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Biomasses are environmentally friendly additives that lower pollution in pavement engineering because of their biodegradability.
On the other hand, to build a safe, long-lasting pavement, rutting prevention is crucial. This study provides a comprehensive review
of the efficacy of biomass as recyclable materials in reducing rutting and enhancing characteristics of asphalt mixtures. According
to findings, the hydrocarbon polymer properties of lignin and biomass ash improve asphalt binder consistency, hardness, and
function at high temperatures. The results showed that biochar, due to its solid shape, enhances the stiffness and viscosity of the
mixtures. The high-temperature performance of asphalt binder is improved by bioshell waste, which increases rutting parameters.
Thus, biomass like ash, lignin, and biochar can increase asphalt binder rheology and rutting resistance due to chemical forces such
as Van der Waals and hydrogen ions. The macroscopic and microscopic investigation also shows higher interaction and better
adhesion in bioasphalt. However, asphalt binders containing bio-oil exhibited no unique behaviors due to their lubricant impact.
Based on the estimation of the life cycle assessment (LCA), it was determined that biomass utilization has the potential to decrease
the cost and CO, emissions of pavement engineering by as much as 10% and more than three times, respectively. An examination

of recyclability revealed that biomass utilization can decrease the requirement for additional stabilizers by as much as 20%.

1. Introduction

The impact of asphalt pavement development on the environ-
ment and energy consumption is substantial. In recent years,
emissions of greenhouse gases from manufacturing asphalt
mixtures have become increasingly prominent [1, 2]. Biomass
materials can be employed as eco-friendly additives to lower
pollution regarding their renewability and biodegradability.
Rutting, which forms over time due to the accumulation of
minor permanent deformations, is one of the primary reasons
for shortening the pavement’s life and is a major safety con-
cern. One of the most prevalent approaches for rutting reduc-
tion is to modify the asphalt binder with different additives
[3]. Rutting prediction is a complicated issue. The rutting
sensitivity should be considered during mix design [4]. This
phenomenon develops due to permanent deformation caused
by the movement of the mixture in all-weather situations,

particularly in regions with high temperatures [5]. Rutting
occurs when there is longitudinal settlement of the layers
along the tire track. The rate of rutting is influenced by various
factors, including traffic volume, tire pressure, temperature,
the characteristics of the binder and aggregate constituents in
the mixture, and the thickness of the pavement layer [6, 7].
Each year, millions of dollars are spent to mitigate and repair
pavement damage caused by rutting. Because of sustainable
development, reducing these expenses is now more important
than ever [8]. Thus, to avoid premature pavement damage
and high maintenance costs, an appropriate solution to this
problem must be discovered [9].

There are generally two approaches for improving pavement
performance. The first stage is determining an effective mixing
technique, and the second is using the appropriate enhancing
components [9]. Asphalt mixtures comprise three fundamental
components: aggregate, asphalt binder, and filler. Furthermore,
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the selection of aggregate is significantly influenced by the
geographical location of the project. One potential strategy
for enhancing the performance of pavement is the incor-
poration of an additive that modifies the behavioral prop-
erties of asphalt binder, hence strengthening its resistance to
failure. Modifiers can be employed to optimize pavement per-
formance through many methods, including physical, chemi-
cal, and biochemical approaches [10]. Also, modifiers can
increase the mixture’s resistance, thus increasing the ability to
withstand temperature fluctuations of the asphalt mixtures.
Filler plays a crucial role. The function of filler in asphalt
mixtures can be explained through two different methods.
Initially, fillers provide larger aggregates more places of con-
tact. Second, the fillers are mixed in with the asphalt binder to
improve the mixture’s stability by making the asphalt binders
more viscous [11].

Several asphalt modifiers have been used in recent years
to enhance the properties of asphalt binders, including fibers,
catalysts, natural and synthetic polymers, and extenders [12].
The selection of a suitable modifier depends on various ele-
ments, including geographic conditions, financial concerns,
the manufacture of the modifier, and environmental com-
patibility [13]. In this respect, using recycled materials rather
than raw ones eases the burden on landfills and lowers the
need for mining. In addition, using these materials can be
considered to encourage the road-building industry to adopt
sustainable development principles. Using such methods
typically permits the combination to be termed “sustain-
able.” A safe, effective, eco-friendly pavement that minimizes
carbon emissions is considered sustainable pavement [14].
Such a component satisfies the current generation’s needs
while maintaining the following generations’ capacity. Using
biomass is one of the means by which sustainable develop-
ment can be incorporated into road engineering. Biomass
disposal and mismanagement are among significant issues
in many world regions. Besides, properly using this material
can address waste disposal issues and reduce environmental
pollution [15]. The term “biomass” refers to various organic
components, such as plants, animals, and microbes formed
by photosynthesis, air, water, soil, etc. Depending on the
method used to convert organic material into biofuel, several
coproducts are generated, including solids, liquids (bio-oils),
and gases [16]. The amount of heat and energy needed to
produce 1kg of dried biomass varies depending on the type
of pyrolysis system but can be between 1.10 and 1.60 MJ/kg
and 250-1,100°C, respectively [16]. In addition to vegetable
and animal modifiers, bio-oils and biomass ash are exten-
sively utilized materials for asphalt binder modification [17].
Previous studies have used different crops, plant waste, wood
waste, and animal waste to modify asphalt binder and boost
its rutting resistance [16].

Despite many studies conducted to determine the effec-
tiveness of different additives, a comprehensive study is
needed to summarize the efficacy of using biomass on rutting
resistance. Accordingly, the current study reviews, analyzes,
and compares the various research projects on this subject.
Overall, this investigation aims to comprehensively analyze
biomass’s impact on asphalt mixtures’ resistance to rutting.
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Numerous studies have been conducted to specify the per-
formance of mixtures, notably in terms of rutting qualities,
using various biomass forms and their combinations. To this
end, it was necessary to summarize the findings of literature
that has studied the impact of different biomass types as a
filler and asphalt binder modifier and analyzed their mechan-
isms on rutting, along with their mechanism and interactions
in environmental transportation. As a result, the information
related to the type of biomass and its preparation process,
chemical properties, and the rheological interactions of
asphalt binders containing various biomass were compared
to determine their impact on the performance of the mixture.
Thus, the resistance of asphalt mixtures and asphalt binders
and the information related to the effect of biomass on this
damage are presented according to the findings of conducted
investigations. While research has been undertaken on utiliz-
ing biopetroleum and bioasphalt in transportation engineer-
ing to address pollution concerns, there is a scarcity of
complete literature reviews that have combined the findings
of these studies and evaluated their implications for environ-
mental considerations. This article presents a complete exam-
ination of the methodology for using biomass to enhance the
rutting of mixes. It also includes an evaluation of the perfor-
mance of this additive and an analysis of its current applica-
tion status. The approach is grounded in a comprehensive
examination of 91 scholarly articles published between 2010
and 2023. The current study is expected to contribute signifi-
cantly to the existing study on using various biomasses in
sustainable mixtures.

2. Methodology of Study

English papers that mostly discuss the use of biomass as a filler
in asphalt mixtures or for asphalt binder modification were
reviewed. Papers in languages other than English are not incor-
porated into the available data or sources. The studies analyzed
in this systematic review were published from 2010 to 2023.
The primary objective of these studies was to emphasize the use
of sustainable and environmentally friendly resources, specifi-
cally biomass, and provide insights into how it affects rutting in
asphalt binder and asphalt mixtures. A comprehensive search
was undertaken in the following databases: Google Scholar
(95 results), Springer (40 results), and ScienceDirect (32 results).
In total, 167 documents were analyzed due to their high rele-
vance to the topic being studied. The articles were properly peer-
evaluated to confirm the accuracy of the data collected. Also,
42 articles were eliminated from the retrieved articles because
they did not match the inclusion criteria, and 34 articles were
removed because they were duplicates. Finally, 91 articles on the
effect of biomass on asphalt binder and asphalt mixture rutting
were reviewed. At the start of the investigation, the importance
of asphalt binder modification with renewable materials and
the importance of rutting on pavement performance were
discussed. In the next step, the mechanisms of biomasses
and their interactions were investigated. Then, Section 4
provides a detailed review of research on the effect of bio-
mass on the rutting resistance of asphalt binder or asphalt
mixtures. Section 5 evaluates the impact of biomass on rut
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performance from micro-, meso-, and macro-performance
perspectives. Section 6 presents the advantages and disadvan-
tages of using biomass to increase the performance of asphalt
binder and asphalt mixtures and the effect of different biologi-
cal modifiers on rutting in different asphalt binders. Section 7
presents the main conclusions and future perspectives on the
use of biomass on the rutting resistance of asphalt binder and
asphalt mixtures. Figure 1 illustrates the structure of this study.

3. Biomasses and Their Mechanism with Binder

As the concept of environmental sustainability has expanded,
researchers’ interest in substituting renewable energy for fossil
fuels has increased owing to the insufficiency of natural
sources, the rise in energy consumption, and the critical con-
dition to cut carbon dioxide (CO,) emissions. Biomass has
drawn more attention as a renewable resource than other bio-
based products. Technically, biomass is a lignocellulosic sub-
stance originated from live or dead organic matter [18]. Lig-
nocellulosic biomass is the fourth primary energy source on
earth, with cellulose, hemicellulose, and lignin as its main
building blocks. Thermochemical methods like pyrolysis,
gasification, and hydrothermal liquefaction can efficiently
transform biomass into fuels or chemicals in a sustainable
and rapid manner. Biomass-derived from nonlignocellulosic
materials (NLBMs) of animal and municipal solid waste
(MSW), microorganisms such as animal sludge, animal
manure, algae, hair, bones, etc., can also be converted into
solid, liquid, and gas [19]. Nonlignocellulosic biomass com-
ponents mainly include proteins, lipids, saccharides, minerals,
and fractions of lignin and cellulose. Many studies have been
conducted to convert NLBM waste into bio-oil through vari-
ous thermochemical methods with biochar as a value-added

byproduct. Compared to lignocellulosic biomass, NLBM usu-
ally contains more miscellaneous elements such as N, P, S,
and metals. Different compositions of NLBM compared to
lignocellulosic biomass can lead to different thermochemical
conversion behaviors. Biomass is also known to mitigate the
greenhouse effect by capturing and storing CO,. Moreover, it
is a source of sustainable energy production because of its
nonedible nature, rapid growth even in barren grounds, and
abundance on the planet [20]. However, safe disposal of waste
is nevertheless hampered by the landfill’s limited capacity,
incinerators’ air pollution, and the absence of recycling alter-
natives. Hence, the demand for adequately using these sub-
stances is greater than for other materials [21]. According to
the Paris Agreement, governments have implemented legisla-
tion such as Directive 2008/98/EC to compel the recycling of
these materials for diverse uses. Yet, in nations like India,
barely 15%—20% of solid waste is recycled into various con-
struction materials [22]. Therefore, using biomass waste as
asphalt mixture components such as modifiers or fillers is a
solution for the problem of disposing of these wastes and
achieving sustainability goals in pavement construction. The
most usable bio-based modifier materials used in asphalt mix-
tures include biomass ash, biopolymers, bio-oil, biochar, ani-
mal waste, and bioshell (Figure 2).

