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Abstract

The global population spike, rise in industrialization, and highway infrastructure development induce focus on sustainable
development. The ever-increasing consumption of non-renewable crude oil and asphalt levies a heavy toll on economic
welfare of future generations. This enormous demand of asphalt is due to its wide applicability in flexible pavements.
Therefore, the construction industry is exploring the partial substitution of renewable materials in asphalt with a focus on
economical, social, and environmental benefits. The current decade has seen a rampant rise of bio-asphalt as an alternative
to asphalt. Hence, it is imperative to explore the performance of bio-asphalt for its sustainable applicability. This review
comprehensively summarizes the performance of bio-asphalt obtained from various biomass sources. It deals with elemen-
tal composition of bio-oil, preparation procedure, rheological performance, mixture performance, and aging mechanism of
bio-asphalt along with modification required to improve the performance. The environmental impacts and field application

of the bio-asphalts are also discussed.

Keywords Bio-asphalt - Bio-binder - Biomass - Bio-oil - Asphalt binder - Performance of bio-asphalt

Introduction

The volatility of crude oil market, coupled with the huge
consumption of asphalt stresses substitution of asphalt
binder, partially or fully, to meet the sustainability goals
of modern century. There are more than 250 known appli-
cations of asphalt, of which the most popular are paving
and roofing. Around 85% of the produced asphalt is used
for construction of flexible pavement (Asphalt Institute and
Eurobitume 2015). Flexible pavement which consists of
asphalt binder is most widely employed due to their less
noise, recyclability, excellent rideability, good strength, etc.
The share of flexible pavement accounts for 95% of all the
world’s roads (Islam 2020). According to a report by Asphalt
Institute and Eurobitume (Asphalt Institute and Eurobitume
2015), the global production of asphalt in the year 2015
stood at 87 million tonnes per year. This enormous demand
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driven by the construction industry takes a heavy toll on
earth’s finite resources, compromising the needs of future
generations, affecting its quality of life, and leading to eco-
logical imbalance. In addition to the demand, the inventory
limitations of crude oil affect the supply and the price of
asphalt. Therefore, industries are rigorously looking for
alternatives to balance the demand of asphalt binder.

At present, the key alternatives in pursuit are the applica-
tion of reclaimed asphalt pavement (RAP), recycled materi-
als, and bio-asphalt, which are environmentally responsible,
sustainable, and economically viable (Victory 2022; Babal-
ghaith et al. 2022; Jain 2023). Bio-asphalt refers to the partial
substitution of asphalt binder with bio-oils, bio-binder, heavy
oil, cooking oil, etc. The feedstock for bio-oils is biomass.
Bio-binder is a mixture obtained from bio-oil subjected to
distillation, oxidation, polymer modification, etc. Biomass is
arenewable source which is obtained from woody waste, plant
waste, agriculture waste, animal waste, etc. Currently, around
the world, biomass is employed for production of high valued
liquid fuels. The utilization of biomass for bio-fuel reward
incentives by reducing the carbon footprint and dependence
on fossil fuels (Mohan et al. 2017). Biomass conversion to
bio-oil falls under three broad technologies biochemical,
thermochemical, and mechanical extraction (Mohan et al.
2017; Adams et al. 2018). The biochemical process involves
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applying bacteria and enzymes as catalysts to fragment heavy
molecules to smaller molecules through anaerobic digestion
and fermentation. Thermochemical conversion consists of
combustion, pyrolysis, liquefaction, and gasification. The
classification of thermochemical process depends on the
amount of oxygen supply. Combustion takes place in excess
of oxygen, whereas limited amount of oxygen results in gasifi-
cation. Pyrolysis, on the other hand, takes place in absence of
oxygen. The mechanical extraction involves squeezing of spe-
cific woods or seeds of biomass crops by mechanical means to
obtain bio-oil. Among all the technologies, pyrolysis is widely
applied due to its versatility in operation, handling of wide
variety of feedstock, lower catalyst cost, and lesser response
time (Ram and Mondal 2022).

The composition of bio-oil is a function of several
parameters including the raw material, type of technology
applied to process biomass, water content, reactor type,
and bed. Bio-oils are a complex mixture of highly oxygen-
ated compounds with high water content and lower heating
value. Elementally, bio-oils are composed of mainly five
compounds: carbon, hydrogen, oxygen, and nitrogen. This
analogous elemental composition of bio-oils has encour-
aged researchers to substitute it partially or fully in asphalt.
However, not all the bio-oils can be substituted directly;
some undergo further refining in the form of heating, distil-
lation, extraction, oxidation, or polymer modification to be
viable and are commonly referred as bio-binders. In this
review bio-oil and bio-binder are used interchangeably.

Application of bio-binders in asphalt can be categorized
in three domains: (i) as an asphalt modifier (replacement
of asphalt < 10%), (ii) as an asphalt extender (replacement
of asphalt between 25-75%), (iii) as a direct alternative
(replacement of asphalt 100%). Researches led by (Per-
alta et al. 2012; Raouf and Williams 2010a, b; Pouget and
Loup 2013) explored the possibility of using bio-binders
as a total substitution of asphalt. The findings suggest that
the existing test methods do not truly reflect the bio-binders
performance. Hence, they suggested modification and devel-
opment of new test methods to viably use the bio-binders.
Application of modifiers is quite common practice intended
to target specific properties. The potential application of bio-
binders lies with extender mode. Therefore, a multitude of
research are targeted in this direction.

The paradigm shifts towards environmental sustainabil-
ity has driven attention towards utilization of renewable
sources. Although the introduction of bio-binders results in
environmental and economic benefits, it is plagued with sev-
eral undesirable properties such as compromised high-tem-
perature performance along with increased susceptibility to
aging. These variations are dependent on the type of bio-oil,
technology conversion procedure, amount of oxygen, and
biomass feedstock. Further, in order to promote sustainabil-
ity and circular economy goals, it is important to understand

the performance of bio-asphalt depending on it originating
source. Bio-asphalt majorly can be produced from biomass
of woody waste, animal waste, herbaceous, agricultural,
and municipal, by deriving bio-oil and partially replacing it
with asphalt. It is therefore important to compile the existing
literature learning categorically to understand the effect of
different types of biomass source on the performance of bio-
asphalt (Zahoor et al. 2021; Penki and Rout 2021). Thus, this
paper comprehensively categorizes the performance based
on type of bio-binders for holistic understanding.

This review is summarized in the following sections to com-
prehensively understand the performance of bio-asphalt: (i)
elemental composition of bio-oils, (ii) preparation procedure of
bio-asphalt, (iii) rtheological performance, (iv) mixture perfor-
mance, (V) aging mechanism, (vi) modifications to improve the
performance, (vii) performance of miscellaneous bio-asphalt,
(viii) environmental considerations, (ix) field studies.

Methodology

In order to conduct this review, bibliometric databases such
as Scopus, web of science, and google scholar were searched
for keywords such as “bio-asphalt,” “bio-bitumen,” “bio-
binder,” “wood-based bio-binder,” and “animal-based bio-
binder.” After initial screening and analysis, the research
papers in language other than English were not considered
further. Moreover, the scope of this review is limited only
to the use of bio-binders as partial or full substitution; there-
fore, application of bio-oils as rejuvenator were not consid-
ered in this study. The framework of the article is shown in
Fig. 1.

Elemental composition of bio-oil

The elemental composition of bio-oil varies based on the
production procedure, type of feedstock, and moisture con-
tent. Figure 2a presents the carbon, hydrogen, nitrogen, and
oxygen percentage of bio-oil derived from different wood
biomass sources. As evident from Fig. 2a, in comparison
to the asphalt binder, the wood-derived bio-oil contains
higher oxygen and less carbon. The variable percentage are
dependent on the type of biomass conversion process applied
and raw materials selected. This variation of chemical com-
position could alter the physical and chemical properties
of bio-asphalt. Thus, there is need to standardize the pro-
cess of producing bio-oil from a particular biomass source
S0 as to obtain consistent and comparable results. As can
be seen in Fig. 2c, the elemental composition of swine
manure—based bio-oil varies depending on the method of
conversion employed. Compared with the composition of
asphalt binder, swine manure—based bio-oil have less fixed
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Fig. 1 Framework of the review process

carbon, alike amount of hydrogen, high nitrogen content,
and oxygen content. The application of thermochemical lig-
uefaction yields similar results whereas pyrolysis technique
results in less carbon content and increased oxygen content.
The elemental composition of swine manure bio-oils was
found to be almost similar to asphalt. In particular, the oxy-
gen content is slightly higher than asphalt but is consider-
ably lower than the various other bio-oils. This peculiarity
of swine manure—based bio-oil stands out against the aging
resistance.

