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Abstract: Recycling end-of-life tire rubber as asphalt modifier is known as a sustainable paving technology with merits
including enhanced pavement durability, waste tire consumption and noise reduction. However, the criticisms on the
high construction emissions of asphalt rubber (AR) have limited its application. Warm mix asphalt (WMA) effectively
reduces the mixing and compaction temperatures of conventional hot mix asphalt mixtures. The combination of AR and
WMA, called warm asphalt rubber (WAR), is a promising paving material which achieves pavement sustainability from
principles to practices. Many studies have demonstrated that WMA technologies work effectively with AR pavement in
different ways, alleviating the concerns of potential higher emissions of AR by decreasing mixing and paving
temperatures. A comprehensive literature review about WAR brings a better understanding of this promising paving
technology. The findings of 165 publications were summarized in this review. It summarized the recent developments of
WAR in various aspects, including rheological properties, mix design, mixture mechanical performance, field
application, construction emission, and asphalt-rubber-WMA additive interaction. It is expected that this review is able
to provide extensive information to explore further research development and application of WAR.
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operation, and maintenance [3]. Since nowadays
sustainability has attracted a lot of interest
worldwide, the construction of infrastructures,

1 Introduction

Asphalt concrete (AC), the most frequently
used paving material for highway construction, is
conventionally prepared by blending aggregates,
asphalt binder, and fillers together in elevated
temperature with tremendous heat energy [1, 2].
While offering indispensable contribution to society,
asphalt  pavement  significantly  influences
environment in all periods including construction,

including asphalt pavement, are suggested to follow
reclaim, recycle and reduce (3R) principles [4].
Generally, reclamation in pavement engineering
refers to the process of reclaiming road materials
from loss or from a less useful condition; recycling
involves processing waste materials from other
fields into useful pavement products; and reduce
means consuming less energy and bringing less
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pollutants to environment during the life cycle
period. In recent years, many sustainable asphalt
paving technologies fitting “3R” were developed
and applied (Table 1). Besides, novel asphalt
pavements with additional functions may also be
beneficial to energy harvesting and environmental
protecting, such as hydronic asphalt pavement
[24, 25], photocatalytic pavement [26, 27], quiet
pavement [28, 29], cool pavement [30] and self-
healing asphalt pavement [31, 32].

Table 1 Available technologies of sustainable asphalt
pavement design

Policy Technology

Using certain percentage of reclaimed
asphalt pavement (RAP) when constructing
new asphalt pavement [5, 6]
Recycling waste materials as
aggregate/filler/modifier for pavement
construction, such as scrap tires [7, 8],
glass [9, 10], plastic [11, 12], steel slag [13—15],
fly ash [16, 17], packing tape [18, 19],
metal waste [20], etc.

Applying cold or warm mix asphalt (WMA)
technology for less energy consumption [21],
and reducing traffic noise through asphalt rubber
or porous asphalt pavement technologies [22, 23]

Reclaim

Recycle

Reduce

Recycling waste vehicle tires into asphalt
pavement meets both the “recycle” and “reduce”
principles (consuming waste tires and alleviating
traffic noise). In addition, the incorporation of
crumb rubber from waste tires makes asphalt
pavement more durable. The waste tires, from
either passenger cars or trucks, are shredded into
small particles, which are labeled as crumb rubber
modifier (CRM) in pavement engineering field
[33]. The size of CRM particles ranges from —10
mesh (2 mm) to —80 mesh (0.18 mm). To
incorporate CRM into asphalt mixtures, two major
processes have been developed, namely dry process
[34] and wet process [35]. The dry process defines
method that adds CRM directly into asphalt mixture
to replace part of aggregates or fillers [36]. In the
case of dry process, the CRM particles were
supposed to have limited interaction or component
exchange with the hot asphalt binder during the
blending process. However, the interaction of CRM
and asphalt in dry process can be observed after
long storage and service periods [37]. The wet
process refers to the method that modifies bitumen
with CRM first, making the modified binder well
blend and then mix with aggregates and mineral

fillers [34]. It should be noted that the overall
engineering performance of wet process prepared
AR mixture is better than that with dry process, as
wet process not only utilizes the resilient particle
effect of CRM like dry process, but also uses its
polymer components as asphalt modifier to enhance
binder’s rheological properties [38—40].

Asphalt rubber (AR) belongs to rubberized
asphalt binder produced by wet process. It is a
blend of asphalt cement, reclaimed tire rubber, and
certain additives in which the rubber component is
no less than 15% by weight of the total blend and
has reacted in the hot asphalt cement sufficiently to
cause swelling of the rubber particles [41]. Terminal
blended (TB) rubberized asphalt is also produced
by wet process. The difference between AR and TB
rubberized asphalt technique is that the production
temperature of TB rubberized asphalt is 50—100 °C
higher than AR. In addition, the interacting period
of TB rubberized asphalt is much longer than that
of AR. In the case of TB rubberized asphalt, the
crumb rubber particles are fully digested into the
asphalt.