To reduce the demand for fossil fuel-based asphalt, bioas-
phalt is used in three distinct approaches: direct replacement
asphalt binder (75%—-100% replacement), asphalt binder extender
(10%-75% replacement), and modification of asphalt binder
(<10% replacement) [23]. However, due to the volatile sub-
stances and the existence of water, research has shown that
bio-oils cannot be operated as a direct replacement binder
(100% replacement) in pavement construction.

3.1. Mixing Process of Biomass. In the process of mixing
biomass with binder, there are two major categories that
can be distinguished, as follows: high- and low-shear mixing
[24]. The utilization of high-shear mixing is frequently
advantageous when it comes to the preparation of binder
that has a high viscosity. This is because this technique has
the ability to apply strong shear pressure. On the other hand,
low-shear mixing for biomass that has a high viscosity can be
a challenge in particular situations. Typically, when it comes
to powdered forms of biomass, such as ash, lignin, or shell waste,
a high-shear mixer is utilized to create emulsions and suspen-
sions by rotating at a speed between 1,500 and 7,000 rpm [25].
This is done in order to achieve uniform mixtures. By utiliz-
ing this method, it is possible to get a combination that is
homogeneous. Additionally, the contact between the powder
and the binder is enhanced, which ultimately leads to an
improvement in the performance of the binder [26].

3.2. Micro Mechanism of Bioadditive on Chemical and
Morphological Properties. The chemical interactions and
micromorphology of asphalt binder with various biomater-
ials play a significant role in determining its rheological
behavior. Therefore, in the microstructural analysis, it is
important to fully comprehend the chemical arrangement
of asphalt binder modified with biomass at the micro- and
macroscales. Asphalt binder rheology can be found by
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determining the microstructure’s origin and the chemical
component involved in its formation [24]. Various technol-
ogies (e.g., SEM) can be used to investigate the micromor-
phology of biomass and determine the interaction between
the microstructure and physical characteristics of modified
asphalt binder. The findings of this study reveal that the
pozzolanic activity of the modifier depends on its chemical
composition, and research indicates that activated SiO, is the
key oxide for demonstrating this activity [25]. Notably, the
active structure of silicone can significantly enhance the sta-
bility of asphalt mixture. In general, the presence of high
SiO, and CaO in the chemical composition of ash, which
is used as an asphalt binder modifier, improves asphalt
binder properties. Microscopic surface morphology of sev-
eral types of ash revealed that ash with porous, nonuniform,
and irregular particles and small voids on the surface of its
particles forms a stronger link and more friction with asphalt
binder and greater stresses than spherical particles. Also, the
asphalt’s absorption capacity increases, while its flow ability
declines. In reality, it will be more difficult to break the bond
between them, and the high stiffness of the asphalt binder
generated will improve rutting performance and result in
superior performance at high temperatures [26]. When
used as a filler, biomass ash absorbs asphalt binder. There-
fore, the asphalt binder on the aggregates is thicker, and the
surface texture is coarser. Here, a more porous structure
means more contact with the asphalt binder surface. This
treatment improves the cohesive and adhesive force and
the overall bearing capacity of HMA. The bearing capacity
of asphalt mixture refers to the ability of asphalt mixture to
bear the maximum load it can bear without damage or defor-
mation; for example, Marshall stability, resilience modulus,
and dynamic modulus can indicate the bearing capacity of
asphalt mixtures. The increased rutting resistance of modi-
fied mixtures is attributed to the size of the fillers, the degree
of physical and chemical interaction between the asphalt
binder and the filler, and the impact of the morphology of
the particles (e.g., their rough surface, high specific surface,
angular shape, and sharp edges). These mechanisms contrib-
ute to a greater hardening of the mixture. One explanation is
that the fillers absorb asphalt binder light components more
readily due to their high porosity. As a result, ash with the

mentioned qualities has a beneficial influence on the mix-
ture. Overall, the common traits of bioashes in terms of their
chemical composition and microscopic surface morphology
lead to better bonding between aggregates and asphalt binder
and reduce rutting [27].

Lignin’s unique bonds have the potential to form a three-
dimensional network in asphalt binder, thereby increasing
the consistency. Because they may neutralize the free radicals
produced during the oxidation reaction in asphalt binder, the
presence of hydroxyl and methoxy lignin functional groups
can prolong the oxidation reactions occurring in asphalt
binder during aging and make the asphalt binder less rigid.
SARA analysis shows that stiffness increases with lignin con-
centration. Lignin may occupy free space and absorb light
components in a modified asphalt binder. As a result, it
prevents molecular mobility, especially for asphalt binder-
saturated components, by strengthening the lignin—asphalt
binder interaction. Hence, lignins improve the performance,
increase it at high temperatures, and increase the resistance
to rutting [28].

The fiber particles constituting the biochar have an
amorphous shape and a porous structure. Since biochar
has a porous structure that increases its surface area and
increases adhesion with petroleum asphalt and the formation
of a robust carbon-binder structure, it outperforms at high
temperatures and is more resistant to rutting. Biochars
improved the oxidation resistance. Since biochar with tiny
particle size has a greater surface area and a porous structure,
it adheres better to asphalt binder. In other words, biochar
with smaller particle sizes has more volume and higher sur-
face area than biochar with bigger particle sizes. Accordingly,
the modified asphalt binder will enhance its resistance to
permanent deformation [29].

3.3. Meso Mechanism of Bioadditive in Rheological and
Physical Properties. To explore the meso framework, we
need to derive the relationship between the microstructure
and the rheological and physical properties of asphalt. In this
respect, the primary rheological parameters, such as G * and 6,
Jnr, and R in the DSR and MSCR test, and penetration grade,
softening point, and viscosity must be analyzed for investigat-
ing the meso mechanism. Also, the rutting performance of
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asphalt binder at high temperatures can be determined by
measuring the rutting factor [26]. Ashes raise the softening
point, lower penetration grade, and ductility and increase vis-
cosity. Ash improves the modified asphalt binders’ resistance to
deformation during repeated shearing by increasing G*. The
rutting factor (G*/sind) increased by 50%—70% in asphalt
binder treated with biomass ash [30]. The results indicate
that lignin reduces asphalt binder penetration, increases viscos-
ity, and enhances stability and hardness. Moreover, modified
asphalt binders have a higher softening point and are less prone
to deform permanently. Lignin functions as a modifier and
improved the overall ductility, especially at high temperatures.
Lignin lessens its temperature sensitivity by making asphalt
binder more rigid and less pliable. The higher the lignin dosage,
the higher the stiffening effects. Moreover, the stiffening of
lignin-containing bioasphalt causes considerable changes in
the principal rheological parameters [31]. This finding demon-
strates that the phase angle decreases as lignin content rises
because lignin reduces viscous components. Additionally, the
phase angle increases with increasing temperature, indicating a
reduction in the bioasphalt heat sensitivity. It also increases the
complex modulus. Adding lignin to asphalt binder increases its
rutting index; the higher the amount of lignin, the higher the
rutting index. As a result, values of G */sind show an 80%—120%
increase. Also, lignin improves the elastic response and causes
more deformation recovery of asphalt binder. In the reviewed
articles, it is observed that for different percentages of lignin,
strain recovery at 64°C is between 1% and 7.5% for the stress
level of 0.1 kPa and between 0.2% and 2% for the stress level of
3.2kPa. The average strain recovery for modifier such as SBS
polymer at 64°C for asphalt binder modified with 3% SBS
reaches 18% at a stress level of 0.1 kPa and 35% at a stress level
of 3.2kPa. In asphalt binders modified with higher SBS values,
the average strain recovery reaches 98% [32]. The high-
temperature performance enhancement of lignin-containing
bioasphalt is also confirmed based on MSCR [33].

Depending on the raw material and pyrolysis conditions,
the moisture content of bio-oils ranges from 15% to 30%, and
their viscosity values range from 35 to 1,000 cP at 40°C.
Asphalt binder’s penetration, softening point, and ductility
were also altered differently by bioasphalt. However, bio-oils
generally reduce asphalt binder’s viscosity while increasing
its penetration, lowering its softening point, and increasing
its ductility. Moreover, bio-oil has a softening effect. It
improves low-temperature behavior in terms of performance
but lowers high-temperature performance by increasing the
tendency toward permanent deformation. The complexity of
producing homogeneous bioasphalt increases with the mois-
ture content of the bio-oils. The amount of resin and aro-
matics in bio-oil has various impacts on asphalt binder. For
instance, a higher resin content increases viscosity while
simultaneously lowering the penetration index, whereas a
lower aromatic content may result in much softer asphalt
binder [34].

Biochars increase the viscosity of modified asphalt binder
at high temperatures. In addition, biochar can reduce oxida-
tion of the asphalt binder after long-term aging. The &
diminishes, and the G * rises by adding biochar to the asphalt

binder. Therefore, it is inferred that biochar can lessen
asphalt binder sensitivity to temperature changes, improve
rutting resistance, and increase asphalt binder performance
at high temperatures. Biochar can increase in G */sind values
of 80%—140% [35]. The bioshell waste inhibits penetration,
increases the softening point and viscosity of the virgin
asphalt binder, and improves the rheological properties at
elevated temperatures by enhancing the stiffness and stability
of the control asphalt binder. In addition, by lowering the 8,
the asphalt binder’s elastic properties are improved, and the
base asphalt binder’s temperature sensitivity is decreased.
Furthermore, adding bioshell increases the asphalt binder’s
density, making the mixture more stable at high tempera-
tures and making the asphalt binder harder. As a result, the
shell enhances the material’s performance at high tempera-
tures. Also, studying the rutting factor G*/sind shows a
120%-190% increase [36].

3.4. Macro Impact of Bioadditive. The Hamburg wheel-tracking
test is among the tests used to quantitatively assess the
impact of biomass on the rutting performance of mixtures.
The performance of the modifier on the rutting resistance of
the asphalt mixture is measured by comparing the rutting
rates of virgin and modified asphalt mixture using the wheel
track rutting device to measure the amount of rutting that
occurs in the samples under various loading cycles. The
mechanical properties of the mixtures (e.g., density and
strength) are enhanced by using fine filler particles, which
causes the asphalt binder to harden. The asphalt mixture’s
stiffness positively influences the mixture’s capacity to resist
permanent deformation at high temperatures [16]. The
HWTT test results for modified mixtures with ash showed
that the depth of the measured ruts was significantly lower
than in the control samples. Comparing the rut depth to the
asphalt mixture showed a 55% decrease. This increase is
attributed to the mixture’s improved stiffness and asphalt
binder’s increased viscosity [37].