The elemental composition of bio-oil from the residue of
corn processing differs significantly from asphalt in terms
of carbon and oxygen content as seen in Fig. 2b. The oxygen
content of corn varies from 50 to 60% whereas the carbon
content is in range of 30%. Further, the bio-oil from corn
contains inorganic impurities. The higher oxygen content
of herbaceous, agricultural, and vegetable-based bio-oils
would cause a higher affinity towards aging and ultimately
will affect its performance. The WEOQO elemental composi-
tion is similar to that of asphalt while the WCO contains a

@ Springer

slightly higher amount of oxygen as evident from Fig. 2d.
The oxygen content of bio-oil is of prime importance from
aging perspective. The higher oxygen content makes the
bio-oil susceptible to oxidative aging forming functional
groups such as carboxylic, ketons, and sulphoxide. There-
fore, comprehensive investigation of elements must be done
while choosing a bio-oil for asphalt replacement to ascertain
equivalent or improved performance.

Preparation procedure of bio-asphalt

The optimum blending parameters (time, temperature,
and speed) are essential from the standpoint of achieving
a homogenous mix. From the literature, it was found that
the bio-oils are usually blended with high shear mixer into
asphalt. The temperature of mixing for wood-based bio-
asphalt varies between 120 and 150°C with of time of blend-
ing 10-30 min and speed in the range of 1000-5000 rpm.
The presence of large amount of oxygen requires the
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Fig.2 Elemental composition of bio-oil from various biomass
sources (Fini et al. 2011, 2012; Lam et al. 2012; Mills-Beale et al.
2012; Yang et al. 2013, 2014b; Yu et al. 2014; Zhang et al. 2017a,

blending to be done at lower temperature so as to reduce the
aging effect imparted by the bio-oils during the mixing. Few
researchers recommended heating the bio-oil at temperature
of 100-120°C prior to mixing to remove the moisture and
volatile components (Yang et al. 2013, 2014a, b).

As can be seen in Fig. 3, the optimum blending param-
eters of swine manure—produced bio-oil with asphalt gener-
ally range from temperature of 120 to 140°C at a speed of
3000 rpm with a mixing time of 30 min. The preparation
procedure of bio-modified binder from bio-oil obtained
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b; Chang et al. 2018; Girimath and Singh 2019; Ingrassia et al. 2019;
Hosseinnezhad et al. 2019; Bao et al. 2019; Dong et al. 2020; Zhou
et al. 2020a, 2021; Wang et al. 2020a; Sharma et al. 2021)

through residue of corn processing involves heating bio-
oil around 130°C and blending with asphalt at 135-150°C.
Generally, a high shear mixer is employed at a shearing rate
of 3000 rpm for 30 min. Apart from the bio-oil of corn resi-
due processing, corn stover—based bio-oil is also used. Corn
stover consists of leftover after corn harvesting and is gen-
erally referred as stalks, leaves, and cobs (Fini et al. 2015;
Hill et al. 2018). Pyrolysis technique is generally adopted to
obtain corn stover—based bio-oil. The mixing time and tem-
perature generally remains the same as that of bio-oil from
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Fig.3 a Shearing rate vs blending time of bio-asphalt. b Mixing tem-
perature of bio-asphalt (Fini et al. 2011, 2012; Lam et al. 2012; Mills-
Beale et al. 2012; Wen et al. 2012; Yang et al. 2013, 2014a, b; Lei
et al. 2015; He et al. 2017; Zhang et al. 2017b; Liu et al. 2018a, b;

corn processing residue while shearing rate is usually lower.
Xi et al. (2015) varied the blending conditions with cotton-
seed and soybeans bio-modified binder. The mixing temper-
ature varied from 130 to 190°C, with shearing at 500, 1000,
2000, and 3000 rpm, and mixing time of 15, 30, 45, and
60 min. At high blending temperature, it was observed that
more aging would take place whereas, with longer blending
time, the homogenous blend would be obtained. However,
the longer blending would also impart some degree of aging.
In summary, researchers are mindful of the fact that higher
blending temperature would lead to considerable aging. The
blending temperature of plant, herbaceous, and vegetable-
based bio-asphalt usually ranges from 120 to 150°C with a
shearing rate range of 1000-3000 rpm and mixing time of
30-60 min. Blending waste engine oil (WEO) with asphalt
requires caution due to the potential of harmful emissions.
The preparation procedure for WEO and waste cooking oil
(WCO) involves blending at 130-160°C with shearing of
4000-5000 rpm for 40—60 min.

To sum up, the optimal blending parameters vary depend-
ing on different bio-oils. To obtain a homogenous blend, it is
critical to choose the blending parameters sensibly.

Rheological performance
Rheological characterization of bio-asphalt is important

from the standpoint of permanent deformation charac-
teristics and fatigue resistance. The subsequent section
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Wang et al. 2018, 2020a, b; Girimath and Singh 2019; Ingrassia et al.
2019; Hosseinnezhad et al. 2019; Bao et al. 2019; Dong et al. 2020;
Zhou et al. 2020a, 2021)

characterizes the performance of bio-asphalt obtained from
different biomass source.

Rheological performance of wood-based
bio-asphalt

A considerable number of studies are available on effect
on bio-oils on rheological performance. These rheologi-
cal properties are evaluated using dynamic shear rheom-
eter (DSR) which employs a sample sandwiched between
parallel plate geometry. The SHRP parameters (rutting
and fatigue) are most commonly used to characterize rut-
ting at high temperatures and fatigue within intermedi-
ate temperatures. A higher value of G*/sind is desirable
from the viewpoint of resistance to permanent deforma-
tion. A higher value is representation of better elastic
response and improved strength, whereas a lower G* sind
is desired from the fatigue perspective which represents
reduction in dissipated energy per loading cycle. Table 1
represents the performance of various wood-derived bio-
asphalt on G*/sind and G* sind in comparison with the
control binder. As seen in Table 1, inconsistent results
are obtained by various researchers. On the one hand,
several researchers believe that the addition of bio-oil
improves the rutting resistance while the others believe
contrary. This inconsistent permanent deformation resist-
ance of wood-based bio-asphalt could be attributed to
source variability, conversion technology, and moisture
content of biomass.
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Table 1 Rheological performance of wood-based bio-asphalt
Author Dosage Type Method G*/sind G*sind
Ingrassia et al. (2019) 5,10, 15 Wood bio-oil l |
Ingrassia et al. (2020) 5,10, 15 Wood bio-oil l |
Yang and You (2015) 5,10 Original bio-oil (OB) Fast pyrolysis )

5,10 Dewatered bio-oil (DWB) Fast pyrolysis T

5,10 Polymer-modified bio-oil (PMB) Fast pyrolysis T
Yang et al. (2013) 5,10 Original bio-oil (OB Pyrolysis ) 1

5,10 Dewatered bio-oil (DWB) Pyrolysis 1 1

5,10 Polymer-modified bio-oil (PMB) Pyrolysis 1 1
He et al. (2017) 5, 10, 15, and 20% Pine wood Fast pyrolysis )

5, 10, 15, and 20% Willow wood Fast pyrolysis 1

5, 10, 15, and 20% Poplar wood Fast pyrolysis 1
Ding et al. (2021) 5, 10, 15, and 20% Sawdust HTL l

1: increases |: decreases.

