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Engineering Characterization and Environmental Analysis of Natural
Rubber Latex Modified Asphalt Mixture

Natural Rubber Latex (NRL) has attracted considerable interest as a resource for
renewable paving materials due to its potential to lessen environmental impact. In
order to gain a thorough understanding of the performance of NRL, this study
evaluated the mechanical properties and environmental impact of Stone Mastic
Asphalt (SMA) mixtures with a 6.6% binder content, 5% air voids content, and
5% NRL by weight of binder. The performance of this NRL asphalt mixture was
compared to a control asphalt mixture using a commercially available polymer
modified Styrene Butadiene Styrene (SBS) binder. The performance of the
asphalt mixtures, such as their tensile strength, stiffness modulus, and resistance
to fatigue and rutting, as well as their Global Warming Potential (GWP) impact,
were studied. The results indicate that the addition of NRL increased tensile
strength, stiffness modulus, and fatigue life in comparison to a conventional,
unmodified asphalt mixture but had slightly lower values in comparison to the
SBS mixture. Moreover, in terms of environmental concern, life-cycle
assessment reveals that NRL-modified mixtures are more sustainable than SBS-

modified mixtures in terms of GWP value.
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1. Introduction

Environmental conservation and preservation issues have become an integral aspect of
our society in recent years. Environmental challenges have drawn the interest of
political, economic, and social decision-makers. Among this concern, the issue of
resources and conservation of non-renewable materials become one of the most critical
considerations. Many authorities and researchers would therefore seek an approach to
utilise renewable material in an environmentally responsible manner. Pavement
practitioners, as well as researchers, are concerned with the use of alternative modifiers
for asphalt pavement manufacture when considering the issues related to non-renewable

resources such as decreasing oil reserves (Fini et al., 2011). This is due to the fact that



asphalt mixture utilises a considerable quantity of non-renewable resources every year,
putting a large amount of strain on the environment (Franzitta, Longo, Sollazzo,
Cellura, & Celauro, 2020; Thives & Ghisi, 2017) and thus become one of the hot spots
and challenging problems. Consequently, the use of materials that potentially can be
used to replace non—renewable resources, such as bitumen, has gained a lot of attention
since it may achieve a solution in lowering environmental impacts such as emissions
and greenhouse gases (Farina, Zanetti, Santagata, & Blengini, 2017). Furthermore, more
research has been undertaken on bio-binders and additives that can replace synthetic
additives in the production of modified binders and asphalt mixtures. Asphalt producers
are therefore becoming more inclined to use alternative modifiers, such as Natural
Rubber Latex (NRL), to improve asphalt mixture performance. For example, Thailand
and Indonesia as the leading countries for the production of NRL, extracted by tapping
from the rubber tree, have started to use NRL to modify bitumen (Indonesian

Investment, 2018; Sowcharoensuk, 2021).

NRL can be used to improve the rheological properties of modified asphalt emulsion
residue (Shafii, Ahmad, & Shaffie, 2013). (Al-Mansob et al., 2017) stated in their study
that the performance of an asphalt pavement can be enhanced by incorporating
epoxidized natural rubber as a modifier to counter major road distress. Another
advantage is that NRL modified asphalt mixtures have better resistance to rutting
(Poovaneshvaran, Mohd Hasan, & Putra Jaya, 2020; Saowapark, Jubsilp, & Rimdusit,
2019). This can be achieved due to the fact that The incorporation of latex into the
original asphalt binder was found to effectively improve the stiffness, thus enhancing
the resistance to rutting (Aziz, Hasan, Poovaneshvaran, Tai, & Wang, 2020; Jitsangiam,
Nusit, Phenrat, Kumlai, & Pra-ai, 2021). Additionally in comparison to Styrene

Butadiene Rubber (SBR), NRL showed greater stiffness values, indicating that more rut



resistant mixes can be achieved (Khadivar & Kavussi, 2013). Furthermore, research
results indicate that the addition of Natural Rubber leads to improved performance-
related responses for fatigue life, rutting, fracture strength, and thermal cracking (Y.

Wen, Wang, Zhao, & Sumalee, 2017; Wititanapanit, Carvajal-Munoz, & Airey, 2021).

Natural rubber is available in the vulcanised state (powder form) and latex state (liquid
form). Utilising rubber in its vulcanised state requires a higher mixing temperature and
extended mixing time (J. Read & Whiteoak, 2003). This is due to the high molecular
weight of the rubber powder used in rubber asphalt, which does not combine well with
the asphalt, making it difficult to store rubber asphalt in a stable manner. This leads to
difficulties in ensuring quality control during production, transportation, and use, which
ultimately affects the performance of the asphalt mixture on the pavement (Yildirim,
2007). As a result, widespread adoption and utilisation of rubber asphalt in the powder
form is hindered. The above problems can be avoided by utilising rubber polymer in its
liquid state (Suresh & Pal, 2021; M. Wang et al., 2019). Moreover, NR latex requires
only half as much material as powder form (Al-Sabaeei, Nur, Napiah, & Sutanto, 2019).
In addition, although natural rubber latex contains almost 40 percent water, the water
evaporates at high mixing temperatures and developing homogeneous and ready-to-use
pre-mixture rubberized asphalt (Suaryana & Sofyan, 2019). Along with this, despite the
fact that foaming occurs during the mixing process as a result of the water content, It
was shown that the foamed asphalt mixture did not provide any substantial impacts on
the moisture susceptibility (Aziz et al., 2020). Bitumen modified with NRL foamed
rubber appears to performs better as NRL has greater elasticity and adhesion properties
to adhere to aggregates and bitumen and strengthens its performance (Ansari, Jakarni,

Muniandy, Hassim, & Elahi, 2021).

In some cases, vulcanized rubber (e.g., crumb rubber, waste tire) has been used.



However, crumb rubber is difficult to disperse throughout the bitumen because the
rubbers have been used in a vulcanized state. In addition, the reclaiming process, in
which vulcanised rubber is forced to devulcanize, requires advanced thermal, chemical,
and mechanical techniques to break down the vulcanised structure (Mente & Tshwafo,
2016). Moreover, compared to NRL in the pre-vulcanised state, crumb rubber particle is
considerably bigger in size; creating a uniform dispersion within the asphalt is
especially challenging (Al-mansob et al., 2014; Hunter, 2015). Contrary to crumb
rubber, NRL can produce binder that is more homogeneous because the rubber particles
are dispersed in the liquid phase, which improves the stability of asphalt binders,
considering the equilibrium between Brownian and gravitational forces (Y. Wen et al.,
2017) and thus ensuring that the rubber material dissolves more easily comparatively
minimal mixing speed and time compared to crumb rubber-modified asphalt (Xiang,
Cheng, & Que, 2009). As a result, NRL will have the potential to reduce energy
consumption and its carbon footprint during the mixing process. In addition, NRL has
several advantages over crumb rubber in terms of performance. NRL provides better
torsional recovery properties, has higher stiffness, and has a higher viscosity than crumb
rubber (Poovaneshvaran et al., 2020). Furthermore, it was discovered that NRL treated
bitumen exhibits greater resilience to ageing than crumb rubber modified bitumen,
which will improve the long-term performance of the asphalt mixture (Al-mansaob,
Ismail, 1zzi, & Ismael, 2016; Al-sabaeei, Sunarjono, & Bala, 2020; Moghadas,

Aghajani, Modarres, & Firoozifar, 2012).