In asphalt rubber, the incorporation of CRM
reduces the temperature sensitivity of binder
behavior, which effectively increases high-
temperature performance and decreases low-
temperature stiffness, helping to protect pavement
from high-temperature rutting and low-temperature
cracking [7, 42—47]. In addition to the superior
mechanical properties, the noise reduction effect of
AR mixture is also attractive, especially in urban
areas [28]. The insoluble CRM particles provides a
“cushion” effect on the noise generation from
vibration source, which leads to a noise reduction of
3-5 dB in comparison with conventional asphalt
pavements [48—50]. However, one major concern
which obstructs the widespread application of AR is
the poor workability [51]. Due to the incorporation
of crumb rubber, AR is much more viscous than
conventional asphalt binders. Therefore, the
blending and compacting temperatures of AR and
aggregate should be 35—60 °C higher than those of
conventional asphalt mixture, resulting in poorer
construction environment, energy
consumption and hazardous emissions [52, 53].
Regarding this concern, warm mix asphalt (WMA)
technology, which meets the “reduce” principle, has
been proposed to enhance the workability of AR
pavement by researchers and engineers in different

more
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regions [54]. WMA technology is proven to lower
the construction temperatures of traditional hot-mix
asphalt (HMA) without significantly
weakening their engineering performance [1].
Given this, combining WMA technology and AR is
an ideal approach to address the high construction
emission concern of AR mixtures and produce
durable and low-noise pavement.

Most available studies about warm asphalt
rubber (WAR) pavements are original research
articles, emphasizing one or several typical
properties of AR binder and mixture. However, a
comprehensive literature review about this
sustainable paving material, which holistically
presents its development and current state of art, is
still limited. To fill this gap, this study aims to
present and analyze the recent developments of
WAR in various aspects, including rheological
properties, mix design, mixture mechanical
performance, field application, construction
emission, and asphalt-rubber-WMA  additive
interaction. This review is expected to serve as the
cornerstone of further research, development and
application of WAR.

mixes

2 AR and WMA

With increasing vehicles and the rapid
development of transportation, the amount of waste
tires is growing significantly all over the world.
Known as “black pollution”, waste tires are quite
difficult to be degradated in natural environment.
The landfill of waste tires occupies valuable lands,
and brings environmental concerns including global
warming, soil pollution, water pollution and
potential fire risks. On the other hand, tire rubber is
composed of precious polymer like nature rubber
and synthetic rubber [55]. Crumb rubber particles
are derived from end of life scrap tires of passage
cars and truck. Their properties including
components, gradation, surface texture, etc. are
believed to strongly affect the properties of AR. The
processing methods including the processing
equipment and processing temperature affect the
surface texture, dimension and gradation of crumb
rubber particles. Ambient grinding refers to a
mechanical grinding method that is able to process
scrap tires (with the removal of steel and fabric
components) into particles at ambient temperature
[33]. Cryogenic grinding freezes the scrap tires

before shattering the freeze tire rubber into particles.
Compared with the ambient crumb rubber particles,
cryogenic crumb rubber particles show smoother
surface. This reduces the reaction between asphalt
binder and crumb rubber and worsts the elastic
properties of the mixture [56]. Therefore, ambient
grinding is mostly used to produce crumb rubber
modifiers for asphalt industry. The components of
crumb rubber particles depend on the source of
crumb rubber. Previous studies documented that
crumb rubber particles derived from truck tires
consist higher mass percentage of natural rubber
than those derived from passenger car tires [33, 57,
58]. But chemically, regardless of the source types,
crumb rubber particles consist of elastomer, carbon
black, ash, and tetrahydrofuran with the average
proportions of 50%, 32%, 5% and 13%,
respectively [59]. Applying the crumb rubber
produced from waste tire rubber is a promising and
applicable approach to consume the black pollution
in a sustainable and eco-friendly approach.

As mentioned, AR is a type of CRM binder
prepared by “wet process-high viscosity” system. It
is prepared by mixing crumb rubber particles with
virgin asphalt binder by high shear mixing. AR has
been developed and applied in pavement
construction around the world since 1960s [33]. In
addition to the contribution in waste management,
AR exhibited superior engineering performance in
high-, intermediate- and low-temperature compared
to virgin bitumen. The enhancement of rheological
performance of AR is attributed to both the polymer
modification and the particle effect of crumb rubber
[39]. On one hand, CRM desulfurizes and degrades
during the mixing process, releasing some soluble
polymers like synthetic and natural rubber to
modify the raw asphalt binder like SBS [60, 61]. On
the other hand, the bulk of CRM particle enlarges
by absorbing light components of asphalt, which
reduces the free space between particles and stiffens
the binder [62]. However, the poor workability and
storage stability have been the obstacle for the wide
application of AR.

Although the workability of AR binder may be
influenced by factors including crumb rubber
source, rubber size/content, properties of base
asphalt, blending temperature/time, etc., the
incorporation of CRM should bring a dramatical
increment of binder viscosity [63—66]. To ensure
adequate interaction between rubber and asphalt,
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some government specifications required that at
blending temperature, the rotational viscosity of AR
should be over 1.5 Pa-s (Table 2). Several studies
have proven that the viscosity of AR binder
increased with the CRM content [67]. Since binder
viscosity has significant influence on the
compatibility of the mixtures, to achieve qualified
volumetric property, higher production temperature
is required for AR, bringing higher energy
consumption, worse working condition and more
odors. In some regions, asphalt rubber mixture
production has been limited to 1000 t per day
because of the restriction for the maximum
allowable emissions [68].