Apart from DSR, several researchers have quantified
the rutting and fatigue using multiple stress creep-recov-
ery (MSCR) and linear amplitude sweep (LAS). Yang and
You (2015) evaluated the high-temperature performance of
untreated bio-oil (UTB), treated bio-oil (TB), and polymer-
modified bio-oil (PMB) using DSR and MSCR at replace-
ment levels of 5% and 10%. It was found that as the bio-oil
content increased, G* increased, & reduced, and G*/sind
increased. On the other hand, MSCR yielded increased per-
cent recovery (%R) and decreased non-recoverable creep
compliance (J,,) indicating improved resistance against
permanent deformation. The reduction of J . at 3.2 kPa for
10% UTB, 10% TB, and 10% PMB was 28.2%, 42.6%, and
22.7% in comparison to the base binder. The authors sug-
gested the use of both the tests for comprehensive results.
Similar findings were reported by Yang et al. (2013) where
G*/sind of original bio-oil-modified asphalt binder (OB),
dewatered bio-oil-modified binder (DWB), and polymer bio-
oil-modified asphalt (PMB) increased by 6.3%, 0.4%, and
16.8% higher than the control binder. Conversely, the G*sind
values increased considerably indicating compromised inter-
mediate performance. For instance, G*sind of 5% and 10%
OB were found to be 164.2% and 253.3% higher than that of
control binder. In addition, bending beam rheometer (BBR)
test produced lower m-value indicating deteriorated low-
temperature performance. Contrasting results were obtained
by Girimath and Singh (2019) and Ding et al. (2021). The
authors found that increasing percentage of bio-oil nega-
tively affects rutting performance by making the binder soft
and in turn improving its fatigue life. Further, they recom-
mend that combination of recycled asphalt pavement (RAP)
along with bio-o0il would prove beneficial to high-temper-
ature performance. Another study by Girimath and Singh
(2019) reported increase in J,, and reduction in percent-
age recovery with increasing bio-oil content owing to the

softening effect. On the contrary, the fatigue lives increased
with increasing dosage.

In summary, the evaluation of rutting and fatigue resist-
ance of wood-based bio-asphalt is a work in progress;
conflicting results are found where some researchers align
with improved high-temperature performance while others
believe that intermediate- and low-temperature performance
are improved.

Rheological performance of animal-based
bio-asphalt

In terms of high-temperature performance, it is found
that the addition of swine-based bio-oil softens the blend
at high-temperature compromising its rutting perfor-
mance. Table 2 represents the effect of animal-based
bio-asphalt on rheological parameters. Fini et al. (2011,
2012) replaced asphalt binder with 2, 5, and 10% of
swine manure bio-oil extracted through thermochemi-
cal liquefaction and found that the addition decreased
the complex modulus (G*) and rutting factor (G*/sind).
Further, the authors recommended the use of PPA and
RAP to enhance the high-temperature performance. Simi-
larly, Mills-Beale et al. (2012) and Liu et al. (2020) also
found that the addition of swine manure—based bio-oil
decreased complex modulus. On the other hand, Wang
et al. (2020a) found that pyrolysis temperature and reac-
tion time affect the rheological performance of modified
swine manure—modified binders. Swine manure bio-
oil was produced at different pyrolysis temperatures of
400°C, 450°C, 500C, 550°C, and 600°C with the reaction
time of 1 s and 2 s. Initially, as the pyrolysis temperature
increased, the rutting performance also increased until
550°C; beyond 550°C, the rutting factor decreased gradu-
ally compromising its high-temperature performance.
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Table 2 Rheological performance of animal based bio-asphalt

Author Dosage® Type Method G* G*/sind G*sind
Fini et al. (2011) 2,5,10% Swine manure Thermochemical liquefaction !

Fini et al. (2012) 2,5,10% Swine manure Thermochemical liquefaction l l

Wang et al. (2020a) 15% Swine manure Pyrolysis i )
Mills-Beale et al. (2012) 5% Swine manure Thermochemical liquefaction l i

Liu et al. (2020) 5and 10% Swine manure Fast pyrolysis l

By weight of asphalt binder; 1: increases, |: decreases

Conversely, fatigue performance gradually improved
as the pyrolysis temperature was increased, whereas dete-
riorated performance was reported as the reaction time
increased. The authors recommended pyrolysis tempera-
ture in the range of 550-600°C and the reaction time of
1 s for improved fatigue performance (Wang et al. 2020a).
Researchers have quantified the low-temperature crack-
ing resistance using bending beam rheometer test. Fini
etal. (2011, 2012) and Wang et al. (2021b) found that the
addition of bio-oil increased m-value. This increment was
attributed to the improved stress relaxation property of
bio-modified binders resulting in decreased stress accu-
mulation. They also reported decrease in cracking tem-
perature (7,) as the percentage of modification increased
indicating reduced low-temperature cracking. Mills-Beale
et al. (2012) found that the bio-modified binders with 5%
bio-oil passed the creep stiffness and m-value require-
ments at — 18°C and — 24°C. The researchers believed that
this improved low-temperature performance could be due
to the interaction of polymer molecules of swine-based
bio-oil creating elastic interactions with asphalt leading
to decreased stiffness and eventually decreasing the stress
accumulation.

To sum up, the addition of swine-based bio-oil in asphalt
binder decreased the high-temperature performance while
fatigue performance is found to improve. The low-tempera-
ture cracking resistance enhanced due to the improved stress
relaxation of bio-modified binders.

Rheological performance of herbaceous,
agricultural, and vegetable-based bio-asphalt

Researchers are in agreement that adding bio-oil from the
residue of corn processing would inherent several nega-
tive impacts on the performance. To remedy these defects,
researchers introduced modifiers to the blends of bio-
asphalt. The commonly used modifiers were Styrene—Buta-
diene—Styrene block copolymer (SBS), rubber, polyphos-
phoric acid (PPA), etc. (Dong et al. 2018; Bao et al. 2019;
Zhou et al. 2020a; Wang et al. 2021a). The master curve of
corn residue bio-modified binder shows that at lower fre-
quency, G* value was higher as compared to base asphalt
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implying improved high-temperature performance and
reduced low-temperature performance. Further, BBR test
results confirmed that addition of bio-oil slightly affects
low-temperature performance (Dong et al. 2018). Bao et al.
(2019) developed a composite of SBS/rubber composite-
polymer-modified asphalt with bio-asphalt. The composite
was prepared in two steps; first, the bio-oil and asphalt
were blended at 150°C with high shear mixer at a rota-
tion of 1500 rpm for 5 min; secondly, SBS and rubber
were added to the prepared mix at 180°C with 3500 rpm for
30 min. The bio-oil replacement level was 10%, 12%,15%,
18%, and 20% by weight of the binder, whereas the SBS
and rubber content was 2% and 10% by weight of the bio-
modified binder. The authors found that the composite
exhibited excellent anti-cracking performance. Likewise,
Wang et al. (2021a) prepared a composite of PPA-modified
bio-binder. In view of high- and low-temperature perfor-
mance, the authors concluded that the optimal content of
PPA ranges from 6 to 8% and the bio-modified binder con-
tent lies between 10 and 16%.

The corn stover—modified bio-asphalt has a similar
performance to that of control asphalt in terms of rutting
resistance at unaged conditions, whereas rutting resist-
ance increases as the RTFO aged binders are evaluated
(Fini et al. 2016b). Several composite modifications were
recommended to evaluate the effectiveness and broader
usage of corn stover—based bio-oil. The results by Hill
et al. (2018) through BBR at — 12°C found that the stiff-
ness reduced by 8.9% while m-value increased by 11.3%
indicating improved relaxation ability of bio-binder.
These results prompted the researchers to evaluate the
mixtures with RAP and bio-oil. Likewise, Fini et al.
(2016a) evaluated the low-temperature performance and
found that the corn stover—-modified bio-asphalt exhib-
ited higher dissipated energy ratio (DER). Generally, the
higher DER corresponds to better cracking resistance.