Nevertheless, although there have been numerous studies on the performance of NRL,
there have not been sufficient studies on the comparison of NRL and readily available
polymers or to what extent it can substitute available polymers when compared to the

same percentage of polymers. Currently, the most commonly used and the most



appropriate polymer for bitumen modification is styrene—butadiene—styrene (SBS)
(Francisco, Junior, Aparecida, & Stolte, 2012; Yildirim, 2007). Prior studies have
shown that SBS-modified mixtures exhibited good performance in both asphalt cements
and mixtures (Chen, Liao, & Shiah, 2002; Sengoz & Isikyakar, 2008; Valkering, Vonk,
& Whiteoak, 1992). SBS also has similar advantages with NRL in increasing the rut
resistance at high temperatures and the fatigue cracking resistance at low/intermediate
temperatures (Kanitpong & Bahia, 2005). Conversely, the unrenewable modifiers failed
to provide a sustainable solution and the lack of available resources have motivated
highway engineers to explore alternatives for the construction of new roads.
Nonetheless, despite the fact that NRL offers many benefits, it cannot be argued that it
can replace commercial polymers such as SBS polymer, as SBS is recognized as one of
the most suitable and widely used polymers for bitumen modification. Research on
Laboratory comparison of the crumb-rubber and SBS modified bitumen has been
conducted by (Francisco et al., 2012; Vural & Colak, 2011), however the comparison
between NRL and SBS has never been carried out before. Consequently, NRL
performance investigation and comparison with the norm standards for asphalt modified
with SBS is required. Comparing NRL directly to SBS modified asphalt allows for a
meaningful assessment of how NRL performs relative to a well-known and established

material, providing valuable insights into its potential as an alternative.

In terms of cost, the utilization of the NRL-modified binder is a feasible option when
compared to the traditional binder. This is because implementing the NRL-modified
binder has the potential to enhance road quality, prolong its lifespan, and decrease
expenses associated with road maintenance (Azahar et al., 2016). Replacing the SBS
content in the modified asphalt with NRL was also conducive to reducing the cost.

Considering the relatively high cost of polymers, it becomes crucial to explore



alternative materials that are more affordable (Moreno, Sol, Martin, Pérez, & Rubio,
2013). A typical example of this, according to data (Thailand Department of Rural
Road, 2023), NRL binders are 30% higher in price than virgin binders but 15% less
expensive than SBS binders. The cost of NRL is comparatively lower because the
manufacturing of NRL is straightforward and doesn't involve complex modification
processes (Al-sabaeei et al., 2020; Yunus et al., 2021). Furthermore, during the mixing
stages, the use of NRL-modified bitumen is found to be an economic system as it can be

directly incorporated into bitumen, resulting in cost savings (Ansari et al., 2021).

Furthermore, the sustainability of asphalt mixtures used as road pavement materials in
transportation infrastructure must consider efficiency in terms of environmental impact.
Therefore, the introduction of new materials into asphalt mixtures should always be
accompanied by a life cycle assessment (LCA) to confirm whether or not these are the
most optimal solutions for the materials. In fact, the sustainability of those solutions is a
complex interaction of many aspects that need to be explored in future works to
determine all the pros and cons of such solutions. However, to this date, research on
LCA to evaluate the environmental impacts of asphalt mixtures containing NRL is not
yet available. This is in contrast to the growing consideration for assessing the
environmental burdens of pavement construction by using the life-cycle approach. LCA
is used to evaluate the environmental impacts of a product, technique, or service during
its service life. It comprises a wide range of pavement life cycle frameworks in all
stages, from material processing to end-of-life of pavement, as established by the

Federal Highway Administration (FHWA) (Harvey et al., 2016).

With this in mind, the aim of this study was to determine the viability of substituting
non-renewable polymers with NRL in order to produce pavements with high

mechanical performance without harming the environment. This is in line with the UN's



9th sustainable development goals (Giannetti et al., 2020), to build resilient
infrastructures, promote sustainable industry, and support innovation to minimise
resource and energy consumption. And this can be achieved by examining both
engineering characteristics and environmental assessment of asphalt mixture. Therefore,
this paper presents a comprehensive assessment of an asphalt mix by presenting an
interdisciplinary study on the mechanical performance of NRL and emissions relevant
to the carbon footprint impact using comprehensive life-cycle analysis. Accordingly, the
present research described in this paper has two objectives. First, in order to evaluate
mixture performance, mixes were constructed using the volumetric method and
pavement performance was tested and evaluated. Second, to determine the
environmental aspect, an evaluation of how the mixture can reduce the environmental
burden regarding the carbon footprint was undertaken using Global Warming Potential
(GWP) impact analysis. In addition, these attributes were then compared to those of the
control virgin mixture and mixture produced with SBS-modifier mixtures. The
comparison can then be used to investigate the enhanced properties of the new mixtures.
This will provide for more transparent and comparable studies and help decision-makers

in using the study results.

2. Materials and experimental methods

2.1. Materials

In this study, the selection of materials was based on a case study representation of the
A60 road in Nottinghamshire, United Kingdom. The coarse and fine aggregates
employed in this study are crushed granite from Bardon Hill quarry. A 40/60
penetration grade bitumen was selected as the base bitumen. The binder was then

modified with NRL and compared with a control asphalt mixture and a mixture using



Styrene Butadiene Styrene (SBS) binder with the percentages of 5% by the weight of
the binder. Technocel cellulose fibres were added at a percentage of 0.3% of the total
mixture to reduce the binder drain down during the mixing process. This value has been
suggested by the supplier and is also the most commonly used percentage for this type

of application according to the literature (Putman & Amirkhanian, 2004; Woodside,

Woodward, & Akbulut, 1998).

Figure 1. Polymer compound in the study

Figure 1 depicts a container of NRL and SBS polymer pellets with a one-pound coin for
size reference. NRL is extracted from trees through tapping and is used to modify
bitumen as a biopolymer. The fresh latex obtained on tapping has about 30-35% dry
rubber content (DRC) with the remainder as non-rubber solids and water. Through
centrifuging, fresh latex was processed into concentrated latex, which is a liquid latex
containing at least 60% DRC. Subsequently, the definition of NRL in this study is the
concentrated latex which contain 60% DRC. The addition of 5% NRL content in the
overall weight of modified bitumen involves taking into account the present in the NRL.
Hence, the amount of NRL added is calculated to ensure that the resulting mixture
contains 5% DRC. For the SBS polymer, this study considered the polymer in its

granular form, as the most common polymer type used in Europe (Eurobitume, 2012).



A high-shear mixing method was used to ensure homogeneity between the virgin 40/60
penetration binder and NRL and SBS. Mixing consisted of 120£5 min, 3000 rpm, and at
150+5°C and 180+5°C respectively for the NRL and SBS. The properties of the binders

were tested and the results are shown in Table 1.

Table 1. Properties of Bitumen

Test Property Standard 40/60 pen SBS NRL
Specific gravity BS EN 15326 1.03 1.02 1.02
Penetration (0.1 mm) BS EN 1426 46 35 36
Softening Point (°C) BS EN 1427 52.6 78.5 64.2

Viscosity at 135°C (Pa.s) BSEN 13302  0.442 2094  4.163
Viscosity at 160°C (Pa.s) BSEN 13302 0.141 06419  1.38
Viscosity at 180°C (Pa.s) BSEN 13302 0067  0.2999  0.683
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Figure 2. SMA Surface Coarse Aggregate Gradation

A typical SMA10 gradation used for pavement construction in the United Kingdom, as
shown in Figure 2, was designed with 6.6% binder content (by weight of mixture).
Subsequently, a gyratory compactor with a mould diameter size of 100 mm was used to
manufacture all the specimens in this study, as referred to in BS EN 12697-10. All
asphalt mixtures were compacted to a target air voids content of 5% and sawn to the

required thickness according to testing specifications. The compaction effort was



adjusted for all mixtures so that the air voids content in the final testing specimens

would fall within £0.5% from the target air voids content.

2.2. Mixture Performance Methodology

2.2.1. Indirect Tensile Strength

The Indirect Tensile Strength (ITS) was carried out for all investigated mixtures to
define the maximum tensile stress at failure of each specimen. This test applies a
compressive load at a constant displacement rate of 50 mm/min diametrically on the
cylindrical asphalt mixture specimen with the diameter of 1200mm and height of 60mm,
as demonstrated in Figure 3. The test was conducted at 20°C and followed the EN

12697-23 standard. This loading form produced a distributed tensile stress at the plane

perpendicular to the applied load.

Figure 3. ITS test configuration
This test typically results in the specimen breaking along the loading plane (Anagnos &
Kennedy, 1972). The ITS value was then determined based on the maximum tensile

stress from the peak load applied when the test specimen fails, using the Equation (1).