The viscosity, hardness, and stability at high temperatures
could all be enhanced by lignin as a modifier. There are also
different levels of improvement in the resistance of mixtures
to low-temperature cracking. In the rutting test, the modified
mixture outperformed the unmodified asphalt mixture
regarding rutting resistance [38]. Comparing the rut depth
to the asphalt mixture indicated a 55% reduction. Hence,
lignin exhibits greater resistance to permanent deformation
by repeated wheel loads, improving pavement serviceability.
The type of biomass source and bio-oil concentration have a
great impact on the properties of bioasphalt. However, these
effects typically reduce rutting resistance while occasionally
helping to improve asphalt binder performance [39]. Most
bio-oils enhanced fatigue resistance while impairing the per-
formance of asphalt binders at high temperatures. In certain
instances, a reduction in rutting was observed, which may be
primarily attributable to the chemical features of bio-oils.
Asphalt binders might sometimes meet standards if the bio-
oil proportion was maintained within a particular range. For
future research, it is suggested to decrease the bio-oil dosage to
avoid the loss in rutting resistance and propose more practical
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TasLe 1: Chemical composition of conventional fillers and biomass ashes.
Fill Chemical components (%)

e $i0, ALO,  Fe,0s Ca0 MgO Na,0 K,0 50, P,O;
Cement 20-23 4-6 2-4 65—-68 49-51 0.1-0.5 0.1-1 0.1-2 —
Limestone powder 9.36 0.34 — 46.90 11.24 0.08 0.1 — —
Wood ash 28.11 5.14 291 29.53 5.14 0.32 9.64 0.97 2.48
Rice husk ash 87.8 0.12 — 1.04 0.81 1.15 2.61 — —
Bagasse ash 89.89 1.84 2.71 2.75 0.72 0.27 0.35 0.15 —
Groundnut shell ash 19.7 6.3 3.9 329 10 — 6.7 3.1 3.3
Oil palm fruit ash 43.6 11.4 4.7 8.4 4.8 0.39 — 2.8 —
Date seed ash 58.65 4.92 — 4.84 347 7.25 0.46 — —

optimization techniques [29]. Asphalt binder’s high-temperature
performance is enhanced by biochar, and hot mix asphalt’s
resistance to rutting, moisture, and cracking is also improved.
It is found that biochar can significantly enhance rutting per-
formance and reduce the rutting depth of modified asphalt
binder by 20%. In general, adding a biochar modifier can
improve the ductility and rutting resistance at high tempera-
tures while maintaining good fatigue resistance. Notably, in
the conducted investigations, asphalt mixtures treated with
bioshell were not exposed to the Hamburg wheel-tracking
test and static creep tests; instead, the rutting performance
was evaluated by assessing the physical and rheological fea-
tures of the modified asphalt binder.

4. A Review of Related Studies

Numerous research studies have been conducted to investi-
gate the use of biomass to improve rutting resistance in
asphalt mixtures. The following studies investigate the impact
of various types of biomasses on the rutting performance of
asphalt mixtures.

4.1. Bioash. The leftover ash from burning biomass is used as
an asphalt binder modifier and filler to improve the charac-
teristics of asphalt mixtures. Burning them for disposal or
energy production is closely linked to the formation of ash,
which over time becomes an environmental risk due to the
presence of heavy metals in the ash that enter the subsurface
water system with rain [17]. The impacts of adding biomass
ash depend on its physical and chemical qualities, its inter-
action with asphalt binder, and its concentration within the
mixture. Table 1 shows the chemical composition of conven-
tional fillers (cement and limestone powder) and biomass
ashes. As can be observed, the same chemical components
in conventional fillers can be found in biomass ash, suggest-
ing that biomass ash can present the same performance.
Although the chemical compositions of the fillers are similar,
their percentages are different. However, the most important
elements impacting the modification of the asphalt mixture
and the oxidation agent of the modifiers are the existence of
SiO, and CaO in their structure, respectively. These factors
can cause the modifiers’ high absorption capacity, chemical
stability, and low apparent density. Furthermore, CaO
improves the binder—aggregate adhesion [40]. In rice ash,
it is observed that SiO, deeply combines with the asphalt

binder and generates a structure that makes them equally
spread in the modified asphalt binder. Silicon dioxide is a
useful ingredient in modifiers, with its active structure play-
ing a crucial role in chemical stability and enhancing asphalt
absorption [41].

The microscopic surface morphology of all types of ash
shows that ashes with porous, nonuniform, and irregular
particles and tiny surface voids lead to high absorption and
form a strong bond in the asphalt binder (Figure 3). Also,
biomass ashes are used as filler by increasing the adhesion
between the binder and the aggregate and filling the voids of
the asphalt mixture, mainly preventing water entry and
diminishing the amount of water the mixture can retain [42].

The efficiency of rice husk ash (RHA)-modified asphalt
binder with 5%, 10%, 15%, and 20% by the weight of control
asphalt binder was investigated in a laboratory investigation.
Based on the microscopic images, RHA has a porous struc-
ture that results in high absorption and also reacts with the
asphalt binder and forms a structure within the asphalt
binder, enabling uniform dispersion of RHA particles in
the modified asphalt binder, thereby enhancing its proper-
ties. With increasing the RHA amount, the penetration grade
dropped to 16.48%, and the softening point rose to 5.94%.
Furthermore, with the addition of 20% RHA, the ductility
decreased by 58%, which makes the asphalt brittle. Similar
results were obtained using aged asphalt binder. Adding up
to 15% of rice husk ash resulted in an increase of over 50% in
both the complex modulus (G *) and rutting factor due to the
higher interaction between particles [43]. Another study
examined the effectiveness of oil palm fruit ash (OPFA) in
percentages ranging from 2.5% to 15% by the weight of the
control asphalt binder. OPFA with a uniform grain size of
75 um is denoted as fine OPFA and OPFA with a maximum
grain size of 300 yum denoted as coarse OPFA. Findings indi-
cated that asphalt binder penetration grade decreased by 38%
with an increase in OPFA percentage, whereas viscosity at
135°C increased by 66%. The asphalt binder became stiffer
and denser after adding OPFA. One approach for determin-
ing the temperature susceptibility of the asphalt binder is the
penetration index (PI), which is calculated based on the bin-
der’s softening point. OPFA increased asphalt binder tem-
perature sensitivity by 88% for coarse OPFA and 70% for fine
OPFA. Dynamic shear rheometer (DSR) results demon-
strated that the aged samples with 5% fine and coarse
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Ficure 3: SEM images of (a) barley stalk ash with 1,000x magnification, (b) olive kernel ash with 20,000x magnification, and (c) coffee

grounds ash with 452x magnification.

additives and the unaged samples with 5%, 7.5%, and 10%
fine OPFA additives could resist rutting and meet the
requirements of the minimum rutting parameter. Modified
asphalt binder has better rutting resistance at 70°C than
unmodified ones [44]. A laboratory study used 5%, 10%,
15%, and 20% of RHA to modify a mixture. The softening
point and viscosity of RHA-modified asphalt binder rose,
and ductility dropped with the growth of RHA, leading to
better rutting performance. Furthermore, an observation was
made that higher dosages of RHA resulted in a rise in the G *
and a significant decrease in the phase angle (§) of modified
asphalt binders. Asphalt binder modification with RHA rose
the G*/sind and grew with increasing the RHA percentage,
demonstrating that the resistance to deformation improved
(Figure 4). Because of its high level, it was concluded that
RHA could act as a filler and reinforcement in asphalt and
strengthen the bond. Additionally, it was demonstrated that
adding RHA up to 15% significantly increased the mixtures’
resistance to rutting [45].

RHA was employed as a modifier in an experimental inves-
tigation to enhance the asphalt binder’s high-temperature
properties. Results revealed that the RHA-modified asphalt
binder (RHA-MA) performed better at high temperatures
than the virgin asphalt binder but performed less well at low
temperatures. Therefore, this study selected bio-oil (BO) to
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FiGure 4: Rutting parameters in different temperatures of base
asphalt binder and RHA-modified asphalt binder.

increase the resistance of RHA-modified asphalt binder at
low temperatures and fatigue cracking. Also, microscopic
observation showed that BO might improve the homogeneity
of the RHA-MA mix system and decrease RHA agglomeration.
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Compared to RHA-MA, the ductility (15°C) obtained for
RHA/bio-oil-modified asphalt binder (RB-MA) was over
50% greater, and the loss modulus was around 20% lower.
Meanwhile, RB-MA had a softening point of 4.2°C higher
compared to bio-oil-modified asphalt (BA). At high tempera-
tures, the rutting resistance of RB-MA was higher compared to
asphalt binder modified with bio-oil (BA) at all temperatures.
Still, it showed lower resistance than RHA-MA (Figure 5) [46].

In a laboratory study on hot mix asphalt (HMA), stone
dust filler was substituted with varying amounts of 25%, 50%,
75%, and 100% RHA and date seed ash (DSA). The micro-
scopic filler analysis showed that SiO, is the main compo-
nent in both RHA and DSA. It also significantly contributed
to improving the stability of the asphalt mixture due to its
coarse and highly porous surface texture. The samples with
100% RHA filler had the highest Marshall quotient (MQ),
which is defined as the ratio of stability (kN) to flow (mm),
and the mixture with 100% DSA had a 50% higher MQ value
in comparison with control mixture with 100% stone dust
filler. Due to their porous structure and a tendency to absorb
asphalt binder, DSA and RHA fillers can improve the adhe-
sion. The viscosity and softening point of mastic were
enhanced by the porosity of RHA and DSA. Consequently,
HMA stiffness increased, resulting in a better performance
against rutting. The results of the Hamburg wheel-tracking
test (HW'TT), which is a dry test conducted according to the
AASHTO T 324 standard, showed that the rutting depth
measured in samples with DSA and RHA fillers is 50% less
than in the control mixture [26]. Another laboratory study
examined the impact of nanocharcoal coconut shell ash
(NCA) as filler on mixture properties. Based on the Marshall
results, NCA asphalt showed higher stability than the control
mixture. The specific gravity of the mixtures diminished with
the increase of NCA percentage up to 6% and then increased
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to 7.5% NCA. The 6% NCA mixture had the highest rutting
resistance. The binder—aggregate contact became stronger
due to NCA’s strong bond, interaction, and high adhesion.
Also, the elastic modulus test at 25°C was used to estimate
the fatigue cracking potential of the asphalt mixture. Accord-
ing to the results, G* of the modified asphalt mixture
decreased at 25°C, indicating an increased fatigue crack
resistance. Based on this, the rutting and fatigue cracking
improved owing to the increase in stiffness and ductility of
the mixture [47]. Another study evaluated wood ash as a
replacement material for asphalt mixture filler. To this end,
25%, 50%, 75%, and 100% of normal filler were substituted
with wood ash. According to the Marshall test, increasing the
amount of wood ash increases the Marshall stability. Increas-
ing the amount of wood ash from 25% to 100% improves the
stiffness value. The obtained rutting performance of the mix-
ture demonstrated that the deformation diminished with
increased ash content because of the low thermal sensitivity
of ash. As a result, it was concluded that the greater the
amount of wood, the less the impact of temperature on the
mixture and the greater its resistance to permanent deforma-
tion [48]. Another research investigated the effect of using
5%, 10%, 15%, and 20% groundnut shell ash (GSA) on the
properties of HMA. The rough surface and angularity of
the particles increase friction and asphalt binder—aggregate
interaction. In this study, by adding 20% of GSA to asphalt
binder, the penetration grade and ductility were reduced by
35% and 10%, respectively, and the softening point was
increased by 82%. The obtained results were attributed to
the interaction between the molecules of the asphalt binder
and the additive and the porous structure of the GSA. The
reason is that calcium and activated silica additives tend to
absorb substances with high molecular weights. Adding GSA
increased the viscosity of the modified asphalt binder com-
pared to the base binder. Also, it showed an upward trend as
the additive increased, enhancing the binder’s performance
and adhesion at high temperatures. GSA boosted the G* of
the modified binder and diminished the § (Figure 6(a)). The
modification with 5% and 10% GSA caused a significant
change in the rutting factors, but at a higher value, there
was no significant change in the value of the rutting factor
(Figure 6(b)) [49].