Table 2 Required rotational viscosity of AR

Specification Requirement
1.5-4.0 Pa:s at 177 °C
1.5-4.0 Pa's at 191 °C

1.5-4.0 Pas at 191 °C

Jiangsu, China
Ontario, Canada

California, US

Arizona, US 1.5-4.0 Pa:s at 177 °C

Texas, US 1.5-4.0 Pa's at 175 °C
Florida, US >1.5Pasat 177 °C

New Jersey 2.0-4.0 Pas at 177 °C
ASTM D6114 >1.5Pa'sat 175 °C

In recent decades, the WMA technology,
which is developed and applied at
temperatures (100—140 °C) in comparison to the
HMA (140220 °C), has been developed to reduce
energy consumption throughout the manufacturing
and construction process of asphalt pavement [1].
WMA also allows asphalt mixtures to be
constructed in cooler climates, extending the paving
season [51]. Especially, the reduction in hazardous
construction is an obvious advantage associated
with WMA technology. The greenhouse gas
emission during WMA production reduce was
reported to be ranged from 25% to 50%, compared
to HMA production.

Based on the working mechanism, WMA
technologies and the associated additives can be
divided into three categories: i) foaming processes
(subdivided into mechanical foaming process and
addition of foaming additives); ii) addition of
organic additives (e.g., Fischer-Tropsch synthesis
wax (FT-wax), fatty acid amides, and Montan wax);
iii) addition of chemical additives (usually
emulsification agents or polymers). Foaming

lower

process refers to the process that uses foaming
machine or water-containing zeolite to cause
volume expansion of hot bitumen during the
blending at elevated temperature [69, 70]. It makes
use of the evaporation of water, from liquid to
gas/steam, which enlarges the bitumen volume and
therefore leads to lower binder viscosity. The
organic additive, with melting point lower than
bitumen, acts as flow improver during the blending
process. When temperature exceeds the melting
point of wax, the melting of wax makes modified
bitumen more flowable, allowing for easier coating
and mixing. Meanwhile, the physical properties of
wax also influence the binder rheological
performance at certain level [71]. Chemical
additives generally do not reduce the viscosity
value of bitumen. They are liquid surfactants, acting
as lubricating agent to reduce the friction between
bitumen and aggregate during the blending process
[72].

Nowadays, there are over 40 commercially
available WMA products. Table 3 lists some typical
WMA products that have been widely applied in
field projects. The selection of WMA products is
decided by many influencing factors like the
quantity of WMA mixture and the designed
producing temperature of WMA mixture. Some
WMA processes may need higher material cost or
special blending equipment. A holistic literature
review about WMA products has been conducted
by RUBIO et al [1], where the performance,
benefits, drawbacks of different WMA technologies

Table 3 Typical types of WMA technologies

. Recommend
Category WMA additive Company dosage
0/ _20,
Sasobit Sasobit 2% . 3% by
binder
Organic Asphaltan Romonta 2% by binder
Licomont DS-100 Clariant 3% by binder

Evotherm-DAT  MeadWestVaco 5% by binder

Evotherm-3G ~ MeadWestVaco 0.5% by binder
. 0/ | 0,
Chemical Rediset Akzo Nobel 0.4% .0'75 &
by binder
0/ 0,
Cecabase RT Ceca 0.2% . 0.5%
by binder
V)
Advera Eurovia 0.3% b.y
total mix
. . . 0.3% by
Foaming Aspha-Min PQ corporation total mix
Double-Barrel Water

Astec

Green (DBG) foaming, N/A
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were thoroughly introduced [1]. Regarding the
negative effects, WMA mixtures were reported to
be more susceptible to moisture damage (stripping)
because aggregates may not be completely dried at
lower WMA temperatures [73]. In addition, the
insufficient hardening effect caused by the lower
WMA temperatures may compromise with the high
temperature performance of some WMA mixtures
[74].

The production temperature of AR mixture is
165-200 °C and a 20—45 °C reduction can be
achieved by wusing WMA technologies [75].
Generally, warm mix asphalt refers to asphalt with
production and construction temperatures in range
from 85 °C to 135 °C [51]. Although the production
temperature of WAR was still outside of WMA
definition, one of the most serious concerns of
conventional WMA, moisture susceptibility, can be
well addressed. In addition, the incorporation of
CRM is able to compensate part of negative effect
(on rutting and cracking performance) from some
WMA technologies. Hence, it is a win-win
combination to use AR and WMA together.

3 Production of WAR binder and
mixtures

3.1 Binder preparation

In laboratory, AR is generally produced by
using high shearing mixer (blending speed:
1000—4000 r/min) at a mixing temperature of
175-200 °C [76], while in field AR binders are
produced by mixing conventional asphalt and CRM
at or near the job site by special blending equipment.
In most cases, longer blending time can compensate
the lower mixing rate of blending machine. The
reacting time should be limited to less than one
hour to prevent further devulcanization and
depolymerization of CRM [68, 77, 78]. Generally, it
is recommended to use soft virgin asphalt
(superpave PG64 or lower) and smaller crumb
rubber particles (smaller than 20 mesh) to promote
the component interaction [79, 80]. The blending
condition is designed to allow adequate interaction
between crumb rubber and asphalt fractions. After
interaction with bitumen, every crumb rubber
particle should have its elastic cores, while the edge
part turns to colloid materials due to component
exchange with asphalt fractions. It has to be

mentioned that with extremely long blending time
or high blending temperature, the rubber particles
can be totally dissolved into asphalt fractions. In
this case the modified asphalt is called “terminal
blend (TB) asphalt” [81]. By
comparison, there is no “particle effect” of crumb
rubber in terminal blend rubberized asphalt. TB
rubberized asphalt exhibited superior storage
stability compared to AR. However, AR
significantly outperformed TB rubberized asphalt in
terms of rutting resistance and the function of noise
reduction [82, 83].