_ 2P
ITS = o (1)



where ITS = indirect tensile strength (MPa); P = peak load (kN); = = diameter-
circumference ratio equal to 3.14159, D = specimen diameter (mm); and H = specimen
thickness (mm). In this study, three replicate samples for each type of asphalt mixture
were tested. The indirect tensile strength of the mixture is the mean value of the three

values obtained for each of the cylinders.

2.2.2. Indirect Tensile Stiffness Modulus

A strain-controlled indirect tensile stiffness modulus (ITSM) test was carried out to
evaluate the bearing capacity of each mixture, as specified in standard EN 12697-26
(Annex C). The ITSM device and sample configuration is shown in Figure 4. Three-
cylinder specimens, with a diameter of 100 mm and height of 40mm, were made for
each asphalt mixture combination to ensure replicability. This test determined the
stiffness modulus based on a sequence of haversine waveform loading pulses applied
along the vertical diameter of the specimen. In addition, two linear LDV Ts were

attached to record the amplitude of the peak horizontal deformation during the test.

Figure 4. ITSM test machine and specimen configuration

Accordingly, the stiffness modulus value was calculated using Equation (2)

_ F (v+0.27)
Sm - (Z -h) (2)



Where Sm = stiffness modulus (MPa); F = peak vertical load (N); v = Poisson’s ratio
(assumed to be 0.35) z = the mean amplitude of the horizontal deformation obtained
from the five load pulse applications (mm); h = thickness of the test sample (mm). Once
this value had been determined, the cylindrical sample was rotated to find the second
modulus value along the perpendicular diameter. The mean stiffness modulus measured
for subsequent tests should be between +10% or -20% of the mean value result for the
initial test. The stiffness modulus of each mixture is represented by the mean value of

the results obtained for the three test cylinders.

2.2.3. Indirect Tensile Fatigue Test

The fatigue life of the three mixtures was evaluated using the Nottingham Indirect
Tensile Fatigue Test (ITFT). Ten samples were tested in the range between 175 kPa and
600 kPa for the virgin SMA, and between 225 kPa and 600 kPa for the two modified
binders SMA asphalt mixtures. In this test, as displayed in Figure 5, the specimen with
a thickness of 40 mm and a diameter of 100 mm is loaded diametrically at 20 °C with a
vertical compressive force. This indirectly generates tensile stress across the vertical

diameter (horizontal tensile stress).

Figure 5. ITFT test configuration



The following equations determine the maximum tensile stress at the specimen's centre

and the corresponding horizontal tensile strain for any indicated stress level.

2P
Oxmax = _7; (3)

Exmax = 2 x (14 (3 %)) x 1000 (4)

Where P = vertical compressive load (kN), oxmax = maximum horizontal tensile stress
(kPa), exmax = maximum horizontal tensile strain (ug), v = Poisson’s ratio, d = diameter
of the sample (m), t = thickness of the sample (m), E =stiffness modulus of the

specimen (MPa).

The test is carried out until the specimen experiences a failure. According to the
definition given by (J. M. Read & Brown, 1996), failure is considered when the
specimen splits directly or when the vertical deformation reaches 9 millimetres.
Subsequently, the initial horizontal tensile strain is plotted against the number of load
cycles to failure on a log-log graph. Nonlinear regression is then utilized to create the

correlation between the applied initial strain and the number of load cycles to failure.

2.2.4. Repeated Load Axial Test

The Repeated Load Axial Test (RLAT) was used to determine the rutting resistance of
the asphalt mixtures. Following the gyratory compaction production, specimens with a
100 mm diameter and 40 mm thickness were subjected to a block pulse loading stress of
100 kPa. A direct uniaxial compression procedure in accordance with EN 12697-25 was
used to perform the test. The test configuration utilised for this work is depicted in
Figure 6. In this study, two different temperatures, 40 °C and 50 °C were used for the

test.



Figure 6. RLAT test configuration

To ensure reliability, three samples were tested for each mixture and temperature. The
results of the test are then summarised in terms of the creep curve, cumulative-
permanent deformation, and creep rate, which are affected by the asphalt mixtures'

resistance to rutting.

2.3 Life Cycle Assessment Methodology

2.3.1. Functional Unit

The objective of the LCA is to analyse the environmental impact of NRL modified
asphalt mixtures. This study is essential for providing information to be incorporated in
the early phases of the development of new asphalt mixtures. The designated functional
unit (FU), which represents the reference unit for measuring system performance in this
LCA study is 1 tonne. Global Warming Potential (GWP) impact categories are
quantified and SimaPro 9.0 software was used to perform the LCA calculations.

In this study the GWP is evaluated using the baseline method outlined in (Guinée &
Lindeijer, 2002) to calculate the total global warming potential impact that is expressed

on an equivalency basis relative to CO? — in kg in a 100-year time horizon.



2.3.2. System Boundary

The selected system boundary is "from cradle to gate™. This approach is preferred as
cradle-to-gate analysis is appropriate for novel products with insufficient data on their
impacts and other implications (Franklin Associates, 2011). The utilization of a cradle-
to-gate LCA is deemed useful since it allows the focus on the specific stages of the life
cycle that are considered the most significant when evaluating the sustainability
performance of the materials considered (Tokede, Whittaker, Mankaa, & Traverso,
2020). Therefore, the scope of the analysis is limited to the asphalt production phase
and focuses primarily on the asphalt material, including information regarding the raw
materials and fuel sources, as well as transportation and manufacturing processes during
asphalt mixture production, while the usage and disposal stages of the product are
excluded due to insufficient information and uncertainties regarding the long-term
performance and end-of-life of the new product. The analysis adheres to the guidelines
of the BS EN-17472 (2020) standards. This means that the A1(raw material
production), A2 (transportation), and A3 (asphalt mixing process) stages were
considered in the LCA study, as depicted in Figure 7. Modules A4 through D (i.e.,
construction process, use, end-of-life process, end-of-life stages, and benefits and loads
beyond the system boundary) were considered beyond the scope of this work and, as

such, were not included in the analysis.
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In raw material production, the emissions are quantified from raw material extraction
activities and manufacturing processes. These materials are then transported to the
asphalt mixing plant location, which involves a fuel-related distance from all material
handling processes. In the asphalt mixing plant, the process includes all plant mixing

processes with a consequent increase in emissions during this stage.

3. Mixture Performance

3.1. Indirect Tensile Strength

The pavement structure is built to withstand compressive, tensile and shear stresses and
remain serviceable during its design life. The indirect tensile strength test can be used to
assess the resistance of the asphalt mixture component of a pavement to tensile forces.
In this paper, the indirect tensile strength (ITS) values have been compared between that
found for a control SMA asphalt mixture and the ITS values obtained for SMA asphalt
mixtures incorporating NRL and standard SBS PMB as shown in Figure 8. Generally,
the modified asphalt mixtures demonstrated improved tensile strength values compared
to the control asphalt mixture. The additives have increased the ITS, which indicate a

stronger binding between the binder and aggregates. This improvement will lead to



better resistance to pavement damage, for example, fatigue cracking.
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Figure 8. ITS on the studied mixtures

The results showed a slight increase of approximately 10% in ITS for the NRL SMA
mixture compared to the control pen 40/60 SMA mixture, as also reported by (Aziz et
al., 2020; Krishnapriya, 2015; Shaffie, Ahmad, Arshad, Kamarun, & Kamaruddin,
2015). In the other hand, a more significant improvement was found for the SBS PMB
SMA mixture with the tensile strength of this asphalt mixture increasing up to 45%
compared to the control SMA. ITS is mainly attributed to the cohesion and adhesion of
the binder (Kanitpong & Bahia, 2005; X. Wang et al., 2021). Rubber modified mixtures
generally have lower mixture cohesion if compared with SBS mixtures, which can be
reflected by lower cohesion force and spalling rate than SBS asphalt (Yang et al.,
2021). Regarding adhesion ability, NRL was reported to have much lower adhesion
between the asphalt cement and the aggregate than other rubber PMB. As stated by
(Poovaneshvaran et al., 2020) that conducting a bond test, NRL has less adhesion than
crumb rubber. This is because latex, which is liquid, comprises discrete rubber particles
that can disperse in the binder during blending, resulting in a combination with lower

tensile strength. In contrast, the crumb rubber has a more subtle powdered form, which



prohibits the rubber particles from depolymerizing during the blending process resulting
in rough-textured crumb rubber-modified asphalt binder having higher bonding

resistance towards tensile strength. This in line with (Zhang & Yu, 2010) that suggested
that toughness is a critical property related to adhesion ability. Consequently, the tensile

strength of NRL cannot be increased as significantly as that of SBS polymer.