Asphalt binder was modified with 10% and 20% of RHA
and wood sawdust ash (WSA), respectively. Examining the
physical properties of modified asphalt binder showed that
RHA improved the properties of modified asphalt binder
more than WSA. In fact, the presence of activated amor-
phous SiO, in RHA, which strongly reacted with the asphalt
binder and formed an efficient filler structure, causes RHA
particles to be evenly dispersed in the modified asphalt com-
posite and has a significant effect on the improvement of
asphalt binder properties. The findings revealed that the vis-
cosity increased significantly with increased RHA and WSA
content. Also, the increasing trend decreased when RHA and
WSA exceeded 15%. At high temperatures, both RHA and
WSA resulted in an elevation of the G* and a reduction in
the & [50]. In another research, the effectiveness of stone
mastic asphalt containing coal waste ash (CWA) and RHA
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FIGURE 6: (a) Phase angle. (b) Rutting parameter for unaged GSA-modified asphalt binder.

in different percentages (0%, 25%, 50%, 75%, and 100%) was
assessed as a replacement for limestone powder. The use of
CWA increased viscosity, but its viscosity values were lower
than those of binders modified with RHA. Adding RHA and
CWA increased the penetration index (PI) values and decreased
the temperature sensitivity of the asphalt binders. The DSR test
revealed that RHA increases G*, while CWA decreases G*.
RHA-modified asphalt binders had a higher G* than CWA-
modified asphalt binders. RHA reduced the §, and CWA
increased this parameter. Finally, using RHA increased the rut-
ting resistance, and CWA decreased this parameter [51]. The
asphalt mixture was modified with three varieties (2%, 4%, and
6%) of nanoagricultural waste ash (nAWA), including nRHA,
sugarcane bagasse ash (nSCBA), and wheat straw ash (nWSA).
The penetration grade and ductility of the modified samples
reduced as the modifier amount increased. In addition, the PI
values of the modified samples were greater than those of the
base asphalt binder. Adding up to 4% nRHA, nSCBA, and
nWSA to the asphalt binder improved the failure temperature.
The results indicate that nRHA and nWSA can improve
pavement performance at high temperatures. With increasing
dosage, the phase angle of nRHA and nSCBA decreased. Fur-
thermore, nWSA up to 4% enhanced the elastic recovery of
modified binders. At all temperatures, the G * values of modified
nRHA and nSCBA samples rose with increasing dosage. This
result indicates that the modifiers boost the asphalt’s rigidity and
enhance its rutting resistance. However, using more than 4%
nWSA, the G* values started decreasing, possibly due to the
lack of adhesion. Figure 7 displays HWTT findings for each
nAWA-modified asphalt mixture. As a result of the stiffening
brought about by adding nAWA into mixtures, a general
improvement against rutting was seen. The greater resistance

to rutting is attributable to the incredibly porous structure of
all three forms of nAWA [52].

As a filler, SCBA was used to enhance asphalt pavement
performance. The findings of the Marshall test demonstrated
that adding bagasse ash to asphalt concrete helps maintain
the stability of pavements against load-induced deformation.
In the Hamburg wheel-tracking test, bagasse asphalt samples
exhibit a considerable drop in rutting depth by up to 30%
compared to those containing stone dust. It was demon-
strated that bagasse ash’s adhesive character increases the
binding between mixture components. Hence, the resistance
of bagasse samples to rutting rises [52]. In a study, the poten-
tial of employing wood ash (WA) as a filler in mixtures was
assessed. The researchers used one of the mineral (industrial)
fillers of carbonate combination as a supplement for WA. In
this method, mixture A contains 100% mineral filler (control
mix), B contains 25% WA and 75% filler, C contains 50%
WA and 50% mineral filler, and D has 75% WA and 25%
filler. The chemical composition of WA includes calcite,
quartz, CaO, and portlandite (Ca (OH),) in lower propor-
tions. Its major constituent is CaO, which can enhance the
adhesion. According to the microscopic images, WA com-
prises particles of various sizes and shapes. The particles
have an uneven form and rough, permeable exteriors. The
obtained results demonstrated that when the concentration
of WA increases, the mixture’s density drops. The influence
of WA on Marshall stability values revealed that at lower
dosages, the fine particle composition of WA increases mas-
tic performance and Marshall stability by filling voids in the
asphalt binder. Examining the values of MS and MQ showed
that the presence of 50% WA in the filler increases the resis-
tance of asphalt against plastic deformation [53].
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FiGure 7: Rutting depths at different wheel passes for (a) nRHA, (b) nSCBA, and (c) nWSA.

4.2. Biopolymers. Biopolymers encompass different forms.
Natural biopolymers are generated in biological systems
(e.g., animal, plant, and microbe) or derived from syntheti-
cally synthesized biological sources [54].

4.2.1. Lignin. Lignin is the second most abundant biopolymer
worldwide [55]. Lignin is a biomass byproduct making up
about 20% of photosynthetic biomass. Due to their similar
chemical compositions, lignin and asphalt binders have a high
potential for use together. Lignin is an organic polymer pri-
marily composed of hydrogen, oxygen, and carbon. Lignin
is one of the most common organic polymers and a renew-
able resource due to its cross-linked hydrophobic and

aromatic three-dimensional molecules. The components of
lignocellulosic biomass are lignin, cellulose, and hemicellu-
lose (Figure 8). In this regard, plants and trees are typical
examples of biomass. Cell walls of trees, grasses, and plants
are primary lignin sources [56]. In addition, considerable
portions of solids containing lignin and lignin derivatives
are generated when plant biomass (lignocellulosic materials)
is converted into biofuel. During pyrolysis of lignocellulosic
biomass, hemicellulose, cellulose, and lignin decompose at
low, slightly higher, and higher temperatures. Unlike hemi-
cellulose and cellulose, lignin does not decompose within a
specific temperature range. The reason is that it is a complex
three-dimensional macromolecule with various chemical
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bonds [28]. Instead, lignin degrades over a wide temperature
range because of the abundance of functional groups with
varying degrees of thermal stability. Thermal degradation
begins at 200°C and, depending on the length of residence,
may require temperatures above 900°C. Lignin helps pro-
duce biochar, while hemicellulose and cellulose aid bio-oil
production [57].

Lignin and asphalt binder share some chemical similari-
ties and are both hydrocarbons made primarily of carbon,
hydrogen, and oxygen [37]. Incorporating a lignin modifier
causes the asphalt binder liquid phase adsorption in the
asphalt binder-lignin interaction zone during mixing. Research
findings on biochar and its use in asphalt modification show
that aromatic rings, alkanes, and hydroxyl groups dominate the
chemical composition of biochar. No chemical reaction was
observed during the asphalt modification process, suggesting
that the application of biochar in the asphalt binder was pri-
marily due to its physical rather than chemical properties [58].
Asphalt binder can act as an antioxidant due to the existence of
benzene, phenol, hydroxide, aldehyde, and methoxy groups in
its chemical structure [59]. A study examined the potential of
substituting wood lignin, a powder with a high molecular
weight, for asphalt or its modification as a filler in two concen-
trations of 5% and 10%. PG 64-22 and PG 76-22 asphalts were
utilized to assess the impact of the lignin effect on the type of
asphalt binder. The findings of rotational viscosity indicated
that lignin increased the viscosity by 10%—30%, depending
on the lignin dosage and the asphalt binder type, regardless of
the lignin concentration. However, all viscosity data followed
the Superpave standard (less than 3 Pa.s). Figure 9 compares the
DSR test results of unaged and RTFO asphalt binders with
different lignin percentages at high temperatures. As seen,
lignin enhances G */sind levels by 15%—50%. At high tempera-
tures, adding lignin to the asphalt binder enhances the rutting.
The effect of lignin on hardening the polymer-modified
asphalt binder is less substantial than that of virgin asphalt.
This result shows that lignin may react chemically with the
polymer molecule rather than merely serving as a filler. The
hardening impact of lignin in mixture can be employed in

conjunction with warm mix asphalt technology. As a result, a
relatively soft mixture is obtained due to reduced aging at
lower production temperatures. In general, adding lignin
increased the asphalt’s mechanical strength [60].

In another study, the impact of corn stalk fibers was
investigated. To this end, lignin and basalt fibers were chosen
to better understand the performance of asphalt binder mod-
ified with corn stalk fiber. According to test results, asphalt
binder’s rutting characteristics rose with an increase in the
dosage of corn fibers. For the 8% and 10% dosages of corn
fibers, corn stalk fibers’ asphalt binder rutting factors were
0.57 and 0.637 kPa, respectively, at 76°C. At the same tem-
perature, with the increase in the percentage of corn fibers,
the modifying effect of corn fibers on asphalt binder was
greater than lignin fibers. Asphalt binder rutting factors first
increase and then decrease with increasing percentage of
lignin fibers. Also, for basalt fibers, rutting factors increased
slowly, and with the increase in the mass percentage of the
fibers, the growth rate gradually decreased. This shows that
the mixing of corn stalk fibers is more uniform. The Marshall
test revealed that the inclusion of fibers enhanced the stabil-
ity of the mixture. Adding 0.3% lignin made the stability
somewhat higher than the mixture with the same content
of corn fibers. Besides, the mixture’s stability improved as the
corn fiber level increased. The reason is that the fiber-
reinforced asphalt binder had a higher modulus and viscosity
than the basic binder, which increased the aggregate fric-
tion [61].