In most available studies, the WAR binder is
prepared by adding WMA additives into hot AR and
mixing together for several minutes at the same or
slightly temperature [67, 84—86]. By
conventional mixing procedure, the effect of WMA
additives can be easily evaluated, and the field
quality control should be simpler since there are
many AR production guidelines available. Another
potential mixing procedure is to directly mix the
WMA additive, base asphalt and CRM together.
Since all components can be put into the blending
tank together in one time, the direct mixing method
is believed to be more convenient and more energy
efficient [87]. The direct mixing method is not
allowable for WAR with foaming additive, due to
the limited foaming time of zeolite [88]. Especially,
for WAR with liquid WMA additive, another
possible sequence called pre-treating
method is available. In this method, the rubber
particles are soaked in liquid surfactant to make the
liquid WMA additive absorbed by crumb rubber.
And then use the modified crumb rubber to be
blended with hot asphalt. However, whether WMA
additives can be added during or before the prepare
process of AR is still under discussion. Previous
studies showed that the earlier incorporation of
Evotherm-DAT (both direct mixing and pre-treating
method) reduced the production temperature of AR
by 16 °C without significantly disrupting the
rheological properties of WAR binder [89].
However, directly mixing wax additive, base binder
and CRM together achieved similar mechanical
properties compared to the traditional method, but it
was found that directly mixing method leads to
slightly poorer workability [90]. Since the adding
timing of WMA additive influences the rheological
properties of WAR binder, using WMA additives to

rubberized

lower

mixing
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control and optimize the blending condition of
WAR binder is a promising topic which deserves
further investigation.

3.2 Mix design and mixture preparation

The mix design of WMA is speculated to be
compatible to HMA procedures [90]. Currently, the
mix design of AR is also applicable for WAR,
regardless of the type and incorporation timing of
WMA [67, 84, 92—94]. In available studies, AR and
WAR are considered conventional polymer-
modified asphalt binders like SBS modified asphalt.
The mix design methods, specifications and
construction procedures used for conventional
asphalt binders can be used with AR and WAR
binders. Standards or guidelines in designing AR
mixtures have been developed by several agencies
[95—97]. Marshall (applied in most regions) and
Hveem (applied in California) methods with slight
modifications were suggested to be used for
dense-graded and gap-graded AR mixtures while
the design procedure in FHWA-RD 74-2 was
recommended to be used for open-graded AR
mixture design) [98]. All procedures essentially
contain five steps, namely, aggregates and binder
selection, mixes compaction (with various binder
contents), air voids measurement of compacted mix
samples, mechanical testing, and finally optimum
binder content determination.

In general, as a portion of the asphalt is
replaced by rubber in AR binder, the AR/WAR
binder content should generally be higher than the
corresponding mixture containing virgin bitumen.
An empirical method is that the increased binder
content should be the same as the content of crumb
rubber used in AR binder [99]. A practical
experience in California indicated that the optimum
asphalt content (OAC) of WAR should be 1.2-1.4
times that of the OAC with neat binder [100].
Because of the swelling property of CRM and the
increased binder content, gap- and open-graded
mixes are more preferable for AR/WAR than
dense-graded. Gap-graded is speculated to be a
variation of dense-graded in which the aggregate
gradation is coarsened to provide a greater amount
of mixture voids. The increased amount of voids
allows for higher AR/WAR binder content and
provides rooms for potential swelling of crumb
rubber.  Open-graded mix can  definitely
accommodate higher amount of AR binder.

Correspondingly, the use of viscous AR and high
binder content leads to thicker binder films,
improved anti-aging property and better durability.
It has to be mentioned that the OAC of asphalt
mixture depends on the designed air voids content,
aggregate source, compaction method, service
condition of the corresponding asphalt pavement,
etc. Based on available studies, the OACs of
dense-graded, gap-graded, and open- graded asphalt
mixture are around 4.4% to 5.5%, 4.5% to 6.2%,
and 4.3% to 6.5%, respectively [101-110].

Since WMA additives are either solid or liquid
at ambient temperature, they are pre-blended with
hot AR a few minutes prior to mixing with
aggregates. In some cases, the WMA additives can
also be directly added to the mixture in the mixing
bowl, just after addition of AR. Or the WAR binder
can be prepared by direct mixing method and then
blended to aggregate and fillers. Nearly no changes
to the asphalt plant should be made except the
installation to incorporate WMA additives and
decreased production and compaction temperatures
[85].