3.2. Indirect Tensile Stiffness Modulus

An indirect tensile stiffness modulus (ITSM) test was carried out to examine how the
natural rubber impacted the SMA mixture’s bearing capacity. All three SMA asphalt
mixtures were subjected to ITSM testing at 20°C. According to the results in Figure 9,
NRL and SBS SMA mixtures exhibited a stiffness modulus value higher than the
control SMA mixture. This suggests that the modified combination will have a more
substantial capacity for load distribution and higher resistance of the material to

undergo elastic strain under traffic loading when applied to the pavement.
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Figure 9. Stiffness Modulus of SMA asphalt mixtures

Additionally, the results show that when compared to other combinations, the SBS



PMB SMA mixture had the highest stiffness modulus with a 43% and 19% increase in
stiffness modulus compared with the unmodified and NRL SMA mixtures.
Accordingly, it can be concluded that stiffness modulus affects tensile strength, as
evidenced by similar trends in the ITS test, which was also highlighted in studies by
(Pettinari & Simone, 2015) and (Graziani, Godenzoni, Cardone, & Bocci, 2016). In
general, there is a strong interdependency between mechanical performance indicators,
such as ITS and ITSM, as noted by (Li, Leng, Wang, & Zou, 2020). Both ITS and
ITSM are strength performance indexes. The stiffness modulus signifies the ability of
an asphalt mixture to withstand deformation and is commonly employed to assess the
potential resistance of asphalt pavements to fatigue cracking. ITS measures the
maximum tensile stress that an asphalt mixture can withstand before failure. It indicates
the tensile strength of the mixture and is used to assess its resistance to cracking before
failure (Christensen & Bonaquist, 2004). As the stiffness modulus of the mixture
increases, the resulting strain caused by stress force decreases. Therefore, the asphalt

can endure fracturing in the ITS test more effectively.

3.3. Indirect Tensile Fatigue Test

Fatigue life in asphalt mixtures is described as the number of load cycles to failure (Nf).
It shows the mixture's capacity to endure repetitive traffic stresses (Muniandy, Binti
Che Md Akhir, Hassim, & Moazami, 2014). Fatigue life is linked to service life in the
sense that a longer fatigue life equals a longer service life (Guo, Li, Cheng, Jiao, & Xu,
2015). Figure 10 illustrates the horizontal strain vs the number of cycles to failure at
20°C on a logarithmic scale for the investigated mixtures (N-S plot). The fatigue life
law equations and the correlation coefficient (R?) are also shown in this graph. This R?
value varies from 0.987 to 0.990, indicating that the results obtained to define each

fatigue feature have a solid statistical association.
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Figure 10. Fatigue line of studied mixtures

As seen in Figure 10, the NRL SMA mixture has a slightly flatter slope than the 40/60
pen control SMA mixture. For higher initial microstrain, mixtures made with NRL
present lower fatigue life. In contrast, for lower initial microstrains, mixtures made with
NRL have higher fatigue life than the control mixture. On the other hand, when
compared with the SBS PMB SMA mixture, NRL has lower fatigue life for both high
and low initial microstrain values. These results were also reflected in the ITS results,
since ITS can be used to evaluate the asphalt mixture's resistance to cracking
(Christensen & Bonaquist, 2004). This is because the ITS value is determined by the
amount of force required to fracture the specimens. In the ITS test, the region below the
load-displacement diagram to the point of fracture equals the fracture energy, which
represents the energy required for the fracture to crack. Prior research has demonstrated
that this energy is used to evaluate the cracking resistance of asphalt pavements
(Bahadori, Khaki, & Ameri, 2015; Vamegh, Ameri, & Chavoshian Naeni, 2019; H.

Wen, 2002). Other studies also mention that cracking occurs when the applied stress



exceeds its tensile strength, hence the higher the tensile strength, the better the asphalt

can withstand higher strains before to crack (Poovaneshvaran et al., 2020).

Table 3. Results of the indirect tensile fatigue test for SMA asphalt mixtures

_ Nf = k1(&)<? Failure Cycle at
Binder Type . .
K1 K2 100 microstrain
40/60 Pen 2.632E+10 -2.92033 38,000
NRL 3.442E+11 -3.41632 50,600
SBS 3.817E+11  -3.3087 92,100

Furthermore, the fatigue line can be represented using the power equation that can
expressed as:

Nf=k1(&)k2 (5)

Where the k1 and k2 are the model parameters of each mixture calculated by a fitting
process to the power function. The tensile stresses generated at the bottom of the asphalt
layer under a typical axle load range between 0 and 200 microstrains (Yu et al., 2018).
Accordingly, a microstrain value of 100 wase used in this study to compare the ITFT
fatigue performance for the three SMA asphalt mixtures by inputting 100 microstrain as
the strain value in equation 5. The fatigue life at 100 microstrain for each asphalt
mixture is shown in Table 3. A more significant number of cycles indicates a longer
fatigue life. The results reveal that the addition of NRL improved fatigue performance
slightly compared to control mixture. (Suaryana & Sofyan, 2019) also reported that
NRL modified asphalt has slightly higher resistance for fatigue damage. In the other
hand, SBS modified mixture increased fatigue life by a factor of two compared to virgin
mixture. In other words, it is reasonable to state that NRL is beneficial in preventing
fatigue cracking in field applications that generate lower strain. However, when

compared with the SBS mixture, NRL will experience cracking damage earlier than that



of the SBS mixture.

3.4. Repeated Load Axial Test

The cumulative strain, which describes asphalt rutting behaviour, generally consists of

three specific stages: the primary stage in which strain is immediately accumulated with
loading cycles; the secondary stage in which accumulative strain increases at a constant
rate; and the tertiary stage in which strain rate rapidly increases (Baghaee Moghaddam,

Soltani, & Karim, 2014; Zhao & Zhang, 2009).

o

>
=)
N

o

w

[
o

o
w
n

0.25

045 f/—f

0 1000 2000 3000 4000 5000

S

o © o o o o
kN W

Permanent Deformation (mm)
g o o
& R o

Permanent Deformation (mm)

=}
o
o

1000 2000 3000 4000 5000

Number of Cycle Number of Cycle

pen40/60 SBS NRL Pend0/60 ——SBS ——NRL

(a) (b)
Figure 11. Creep curve RLAT on a) 40C b)50C

Figure 11 summarises the accumulation of vertical plastic strain of compacted SMA
specimens as a function of the number of load cycles. This diagram demonstrates the
accumulation of plastic deformation with number of load cycles at a constant stress of
100 kPa. The results shows that only two rutting stages are reached after 5000-cycles.
The primary stage is led by the initial compaction or densification. It is well understood
that rutting is influenced by volumetric composition (Sunarjono, 2013). In the
secondary stage, it appears that the control mixtures have the lowest rutting resistance
for both temperatures compared to the modified mixtures. According to the findings the
addition of latex to bitumen mixtures has increased their resistance to rutting. This is in

line with the research report from (Siswanto, 2017) and (Aziz et al., 2020).



Subsequently, when comparing both modified asphalt mixtures, at a temperature of
40°C, NRL and SBS have almost identical rates of permanent deformation. However, as
the temperature increased to 50°C, NRL modified mixture exhibited a decrease in
rutting resistance which was reflected by a significantly increased deformation rate than

that of the SBS modified mixture.
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Figure 12. a) Total Permanent Deformation b) Creep rate at secondary stage

Furthermore, the total vertical deformation values are tabulated in Figure 12a to
emphasize the test results in terms of the total ruth depth of each mixture for a
temperature change. As the test temperature was increased, results demonstrated that
SBS and NRL modified binder only exhibited a slight increase in total deformation by
24.5% and 54.8%, respectively. While for the control mixture, a temperature change of
10 degrees resulted in a 77% increase in total deformation. This result is in accordance
with the creep rate calculated on the secondary stage, presented in Figure 12b, which
shows a significant increase in creep rate for the control mixture with the highest rise,

followed by NRL and SBS modified asphalt mixtures.