The effect of adding wood chip lignin (WCL) to the modi-
fied asphalt binder’s rheological qualities was studied in the
study. WCL was added to the base asphalt binder in four con-
centrations of 2%, 4%, 6%, and 8%. Adding lignin enhanced the
asphalt binder’s viscosity, and the trend decreased at 135°C.
Adding lignin decreased the 6 and lowered the viscous compo-
nents of the asphalt binder. Notably, the upward trend was
modest when the lignin content was above 6%. As temperature
rose, the value of § also increased, but the growth rate of &
declined with the rising temperature. Additionally, RTFO-
aged asphalt binder with temperature change exhibited a
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modified with wood lignin.

decreased 6 compared to unaged asphalt binder because aging
has diminished the light components (e.g., aromatics). Accord-
ing to Figures 9(a) and 9(b), lignin rose the rutting factor.
Lignin can increase mixture resistance to deformation at high
temperatures. When the temperature was 52°C, the rutting
factor of WCL binder, L02, L04, L06, and L08 rose by
11.90%, 24.70%, 48.80%, and 67.90%, respectively, compared
to PG 58-28 (Figure 10) [62].

In the study, Jatropha curcas and pistachio shell waste
particles were used as asphalt binder modifiers. The soften-
ing point of all modified samples is higher than that of the
base binder. The modifiers resulted in asphalt binder hard-
ening and overall improvement in rutting. The rotational

viscosity of the treated samples improved, and the mixture
modified with jatropha seed shell at a dosage of 6% and
pistachio shell at a ratio of 4% recorded the highest rotational
viscosity. By increasing the dosage of the Jatropha modifier
in an asphalt binder, the rheological parameter of the asphalt
binder approaches that of the base. The optimal performance
of Jatropha particles was observed at a concentration of 2%,
indicating that the shell components act as a lighter agent
than asphalt binder and that the saturation of extremely
concentrated samples may hinder the interaction between
lignin and polar groups of asphalt binder. Hence, 2% appears
to be the crucial concentration at which the G */sind param-
eter reaches its greatest value (Figures 11(a) and 11(b)). Also,
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the results show that the content of 4% or 8% pistachio shell
particles provides the best resistance at high tempera-
tures [63].

The effects of (5%, 10%, 15%, and 20%) calcium lignosul-
fonate (CLS) were studied as an additive. Increasing the CLS
concentration enhanced the sample softening point. CLS can
increase asphalt binder’s stiffness, resulting in better perfor-
mance at high temperatures. The Marshall test revealed that

CLS enhanced the viscosity and stiffness, thereby improving
the Marshall parameters of the mixture. Besides, adding CLS
to the asphalt binder enhanced the rutting. The MQ values of
mixtures, including CLS, were greater than those of virgin
asphalt binder mixtures. The asphalt mixture containing
15% CLS had the strongest resistance to shear stress, proving
that the presence of lignin in asphalt mixtures enhances the
combination’s strength. Adding CLS to asphalt binder
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enhanced asphalt mixtures’ elastic modulus. The greatest elas-
tic modulus was approximately 17% more than the control
sample’s. CLS concentrations greater than 15% in asphalt
binder declined elastic modulus values; hence, adding CLS
to asphalt binder increased the stiffness of asphalt mixtures,
thereby enhancing their resistance to permanent deforma-
tions. The results of the HWTT test revealed that, unlike the
rut depth of CLS-modified samples, the rut depth of control
samples at 60°C was more significant. Similarly, the mixture
with 15% CLS had a relatively shallow rut depth after 120 min,
while the control sample had a great test value. When the CLS
content grew from 0% to 15%, the rut depth decreased by
approximately 45% [64].

4.2.2. Natural Latex. Carbon black (CB) and natural rubber
or latex (NR) were examined as modifiers with different
ratios of 10%, 15%, and 20% CB and 1%, 3%, and 5% NR
blended separately and with each other. The results showed
an increase in CB, which made the asphalt binder more rigid,
but the addition of NR decreased the asphalt binder’s stiff-
ness. The higher stiffness of 10%, 15%, and 20% CB with a
3% NR indicates that they are not cracking-resistant. DSR
results indicated that G*.sind of asphalt binder modified
with 10%, 15%, and 20% CB plus 5% NR reached its mini-
mum value, signifying enhanced crack resistance. In the
presence of 20% CB and 5% NR, the dynamic creep test
demonstrated that the creep stiffness could increase. In gen-
eral, latex has a moderate impact on enhancing the stiffness
of the mixture and reducing rutting. However, carbon black
showed promising results in improving resistance to perma-
nent deformation [65]. The effect of 3%, 6%, 9%, and 12% of
epoxidized natural rubber (ENR) on the properties of asphalt
binder was studied. The results of the penetration grade test
revealed that as the ENR content increased, the penetration
grade declined, while the stiffness and softening points
increased. This result is due to the hardening generated by
ENR. ENR increased the viscosity, which increases the
asphalt binder’s resistance to rutting. Besides, ENR decreases
the base asphalt binder’s temperature sensitivity. The find-
ings of the storage stability test indicated that 6% or less of
the ENR was usable at high temperatures. The G* increased
(except for 12% of the ENR at low frequencies), and the
phase angle reduced. G*/sind increased dramatically with
increasing ENR modifier content, except for asphalt binder
modified with 12% ENR. Raising the ENR content increased
stiffness, indicating an improvement in rutting resistance.
ENR also increases performance at low temperatures. ENR
content of 6% is ideal for asphalt binder modification [66].
A study on the impact of NR revealed that the viscosity of
asphalt binders increased almost linearly with the increase of
NR dosage. Moreover, asphalt binder containing more than
9% latex did not meet the Superpave specification. The log
G * values increased with increasing NR dosage, indicating a
stiffening of the asphalt binder and an improvement in its
resistance to rutting. Also, ¢ values decreased significantly
with increasing NR dosage at the same temperature. Tem-
perature sensitivity decreased with increasing NR percentage
for both unaged and RTFO-aged, with 7% NR resulting in
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the lowest temperature sensitivity. The multiple stress creep
recovery (MSCR) test revealed that NR modification increases
the asphalt binder’s resistance to deformation and facilitates
recovery to its original state following deformation [67]. The
properties of asphalt binder were analyzed using different
dosages of 2.5%, 5%, 7.5%, and 10% latex added to 60/70
asphalt binder. The results showed that viscosity increases
with the increase in the latex percentage, such that 10% NR
showed the maximum viscosity. As a result of the stiffening
brought about by incorporating NR into asphalt binders, a
general improvement against rutting was seen that the binder
might keep its rutting potential up to 85°C. Both control and
modified asphalt binder (i.e., 2.5%, 5%, 7.5%, and 10%) can be
classified as PG based on performance grades (70, 70, 76, 76,
and 82), respectively [68]. In another study, cashew nut shell
liquid (CNSL) was used with an increase of 0.5%—3%. The
optimum CNSL was determined to be 2% of asphalt binder.
Asphalt binder viscosity decreased with increasing CNSL up
to 2% and subsequently increased. The reason for this
decrease is the chemical characteristics of asphalt binder
and the chemical structure of CNSL, and the reason for the
increase in viscosity after the optimal dosage is polar mole-
cules, which led to an increase in molecular contact and an
increase in the viscosity of asphalt binder. G */siné values for
asphalt binder treated with 2% CNSL were higher than those
of the virgin asphalt binder, indicating the modified mixture’s
greater resistance to rutting. Based on the findings of the
rutting test, the rut depth of HMA and warm mix asphalt
(WMA) was within the allowed range (20% of the sample’s
total thickness). Because the rutting depth of WMA was less
than that of HMA, it provides stronger resistance to irrevers-
ible deformation produced by repetitive wheel loads. Accord-
ingly, CNSL enhances the serviceability of pavements [69].

4.3. Bio-Oil. Bio-oil is a renewable fuel that can fill the role of
fuel oil in various chemical processes. Bio-oil sources can be
classified into three categories: (1) animal waste, (2) waste
from oil production, and (3) waste from agriculture or for-
estry, including crop residues, wood debris, and organic
waste [70]. Bio-oils are complex combinations of molecules
of varying sizes derived principally from the polymerization
of the primary components of biomass: cellulose, lignin, and
hemicellulose [71]. Bio-oil and petroleum-based asphalt both
contain similar chemical elements. However, in most cases,
bio-oil contains 10%-50% more oxygen than petroleum-
based asphalt, which typically has an oxygen content of
less than 2% [72]. Bio-oil also has different rheological prop-
erties and chemical compositions depending on the sources
of the biomass and the processes used to prepare them. Four
chemical constituents of the binder are influenced by bio-oil
modification: saturates, asphaltenes, resins, and aromatics
[16, 72]. Gel permeation chromatography (GPC) is fre-
quently used to examine the molecular weight distribution
of bio-oil-modified asphalt binder. The findings have shown
that the size of several large molecules decreases accordingly
with a reduction in the average molecular weight. This find-
ing may present bioasphalt’s weaker antiaging properties and
better fracture resistance at lower temperatures [16].
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Compared to petroleum asphalt, lignocellulose-based bio-oil
reduces macromolecular concentration and leads to a more
compact molecular structure. The water content in bio-oils is
normally 15%—30%. These waters are not eliminated by dis-
tillation and other conventional methods. Also, a higher
water content makes acquiring homogeneous bio-oil samples
more difficult [38]. The low energy density of bio-oils is
further exacerbated by their water content, which also lowers
the flame temperature and causes ignition issues. High oxy-
gen content and aging with high viscosity are additional
drawbacks of bio-oil [73]. Most biobinders can improve
low- and medium-temperature performance, while research
has shown that bio-oils have a negative effect on the moisture
resistance of asphalt mixtures. However, the resistance to
moisture sensitivity needs further investigation [74, 75].