Based on the availability, several researches explored the
feasibility of using rapeseed, soybeans, sunflower, palm oil,
castor oil, date seed oil, and maize oil as bitumen extender
and modifier. Most of the binders produced with the above
bio-oils results in softer binder indicating an improvement
in low-temperature performance (Rusbintardjo et al. 2013;
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Hainin et al. 2014; Xi et al. 2015; Somé et al. 2016; Portugal Table 4 Effect of WCO dosage on PG

et al. 2017; Alamawi et al. 2019). WCO. %

Rheological performance of waste oil-based PG 10% 30% 60%

bio-asphalt PG 58-28 - PG 52-34 PG 46-40
PG 82-16 PG 76-22 PG 70-28 -

Liu et al. (2018b) researched the rheological properties PG 76-22 PG 76-22 PG 70-34 _

and found that as the WEO content increased, the G*
decreased and 6 increased, indicating poor deforma-
tion resistance and elastic recovery. Moreover, the rut-
ting parameter G*/sind reduced drastically as the WEO
content increased and the reduction for 4% replacement
was found to be 30-40%, whereas for 8% the reduction
increased up to 60-70%, representing strong influence
of WEO on the rutting resistance (Table 3). On the other
hand, the fatigue factor decreased as the content of WEO
increased signifying improved fatigue cracking resistance
(Liu et al. 2018a). Lei et al. (2015) studied the low-tem-
perature performance of 5% refine waste oil-modified
binder using BBR. The stiffness value reduced, increasing
the crack resistance, whereas m-value increased, suggest-
ing better stress relaxation capability. This investigation
was supported by Thermal Stress Restrained Specimen
Test (TSRST) on mixtures. Further, the cracking resist-
ance was demonstrated using single-edge notched beam
(SENB) test. The fracture resistance increased threefold
than the base binder, implying significant low-tempera-
ture cracking resistance due to addition of refine waste
oil. Wang et al. (2020b) analyzed the MSCR results for
permanent deformation characteristics and found that
the addition of WEO weakens the elastic recovery and
anti-rutting deformation resistance. On the contrary, the
compound modification of SBS/WEO-modified binder
has a better rutting performance than the control binder.

Wen et al. (2012) attempted replacement of WCO at 10,
30, and 60% by the weight of the base binder. The waste
cooking oil was subjected to thermochemical process via
polymerization at elevated temperatures. Three base binders
were selected viz PG 58-28, PG76-22, and PG 82-16. The
addition reduced the PG as shown in Table 4. Based on the
PG grading test results, the authors restricted the dosage
to 30% for PG 76-22 and PG 82-16. The prepared blends
were subjected to monotonic constant shear rate test and
MSCR test for evaluation of resistance against fatigue and
rutting. The critical strain energy density (CSED) reduced

Table 3 Rheological performance of waste oil based bio-asphalt

Author Dosage Type G* G*/sind G*sind

Liu et al. (2018b) 4 and 8%
Sun et al. (2016) 2,4, 6, and 8%

WEO | | !
wco | - -

1: increases |: decreases.

as the WCO dosage increased inferring lowered fatigue per-
formance. Similarly, the rutting resistance also reduced as
reflected by increased J,, values.

Wang et al. (2018) varied the percentage of WCO residue
obtained from bio-diesel production. The WCO-modified
blends were prepared at a replacement of 5, 10, and 15%.
The permanent deformation results from MSCR test found
that the unrecoverable strain and non-recoverable creep
compliance increased as the WCO content increased. Fur-
ther, as the stress level increased, the J,. value doubled for
5% WCO-modified binders. The fatigue life at intermediate
temperature under cyclic loading improved but the results
of binder yield energy test (BYET) which replicates the
monotonic loading showed deteriorated performance. The
decreased in yield stress and yield strain could be due to the
reduction of tensile strength of the mixtures. The research
by Sun et al. (2016) also concluded that the addition reduced
the deformation resistance and elastic recovery, while
increasing low-temperature performance.

In conclusion, the addition of WEO weakens the high-
temperature performance but improves the low-temperature
performance. For WCO-based binder, the rutting and fatigue
resistance is compromised whereas the low temperature anti-
cracking resistance improves drastically.

Mixture performance of bio-asphalt

The study of mixture is undertaken to evaluate the resistance
to permanent deformation, fatigue life, moisture resistance,
low-temperature resistance, etc. The subsequent section
elaborates the mechanical performance of bio-asphalt.

Mixture performance of wood-based bio-asphalt
mixtures

Limited studies are available in terms of mechanical per-
formance of wood-based bio-asphalt mixtures. Yang et al.
(2013) extended their study from bio-asphalt to bio-asphalt
mixtures (Yang et al. 2014b). The bio-modified mixtures
were prepared with three different types of bio-oil-modified
binders namely original bio-oil-modified asphalt binder
(OB), dewatered bio-oil-modified binder (DWB), and poly-
mer bio-oil-modified asphalt (PMB) at replacement levels
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of 5 and 10%. The original bio-oil-modified asphalt binder
(OB) was prepared using the bio-oil obtained after pyroly-
sis with 15-30% moisture by its weight, whereas dewatered
bio-o0il which contains 5% moisture was used to produce
dewatered bio-oil-modified binder (DWB), and polymer bio-
oil-modified asphalt (PMB) contains 4% polyethylene by the
weight of bio-oil. The mixtures were subjected to testing
against rutting, fatigue, and tensile strength using asphalt
pavement analyzer (APA), four-point beam fatigue test, and
indirect tensile strength test. The tensile strength of bio-mod-
ified mixtures was found to be lower than control mixtures
by 16.7%, 18.3%, and 9.3% for OB-, DWB-, and PMB-mod-
ified mixtures, respectively. This reduction was attributed to
formation of bio-chars during mixing and compaction which
leads to agglomeration of asphalt particles. In terms of rut
depth, all the bio-modified mixtures exhibited higher values
than control mixture indicating increased permanent defor-
mation susceptibility. Additionally, dynamic creep test was
employed, the results of which were in agreement with APA
results. The flow number of all the bio-modified mixtures
was lower than that of control mixture. The fatigue life was
evaluated at 200 and 400 micro-strains. The bio-modified
mixtures exhibited improved fatigue life at both micro-
strains. The authors concluded that the higher fatigue life is
due to lower initial dissipated energy and flexural stiffness.
Mohammad et al. (2013) subjected bio-modified mixtures to
rutting, fatigue, and moisture testing. All the bio-modified
mixtures except 50% modification fulfilled the Louisiana
rut depth specification of maximum 6 mm at 20,000 passes.
Similarly, for moisture resistance, 50% replacement could
not meet the minimum requirement of 80% TSR. In terms
of low-temperature cracking resistance, bio-modified mix-
tures performed better than the control mixtures. Ingrassia

Table 5 Wood based bio-asphalt mixture performance

and Canestrari (2022) characterized the fatigue behavior of
bio-modified mixtures under short-term and long-term aging
conditions. The short-termed aged bio-modified mixture
was found to be more susceptible to cracking than control
mixture due to the oxidation caused by exposure to high
temperatures during mixing and compaction. However, long
termed performed better than control mixture owing to the
low conditioning of temperature (85°C). Table 5 summarizes
the performance of wood-based bio-asphalt mixtures.

Mixture performance of swine manure-based
bio-asphalt mixtures

Very few literature have reported the mixture performance of
the swine manure—based bio-binders. Fini et al. (2011) uti-
lized hydrothermal process with temperature of 305°C, pres-
sure of 3.5 MPa, and residence time of 80 min to produce
bio-oil using swine manure as biomass source. Nitrogen
was used as purge gas in the reactor and the sticky residue
obtained was separated using filtration. Bio-modified bind-
ers were prepared with 2, 5, and 10% replacement of asphalt
binder. Rheological studies found that the addition of bio-
oils reduced the complex modulus leading to soft binder at
high temperature. To quantify this concern, they employed
Hamburg wheel rut test to evaluate the rutting performance
of bio-modified mixture. The mixture was produced using
2% replacement. The rut depth progression and rut depth
at the end of 20,000 cycles were similar to the base binder.
Figure 4 represents the rut depth of base as well as bio-
modified mixture. The limitation of the study was that it
did not consider the increasing bio-oil percentage effect on
mixture’s rutting performance.

Author Mixture Type Method Dosage Rutting resistance Fatigue resistance Low-
temperature
performance

Yang et al. (2014b)  Original bio-oil Wood based Fast pyrolysis 5, 10 Weaken Improved -

(OB) mixture
Dewatered bio-oil ~ Wood based 5,10 Weaken Improved -
(DWB) mixture
Polymer-modified =~ Wood based 5,10 Weaken Improved -
bio-oil (PMB)
mixture
Mohammad et al. ~ Bio-modified Pine wood chips 20,25.5, Improved - Improved
(2013) mixtures 30, and
50%

Ingrassia and Can-  Bio-modified Wood based 10% - Improved -

estrari (2022) mixtures

Gaudenzi et al. Bio-modified Wood based 10% Equivalent® Improved -

(2021) mixtures

2Same as control mixture
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Fig.4 Rut depth for control and
bio-modified mixture (Fini et al.
2011)

Bio-Modified Binder

PG 64-22

Another study evaluated the low-temperature per-
formance of RAP-modified bio-mixtures at various
RAP percentages. The replacement level of RAP was
15 and 45% by the weight of the mixture. The study
employed disk-shaped compact tension, indirect tension,
and acoustic emissions test to evaluate fracture energy,
creep compliance, and embrittlement temperature of the
mixture. Bio-modified RAP mixture exhibited enhanced
fracture resistance, increased creep compliance, and
improved resistance to cracking. The study concluded
that bio-modified RAP mixtures display improved low-
temperature performance as compared to HMA. Simi-
larly, Mogawer et al. (2011) developed RAP-modified
bio-mixture with RAP at 40% replacement. It was found
that the addition of bio-oil proved beneficial in reducing
stiffness imparted by high replacement level of RAP.
Also, the cracking susceptibility of bio-modified RAP
mixture reduced.