4. Life cycle assessment: cradle to gate analysis

4.1. Life Cycle Inventory

The life cycle inventory comprises primary and secondary data collection.
Primary data was collected under actual conditions based on interviews with road
construction experts in the case study area. Transport distances of raw material to the
asphalt mixing plant is an example of primary data. In this study, all location
presumptions have been validated through consultations and interviews with the road
pavement contractor to ensure that the presumed project location makes practical
sense in the field. Subsequently, secondary data are the generic or average data taken
from sources including literature, Environmental Product Declarations (EPDs) and
international databases. In this study, both data sets were taken to be as

representative as possible in terms of geography, time and technology.

A peer-review process, consisting of an examination of data collection, was conducted
to judge the assumptions that are made in order to ensure the quality and uncertainty of
the primary data use in the pavement LCA. While for the secondary data, a pedigree
matrix was use to evaluate the quality of data sources by assessing method
compatibility, assurance, temporal correlation, geographical, compatibility, and
transparency of each data source (Weidema et al., 2013). Detailed data employed in this

work is explained in the following subparagraphs.

4.1.1. Raw Material Production

Table 4. Carbon equivalent emissions for different raw materials production

. GWP (kg
Material CO2-eq -ton) Sources
Binder 156 (Eurobitume, 2020)
NRL 279.17 (Usubharatana & Phungrassami, 2018)

SBS 3570 (Eurobitume, 2012)




Aggregate 6.36 (Bre Global EPD, 2018)
Cellulose fibre 329 Ecoinvent Library

The inventory analysis for raw material production is presented in Table 4. The carbon
footprint emission data of virgin aggregates for the surface course were obtained from
Bardon Hill EPD in accordance with EN 15804:2012 (Bre Global EPD, 2018). The
process comprises all the flows to produce granite aggregate from drilling, blasting,
loading, crushing, and screening to produce different size aggregates from 225 mm
gabion stone to 0-2 mm crushed rock fines. The finished product is the crushed granite
at the factory gate. In addition, binder as refinery data was taken from (Eurobitume,
2020). This dataset cover cradle-to-grave LCls of bituminous materials, specifically
from the extraction of crude oil, transportation of the crude oil from the country,
refining of bitumen from crude oil, and finally, storage of the refined bitumen within the
refinery. Inventory data from (Eurobitume, 2012) was utilized for SBS polymers since
the new Eurobitume report no longer includes polymers in the analysis. Data on NRL as
a binder polymer was adopted from (Usubharatana & Phungrassami, 2018). Here, the
process accounted for was the cultivation of fresh latex from the farm and the
production of NRL (concentrated latex), i.e. field latex storage, centrifuged process, and
latex storage with High Ammonia (HA) as preservatives. With regard to Cellulose Fibre
in the SMA mixture, the inventory is selected from the Ecoinvent v3 Professional
database in the Simapro software. This dataset covers the process describing the

production of cellulose fibre from wastepaper.

4.1.2. Transport to Asphalt Plant

All the raw materials required to produce asphalt mixture need to be transported to the
Asphalt Mixing Plant location. The summary of the distances and modes used in this

study is presented in Table 5. In this research, distances for transportation phase have



been calculated based on key manager interviews with the involved companies in the
case study area. Furthermore, the inventory data related to transportation have been
derived from the Ecoinvent v3 database. In particular, ‘Truck 10-20t, EUROS5, 100%
LF” has been chosen for all the transport phases by road. Whereas, for overseas sea

transportation, Global Transoceanic ship is selected.

Table 5. Distances and modes scenario

Distance (km)

Material Virgin NRL SBS mode
SMA SMA SMA
Binder 150 150 220 Truck
- 15000 — Ship
NRL — 300 - Truck
SBS — — 1000 Truck
SBS PMB - - 200 Truck
Aggregate 15 15 150 Truck
Cellulose Fiber 265 265 265 Truck

Aggregate and Cellulose Fibre transport distance is the same for all three mixtures.
Granite aggregate is extracted from Bardon Hill. While the cellulose fibre is taken from
a manufacturer in Aberdare and then shipped to the asphalt mixing plant that is located
in Loughborough, near the construction sites. The binder used in the production of
Virgin and NRL SMA mixture comes directly from a refinery located in Immingham, to
the asphalt mixing plant using freight truck, with a transport distance of 150 km.
However, for the SBS SMA mixture, virgin binder has to be milled in the PMB milling
plant in Preston with a transport distance of 220 km. After the virgin binder is milled
with SBS to produce SBS PMB, the produce material will be transported again to the
asphalt mixing plan as far as 200 km from the PMB milling plant. In term of polymer
material, NRL is obtained from Thailand as the largest natural rubber producer. The
NRL is shipped by Transoceanic Ship with the distance of 15,000 km. Upon arrival in
the UK, NRL will continue to be transported directly to asphalt mixing plant by truck.

Whilst for SBS polymer, the material is obtained from European manufacturer located



1000 km away from the PMB plant and carried by road using freight truck.

For this research, the empty return scenario was chosen for aggregate and binder
shipments since generally this material is bound for a single supplier and cannot be sent
all together with other materials. Conversely, for fibre and polymers, distribution was
not assumed as empty return since the freight will continue to transport other goods

elsewhere.

4.1.3. Asphalt Mixing Process

Regarding the energy source and emissions in the asphalt mixing stage, the plant used is
a fix batch mixing plant, with a capacity of 160 metric ton/hour. The thermal power for
this type is 12,000 kWh (Santos, Candido, Baulé, Oliveira, & Thives, 2020). Thus, it
means that 75 kWh energy is consumed in the asphalt plant to produce one tonne of
asphalt mixture. In this analysis, “heat, district or industrial, other than natural gas, heat
production, light fuel oil, at industrial furnace” is used as a model input. It is assumed
that NRL and SBS as a form of polymer binder requiring higher mixing temperature.
Consequently, for these two mixtures, thermal energy is increased to 12% more than the

reference mixture (Bueche & Dumont, 2012).



4.2.  Global warming potential
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Figure 13. GWP result during stage raw material production (Al): a) Total

Contribution; b) Percentage Con-tribution

The LCA analysis demonstrated that during raw material production, SBS SMA
resulted in the highest GWP per 1 tonne asphalt mixture with total 28.42 kg CO2 eq
compared with GWP impact for Virgin SMA with only 17.21 kg CO2 eq and NRL
mixture with 17.61 kg CO2 eq as can be seen in Figure 13. The high number of GWP
for SBS SMA mixture is caused by the quantity of emissions released in the production
of the SBS polymer itself, with the amount of 11.73 kg CO2 eq or 41.3% of the total
GWP in the raw material extraction stage. Meanwhile, the production of NRL as bio

polymer only accounts for 5.2 % of the total GWP in this phase.
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Figure 14. GWP result during transportation stage (A2): a) Total Contribution; b)
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Figure 14 presents the GWP output as the result of the transport of the materials (i.e.
fibre, aggregate, polymer, and binder) to the asphalt mixing plant location. It is evident
that aggregate transportation effort has resulted in the highest GWP emission. This
occurs due to a large amount of aggregate material required compared with other
materials, although the transportation distance is relatively short, within 15 km distance,
compared with other materials that need longer haul distance. It is also worth noting that
SBS SMA has a slightly greater GWP impact, amounting to 9.30 kg CO2 eq, while
other mixtures only produce less than 6 kg CO2 eq. This is due to the additional
kilometres to transport binder and SBS polymer to the PMB manufacturing plant, from
which the finished PMB product can be transported to the asphalt mixing plant. Thus,
the extra transportation distance for PMB resulted in 30.1% of total GWP for SBS
mixture. This process is different from the Virgin and NRL SMA mixtures, where all

the materials were transported directly to the asphalt mixing plant location.
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Regarding stage A3 or asphalt mixing process, NRL and SBS generally released more
emissions than the reference mixture, as shown in Figure 15. This is due to the
increased thermal energy used to mix polymers, which requires a higher temperature.
Furthermore, due to the additional PMB milling process, the GWP of the SBS mixture
was higher than that of the NRL, with PMB milling contributing to a 2% increase in
GWP. It can also be noticed that thermal energy is the dominant source of GWP

emission, ac-counting for more than 90% of all emissions.