It has to be mentioned that although the design
and application of AR and WAR pavement has been
a practice-ready technology, some limitations still
need further investigation. The most outstanding
one is the neglect of rubber’s volume effect in
current design specifications of AR. In wet process,
the volume of crumb rubber can expand by two to
three times. The diameter of swelling rubber
reaches about 1 mm, which is larger than mineral
fillers and some fine aggregates. Additionally,
crumb rubber accounts for 1%—1.5% of the total
mass of mixture. The density and modulus of
swelling rubber are distinct from that of aggregate,
which may have significant influence on the
mechanical system of WAR mixture. Therefore, a
more specific evaluating on the volume effect of
swelling rubber design is
recommended.

in AR mixture

4 Interaction among components of AR
and WAR

4.1 Interaction between crumb rubber and
asphalt
Crumb rubber, shredding from passenger car
tires or truck tires, mainly comprises nature rubber,
synthetic rubber, carbon black and fillers [111].
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According to the different polarities, asphalt can be
separated into four fractions, which can be
distinguished by their polarity. Highly polar
asphaltene micelles are dispersed in a viscous phase
of saturates, aromatics and resins (maltene phase)
[112]. The interaction mechanism within AR has
been extensively investigated by many previous
studies [113—117]. Especially, WANG et al [118]
have comprehensively summarized the available
chemical methods used for characterizing the
interaction among components in AR binder. The
interaction between crumb rubber and asphalt
happens during the high shear blending in evaluated
temperature. During the interaction, the crumb
rubber changes by two stages: swelling and
dissolution. And the swelling and dissolution of
crumb rubber happens simultaneously [118].

The production of AR is far more complicated
than simply mixing and dispersing CRM into hot
asphalt binder fractions. As depicted in Figure 1,
once mixed with hot asphalt, the outer part of CRM

(a)

Stage 1:
CRMs are added

to base asphalt .

(b)

Stage 2:

CRMs swell, dissolve
and absorb fractions
from asphalt

(c)

Stage 3:
Depolymerization

of CRMs .

Figure 1 Interaction between asphalt and crumb rubber
[63]

o
o
=
1

dissolves with mixing time, releasing natural rubber,
synthetic rubber and other components into asphalt
fractions. In addition, the light components of
asphalt, including saturates and aromatics, are
absorbed into CRM polymer chains, forming a thin
gel layer around the elastic rubber core of CRM. A
study about four fractions analysis of AR binder
proved that compared to raw asphalt, AR had higher
percentage of heavy fractions (asphaltenes and
resins) and lower percentage of light components
(aromatics and saturates), which should be
attributed to the “absorbing effect” of CRM [90]. In
addition, the peak at 1012 cm™' in Fourier transform
infrared spectroscopy (FTIR) spectrum of AR
binder is ascribed to the loss of light components of
asphalt binder after the incorporation of CRM [35].
The swollen CRM plus gel layers are two to three
times larger than the original CRM. Meanwhile,
some polymer chains in CRM, including natural
rubber and synthetic rubber, are released, and mixed
with asphalt fractions.

The dissolution of CRM has been
demonstrated by YU et al [119] through thermal
analysis. As shown in Figure 2, the dissolution of
CRM can be indicated by the higher amount of final
residual mass and the disappearance of natural
rubber’s endothermic peak. Compared to the
original CRM, the extracted CRM shows a similar
pattern in the thermogravimetric (TG) curve but a
different shape in the differential scanning
calorimetry (DSC) curve. The main weight loss of
the extracted CRM still occurs from 300 °C to
500 °C. However, the final residual mass fraction of
the extracted CRM (about 26 wt%) is higher than
that of the original CRM (17 wt%), indicating that
the interaction of rubber with base asphalt may
have consumed part of the decomposable polymers.
Besides, the DSC curve of the original CRM has
two clear endothermic peaks from 300 °C to 500 °C,
while the extracted CRM only has one, indicating
that the components in the original CRM are more
complicated. The peak within the range of 300—
400 °C is due to the nature rubber component of
CRM while the one within the range of 400-—
500 °C is related to the synthetic rubber. The
disappearance of nature rubber’s endothermic peak
is caused by its partial dissolution during interaction
with asphalt fractions.

In addition to thermal analysis, results of gel
permeation chromatography (GPC) test also
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Figure 2 Thermal analysis of CRM before (a) and after
(b) being mixed with asphalt fractions [119] (I, 11, III and
IV refer to oil and plasticizer, natural rubber, synthetic
rubber, carbon black and other fillers respectively)

demonstrated the component exchange process
between CRM and bitumen fractions. The
interactions between CRM and virgin asphalt binder
resulted in a higher large molecule content due to
the release of polymers from CRM [120]. In general,
the component exchange process between asphalt
and CRM is considered as physical reaction. The
strong attractive interactions among the asphaltene
particles lead to the dramatically increased viscosity
of asphalt and strengthen the network structure
formed by asphalt molecules.

4.2 Interaction among asphalt, crumb rubber

and WMA additives

As mentioned, the term “interaction” in AR
refers to swelling and dissolving of CRM plus
diffusing of maltenes from the base asphalt into the
crumb rubber [121]. It is known that the production
of WAR binder does not simply mean mixing and
dispersing CRM and WMA additive into asphalt
fractions. The addition of WMA may either enhance
or deteriorate the formed asphalt-rubber system,
which mostly depends on the components and
properties (both physical and chemical) of WMA

additives. By measuring the final residual weight of
CRM extracted from AR and WAR binders, YU
et al [119] found that both organic and chemical
additives had a positive effect on the dissolution of
CRM in asphalt fractions.