In conclusion, more studies are needed at mixture’s
level to assess the in-depth performance.

Fig.5 Rutting depth of mix-
tures (Dong et al. 2018)

Rut Depth at 20000 Passes

6 6.5 7 7.5 8

Rut Depth, mm

Mixture performance of herbaceous, agricultural,
and vegetable-based bio-asphalt mixtures

The corn residue bio-oil-modified mixture was subjected to
testing for rutting resistance, low-temperature performance,
and moisture resistance (Dong et al. 2018). Apart from the
bio-modified mixtures (BMM) at 10% and 15% replacement
level, base asphalt along with bio-oil was modified with SBS
and o-Phthalic anhydride and corresponding mixtures were
made. The rutting depth of bio-modified mixture with 10%
and 15% bio-oil was similar to base asphalt, whereas the
lower rutting depth was observed in case of SBS-modified
bio-mixture. Figure 5 represents the rut depth corresponding
to each mixture. In comparison among the mixtures, the rut
depth of SBS bio-modified mixtures was found to be lowest
due to the formation of three-dimensional structure in binder.
Overall, the addition of bio-oil improved the rutting resistance
of the mixtures except modified with o-Phthalic anhydride.
Feng et al. (2023) developed composite mixture containing
lignin and waste soybean oil. The dosage of lignin varied from
0, 3, 5, and 7% whereas waste soybean oil replacement stood
at 5%. The addition of lignin increased the stiffness of the
mixture leading to reduced rut depth while introduction of oil

0 0.5 1 1.5 2 2.5 3 35 4 4.5
Rut Depth, mm
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decreased the viscosity leading to higher rut depth. The com-
posite mixture rut depth increased by 5, 10, and 15% as the
lignin percentage varied from 3, 5, and 7% with 5% soybean
oil addition. The fatigue life of composite mixture increased
due to the softening effect imparted by oil.

The low-temperature performance was assessed using
flexural tensile strain at— 10°C obtained by bending beam
test (Dong et al. 2018). The higher is the flexural tensile
strain, the better is the low-temperature performance. The
flexural tensile strain of 10% BMM and 15% BMM was
found to be lower than that of control asphalt indicating
deteriorated low-temperature performance. The SBS-modi-
fied bio-mixture performed best while o-Phthalic anhydride
mixture resulted in higher flexural tensile strain than bio-
modified mixtures. The moisture damage was assessed using
the tensile strength ratio (TSR). As evident from Fig. 6, the
bio-modified mixtures exhibit worst moisture resistance
(Dong et al. 2018). The increase in bio-oil content drastically
reduced the water resistance of the bio-modified mixtures
due to the presence of low molecular weight compounds.
The results suggest that chemically (o-Phthalic anhydride)
modified mixture exhibit excellent improvement in terms
of resistance while negligible increment was observed in
SBS-modified mixture. The SBS-modified mixture and bio-
modified mixtures did not meet the minimum criteria laid
by Ministry of Transport of the People’s Republic of China,
2004 of 75% TSR. Finally, they concluded that the chemi-
cal modification should be adopted to enhance the mois-
ture resistance. Similarly, Zhou et al. (2020a) evaluated the
mixtures’ moisture resistance by chemically modifying them

with phthalic anhydride (PA), ethylenediaminetetraacetic
acid (EDTA), and citric acid (CA) as modifiers and concen-
trated sulfuric acid was used as catalyst.

Mixture performance of waste oil-based
bio-asphalt mixtures

Lei et al. (2015) investigated the low-temperature perfor-
mance of the mixture using thermal stress restrained speci-
men test (TSRST). The 5% refine waste oil-modified mix-
tures were prepared using Superpave Gyratory Compactor
(SGC). The samples were sawed prismatic beam of size
15 ecm X5 cm x5 cm. The indicator used here was fracture
temperature. The fracture temperature of the oil-modified
mixture was found to be lower than control mixture suggest-
ing excellent increase in low-temperature performance of the
mixtures. Wen et al. (2012) researched the mixtures produced
with high content of WCO. The replacement varied 10, 30,
and 60% of the weight of base binder. The mixtures were
tested for stiffness, rutting, fatigue, and moisture damage.
The stiffness was captured using the dynamic modulus test
in asphalt mixture performance tester (AMPT). The dynamic
modulus master curves were plotted which depicted reduced
stiffness as the content of oil increased. The flow number
reduced as the WCO content increased compromising high
temperature. The results were consistent with the binder tests
as well. In terms of fatigue response, assessed using indirect
tensile test as per AASHTO T 322, the addition led to reduced
failure strength and critical strain energy density (CSED).
Indirect tensile thermal test found promising results, the

Fig.6 Tensile strength ratio of
mixtures (Dong et al. 2018)
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CSED of mixture increased indicating higher thermal crack-
ing resistance. Furthermore, the moisture resistance of the all
the mixes was found to be minimum 80%. Azahar et al. (2017)
produced mixture using untreated and treated WCO. The
treated WCO was obtained by transesterification. The mix-
tures prepared using 5% replacement were tested for resilient
modulus, dynamic creep, and indirect tension test. The result
of resilient modulus at 25°C and 40°C for treated WCO mix-
ture was higher than that of control mixture. This increment
suggests that treated WCO forms superior chemical bond-
ing with asphalt resulting in stiffer mix. The dynamic creep
results found that treated WCO rutting resistance increased by
25% with reference to control mixture. Similarly, the treated
WCO mixtures performed superiorly by achieving highest
tensile strength. This enhanced tensile strength was attributed
to polar group attraction of treated WCO and asphalt binder
creating increased adhesion.

To sum up, the results of waste oil bio-modified mixtures
are in agreement with binders. The mixtures’ permanent
deformation resistance deteriorated as the waste oil dosage
increased. Fatigue performance was also affected, while the
low-temperature performance improved.

Aging mechanism

The bio-asphalt susceptibility towards aging must be under-
stood thoroughly to achieve durable performance. In this
regard, the following section dissects the aging mechanism
along with the functional groups present in it.

Aging mechanism of wood-based bio-asphalt

There are some concerns regarding the aging of bio-asphalt
because they are subjected to elevated temperatures (Met-
wally and Williams 2010; Yang et al. 2013). The most
commonly and widely adopted technique for identifying
functional groups in asphalt is Fourier transform infrared
spectroscopy (FTIR). FTIR produces infrared absorption
spectrum by identifying the chemical bonds present in mol-
ecules. The susceptibility of bio-binder to aging is mainly
attributed to loss of volatiles, oxidation, dehydrogenation,
and polymerization (Hilten and Das 2010). During mixing
and compaction of bio-binders, loss of volatiles takes place
due to the presence of low boiling point compounds and
large amount of oxygen (Girimath and Singh 2019). Another
problem associated with increased mass loss of bio-binders
is high emissions (Yang et al. 2014a). Oxidation takes place
due to the chemical reaction of bio-binders with atmospheric
oxygen (Petersen 2009). Oxidative aging leads to increase
in carbonyl and sulfoxides groups. Ingrassia et al. (2019)
performed FTIR analysis before and after aging for wood-
based bio-oil-modified bio-blends for quantifying sulfoxide