Based on the analysis of the aforementioned three LCA stages, it can be determined that
the SBS mixture resulted in the highest GWP in every stage. Conversely, NRL has a
carbon footprint value that is nearly equal to Virgin SMA. This indicates that NRL is

more sustainable than SBS in terms of GWP impact during cradle-to-gate production.

5. Conclusions

The main objective of this study was to investigate the technical and environmental



feasibility of an asphalt mixture incorporating Natural Rubber Latex (NRL). SMA
mixtures were produced with NRL, and their mechanical performance as well as
environmental characteristics were evaluated in comparison to reference mixtures
produced with a virgin bitumen and SBS as a commercially available PMB. A series of
laboratory tests was conducted to investigate performance of the mixture i.e. tensile
strength, stiffness modulus, and resistance to fatigue and rutting. Life-cycle analysis
(LCA) was carried out and the environmental impacts were evaluated through Global
Warming Potential (GWP) to monitor greenhouse gases in the atmosphere for 1 tonne

of FU. The outcomes are summarized as:

e The addition of NRL to SMA enhanced Indirect Tensile Strength by 10%
compared with the virgin SMA mixture, although the NRL SMA asphalt

mixture was still below the SBS PMB SMA mixture by 30%.

¢ NRL and SBS mixtures exhibited stiffness modulus values higher than the
virgin mixture. NRL increased stiffness modulus by up to 20% while the SBS

PMB increased asphalt mixture stiffness by up to 43%.

e Mixtures made with NRL present lower fatigue life for higher initial microstrain
but have higher fatigue life for lower initial microstrains compared to the virgin
mixture. On the other hand, when compared with the SBS PMB mixture, NRL

has lower fatigue life for both high and low initial microstrains.

¢ NRL and SBS PMB asphalt mixtures have almost identical rates of permanent
de-formation at a temperature of 40°C, but as the temperature increased to 50°C,
NRL modified mixture exhibited a decrease in rutting resistance compared to the

SBS modified mixture.



e The laboratory investigation results indicate that although it has slightly lower
performance compared to SBS mixtures, incorporating NRL can increase
stiffness, tensile strength, fatigue life, and rutting resistance compared to virgin
mixtures. Thus, it is reasonable to presume that NRL-modified asphalt will
improve the quality of road pavement, which can withstand greater stresses and
strains and therefore contributes to the prolonged pavement's expected service

life.

e With regard to environmental impact, for cradle to gate (A1-A3), NRL has
slightly higher GWP impact compared to the virgin mixture (6% difference in
value). However, NRL was more environmental-friendly compared to the SBS
PMB mixture, which showed an increase in the GWP impact of 36% more than
the virgin mixture. This higher GWP impact for the SBS PMB asphalt mixture

was mainly due to changes to the asphalt composition and mixing temperature.

e The result shows from comparing performance from both an engineering
characteristic and environment perspective, NRL SMA is superior to Virgin
SMA but slightly lower to SBS SMA from an engineering standpoint, and in
contrast, NRL has a GWP value that is significantly lower compared to SBS in
terms of environmental perspective. Therefore, NRL considered to be the most
suitable polymer for road construction, as it could conserve significant natural
resources and produce good-quality asphalt in an environmentally friendly

manner.

This study has demonstrated the feasibility of NRL to be used as a renewable polymer
modifier for asphalt mixtures. The results show improved asphalt mixture performance

without compromising the environmental impact considering the laboratory



performance and GWP value. However, limitations of this study should be
acknowledged. This study does not account for the carbon footprint associated with the
construction and maintenance phases of all pavement types. This omission is not only
due to substantial emissions during the considered life cycle stages but also insufficient
information and uncertainties regarding the long-term performance and end-of-life of
the new product. In addition, this study does not consider the economy analyses of
NRL. While utilizing NRL as a substitute for SBS modification presents a considerable
opportunity for cost reduction due to the high price of SBS. Nevertheless, the issue of
long-term durability needs to be further investigated as the cost of pavement would
depend on the cost of the maintenance frequency. Therefore, more in-depth
investigations on long-term pavement LCA and Life cycle cost analysis (LCCA) that
including construction phase and maintenance phase are envisaged in the future studies.
Enhancing and optimizing both the LCA and LCCA models can greatly benefit decision
makers involved in the pavement management system (PMS). Finally, the results of this
research could be used as quantitative references for decision-making, and the estimated
carbon footprint contributions of each life cycle stage could be useful in determining

methods to facilitate improvements in the sustainability of pavement.

Acknowledgements

The authors of this paper would like to express their gratitude to Diponegoro University

for the support provided during the research conducted.

Disclosure

No potential conflict of interest was reported by the author(s).



Funding

The study was sponsored and fully funded by Diponegoro University [grant number

5172/UN7.P2/KP/2020].

6. Reference

Al-mansob, R. A., Ismail, A., Alduri, A. N., Husna, C., Rehan, M., & lIzzi, N. (2014).
Physical and rheological properties of epoxidized natural rubber modified
bitumens. Construction and Building Materials, 63, 242—248.
https://doi.org/10.1016/j.conbuildmat.2014.04.026

Al-mansob, R. A., Ismail, A., 1zzi, N., & Ismael, S. (2016). Rheological characteristics
of unaged and aged epoxidised natural rubber modified asphalt. 102, 190-199.
https://doi.org/10.1016/j.conbuildmat.2015.10.133

Al-Mansob, R. A., Ismail, A., Yusoff, N. I. M., Rahmat, R. A. O. K., Borhan, M. N.,
Albrka, S. 1., ... Karim, M. R. (2017). Engineering characterisation of epoxidized
natural rubber-modified hot-mix asphalt. PLoS ONE, 12(2), 1-17.
https://doi.org/10.1371/journal.pone.0171648

Al-Sabaeei, A., Nur, N. I., Napiah, M., & Sutanto, M. (2019). A review of using natural
rubber in the modification of bitumen and asphalt mixtures used for road
construction. Jurnal Teknologi, 81(6), 81-88.
https://doi.org/10.11113/jt.v81.13487

Al-sabaeei, A., Sunarjono, S., & Bala, N. (2020). Aging and Rheological Properties of
Latex and Crumb Rubber Modified Bitumen Using Dynamic Shear Rheometer
Aging and Rheological Properties of Latex and Crumb Rubber Modified Bitumen
Using Dynamic Shear Rheometer. (June).
https://doi.org/10.5614/j.eng.technol.sci.2020.52.3.6

Anagnos, J. N., & Kennedy, T. W. (1972). Practical method of conducting the indirect
tensile test (No. 98-10 Res Rept). Center for Highway Research University of
Texas at Austin.

Ansari, A. H., Jakarni, F. M., Muniandy, R., Hassim, S., & Elahi, Z. (2021). Natural
rubber as a renewable and sustainable bio-modifier for pavement applications: A
review. Journal of Cleaner Production, 289, 125727.
https://doi.org/10.1016/j.jclepro.2020.125727

Azahar, N. M., Hassan, N. A,, Jaya, R. P., Aida, M., Kadir, A., Base, P., & Cover, S. S.
(2016). An Overview on Natural Rubber Application for Asphalt Modification.
(February).