As an asphalt binder modifier, pig manure was used at
2%, 5%, and 10% of asphalt binder. Based on the results,
adding bioasphalt binder can reduce mixing and compaction
temperatures by decreasing viscosity. As shown by the DSR
test, asphalt binder becomes softer, and G* declines by
increasing the amount of pig manure. A drop in G* may
reduce asphalt’s resistance to rutting. The samples prepared
with 2% pig manure indicated no significant difference in rut
depth after 20,000 passes compared to unmodified asphalt
for the two samples. Also, the modified asphalt binder
decreased rut depth slightly over time [76]. Another study
assessed the application of waste cooking oil (WCO) as a
potential substitute for PG 58-28, PG 76-22, and PG 82-16.
Bioasphalt was combined with PG 58-28 asphalt binder at
30% and 60% and PG 82-16 and PG 76-22 asphalt binder at
10% and 30%, respectively. Adding bioasphalt reduced the
high and low PG degrees of the asphalt binders. However, the
performance was not affected by adding 10% bioasphalt to
the PG 76-22 base asphalt binder. The rheological data
revealed that mixing WCO with conventional asphalt binder
diminishes the mixture’s resistance to rutting while increas-
ing its resistance to thermal cracking. Also, raising waste
cooking oil content decreased critical strain energy density
(CSED) and fracture resistance. The decrease in CSED is due to
bioasphalt’s lower shear strength than conventional asphalt.
The flow numbers of the bioasphalt mixtures were lower
than those of the control mixture, suggesting that WCO
reduces rutting resistance [77]. Another research investigated
the mechanical properties of asphalt mixtures in which pine
tree bio-oil was substituted for petroleum-based asphalt at 20%,
25.5%, 30%, and 50%. The results demonstrated that the rheo-
logical properties of the pine tree and its interaction with the
petroleum-based asphalt are part of a complex process influ-
enced by the mixture’s temperature and aging properties. In
this work, 20,000 passes of final rut depth testing conducted by
HWTT revealed that the asphalt mixture comprised 50%
petroleum asphalt binder and 50% bio-oil failed at a rut depth
of 6 mm. Comparing the modified mixtures to their control
mixture revealed that asphalt binder containing bio-oil signifi-
cantly reduced the average rut depth of mixtures containing PG
64-22 and PG 76-22. In addition, the fracture resistance tests
revealed that the modified mixes are more rigid than the stan-
dard mixes [78]. Another effort investigated the mechanical

15
12 A
10
e
EINE
=
&
E
Z 4]
2 )
i
[
0 T T T T T T T T T
0 2,000 4,000 6,000 8,000
Loading cycles
--- Control --- 10% DWB
--- 5% OB --- 5% PMB
10% OB --- 5% PMB
--- 5% DWB

Ficure 12: Rutting depth development of control asphalt mixture
and PMB asphalt mixture in APA test.

performance of HMA modified with 5% and 10% waste
wood. In this investigation, three types of bio-oil were
employed: (1) original bio-oil (OB), in which the water content
is between 15% and 30%; (2) dehydrated bio-oil (DWB), in
which the water content is decreased by approximately 5%;
and (3) polymer-modified bio-oil (PMB), in which 4% of poly-
ethylene is incorporated. The dynamic modulus of the PMB
mixture is somewhat higher than that of the control mixture,
indicating the higher stiffness of the PMB asphalt mixture.
However, the rotational viscosity of bio-oil is lower than the
control mixture. The primary cause of the increased stiffness is
the quick aging of bio-oil, which promotes the adhesion of
asphalt and increases the stiffness of asphalt mixtures. Indirect
tensile strength (IDT) results revealed that the tensile strength
of modified mixtures was lower than that of the control mix-
ture. The IDT of PMB-modified mixtures was greater than that
of DWB- and OB-modified mixtures. Asphalt pavement ana-
lyzer (APA) test findings at 58°C indicate that the rutting depth
grows significantly at the beginning of repeated loading and
reduces over time. The explanation is that repeated loading
causes material compaction and aggregate interlocking. After
8,000 cycles, the final rutting depth of asphalt mixtures treated
with OB, DWB, and PMB was 8.6%, 6.1%, and 5.6% more than
the control mixture (Figure 12). Finally, studying three varieties
of PMB mixtures revealed that the PMB-modified mixture
outperforms the other two types [79].

The influence of WCO up to 10% of asphalt binder in
three types of asphalt binder from different sources was
investigated. The rutting resistance of the base asphalt is
greater than that of the WCO-modified mixes. Also, the
results show that increasing the WCO dosage diminishes
the rutting resistance. Similarly, as the temperature rose
gradually, the G */siné for the three primary asphalt and all
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WCO-modified asphalt mixtures declined, indicating that rut-
ting resistance reduces as the temperature rises [80]. A study
used Japanese cedar-based biobinder as a partial replacement
and modifier for asphalt binder. AC-20 asphalt binder was
tested as an asphalt binder modifier (combination of 2% and
8%) and an asphalt binder extender (substitution of 25% and
50%). The biobinder has G* trends comparable to AC-20. In
contrast, it is inferred that the 50% biobinder has a greater G *
at low frequency (high temperature) than AC-20. At low fre-
quencies (high temperatures), the 6 of all biobinders, except for
the 50% composition, approaches an asymptotic value (J close
to 90°), which means that the viscous behavior is obvious. At all
temperatures, nonrecoverable creep compliance (Jnr) values
for 2% and 8% combinations are similar to AC-20. However,
the Jnr values for 25% and 50% combinations are lower than
AC-20, indicating that the 25% and 50% combinations are
more rigid than others. Based on the results, biobinder exhibits
higher G */siné, lower Jnr, and greater strain recovery capability
compared to conventional AC-20 [81]. In a laboratory study,
the effect of WCO in the mixture was assessed using PEN 70
base asphalt binder and SBS-modified asphalt binder. FTIR
analysis revealed the existence of saturated fatty acids and esters
in WCO due to detecting carboxylic and ester groups. Rheo-
logical test results showed that the optimized bioasphalt
(OBA) had comparable high-temperature performance to
SBS-modified asphalt (SBS-MA) and significantly better low-
temperature performance than both SBS-MA and PEN 70 base
asphalt (PEN 70). The rutting coefficient decreases as temper-
ature rises for all types of asphalt binders. At high temperatures,
it was observed that an increase in frequency led to higher G *
and lower 6. OBA exhibited similar high-temperature perfor-
mance to SBS-MA and outperformed PEN 70 based on high-
temperature grade, frequency sweep, and viscous flow test
results [82]. The effect of adding 1% of SBS and 0%, 5%,
10%, 15%, and 20% of sawdust oil was examined in a laboratory
study. This type of bio-oil is mostly made up of carbon, oxygen,
and nitrogen, as indicated by its elemental composition. Incor-
porating bio-oil increased the penetration grade of bio-
modified asphalts. Here, asphalt binder modified with 20%
bio-oil exhibited the greatest penetration grade. When increas-
ing biocontent up to 15%, the softening point of modified
bioasphalt first declined somewhat and then increased gradu-
ally. Adding 20%, however, suggests that a higher bio-oil con-
centration may accelerate asphalt aging. According to the
asphalt mixture rutting depth, adding SBS to the mixture
enhanced the deformation resistance in the rutting test. How-
ever, the rutting depth of SBS-modified bioasphalt increased
progressively when the bio-oil level was less than 15% [73]. The
impact (5%, 10%, and 30%) of wood chips oil was investigated.
Adding bio-oil made the asphalt binder softer, and its high-
temperature performance diminished to some degree. Phase
angle, complex modulus, and rutting factors decreased gradu-
ally with increasing temperature for unaged and RTFO asphalt
binders, suggesting that the high-temperature performance of
bioasphalt decreases with temperature. The sequence of phase
angle, complex modulus, and rutting factors with varying bio-
oil contents exhibited distinct changes due to bio-oil aging,
especially for the bioasphalt with 10% and 30% bio-oil content
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[83]. The impact of biobinder (BB) on petroleum-based asphalt
(BA) was evaluated. Bio-based asphalt (BBA) was formulated
with 10% and 15% bio-oil. The biobinder was derived from
refined chemical alcohol residue, initially obtained through the
deep processing of corn. The saturate, aromatic, resin, and
asphaltene (SARA) analysis revealed that the asphaltene con-
centration of BB is significantly higher than BA’s and can
increase the asphalt’s viscosity. Besides, viscosity increases
with BB content, indicating that bio-oil can enhance the per-
formance of asphalt at high temperatures to some degree. In
general, asphaltene content has a beneficial impact on viscosity.
Similarly, the temperature sensitivity diminishes when BB par-
tially replaces BA. The DSR test findings indicate that the com-
bination of BB and BA can improve performance at high
temperatures due to higher G*, despite its slight negative effect
at low temperatures. Most mixtures containing BB exhibited
better dynamic stability values than the BA mixture, and the BB
enhanced rutting. In reality, some reactions occurred while
mixing BB and BA, resulting in a tighter adhesive and increased
mixture stiffness. This issue was due to the oxidation of BB,
such that the higher asphaltene concentration in BB resulted in
a higher viscosity of BBA [84]. In another study, the impacts of
2%, 4%, 6%, 8%, and 10%) wood waste biomass were exam-
ined on the properties of the base asphalt binder. The results
showed that the base asphalt binder penetration grade rose
with increasing bio-oil content, while the softening point and
viscosity reduced. The results demonstrated that bio-oil could
diminish the stiffness and can be evaluated for usage with
recycled materials. Due to the bio-oil and chemical composi-
tion with a low boiling point that promotes oxidation, a higher
proportion of bio-oil may make the binder vulnerable to aging.
In this respect, the MSCR test revealed that raising the bio-oil
content decreased rutting and increased Jnr in the resultant
asphalt binder. The increase in the Jnr value suggested that
adding bio-oil with base asphalt binder could have a negative
impact on rutting performance [85]. The performance of 50/70
asphalt binder with varying amounts (0%, 5%, 10%, and 15%)
of bio-oil derived from wood was studied. Besides, regarding
the SARA fraction, biobinders reduce saturation, aromatics,
and asphaltene while increasing the amount of resin in the
asphalt binder. In addition, bio-oil undergoes just a physical
composition and no chemical reaction after mixing. At all test
temperatures, asphalt binder treated with 15% bio-oil exhibited
the lowest viscosity, and the viscosity diminished with increas-
ing bio-oil dosage. Bio-oil increased the ¢ while decreasing the
G*. Adding bio-oil causes a steady drop in G */sind, leading to
the resistance to rutting decline at high service tempera-
tures [86].

The impact of bio-oil extracted from date seed (DSO) at
1.5% and 2.5% volume ratios on asphalt binder performance
was investigated. The penetration grade of modified binders
increased due to the hardness caused by high-shear mixing.
In other words, high-shear mixing has an aging effect on
asphalt binder. Furthermore, the increase in penetration
grade may be due to the low density of DSO (0.87 g/ml).
In this respect, adding 1.5% and 2.5% DSO reduced the
softening point by 1.32% and 9.0%, respectively, compared
to the control asphalt binder. In the DSR test, the addition of
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FIGURE 13: G */sind (kPa) for (a) unaged and (b) RTFO-aged asphalt binder containing different date seed oil contents.