and carbonyl index. They found that in unaged conditions,
carbonyl index increased as the bio-oil content increased.
However, this trend was inverted after aging due to the pres-
ence of bio-oil. On the other hand, sulfoxide index reduced
slightly as the bio-oil content increased in unaged condi-
tion whereas steep rise was noted in short-term and long-
term aged bio-blend samples. In addition, lower aromacity
and oxidized groups related to esters emerged. Similarly,
Yang et al. (2017) evaluated carbonyl and sulfoxide indexes
through FTIR for unaged and aged bio-asphalt. For unaged
conditions, as the bio-oil content increased, both the indi-
ces increased. Furthermore, after RTFO and PAV aging of
bio-asphalt, these indices increased indicating bio-asphalt
hardening. In another study by Yang et al. (2014a), high
replacement of 30% and 70% of asphalt binder with bio-oil
was attempted. Carbonyl index corresponding to 1700 cm™!
was found to be higher due to the presence of large amount
of oxygen in comparison with asphalt. After subjecting to
RTFO aging, carbonyl index of bio-blends were found to be
significantly higher. Apart from carbonyl bonds, the concen-
tration of ester, alocohol, and acids increased after aging.
Few researchers modified the aging conditions due to that
the fact that bio-binders are subjected to lower temperatures
during mixing and compaction temperature. Based on the
extensive testing, they recommended few modifications in
terms of temperatures and time for RTFOT and PAV. For
RTFOT, the temperature should be adjusted to a range of
110-120°C and duration to 20 min. On the other hand, for
long-term aging, PAV should be done at 120°C for 2.5 h.
These temperatures were considered so to replicate the con-
ditions offered by bio-binders during mixing and compaction
(Metwally and Williams 2010; Peralta et al. 2012).
Overall, the FTIR spectra confirmed that no new peak
was observed for wood-based bio-asphalt, indicating no
chemical interaction between asphalt and wood bio-oils
(Yang et al. 2014a; Ingrassia et al. 2020). However, the addi-
tion of wood-based bio-oils leads to increased percentage
of alcohols and acids, whereas percentage of aromatics was
not affected (Yang et al. 2014a). In addition, wood-based
bio-asphalt have presence of large amount oxygen, acids or
esters, aldehydes, acycls, phenols, ketones, alcohols, etc.
Presently, there is a need for a detail investigation so as to
ascertain the aging behavior of wood-based bio-asphalts.

Aging mechanism of swine manure-based
bio-asphalt

Mills-Beale et al. (2012) studied the aging behavior of bio-
modified binder in unaged, RTFO, and PAV aged conditions
using carbonyl and sulphoxide indices. They found that the
FTIR spectra of base and bio-modified blends were similar
in terms of shape and symmetry indicating that bio-modified
binder behaves as control binder. The carbonyl and sulphoxide
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index reduced when the bio-modified binders were used. Fig-
ure 7 shows aging indices of base binder and bio-modified
binders. As evident from Fig. 7, the carbonyl and sulphoxide
index decreased with the bio-modified binder imparting lower
aging susceptibility. Hosseinnezhad et al. (2019) evaluated the
effects the ultraviolet and oxidative aging has on bio-modified
binder. They simulated oxidative aging using RTFO and PAV,
whereas UV aging was performed using ultraviolet irradiation
machine. The results suggest that carbonyl index obtained by
UV aging was much higher than that obtained by oxidative
aging. This is due to the reactivity of free radicals encouraged
by UV light leading to formation C=0 bonds. On the other
side, sulphoxide index remained unchanged, while oxidative
aging showed higher sulfoxide index than UV aged samples.
These differential formation rate of carbonyl and sulfoxide
indices due to UV and oxidative aging conditions promoted
researchers to suggest the incorporation of UV effect in the
existing aging methods.

Liu et al. (2020) researched swine manure bio-oil produced
using pyrolysis. The FTIR spectra and presence of func-
tional groups of bio-modified binder and neat bitumen were
found to be similar indicating good compatibility between
them. The bio-modified binder exhibited dominance of alco-
hol groups due to the presence of retained moisture. They
reported reduced aging resistance of bio-modified binder due
to the volatilization of light components and conversion of
unsaturated alkane groups to saturated alkane groups after
short-term aging. On the contrary, Fini et al. (2015) found that
bio-oil prepared using thermochemical conversion reduced
carbonyl and sulphoxide index. The authors attributed this
reduction to molecular interaction of swine manure based bio-
oil with asphalt, resulting in lower affinity towards oxygen.

Overall, based on the available literature, it can be
concluded that the best anti-aging resistance is offered by
swine manure-based bio-asphalt in comparison with other
bio-asphalt.
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Aging mechanism of herbaceous, agricultural,
and vegetable-based bio-asphalt mixtures

The FTIR spectra of corn residue bio-oil confirm the pres-
ence of light and soluble compounds (Dong et al. 2018;
Bao et al. 2019; Wang et al. 2021a). The presence of these
compounds promotes the propensity of moisture damage
due to their smaller molecular weight and greater polar-
ity. According to Dong et al. (2018), the bio-oil contains
propylene glycol, ethylene glycol, and butane dioic acid
which can dissolve in water leading to loss of adhesion.
Similarly Bao et al. (2019) also found small molecule
water-dissolvable alcohols which would lead to reduction
of adhesive property. Further, the addition of bio-oil does
not alter the chemical structure of base asphalt implying
that the interaction between the bio-oil and asphalt is phys-
ical in nature (Wang et al. 2021a). The corn stover—based
bio-asphalt show noticeable broad peak at wavelength of
1100-1300 cm™! representing aromatics and phenolic
stretching (Hosseinnezhad et al. 2019). The C=0 and
S =0 indices of corn stover bio-asphalt were consistently
higher than the control binder (Fini et al. 2015).

To sum up, the carbonyl and sulfoxide index progres-
sion depend on the source of the bio-oil. The variable
source leads to formation of bio-oil with differential com-
position affecting the rate of carbonyl and sulfoxide indi-
ces formation. As seen in elemental composition (Fig. 2),
the higher amount of oxygen makes the bio-asphalt prone
to aging.

Aging mechanism of waste oil-based bio-asphalt

The FTIR spectrum shows that the functional and molecu-
lar structures of WEO and asphalt is similar in nature (Liu
et al. 2018b; Wang et al. 2020b). The interaction of WEO
and asphalt is physical in nature which is ascertained by
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formation of no new peak (Liu et al. 2018a, b; Wang et al.
2020b). However, Liu and Wang (2021) found a new peak
while using a composite of CR/SBS/WEO indicating an
possibility of chemical reaction. The changes in functional
groups are captured analyzing the peaks at 1700 cm™! and
1030 cm™!. The variation of these peaks before and after
modification are quantified and are referred to as carbonyl
and sulfoxide indices. Liu et al. (2018b) calculated the car-
bonyl and sulfoxide indices for WEO-modified binder and
found that as the WEO content increased the carbonyl index
reduced. This reduction was due to the breakdown of large
molecules of asphalt by WEO resulting in lower carbonyl
functional groups. Similarly, the sulfoxide index reduced as
the WEO increased. Liu et al. (2019) further analyzed the
effects of aging conditions on the WEO/SBS-modified bind-
ers. The samples were subjected to short-term, long-term,
and a nonstandard double long-term (2-PAV) aging. The
results confirm that addition of WEO reduced aging indices
due to physical dilution while the introduction of increasing
aging time increased these indices because of hydrogenation,
condensation, and oxidation.

FTIR analysis confirms the presence of acid, ether,
ester, and alcohol with the help of C-O, C=0, and -OH
stretch in WCO. The absorbance spectrum shape of WCO-
modified binders was found to be similar of base binder
(Wang et al. 2018). The spectrum of modified binder did
not show any new peak confirming the modification as
physical (Sun et al. 2016). The variation in aging indices
corresponding varying dosage is presented in Fig. 8. As
can be seen, the carbonyl index of WCO-modified binder
tend to increase with higher dosages exhibiting increased
aging susceptibility. On the other hand, sulfoxide index
presented very little variation as compared to control
binder (Wang et al. 2018).
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Overall, the FTIR spectrum of waste oil-modified binder
and asphalt is similar in shape. The waste oil and asphalt were
physically blended as there was no new peak observed. The
aging indices of WEO-modified binder reduced as the dos-
age increased. For WCO-modified binder, the carbonyl index
increased whereas the sulfoxide index did not increase much.

Modifications to enhance the performance
of bio-asphalt

Due to the insufficient high-temperature performance and
aging resistance, researches are being carried out to evaluate
the synergic effect of additional modifiers along with bio-
asphalt. This section lays out the common additional modi-
fiers used and their effect on the performance of bio-asphalt.