Aziz, M. K., Hasan, M. R. M., Poovaneshvaran, S., Tai, G., & Wang, H. (2020).
Application of diluted methanol to allow the production of latex modified asphalt
mixture with lower energy consumption. Construction and Building Materials,
262, 120028. https://doi.org/10.1016/j.conbuildmat.2020.120028



Baghaee Moghaddam, T., Soltani, M., & Karim, M. R. (2014). Evaluation of permanent
deformation characteristics of unmodified and Polyethylene Terephthalate
modified asphalt mixtures using dynamic creep test. Materials and Design, 53,
317-324. https://doi.org/10.1016/j.matdes.2013.07.015

Bahadori, A., Khaki, A. M., & Ameri, M. (2015). A Phenomenological Fatigue
Performance Model of Asphalt Mixtures Based on Fracture Energy Density A
Phenomenological Fatigue Performance Model of Asphalt Mixtures Based on
Fracture Energy Density. (August). https://doi.org/10.1520/JTE20130057

Bre Global EPD. (2018). Granite Aggregate Bardon Hill Environmental Product
Declaration (Vol. 000206).

Chen, J., Liao, M., & Shiah, M. (2002). Asphalt Modified by Styrene-Butadiene-Styrene
Triblock Copolymer : Morphology and Model. (June), 224-229.

Christensen, D. W., & Bonaquist, R. F. (2004). Evaluation of Indirect Tensile Test
(IDT) Procedures for Low-Temperature Performance of Hot Mix Asphalt. In (Vol.
530). Transportation Research Board. https://doi.org/10.17226/13775

Eurobitume. (2012). Life cycle inventory: Bitumen Version 2.

Eurobitume. (2020). The Eurobitume Life-Cycle Inventory for Bitumen Version 3.1. 48.
Retrieved from www.eurobitume.eu

Farina, A., Zanetti, M. C., Santagata, E., & Blengini, G. A. (2017). Life cycle
assessment applied to bituminous mixtures containing recycled materials: Crumb
rubber and reclaimed asphalt pavement. Resources, Conservation and Recycling,
117, 204-212. https://doi.org/10.1016/j.resconrec.2016.10.015

Fini, E. H., Kalberer, E. W., Shahbazi, A., Basti, M., You, Z., Ozer, H., & Aurangzeb,
Q. (2011). Chemical Characterization of Biobinder from Swine Manure:
Sustainable Modifier for Asphalt Binder. Journal of Materials in Civil
Engineering, 23(11), 1506-1513. https://doi.org/10.1061/(asce)mt.1943-
5533.0000237

Francisco, A., Junior, D. A., Aparecida, R., & Stolte, B. (2012). Use of scrap tire rubber
in place of SBS in modi fi ed asphalt as an environmentally correct alternative for
Brazil. Journal of Cleaner Production, 33, 236-238.
https://doi.org/10.1016/j.jclepro.2012.03.039

Franklin Associates. (2011). Cradle-to-gate life cycle inventory of nine plastic resins
and four polyurethane precursors.

Franzitta, V., Longo, S., Sollazzo, G., Cellura, M., & Celauro, C. (2020). Primary data
collection and environmental/energy audit of hot mix asphalt production. Energies,
13(8). https://doi.org/10.3390/en13082045

Giannetti, B. F., Agostinho, F., Almeida, C. M. V. B., Liu, G., Contreras, L. E. V,
Vandecasteele, C., ... Poveda, C. (2020). Insights on the United Nations
Sustainable Development Goals scope : Are they aligned with a * strong ’
sustainable development ? Journal of Cleaner Production, 252, 119574.



https://doi.org/10.1016/j.jclepro.2019.119574

Graziani, A., Godenzoni, C., Cardone, F., & Bocci, M. (2016). Effect of curing on the
physical and mechanical properties of cold-recycled bituminous mixtures.
Materials and Design, 95, 358-369. https://doi.org/10.1016/j.matdes.2016.01.094

Guo, Q., Li, L., Cheng, Y., Jiao, Y., & Xu, C. (2015). Laboratory evaluation on
performance of diatomite and glass fiber compound modified asphalt mixture.
Materials and Design, 66(PA), 51-59.
https://doi.org/10.1016/j.matdes.2014.10.033

Harvey, J. T., Meijer, J., Ozer, H., Al-Qadi, 1., Saboori, A., & Kendall, A. (2016).
Pavement Life Cycle Assessment Framework. Fhwa-Hif-16-014, (FHWA-HIF-16-
014), 246. Retrieved from http://www.uest.gr/suscon/Progress-Results/progress-
results.html

Hunter, R. N. (2015). Shell Bitumen Handbook (6th Edition). London: ICE Publishing.

Indonesian Investment. (2018). Karet Alam. Retrieved from https://www.indonesia-
investments.com/id/bisnis/komoditas/karet/item185

Jitsangiam, P., Nusit, K., Phenrat, T., Kumlai, S., & Pra-ai, S. (2021). An examination
of natural rubber modified asphalt : Effects of rubber latex contents based on
macro- and micro-observation analyses. Construction and Building Materials, 289,
123158. https://doi.org/10.1016/j.conbuildmat.2021.123158

Kanitpong, K., & Bahia, H. (2005). Relating adhesion and cohesion of asphalts to the
effect of moisture on laboratory performance of asphalt mixtures. Transportation
Research Record, (1901), 33-43. https://doi.org/10.3141/1901-05

Khadivar, A., & Kavussi, A. (2013). Rheological characteristics of SBR and NR
polymer modified bitumen emulsions at average pavement temperatures.
Construction and Building Materials, 47, 1099-1105.
https://doi.org/10.1016/j.conbuildmat.2013.05.093

Krishnapriya, M. G. (2015). Performance evaluation of natural rubber modified
bituminous mixes. International Journal of Civil, Structural, Environmental and
Infrastructure Engineering Research and Development (IJCSEIERD), 5(34), 121
134.

Li, R, Leng, Z., Wang, Y., & Zou, F. (2020). Characterization and correlation analysis
of mechanical properties and electrical resistance of asphalt emulsion cold-mix
asphalt. Construction and Building Materials, 263, 119974.
https://doi.org/10.1016/j.conbuildmat.2020.119974

Mente, P., & Tshwafo, M. (2016). Natural Rubber and Reclaimed Rubber Composites—
A Systematic Review. Polymer Science, 2(1), 1-19. https://doi.org/10.4172/2471-
9935.100015

Moghadas, F., Aghajani, P., Modarres, A., & Firoozifar, H. (2012). Investigating the
properties of crumb rubber modified bitumen using classic and SHRP testing
methods. Construction and Building Materials, 26(1), 481-489.



https://doi.org/10.1016/j.conbuildmat.2011.06.048

Moreno, F., Sol, M., Martin, J., Pérez, M., & Rubio, M. C. (2013). The effect of crumb
rubber modifier on the resistance of asphalt mixes to plastic deformation.
Materials and Design, 47, 274-280. https://doi.org/10.1016/j.matdes.2012.12.022

Muniandy, R., Binti Che Md Akhir, N. A., Hassim, S., & Moazami, D. (2014).
Laboratory fatigue evaluation of modified and unmodified asphalt binders in Stone
Mastic Asphalt mixtures using a newly developed crack meander technique.
International Journal of Fatigue, 59, 1-8.
https://doi.org/10.1016/j.ijfatigue.2013.08.021

Pettinari, M., & Simone, A. (2015). Effect of crumb rubber gradation on a rubberized
cold recycled mixture for road pavements. Materials and Design, 85, 598-606.
https://doi.org/10.1016/j.matdes.2015.06.139

Poovaneshvaran, S., Mohd Hasan, M. R., & Putra Jaya, R. (2020). Impacts of recycled
crumb rubber powder and natural rubber latex on the modified asphalt rheological
behaviour, bonding, and resistance to shear. Construction and Building Materials,
234, 117357. https://doi.org/10.1016/j.conbuildmat.2019.117357

Putman, B. J., & Amirkhanian, S. N. (2004). Utilization of waste fibers in stone matrix
asphalt mixtures. Resources, Conservation and Recycling, 42(3), 265-274.
https://doi.org/10.1016/j.resconrec.2004.04.005

Read, J. M., & Brown, S. F. (1996). Fatigue Characterisation of Bituminous Mixes
Using a Simplified Test Method. In Performance and durability of bituminous
materials (pp. 169-181). CRC Press.