DSO decreased G* and increased the phase angle. The rut-
ting parameter reduced dramatically with rising temperature
and DSO dosage (Figures 13(a) and 13(b)). In contrast, aging
increased G*/sind for modified asphalt binders. By adding
1.5% bio-oil, the PG of the asphalt binder did not change,
while adding 2.5% bio-oil lowered the PG to 58°C due to a
reduction in the rutting parameter. Also, the MSCR test
revealed that the modified asphalt binder is softer and has
higher strains than the control; thus, date seed oil was added
to decrease the rutting resistance [87].

In an experimental study, bio-oil generated from peanut
shell biomass (PSB) was used to modify asphalt binder. The
effect of PSB on the softening point of AC30 revealed that 5%
and 10% PSB contents increase the softening point of AC30
(52°C) to 61 and 66°C, respectively. With 15% PSB modifi-
cation, a drop to 57°C was observed subsequently. As PSB
dosage increases, aliphatic AC30 decreases more. Mean-
while, the excess PSB serves as a solvent, dispersing the polar
aromatic moieties and resulting in a dilution effect. Adding
up to 5% BO to asphalt binder in each test temperature
increased its dynamic viscosity. The modification of AC30
with BO increased its temperature sensitivity, making the
viscosity more susceptible to temperature variations. The
findings of the DSR test revealed that PSB increased |G*|,
with 10% PSB causing the greatest rise, followed by 15% and
5% PSB. The MSCR test indicated that the strain recovery
rose for asphalt binder modified with 5% and 10% PSB, while
it declined at 15% PSB. Furthermore, the Jnr of AC30
decreased with 5% and 10% PSB but increased when the
asphalt binder was modified with 15% PSB. Asphalt binder
modified with 10% PSB was the most effective in terms of
rutting resistance [88]. The wood bio-oil (WBO) was used as
a substitute for asphalt binder in flexible pavements. Due to
the rise in resins and aromatic compounds caused by adding

WBO, mass percentage reduction increases by increasing the
WBO dosage. The resilient modulus (RM) test revealed that
2% WBO was the most rigid of the three mixtures, and a dose
of 4% WBO significantly reduced stiffness. In fact, the addi-
tion of 2% WBO has a minimal effect on the absorption
surface, and the addition of resins and aromatics with the
addition of 2% WBO causes slight lubrication around the
molecular bonds without changing the intermolecular bonds,
thereby increasing the RM. The 4% WBO mixture deforms
more than the control and 2% WBO. However, this study
generally showed that partial replacement of the control
asphalt binder with up to 4% bio-oil has no significant impact
on rutting [89]. Petroleum-based asphalts containing 10%,
20%, 30%, and 50% bio-based phenol formaldehyde (BPF)
were subjected to various rheological tests. The results showed
that BPF resin could raise the bioasphalt’s softening point and
enhance the high-temperature stability of asphalt binders.
The viscosity of modified asphalt binders increased with the
rise in BPF content at every temperature. Based on the MSCR
results, modified asphalt binders show better elastic behavior
and deformation recovery, demonstrating that the rutting
resistance improves at high temperatures [90].

4.4. Biochar. Biochar is a pyrolysis byproduct of biomass.
This carbon-rich product, made of organic compounds,
has been researched since the 20th century. The quantity
of pyrolysis byproducts depends on the process variables,
such as the heating temperature, heating rate, and residence
duration. At temperatures between 400 and 500°C, more bio-
char can be generated. But at temperatures above 700°C, more
bio-based liquid and gas is produced. In high-temperature
conditions, typical yields comprise 60% bio-oil, 20% biochar,
and 20% gas. The pyrolysis process occurs faster at high tem-
peratures. Slow pyrolysis, on the other hand, has a higher



18

70 1

Short-term aged

60 -
50 A
40 A

30 A

G*/sind (kPa)

20 A

10 A

40 45 50 55 60 65 70 75 80
Temperature (°C)

—¥— 15% biochar
—— 20% biochar

—=— Control
—e— 5% biochar
10% biochar

()

Advances in Civil Engineering

40

Unaged
30 A

20 A

G*/sind (kPa)

40 45 50 55 60 65 70 75 80
Temperature (°C)

¥ 15% biochar
—— 20% biochar

—=— Control
—e— 5% biochar
10% biochar

(b)

FiGUre 14: G */siné (kPa) for (a) short-term aged and (b) unaged asphalt binder containing different M. ferrea seed coat waste biochar contents.

efficiency and can yield about 50% biochar. Charcoal is the
most popular and well-known type of biochar, though all
biogenic materials can theoretically be converted to biochar.
The hydrothermal carbonization (HTC) process begins to
degrade hemicellulose and cellulose between 160 and 180°C.
Higher temperature causes a rise in the carbon of biochar and a
reduction in oxygen and hydrogen levels [91]. Biochar, which
has very low solubility and aromatization, forms branched
alkanes by absorbing medium-chain alkanes. Also, due to its
aromatic and aliphatic components, it enhances the aging resis-
tance. In addition, biochar increases strength in aging and adds
to aromatics formation [91, 92]. The main cause for the change
in the morphology of biochar is the evaporation of organic
elements, forming the cavities of the biochar. Extremely high
reaction temperatures and rapid heating damage biochar’s fine
porous structure and lead to the concentration or evaporation
of volatile organic compounds, which clog pores and reduce the
overall surface area. Numerous functional groups may exist on
the biochar’s surface, including ketone, ester, hydroxyl, alde-
hyde, nitro, amino, phenolic, and carboxyl groups. Biochar’s
heterogeneous surface exhibits acidic/basic and hydrophilic/
hydrophobic characteristics. Freshly made biochar typically
has very few surface polar functional groups and is highly
hydrophobic [93]. The switchgrass biochar (5%, 10%, 15%,
and 20%) was investigated in a laboratory study. The switch-
grass is comprised of porous, irregularly shaped fiber particles,
and it aids in the construction of a robust carbon-binder frame-
work. At low temperatures, the modifiers had minimal impact
on asphalt binder viscosity. However, at high temperatures,
each modified asphalt binder’s viscosity increased noticeably,
potentially leading to higher rutting resistance. Moreover,
asphalt binder tends to become viscous at high temperatures,
which improves the interaction of the adhesive with the added
solid additives. Yet, the stiffening impact increases with more

modifier content [94]. Another study evaluated the influence of
pyrolytic biochar on HMA. The G * increased with the addition
of additives, and biochar had the greatest stiffening impact at
high temperatures, which leads to higher rutting resistance. It
was also determined that the mixture with 10% biochar had the
highest resilient modulus (Mz) because it interacts with the
asphalt binder more effectively during mixing, resulting in
greater rutting resistance. The rut depths after 8,000 cycles of
the asphalt pavement analyzer (APA) rutting test demon-
strated that using biochar at greater concentrations enhanced
the rutting resistance [95]. Asphalt binder was added to (0%,
5%, 10%, 15%, and 20%) Mesua ferrea seed cover waste bio-
char. The biochar’s scanning electron microscope (SEM) image
revealed its extremely irregular, porous, and uneven surface.
Such a morphology is anticipated to enhance the physical and
chemical interaction of biochar-asphalt binders, resulting in
more efficient asphalt binder modification. The viscosity
increased as the biochar content rose, indicating a stiffening
of the asphalt binder. At all temperatures (46-76°C), G */sind
increased continuously with increasing biochar content in
asphalt binder (Figures 14(a) and 14(b)). Consistent with the
viscosity data, the enhancement in G*/sind is because of the
hardening impact generated by adding biochar. This result
suggests that biochar-modified asphalt binders are more resis-
tant to rutting. The rutting resistance improved, with the high-
est results occurring at 20% biochar [96].

The impact of waste wood was examined. Three mixing
quantities of 2%, 4%, and 8% and particle sizes of 75-150 yum
and smaller than 75um were employed to examine the
impact of biochar sizes. Asphalt binder modified with small
particle size biochar had a smaller § than asphalt binder with
large particle size. The rutting resistance of asphalt binder
modified with biochar and exposed to high temperatures
rose as the biochar mixing amount increased. Smaller
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FIGURE 15: Macro- and

particle biochar showed a greater volume and surface area for
the same mass than larger biochar. Therefore, asphalt binder
modified with biochar was more resistant to rutting at high
temperatures than asphalt binder modified with petroleum
or graphite. In general, using biochar increased the elasticity
and rutting resistance at high temperatures while preserving
fatigue resistance. Overall, biochar-modified asphalt binder
with a particle size of less than 75 um and a mixing ratio of
2%-4% was recommended [97].

4.5. Bioshell Waste. Using animal skins in modified materials
has recently drawn much attention in biomass production.
In this respect, experts and researchers are looking into ways
to lower the environmental pollution caused by these residues
[98]. Shells are widely employed in various fields because of
their unique structural features (Figure 15). Using shell waste
recycling can be effectively expanded in road pavement con-
struction thanks to materials engineering. Recycling these
materials can lower environmental pollution and waste dis-
posal costs due to the growing need to reuse shell waste.
Accordingly, it makes sense and has value to be used in
asphalt paving materials [98].

The influence of (4%, 8%, 12%, and 16%) fish scale pow-
der (FSP) on asphalt binders was investigated in a laboratory
study. The modified asphalt binders with 4%, 8%, 12%, and
16% of FSP were called FS4, FS8, FS12, and FS16, respec-
tively. FSP contained 29.86% carbon, 5.04% hydrogen, and
9.71% nitrogen. The FSP increased the viscosity due to the
strengthening of the powder. Adding FSP minimized the §
and improved the elastic properties. Aged asphalt binder

microstructure of bioshell.

showed a lower 6 than unaged asphalt binder due to the
loss of light components. In addition, the temperature sensitiv-
ity assessment showed that modified asphalt binders exhibit
lower temperature sensitivity compared to virgin asphalt bin-
ders, and FS12 demonstrated the best performance. Aging may
increase the temperature sensitivity of fish scales-modified
asphalt binder (FSMA). The G* of FSMA is higher than that
of virgin binders. This observation suggests that FSP has a
beneficial effect on the rutting. Besides, the complex modulus
of the five types of asphalt binder rises following RTFO due to
the increase in hardness. This result indicates that FSP can
increase the rutting resistance of the asphalt binder due to
the stiffening effect generated by FSP. It is also obvious that
the rutting parameter increases with the increase of FSP con-
tent. If the FSP percentage exceeds 16%, the rutting resistance
diminishes because of FSP particle accumulation (Figures 16(a)
and 16(b)) [99].