Figure 3 presents the schematic diagram of
swelled CRM interacting with asphalt fractions and
WMA additives. During blending, both components
from WMA additives and asphalt fractions are
absorbed into the rubber-asphalt interacting area.
YU et al [120] divided the interaction area of
swelled CRM into four layers by staged extraction
method. They found that the effect of wax additive
on the absorption preference of swelling rubber is
limited. Conversely, chemical surfactant was
reported to significantly decrease the large molecule
content and obstruct the formation of C—O
bond. In terms of the final status of WAR binder,
environmental scanning electron microscope
(ESEM) observation suggested that AR has a
single-phase continuous structure with particles not
uniformly distributed in base asphalt [122] and
Evotherm-DAT is capable to make the rubber-
asphalt system more homogeneous [66]. Fourier
transform infrared spectroscopy (FTIR) studies
demonstrated that there is no complex chemical
reaction  between  Evotherm-DAT/Sasobit/56#
paraffin wax and AR. The emerging peaks in
WAR'’s spectrum were attributed to the chemical
components of each WMA additives [85, 111]. GPC
study showed that WMA additives obviously
influence the molecular weight distribution of AR
because of their own components [123].
Thermogravimetric (TG) and differential scanning
calorimetry (DSC) analysis illustrated that the
incorporation of WMA additives can promote the
component exchange between CRM and asphalt,
and the wax-based additives penetrate into CRM

Asphalt
liquid ——
phase

Asphalt-
rubber

interacting —

area

Elastic—
rubber
core

Figure 3 Schematic diagram of swelled CRM in WAR
binder
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particles during the mixing process of WAR. AFM
investigation showed that CRM decreased the
dimension but increased the quantity of the typical
bee-like structure of asphalt. However, the
incorporation of organic WMA additive enlarged
the size of bee-like structure, resulting in stiffer
rheological behavior [124].

In addition to the type of WMA additive, the
mixing procedure also influences the interaction in
WAR system. YU et al [89] found that using same
dosage of wax additive, direct mixing CRM, WMA
and asphalt together leads to fewer wax content in
liquid asphalt phase of WAR binder than
conventional procedure. That means that during the
reacting process, both light fractions of base asphalt
and wax molecules are absorbed by CRM.
Therefore, when direct mixing method is applied to
prepared WAR with wax additive, more wax
dosages are required. In a study of WAR with
Evotherm-DAT, it was found that the liquid
Evotherm-DAT can be well absorbed by rubber
particles. FTIR results showed that certain reaction
happens between them at room temperature [90]
(Figure 4), indicated by the new generation of
hydrogen bond between O—H/N—H group of
crumb rubber and —COO— of Evotherm-DAT.
The earlier incorporation of liquid additive also
promotes the interaction between rubber and raw
bitumen. Therefore, it is possible to reduce the
reacting time when preparing WAR with
Evotherm-DAT as the WMA agent, also as
interaction promoter in rubber-asphalt system.
Based on above-mentioned literatures, it is believed
that research on interaction mechanism among
components within WAR binders provides

50 Generation of hydrogen bond 3470 ..
between O—H/M—H group of, 3679
rubber and —COO— 3
40 F\ group of Evotherm-DAT
~E-CRM
° 30 :
=
20 :
' Evotherm
10 +
0L 1 1 1 1
500 1500 2500 3500 4500

Wavelength/cm™!
Figure 4 FTIR spectra of CRM, Evotherm-DAT and
E-CRM (CRM after soaking into Evotherm-DAT)

information to optimize the materials and blending
condition design of WAR, which helps to produce
this sustainable paving material in a more efficient
and effective way.

5 Engineering performance and recycling
potential of WAR

5.1 Rheological properties of WAR binders

Interaction between CRM and base asphalt
results in superior performance of AR at high,
intermediate and low temperature. The dissolution
and swelling of CRM also dramatically increase the
viscosity of asphalt binder. Meanwhile, the storage
stability of AR binder is poorer compared to raw
asphalt due to the density difference between CRM
and asphalt. WMA additives are able to alleviate the
workability concern of AR. Because of their various
physical natures and working mechanisms, WMA
additives exert different influences on the
rheological and mechanical properties of AR binder
and mixture.

When CRM is incorporated into base asphalt,
the penetration value, ductility and phase angle of
asphalt binder decrease, whereas its softening point,
elastic recovery, viscosity and complex shear
increase [76]. In other words, compared with raw
bitumen, AR binder is stiffer and more elastic, but
less consistent and flowable. Then enhanced
rheological performance of AR binder is indicated
by higher Superpave rutting factor (G*/sind), lower
non-recoverable compliance (Ju), more loading
cycles to fatigue failure and lower stiffness at low
temperature [35, 125, 126]. WANG et al [39]
evaluated the rheological properties of liquid
asphalt phase extracted from AR and WAR binders.
They found that the enhanced rutting resistance of
AR is ascribed to the polymer modification and
particle effect, while the extended fatigue life
mainly can be attributed to CRM’s particle effect.