Read, J., & Whiteoak, D. (2003). The shell bitumen handbook. Thomas Telford.

Santos, M. B. dos, Candido, J., Baulé, S. D. S., Oliveira, Y. M. M. de, & Thives, L. P.
(2020). Greenhouse gas emissions and energy consumption in asphalt plants.
Revista Eletronica Em Gestdo, Educacéo e Tecnologia Ambiental, 24, e7.
https://doi.org/10.5902/2236117062662

Saowapark, W., Jubsilp, C., & Rimdusit, S. (2019). Natural rubber latex-modified
asphalts for pavement application: effects of phosphoric acid and sulphur addition.
Road Materials and Pavement Design, 20(1), 211-224.
https://doi.org/10.1080/14680629.2017.1378117

Sengoz, B., & Isikyakar, G. (2008). Evaluation of the properties and microstructure of
SBS and EVA polymer modified bitumen. 22, 1897-1905.
https://doi.org/10.1016/j.conbuildmat.2007.07.013

Shaffie, E., Ahmad, J., Arshad, A. K., Kamarun, D., & Kamaruddin, F. (2015).
Stripping performance and volumetric properties evaluation of hot mix asphalt
(HMA) mix design using natural rubber latex polymer modified binder (NRMB).
INCIEC 2014: Proceedings of the International Civil and Infrastructure
Engineering Conference 2014, 873-884. Springer Singapore.

Shafii, M., Ahmad, J., & Shaffie, E. (2013). Physical properties of asphalt emulsion



modified with natural rubber latex. World Journal of Engineering, 10(2), 159-164.
https://doi.org/10.1260/1708-5284.10.2.159

Siswanto, H. (2017). The effect of latex on permanent deformation of asphalt concrete
wearing course. Procedia Engineering, 171, 1390-1394.
https://doi.org/10.1016/j.proeng.2017.01.452

Sowcharoensuk, C. (2021). Industry Outlook 2021-2023: Natural Rubber Processing.
Retrieved from https://www.krungsri.com/en/research/industry/industry-
outlook/Agriculture/Rubber/10/io-rubber-21

Suaryana, N., & Sofyan, T. S. (2019). Performance Evaluation of Hot Mixture Asphalt
Using Concentrated Rubber Latex, Rubber Compound and Synthetic Polymer as
Modifier. Civil Engineering Dimension, 21(1), 36—42.
https://doi.org/10.9744/ced.21.1.36-42

Sunarjono, S. (2013). Performance of foamed asphalt under repeated load axial test.
Procedia Engineering, 54, 698-710. https://doi.org/10.1016/j.proeng.2013.03.064

Suresh, M., & Pal, M. (2021). Utilization of recycled concrete wastes and latex polymer
for sustainable road construction. Materials Today: Proceedings, 47, 4171-4176.
https://doi.org/10.1016/j.matpr.2021.04.448

Thailand Department of Rural Road. (2023). Price of asphalt products. Retrieved June
22, 2023, from https://maintenance.drr.go.th/?page_id=5918

Thives, L. P., & Ghisi, E. (2017). Asphalt mixtures emission and energy consumption:
A review. Renewable and Sustainable Energy Reviews, 72(September 2016), 473—
484. https://doi.org/10.1016/j.rser.2017.01.087

Tokede, O. O., Whittaker, A., Mankaa, R., & Traverso, M. (2020). Life cycle
assessment of asphalt variants in infrastructures: The case of lignin in Australian
road pavements. Structures, 25(February), 190-199.
https://doi.org/10.1016/j.istruc.2020.02.026

Usubharatana, P., & Phungrassami, H. (2018). Carbon footprints of rubber products
supply chains (Fresh latex to rubber glove). Applied Ecology and Environmental
Research, 16(2), 1639-1657. https://doi.org/10.15666/aeer/1602_16391657

Valkering, C. P., Vonk, W. C., & Whiteoak, C. D. (1992). Improved asphalt properties
using SBS modified bitumen. REVUE GENERALE DES ROUTES ET DES
AERODROMES, (693).

Vamegh, M., Ameri, M., & Chavoshian Naeni, S. F. (2019). Performance evaluation of
fatigue resistance of asphalt mixtures modified by SBR/PP polymer blends and
SBS. Construction and Building Materials, 209, 202-214.
https://doi.org/10.1016/j.conbuildmat.2019.03.111

Vural, B., & Colak, H. (2011). Laboratory comparison of the crumb-rubber and SBS
modified bitumen and hot mix asphalt. Construction and Building Materials,
25(8), 3204-3212. https://doi.org/10.1016/j.conbuildmat.2011.03.005



Wang, M., Li, R., Wen, Y., Pei, J., Xing, X., & Chen, Z. (2019). Rheological and aging
behaviors of liquid rubber modified asphalt binders. Construction and Building
Materials, 227, 116719. https://doi.org/10.1016/j.conbuildmat.2019.116719

Wang, X., Ren, J., Gu, X., Li, N., Tian, Z., & Chen, H. (2021). Investigation of the
adhesive and cohesive properties of asphalt, mastic, and mortar in porous asphalt
mixtures. Construction and Building Materials, 276, 122255.
https://doi.org/10.1016/j.conbuildmat.2021.122255

Wen, H. (2002). Fracture Energy from Indirect Tension Testing. Asphalt Paving
Technology, 71(November), 779-793.

Wen, Y., Wang, Y., Zhao, K., & Sumalee, A. (2017). The use of natural rubber latex as
a renewable and sustainable modifier of asphalt binder. International Journal of
Pavement Engineering, 8436, 1-13.
https://doi.org/10.1080/10298436.2015.1095913

Wititanapanit, J., Carvajal-Munoz, J. S., & Airey, G. (2021). Performance-related and
rheological characterisation of natural rubber modified bitumen. Construction and
Building Materials, (268), 121058.
https://doi.org/10.1016/j.conbuildmat.2020.121058

Woodside, A. R., Woodward, W. D., & Akbulut, H. (1998). Stone mastic asphalt:
Assessing the effect of cellulose fibre additives. Proceedings of the Institution of
Civil Engineers: Municipal Engineer, 127(3), 103-108.
https://doi.org/10.1680/imuen.1998.30985

Xiang, L., Cheng, J., & Que, G. (2009). Microstructure and performance of crumb
rubber modified asphalt. Construction and Building Materials, 23(12), 3586—3590.
https://doi.org/10.1016/j.conbuildmat.2009.06.038

Yang, Z., Wang, L., Bin, X., Cao, D, Li, J., & Zhao, K. (2021). Performance of SBS
modifier-crumb rubber composite modified asphalt used as an anti-wear layer of
perpetual pavement. International Journal of Pavement Engineering, 0(0), 1-15.
https://doi.org/10.1080/10298436.2021.1932882

Yildirim, Y. (2007). Polymer modified asphalt binders. Construction and Building
Materials, 21(1), 66—72. https://doi.org/10.1016/j.conbuildmat.2005.07.007

Yu, H., Leng, Z., Dong, Z., Tan, Z., Guo, F., & Yan, J. (2018). Workability and
mechanical property characterization of asphalt rubber mixtures modified with
various warm mix asphalt additives. Construction and Building Materials, 175,
392-401. https://doi.org/10.1016/j.conbuildmat.2018.04.218

Yunus, N. Z. M., Hassan, S. A., Yaacob, H., Hassan, N. A., Jaya, R. P., Hainin, M. R.,
& Yusoff, N. I. M. (2021). Properties of cup lump rubber modified asphalt binder.
https://doi.org/10.1080/14680629.2019.1687007

Zhang, F., & Yu, J. (2010). The research for high-performance SBR compound
modified asphalt. Construction and Building Materials, 24(3), 410-418.
https://doi.org/10.1016/j.conbuildmat.2009.10.003



Zhao, Y., & Zhang, J. (2009). A mechanical model for three-phase permanent
deformation of asphalt mixture under repeated load. Journal Wuhan University of
Technology, Materials Science Edition, 24(6), 1001-1003.
https://doi.org/10.1007/s11595-009-7001-5