Modifications to improve the performance
of wood-based bio-asphalt

The common practice among researchers in regard to bio-
asphalt is composite modification. The additional modifiers
are usually targeted to either negate the targeted drawback
or to introduce a certain performance effect.

As can be seen in Table 6, the common modifiers used
are SBS, crumb rubber, and PPA. SBS, being thermoplastic
elastomer, exhibit good elastic properties and high rutting
resistance at elevated temperatures. PPA has been in use
since 1973 in asphalt industry aiming to increase asphalt
stiffness (Alexander 1972). Crumb rubber addition serves
enhanced high temperature, aging, and moisture resist-
ance. Also, utilization of crumb rubber mitigates environ-
mental burden caused by its non-degradable nature. Zhang
et al. (2017b) targeted to improve the high-temperature
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Fig.8 Carbonyl and sulfoxide indices for WEO and WCO bio-asphalt (Wang et al. 2018; Liu et al. 2018b)
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Table 6 Composite modification of bio-asphalt

Author Source Dosage Additional modifier Results
Zhang et al. (2017b)  Saw dust 10, 15, 20, 25, and 30% — The high-temperature and anti-aging performance improved
when water—oil mass ratio was 2:1
Gao et al. (2018) Saw dust 5, 10, 15, and 20% SBS (1%) Rutting parameter (G*/sind) increased
Bao et al. (2019) Wood waste 10, 12, 15, 18, and 20% SBS and waste The optimum content of bio-oil was 15%. Composite blend
rubber (2 and exhibited good anti-rutting performance

10% by weight of
bio-asphalt)

Mousavi et al. (2021) Wood pellet 15%

Polyphosphoric
acid (1%) and

The composite performed excellently against permanent
deformation

crumb rubber

(15%)

performance of bio-oil obtained from fast pyrolysis. They
optimized bio-oil using distilled water to remove the
lightweight water-dissolvable compounds responsible for
insufficient high-temperature performance and aging. The
water—oil mass ratio of 2:1 was found optimum to dissolve
polar lightweighted compounds leading to enhanced rutting
and aging.

resistance. Gao et al. (2018) prepared composite of SBS-
modified asphalt with bio-oil from saw dust. The rutting
parameter increased significantly after RTFO aging, thereby
improving the high-temperature performance. Similarly,
Mousavi et al. (2021) also reported an increase in perma-
nent deformation resistance using composite modification.

To sum up, researches prove that bio-asphalt’s high-
temperature performance is insufficient compared to con-
trol asphalt binder. Several modifications attempted with
accompanying modifiers yield promising results.

Modifications to improve the performance
of animal-based bio-binders

Table 7 lists out the combined modification attempted to
improve the performance of swine manure based bio-asphalt.

Table 7 Hybrid modification of swine manure—based bio-asphalt

From the literature review, it is evident that the high-
temperature performance behavior of swine manure—based
bio-binders is driven by the type of process employed for
biomass conversion. Swine manure bio-binders produced
using the thermochemical liquefaction tend to compromise
the high-temperature performance whereas if pyrolysis
method was employed contradictory results were obtained
(Fini et al. 2011, 2012; Liu et al. 2020; Wang et al. 2020a).
Constant efforts are made to negate the impact of bio-oil
on high-temperature performance. In this regard, Fini et al.
(2012) added 1.5% PPA to the bio-modified binders and
found significant increase in complex modulus of the bio-
modified binders. They also suggested the use of RAP to
counteract the stiffness reduction. Fini et al. (2013) added
crumb rubber in the increment of 5% till 15% in bio-modi-
fied binder prepared with swine manure bio-oil. The results
of bio-modified rubber asphalt binder were comparable to
that of crumb rubber-modified binder. Wang et al. (2021b)
researched the effects of preparation procedure of swine
manure bio-oil-based rubber-modified binder. The out-
comes of the study recommended that premixing bio-oil and
rubber powder first followed by addition of asphalt binder.
Onochie et al. (2013) introduced nanomaterials (nano-clay

Authors Source Dosage

Additional material

Results

Fini et al. (2012) Swine manure 2,5, 10%

Fini et al. (2013) Swine manure 5%

Wang et al. (2021b)  Swine manure Ratio 85:15
(asphalt:
bio-oil)

Onochie et al. (2013) Swine manure 5%

Polyphosphoric acid (PPA) (1.5%)

Crumb rubber (5, 10, 15%)

Rubber powder (18% of bio-binder)

Addition of PPA led to increased complex modu-
lus at all three bio-blends replacements

Bio-oil addition leads to improved low-tempera-
ture performance and reduced viscosity leading
to lower mixing and compaction temperature,
while CR imparts stiffening effect

They recommended premixing bio-oil and rubber
powder followed by asphalt. Lowers mixing
and compaction temperature

Nano-clay and nano-silica (2 and 4%) Addition of nano-particles increased resistance to

high temperature and aging
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and nano-silica) to bio-modified binders. The replacement
level of nanomaterials stood at 2 and 4% (by weight of base
binder), while the bio-modified binder was prepared at 5%
replacement of base binder. The addition of nanomaterials
proved beneficial in terms of enhanced resistance against
permanent deformation and reduced the aging susceptibility.

Overall, the addition of swine manure—based bio-oil
to asphalt binder reduces the stiffness and raises concern
about its high-temperature performance. Researchers have
used various materials ranging from polyphosphoric acid,
crumb rubber, RAP, and nanomaterials to counter its soften-
ing effect. These materials individual stiffening properties
add to the much-needed resistance at high temperature of
bio-asphalt.

Modification to improve the performance
of herbaceous, agricultural, and vegetable-based
bio-asphalt

Table 8 enumerates the materials used in conjunction with
herbaceous, agricultural, and vegetable bio-oils to produce
bio-composite asphalt blend.

From the literature review, it is found that most of the
herbaceous, agricultural, and vegetable-based bio-bind-
ers compromise the high-temperature performance; thus,
common anti-rutting modifiers are introduced as seen in
Table 8. The correct dosage of modifiers along with the

Table 8 Modifications to improve the performance of bio-asphalt

bio-binder resulted in elevated high-temperature perfor-
mance, enhanced aging characteristics, and improved crack-
ing resistance.

Modification to improve the performance of waste
oil-based bio-binders

Table 9 summarizes the performance of composite-modified
waste oil bio-asphalt.

In summary, from the reviewed literature, it can be
inferred that the addition of waste oils in asphalt reduced
the high-temperature performance of binder and mixture.
In this direction, researches are carried out to negate the
softening effect of waste oil on asphalt. The additional
modifiers ranged from SBS, CR, PE, and lignin etc. These
materials counterbalance the softening effect imparted by
waste oils. As can be seen in Table 9, the composite modi-
fication enhances the weakened properties and returned
comparable performance as base binder.

Performance of miscellaneous material-
based bio-asphalt

There are wide variety of materials that are incorporated
as partial replacement of asphalt binder.

Type Authors Dosage Additional material Results

Residue of Bao et al. (2019) 10, 12, 15, 18, and 20% SBS and rubber (2 and 10% by weight = The optimum bio-oil content was found
corn pro- of bio-binder) to be 15% and addition resulted in
cessing improved cracking resistance

Wang et al. (2021a) 10, 12, 14, and 16%

Zhou et al. (2020a) 15%

PPA (2, 4, 6, and 8%)

Phthalic anhydride (PA), ethylenedi-
aminetetraacetic acid (EDTA), and
citric acid (CA) (15% by weight of

The optimum bio-oil content ranged
from 10 to 16% with PPA range of
6-8%. The composite exhibited good
rutting index with outstanding crack-
ing resistance

The addition of PA increased TSR
by 110.9%. The chemical modified
improved moisture resistance

bio-oil)
Corn stover ~ Zhou et al. (2021)  15% Crumb rubber (15% by weight of This study was aimed at providing
asphalt) understanding the effects of UV radia-

Lei et al. (2018) 5, 10, and 15%

Castor oil Dong et al. (2019) 15%

Crumb rubber (20% by weight of
asphalt)

SBS and CR (2.5% and 18%)

tion on bio-rubber-modified asphalt
binder

The findings suggest that UV aging
resistance of bio-rubber-modified
asphalt depends on the chemical com-
position of bio-oil