Many studies have investigated the influence
of different WMA additives on several rheological
properties of AR binders (as summarized in
Table 4). Previous studies demonstrated that all
WMA technologies, regardless of the working
mechanism, are able to increase binder’s
workability by means of decreasing the viscosity of
AR binder. However, compared to raw bitumen, the
viscosity values of WAR binders were still much
higher. The viscosity-reducing effect of organic
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Table 4 Influence of WMA technologies on AR’s main rheological properties

Low temperature

Category WMA additives Workability Rutting resistance ~ Fatigue resistance . .
cracking resistance
Sasobit Enhanced Deteriorated Slightly deteriorated
) o Licomont Enhanced Deteriorated
Organic additive )
Asphaltan Enhanced N/A Deteriorated
56# Paraffin wax Insignificant effect Deteriorated Deteriorated
) » Evotherm-DAT Enhanced Deteriorated Deteriorated Insignificant effect
Chemical additive
Bio-modifier Deteriorated N/A N/A
) o Aspha-min Slightly Enhanced  Slightly deteriorated N/A
Foaming additive
Advera Insignificant Effect N/A N/A
Foaming process Water foaming Deteriorated Enhanced Enhanced

additives 1s constant, which is ascribed to their
relatively melting point and higher
flowability after melting. In terms of chemical
additives, it is still unsure whether the enhancement
is attributed to the surfactant effect or liquid
physical nature. Foaming process and additives
only enhance AR’s workability during the foaming
period. Using commercial foaming additive may
finally lead to an increased viscosity as the residual
zeolite particles act as fillers in WAR system [69].
The type and content of WMA additives
exhibited significant effects on rheological
properties of AR binder. Based on the Superpave
rheological characterization, FT-wax was found to
enhance rutting resistance but compromised fatigue
and low-temperature cracking resistance [127].
However, liner amplitude sweep (LAS) test
indicated that the effect of FT-wax on fatigue
resistance is positive [128]. By comparing the
fatigue performance evaluation of WAR binder,
mortar and mixture, YU et al [128] proposed that
LAS is a more reliable fatigue test than the
Superpave fatigue factor test. The non-commercial
additive, 56# paraffin wax, slightly worsens all
rheological properties of AR. The negative effect of
conventional wax additive on rutting resistance and
low temperature cracking resistance is determined
by its low melting point and glass transition
temperature respectively. To ensure satisfing low
temperature performance, the dosage of wax
additive should be controlled. Various types of
chemical additives were reported to bring negative
effect on the anti-rutting performance of AR binder
[66, 130]. Foaming additives have indistinct effect
on rutting performance while foaming process
brings slightly negative influence [45, 131].

lower

Nevertheless, it is worthy mentioned that although
some WARs may perform worse compared to AR,
they are still much superior to the corresponding
base binders.

5.2 Mechanical properties of WAR mixtures

The mechanical properties of asphalt mixture
considerably vary in a large range depending on the
specific  asphalt binder, mixture gradation,
aggregate type as well as blending condition
[77, 78]. Consistent with the superior rheological
properties of AR binder, the mechanical properties
of hot AR mixture, including moisture sensitivity,
stiffness modulus, resistance to cracking and
permanent deformation, are obviously superior over
that of conventional HMA, due to the increased
binder viscosity and higher production temperature
[132, 133]. The air voids content of Marshall
samples and the numbers of gyrations of the SGC
samples to achieve the same specimen height were
employed by YU et al [75] as the measures of
asphalt mixtures’ compactability. It is found that
WMA additives could reduce the production
temperature of the AR mixture by at least 16 °C,
without significantly compromising the
compactability of mixtures. Other studies have also
demonstrated that the use of WMA technologies
achieves blending temperature reduction ranges
from 20°C to 35°C with very limited influence on
volumetric properties [93, 134].

Table 5 shows the effect of WMA technologies
on the service performance of AR mixture. It is
noted that the moisture damage resistance of WAR
mixture is slightly poorer than that of hot AR
mixture, as more moisture entraps in aggregate at
lower production temperature [67, 86]. A surface
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Table 5 Effect of WMA technologies on AR mixture
performance (compared to hot AR mixture)

Performance Sasobit Aspha-min Resiset Surfactant Fp(;zzggsg
sulsvclgli)stzgleity LT[E;,;;] LT L I87] J[[19335]] L [135]
rfﬁliiiie lﬁg]é] L2 g 1351 —[138]
et 11351 5] —135] f[[lgfs]] — [135]

Note: 1 means enhanced; | means deteriorated; — means no
obvious effect.

free energy study conducted by Habal and Singh
drawn the same conclusion. It was found that AR
with Rediset, Sasobit and Advera exhibit poorer
moisture resistance compared with hot AR [87].
OLIVEIRA et al [93] hold the opposite view since
they believed surfactant additive should result in
less water sensitivity of AR mixture, because the
adhesion between aggregates and binder was
improved by surfactant. JONES et al [134]
concluded that the warm-mix technology by itself is
unlikely to influence moisture sensitivity; however,
problems are likely to be attributed to aggregate
condition and construction quality. By summarizing
the available studies, the water based chemical
additive (like Evotherm-DAT) should exhibit
negative effect on moisture sensitively due to the
incomplete evaporation of the liquid surfactant. In
addition, WMA mixtures normally performed worse
compared to corresponding HMAs caused by the
lower heating temperature of aggregates. In terms
of fatigue performance, XIAO et al [92] believed
that among organic, chemical, and foaming
additives, only aspha-min results in poor fatigue
cracking resistance. The study conducted by
JONES et al [134] showed that warm mix asphalt
technologies exert limited effect on fatigue
performance of AR mixture, since lower production
temperature leads to lower binder oxidation. YU
et al [128] study proposed that only WAR with
organic additives exhibited longer fatigue lives than
hot AR mixture. And the LAS, mortar shear fatigue
test, and four-point bending beam test provided the
same prediction of fatigue resistance on rubberized
samples.