Another study evaluated the effect of 5%, 10%, and 20%
powdered crab shell waste on asphalt binder performance.
The preliminary softening point test revealed that adding
crab shell (CS) powder to asphalt binder can enhance its
high-temperature properties. The & of all asphalt binder
rose with rising temperature; however, the § of modified
asphalt binder reduced with increasing crab shell powder,
and the decrease of 6 made it more elastic. In addition,
|G*| increased by adding crab shell waste powder to the
control asphalt binder at the same temperature, demonstrat-
ing that the crab shell can harden the control asphalt binder.
Hence, crab shells can enhance asphalt binder performance
at elevated temperatures. As shown in Figure 17, the rutting
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factor diminished as the temperature rose. However, the
rutting factor increased, and the high-temperature character-
istic of the control asphalt binder was enhanced by increas-
ing the crab shell powder content at the same temperature.
According to MSCR test results, the strain recovery of the
modified asphalt binder was greater than the strain recovery
of the control asphalt binder at any temperature (Figure 18),
indicating that adding crab shell waste powder can increase
the rutting resistance [100].

A study examined asphalt binder modification using 5%,
10%, and 15% of the asphalt binder’s weight ratio of seashell

powder (SP). Raising the proportion of SP diminished pene-
tration grade and ductility while increased the asphalt bin-
der’s softening point. Due to the homogeneous distribution
of SP throughout the asphalt binder, a reduction in the pen-
etration grade implies an improvement in its hardness and
stiffness. Seashell powder’s porous and uneven surface struc-
ture boosted its physical absorption and flow resistance and,
thus, improved the asphalt binder’s characteristics. Likewise,
when the test temperature is 40-64°C (Figure 19), the more
seashell powder is combined, |G*| and G*/sind become
greater, and its rutting resistance increases. In the MSCR
test, SP mixed with asphalt binder lowered the Jnr at both
stress levels, showing that SP can enhance the rutting resis-
tance [98].

5. Benefits and Drawbacks of Using Biomass to
Enhance the Performance

This article aims to provide a thorough understanding of the
potential of biomass on the rutting performance of mixtures
with respect to current previous studies by highlighting the
main strengths and potential drawbacks. This study empha-
sizes the use of renewable resources instead of nonrenewable
resources. According to the findings, there is a noticeable
absence of comprehensive literature to assist researchers in
selecting the most appropriate modifier for their purposes.
Table 2 presents the benefits and limitations of bioasphalt
obtained by evaluating other properties of modified asphalt
mixtures and emphasizing the issues that likely require addi-
tional research and modification to aid the proper selection
of biomass.

Table 3 summarizes biomass’s impact on the asphalt
binder and asphalt mixture’s ability to rut.



Advances in Civil Engineering
30 -
25 -
20 A
15

10

Recovery (%)

-5 T
44 48 52 56 60 64 68 72
Temperature (°C)

10% CS
¥ 20% CS

(a)

—=— Control
—— 5% CS

21

25 q

20 A

15 4

10

Recovery (%)

Temperature (°C)

10% CS
¥ 20% CS

—=— Control
—— 5% CS

(b)

FIGURE 18: Strain recovery (%) of asphalt binder under (a) 0.1 kPa stress and (b) 3.2 kPa stress.

70 ~

60—-
0
40—-
30—-
20—-
10—-
0
T T T T T T T T —

Rutting factor (kPa)

40 45 50 55 60 65 70
Temperature (°C)
—=— 0% SP 10% SP
—o— 5% SP ¥ 15% SP

FiGure 19: Rutting factor of SP-modified asphalt binders based on
temperature.

6. Life Cycle Assessment (LCA)

LCA is a methodical examination of the environmental con-
sequences throughout the complete life cycle of a measurable
activity, material, product, or process. LCA simulates the envi-
ronmental consequences of industrial production’s numerous
interdependent systems. For asphalt mixtures, polymer-based
material is generally used in large quantities that can contribute
to global warming. In certain regions, the costs associated with
conventional additives (e.g., lime and cement) can be up to
three times greater than those of bio-based materials. In

addition, the expenses related to conventional stabilizers might
be considerably greater due to their bulky nature, especially
during long-distance transportation to road sites [68]. Bio-
based additives, due to their recyclability, are widespread on
earth. Consequently, it is feasible to transport materials at a
reasonable price (Table 4). The cost of manufacturing bio-
based additives is contingent on the bio-compounding proce-
dure. The price of 1kg of various biomasses for pavement
engineering has declined from $750 to $50 over the past three
decades [33, 34]. Although many bio-based additives are cur-
rently somewhat costly, the actual cost of their use in road
engineering is highly dependent on the chosen bioadditive.
In addition, the prices in the marketplace of the vast majority
of prospective bioadditives are for industries that produce food
of superior quality with extremely high purity, leading to sig-
nificantly higher manufacturing expenses. This level of homo-
geneity is unnecessary for asphalt mixtures. The rationale
behind this is that the price of bioadditives is likely to decrease
by up to 40% when they are produced exclusively for the pur-
pose of asphalt mixtures [87, 101]. Furthermore, the examina-
tion and comparison of the quantity of CO, generated during
biocompound production and the manufacturing procedures
of cement and lime are conducted considering the severe envi-
ronmental risks associated with the release of carbon dioxide.
Previous studies have reported that average kg CO,-eq emis-
sions generated from the production of lignin and other bio-
mass additive compounds produce 0.29-0.36 kg CO,-eq/kg of
COs,. In contrast, lime, cement, and asphalt binder manufac-
turers have been estimated to generate CO, emissions of up to
0.94-0.99kg CO,-eq/kg [35, 101]. Additionally, bioadditive
recycling enables the commencement of production processes
immediately following their depletion, thereby potentially
reducing the need for conventional additives by as much as
20% [16, 102].
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TaBLE 2: Benefits and drawbacks of various biomodifiers on other properties.

Benefits

Drawbacks and limitations

By using bio-oil, a general improvement in the intermediate-
temperature fatigue resistance and low-temperature thermal
resistance is acknowledged.

Biochar particles may enhance the adhesion between asphalt binder
and aggregate, as well as cohesion within the asphalt binder itself.
This improvement in adhesion and cohesion contributes to a more
stable and durable asphalt mixture.

The stiffening effect of lignin in the asphalt demonstrates the
potential of warm mix asphalt technology, which could produce a
relatively soft asphalt mixture because of less aging at lower
production temperatures.

Bio-oil addition favors the reduction of the carbonyl peak (C=0
stretch), hence emphasizing the rejuvenation effect in the aged
binder.

The effects of hardening are proportional to the amount of lignin
present, and as lignin content increases, so do the mixing and
compaction temperatures, which must rise to meet production
efficiency standards.

Reclaimed asphalt pavements (RAPs) and virgin asphalts” aging
and hardening characteristics can also be decreased by using bio-
oil-modified binder in asphalt pavements.

Excessive ash content might lead to issues such as increased
stiffness and reduced flexibility, and it may cause nonhomogeneous
dispersion in asphalt binders.

Some bio-oil modifiers significantly increase asphalt binder’s
susceptibility to moisture damage. This aspect was evident
regardless of the source of the bio-oil.

In order to prevent oxidation effects, the temperature at which
lignin is mixed with asphalt binder must be regulated.

Biochar is better suited for use in tropical and subtropical regions
because of its poor performance at low temperatures. Consequently,
its application is restricted to low-temperature regions.

The inclusion of lignin results in a stiffer behavior with a more
elastic response of the modified asphalt binders and may marginally
decrease the fatigue performance. In contrast, no similar behavior
was observed for the low-temperature properties.

The addition of lignin leads to a stiffer behavior with a more elastic
response of the modified asphalt binders. It can slightly reduce
fatigue performance, while no similar behavior was found for low-
temperature properties.

Taste 3: The impact of various biomodifiers on rutting in various asphalt binders.

Biomass type OP“m“m. percentage  Asphalt binder Properties Rutting resistance
of biomass type
. PG 58-22 Softening point, viscosity, and G */siné Up to 130% increase of rutting
. 5-20 as a modifier PG 64-16 . .
Bioash . increased, the penetration grade and  parameter and up to 50% decreased
of the asphalt binder PG 64-22 ductility decreased rutting denth
PG 76-22 uctility decreased. utting depth.
PG 64-16 Penetration grade, softening point, Up to 170% increase of rutting
Biopolymer 8-20 PG 64-22 viscosity, and G */sind increased, parameter and up to 55% decreased
PG 76-22 temperature sensitivity improved. rutting depth.
PG 58-28
0.5-60 as asphalt PG 64-22
Bio-oil binder PG 70-22 The obtained results are variable. The obtained results are variable.
extender and modifier PG 76-22
PG 82-16
. PG 58-28 Fatigue resistance, viscosity, and G */ Up to 100% increase of rutting
Biochar 2-20 L2 parameter and up to 20% decreased
PG 64-22 sind increased. .
rutting depth.
Bioshell 10-16 PG 58-28 ;FO}};E ierrlletraotiftrl \irsiiiidec;fiis?; /sing Up to 120% increase of rutting
waste PG 64-16 & pomnt, > parameter.

increased.

TasLE 4: Comparative analysis of costs between conventional stabi-
lizers and bio-based materials.

Materials Cost (USD/ton) References
Conventional additive
Cement From 70 to 128 USD/ton
Lime From 20 to 78 USD/ton [103-106]
Polymer From 460 to 1,100 USD/ton
Biomass additives From 50 to 750 USD/ton [107-111]

7. Conclusion

The present study examines methods for using five crucial
biomass-derived materials: ash, lignin, bio-oil, biochar, and
bioshell in infrastructure such as road pavements.

(1) Ash, biopolymer, and bioshell are asphalt binder
modifiers that increase viscosity and lead to hardness
and stability at high temperatures. In this regard, the
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rutting resistance significantly improved, with the
rutting factor improving by up to 170% in biopoly-
mer. Additionally, ashes improved the rutting factor
by up to 130%, and shell waste improved it by up to
120%, showing the best performance. The high
amounts of lignin, ash, and bioshell may reduce the
permeability and ductility of pavement. Hence, this
factor may reduce the resistance to fatigue and low-
temperature cracking of asphalt binders.

(2) Using biochar can increase the rutting parameter by
up to 100%. Biochars also weaken the low- and
medium-temperature performance of asphalt mix-
tures and are more suitable for tropical and subtrop-
ical regions.

(3) To reduce the stiffness of modified asphalt mixtures,
other modifiers (e.g., a mixture of ash and a certain
amount of bio-oil) can be added to improve their over-
all performance. Therefore, the mixture can maintain
its high-temperature performance while reducing vis-
cosity and improving fatigue properties and low-
temperature cracking. However, further research on
improving the low- and medium-temperature perfor-
mances of each type of modifier is recommended.

(4) Bio-oil enhances the mixture performance at low
temperatures and its aging resistance properties due
to its high water, oxygen, and light compounds con-
tent. These components soften the asphalt binder
and diminish its temperature sensitivity.

(5) Information on the source of the oil, the production
process, and its dosage in asphalt binder is much
scarce when studying its impact on high-temperature
performance.
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