systems for natural additive-based WMA. Demonstrating
compliance with regulatory requirements and facilitating practical adoption will
be essential to bridge the gap between laboratory success and field implementa-
tion.

Policy frameworks that incentivize the use of renewable and waste-derived ad-
ditives, encourage recycling, and support local sourcing can accelerate the transi-

tion to greener road construction practices [78].

8. Conclusions

Warm Mix Asphalt (WMA) has proven to be a transformative technology for re-
ducing the environmental impact of asphalt pavement construction by signifi-
cantly lowering production and compaction temperatures compared to conven-
tional Hot Mix Asphalt (HMA). By doing so, WMA reduces fuel consumption,
greenhouse gas emissions, and workers’ exposure to harmful fumes—aligning with
global sustainability and climate goals.

The integration of natural and renewable additives into WMA technologies of-
fers an additional layer of environmental and performance benefits. Bio-based
waxes, vegetable oils, natural zeolites, and bio-binders derived from waste or re-
newable resources not only help lower mixing temperatures but also improve
workability, enable higher use of reclaimed asphalt, and extend pavement life
through reduced aging and better moisture resistance. These advantages contrib-
ute to a more circular economy by utilizing waste streams and renewable feed-
stocks that might otherwise be discarded or underutilized.

However, realizing the full potential of WMA with natural additives depends
on overcoming several practical and technical challenges. Variability in natural
feedstocks, uncertainties in long-term performance, and limited standardization
remain significant barriers to large-scale implementation. Moreover, while labor-
atory studies consistently show promising results, robust long-term field trials and
life cycle assessments are essential to build confidence among industry practition-
ers and policymakers.

Future research should prioritize advanced material characterization, innova-
tive hybrid additive development, integration with high-Reclaimed Asphalt Pave-
ment (RAP) systems, and comprehensive sustainability evaluations. Collaborative
efforts between researchers, contractors, material suppliers, and regulatory bodies
will be critical to update technical specifications, establish quality control frame-
works, and incentivize the use of greener asphalt technologies.

In conclusion, the synergy of WMA and natural additives represents a compel-
ling strategy to advance sustainable road construction. By addressing current lim-
itations through science, innovation, and supportive policy, the industry can sig-
nificantly reduce its carbon footprint and resource consumption, paving the way
toward resilient and environmentally responsible infrastructure for future gener-

ations.
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