The composite modification resulted in
enhanced anti rutting performance

The composite improved low-temper-
ature and high-temperature perfor-
mance

@ Springer
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Table 9 Modifications to enhance the performance of waste oil-based bio-asphalt

Results

Authors Source Dosage Additional material
Luo et al. (2017) WCO 5% SBS (3.5 and 5.5%)
PE (3 and 5%)
Wang et al. (2020b) WEO 2,4,and 6% SBS (4.3%)
Fernandes et al. (2017) WEO 10% SBS (5%)
Liu et al. (2020) WEO  3,6,and 9% SBS and CR (4.1% and 9.5%)

Fakhri and Norouzi (2022) WEO 4%

Lignin (5 and 10%)

The combination of polymer bio-modified binder showed
good aging resistance, higher rutting resistance, improved
low-temperature performance with little effect on storage
stability

The compound modification exhibited better permanent
deformation resistance than the control binder

The SBS/WEO-modified mixture showed enhanced rutting
and fatigue performance while satisfying minimum TSR
requirements

The optimum content of WEO was found to be 9% for best
high- and low-temperature performance

The composite delays aging along with counteracting each
other negative impact

Most of these miscellaneous materials used are in solid
form. Table 10 lists out the varying dosages, rheological
effects, and mixture performance of various miscellane-
ous bio-binders. As can be seen, most of the solid-based
materials can only be introduced as modifiers due to the
stiffening effect, which increases the viscosity of binder,
leading to higher mixing and compaction temperature.
In terms of physical properties, the general trend suggest
that the addition leads to lower penetration, ductility, and
higher softening point. The rheological results found that
the stiffer blends exhibit enhanced permanent deforma-
tion resistance at high temperature compromising fatigue
behavior. Some materials such as lignin, waste coffee
grounds, and biochar can offer resistance against aging.
The mixtures’ performance is also in agreement with the
binders, inferring higher stiffness and reduced rut depth.

Overall, there is a wide variety of materials that are
explored in preparation of bio-asphalt. However, the replace-
ment percentage is low since their addition leads to excessive
stiffness even at small dosages. Further investigations must
be focused on elevating their replacement to extender level.

Environmental considerations

Documentation on bio-asphalt suggest that the utili-
zation of bio-binder derives environmental benefits.
However, it is integral to validate the claims using life
cycle assessment (LCA). LCA evaluates potential envi-
ronmental impacts through the service life of the prod-
uct, right from its production to end-of-life. Samieadel
et al. (2018) conducted LCA on swine manure—based
bio-modified binder obtained using hydrothermal lique-
faction (HTL). The bio-binder was replaced at 10% and a
comparative comparison in terms of energy consumption
and greenhouse gas emissions with control binder was

@ Springer

done. The findings revealed that the gas emissions for
conventional asphalt were higher in comparison to bio-
modified binder. Similarly, the global warming potential
index (GWP) which is a measure of accumulation of
greenhouse gases in the atmosphere relative to carbon
dioxide recorded lower value for bio-modified binder
(23.101) than conventional asphalt (25.051). Figure 9
shows the gases emitted per 50 kg production of each
asphalt and bio-modified binder.

Similarly, Zhou et al. (2020b) presented LCA on bio-
char-modified asphalt binder procured from waste wood
and pig manure. The results revealed that using biochar-
modified asphalt binder yields lower volatile organic
compound (VOC) emissions. Further, as the biochar con-
tent increased, more prominent environmental benefits
emerged in the form of GHG reduction. A plethora of
studies are available on lignin-modified asphalt binder
(Tokede et al. 2020; Moretti et al. 2022b, a). Tokede et al.
(2020) assessed environmental impact of 25% lignin-
modified asphalt using cradle-to-gate approach. It was
found that the GWP reduced by 5.72% for lignin-modi-
fied binder. Finally, in conclusion, the addition of lignin
to asphalt could lead to clean and sustainable develop-
ment reducing dependence on non-renewable resources.
Moretti et al. (2022a) researched lignin replacement in
top layers of stone matrix asphalt, porous asphalt, and
conventional asphalt. The results found that the addition
of lignin could reduce the climate change impact in the
magnitude of 30 to 75%. Further, Moretti et al. (2022b)
found that the environmental impact of lignin-modified
asphalt is dependent on the source and production process
of lignin applied.

In summary, encouraging results are obtained highlight-
ing lower emissions. More studies are required in this direc-
tion to concrete environmental benefits of bio-asphalts from
various biomass sources.
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Field studies

Field applications are essential to ascertain the laboratory
performance of bio-asphalt. Currently, scientific documents
are scarce to establish a plausible conclusion regarding
their long-term performance. The information presented
here regarding field trials are from various news sources
and private entities. One of the first reported studies on use
of bio-asphalt date back to 2007, where Shell oil company
constructed two roads using vegetable oil-based bio-asphalt
(Suetal. 2018). In 2011, Christopher Williams of Iowa State
University built a bike path 3.048 m wide in Des Moines
with oak based bio-asphalt at 5% replacement level (Wil-
liams 2011). Recently, a 650-m-long national highway road
was constructed using sugarcane molasses in India (NHAI
2022). The conventional binder was replaced with 25% sug-
arcane molasses to carry a traffic of 200 msa. The authors
reported a similar surface finish as conventional asphalt
along with no difficulty in production, laying, and compac-
tion. Further, the section is under periodic monitoring to
determine the performance. The limited trials insist on nar-
rowing gap between laboratory and field trials to establish
long-term performance of bio-asphalt.

Conclusions

This paper presented the performance of bio-asphalt com-
prehensively. Based on this review, the following conclu-
sions can be drawn:

e The bio-asphalt are renewable and sustainable alternative
to asphalt. Bio-asphalt refers to the mixture of conven-
tional asphalt binder and bio-binder (e.g., bio-oil, heavy
oil, cooking oil). The ultimate analysis found that the

composition of bio-oil mainly consists of carbon, hydro-
gen, nitrogen, and oxygen (C, H, N, O).

The elemental composition of wood-based bio-oil con-
firmed the presence of higher proportion of oxygen in
comparison to that of asphalt. For preparation of wood-
based bio-asphalt, the mixing temperature typically
ranges from 120 to 150°C, with a shearing of 1000—
5000 rpm for 10-30 min.

From rheological and mixture standpoint, the addition of
wood-based bio-oil leads to softening effect compromis-
ing the high-temperature performance. The FTIR spectra
confirmed the blending as physical phenomenon, with a
presence of large amount of oxygen, acids, aldehydes,
ketones, and alcohols promoting aging susceptibility.
The analogous elemental composition of swine manure—
based bio-oil proved beneficial in providing much needed
aging resistance. The FTIR spectra similarity and sym-
metry confirmed the physical blending.

To develop the swine manure—based bio-asphalt, the mix-
ing temperature varies in the range of 120-140°C at a
shearing rate of 3000 rpm with a blending time of 30 min.
The intermediate- and low-temperature performance
enhanced due to the addition of swine manure bio-oil.
The presence of higher amount of oxygen in herba-
ceous, agricultural, and vegetable-based bio-oil causes
a greater affinity towards aging. Also, the presence of
light and water-dissolvable compounds tends to com-
promise the adhesive property leading to increased
propensity towards moisture damage.

From production viewpoint, the blending is usually
carried out at a temperature range of 120-150°C,
with a mixing time of 30—-60 min at a shearing rate of
1000-3000 rpm. The softening effect leads to improved
cracking resistance implying improved low-temperature
performance.
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e The waste oil (waste engine oil, waste cooking oil)—
based bio-asphalt is produced at mixing temperature
of 130-160°C with shearing of 4000-5000 rpm for
40-60 min. The replacement of waste oil is generally
limited to a maximum of 10% due to the excessive sof-
tening effect resulting in weakened permanent defor-
mation characteristics. The anti-cracking resistance on
the other hand improves drastically.

e Due to the similarity in the molecular structure of
WEO, the aging resistance increases, while WCO
exhibit increased aging susceptibility.

e The addition of solid-based materials causes excessive
stiffening effect restricting their dosage as modifiers.

e Traditionally, the bio-asphalt have weakened high-
temperature performance; additional modifiers such as
SBS, crumb rubber, and PPA are introduced to extract
the synergic effect.

e In terms of environmental considerations, the produc-
tion of bio-asphalt generates lower emissions in com-
parison with conventional asphalt mixture.
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