Regarding rutting resistance, WAR with
FT-wax exhibited superior performance over hot
AR, which is consistent with their rheological
properties [78]. A minimal improvement was
observed on rutting resistance with addition of

surfactant by OLIVEIRA et al [93]. By comparison,
the effects of foaming additives and foaming
process on rutting resistance were both insignificant
[67]. According to available studies, the mechanical
properties of WAR mixtures were generally in good
consistence with the rheological properties of their
binders.

The effect of mixing sequence on mechanical
properties of WAR mixtures is also noticeable. YU
et al [128] tried to optimize the mixing sequence of
WAR mixture with surfactant additive by analytic
hierarchy process (AHP). According to their
findings, it is suggested to make CRM absorb
surfactant first followed by incorporating the
CRM-surfactant mixture to raw asphalt binder and
finally blending the modified binder to aggregates
[135]. Similar findings were also obtained by WAR
mixture with FT-wax. A recent study employed
fuzzy comprehensive evaluation (FCE) method to
quantify the performance grade of wax-based WAR
mixtures prepared by six mixing sequences
according to fuzzy logic. It is found that for regions
with hot and humid climate, the optimal mixing
sequence of WAR with FT-wax is to mix AR binder
and Sasobit first followed by incorporating them
into aggregates [136].

5.3 Reclaiming potential of AR and WAR

pavement

Several studies focusing on RAP-AR mixtures
have been performed, and good compatibility was
found between these two sustainable paving
materials [137-139]. By comparison, available
studies on reclaiming AR or warm AR are limited.
The reclamation of rubberized asphalt pavement in
field has not been a common practice yet. Early
studies in US investigated the in-situ paving
properties regarding the feasibility of recycling
RAC [140, 141]. In those studies, the rubberized
asphalt pavement was reclaimed as conventional
asphalt mixtures, and the performance of reclaimed
rubberized asphalt pavement was acceptable based
on local specifications. For laboratory studies, LEE
et al [142] found that the performance properties of
the recycled aged CRMA, prepared by mixing
virgin and aged CRMA, met the Superpave binder
requirements. Besides, there was no significant
difference between the control and the recycled
rubberized mixes in moisture susceptibility and
rutting resistance [143].

It is known that AR and WAR binders
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exhibited superior aging resistance compared to
unmodified asphalt binder, because the dissolution
of natural rubber component of crumb rubber was
reported to make the AR binders more flexible after
aging [144, 145]. The crumb rubber modifier may
also exhibit modification effect on rutting and
fatigue performance in the reclaimed rubberized
asphalt mixture. The key point to reclaim AR/WAR
pavement is to analyze the blending efficiency
between the new asphalt binder and the aged AR or
WAR binder. In addition, how to select optimal
rejuvenators towards highly efficient recycling for
aged polymer modified asphalt remains a concern
for pavement researchers.

6 Economic and environmental effects

6.1 Economic effects

The economic effects of AR and WAR
pavement are related to raw material cost, blending
temperature, equipment installation or modification
fee and WMA additive dosage rate. In addition,
long-term pavement performance influences future
maintenance cost [146]. Life cycle cost analysis
(LCCA) and life cycle assessment (LCA) studies
demonstrated that with the use of recycled waste
vehicle tires, AR pavement is beneficial in terms of
energy saving, environmental impact, human health,
preservation of ecosystems and minimization of
resource depletion [147]. By constructing the same
amount of mixes, AR should exert poorer economic
and environmental effect due to its higher
production temperature [148]. However, the AR
technology may reduce construction cost due to the
use of thinner asphalt layer and therefore to the
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reduced amounts of materials used and reduced
amounts of milled materials that are transported and
disposed. ~ These energy- and
material-saving properties render the use of AR
technology with an overall advantage in road
construction [68].

In terms of the effect of WMA, some studies
proved that significant benefit on energy saving can
be achieved by incorporating WMA [149, 150].
Economic merits can be also obtained by the
enhanced in-place density and smoothness.
However, some publications proposed that the
energy saving effect depends on the types of WMA
technologies. Moreover, the benefits obtained from
lower construction temperature may be offset by the
greater impacts of the additional material cost [151].
WANG et al [152] believed that WAR requires
higher initial cost compared to conventional HMA,
but it is more cost-effective in life-cycle due to the
enhanced engineering performance and lower
maintenance cost. CAO et al [153] analyzed the
long-term energy-reducing effect of different WMA
additives in AR pavements by LCA framework
incorporated with uncertainty analysis. They found
that a noticeable energy saving can be obtained by
the incorporation of WMA technologies during the
construction period. Using FT-wax was proved to
be the most economic choice considering the
life-cycle energy consumption. Figure 5 shows the
expected cost analysis of WAR pavement compared
to HMA. It is noted that WAR should have
long-term  economic  benefits.  Nevertheless,
compared to the abundant studies focused on
engineering performance of WAR, research on
economic effect of WAR is relatively limited.

eventually

M . LN
4 Represents increased cost "\, Represents decreased cost
y; Y

Figure 5 Cost analysis of warm asphalt rubber compared to hot mix asphalt
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Future investigation is suggested on more
comprehensive LCA on WAR to provide
quantitative references for decision-making.

6.2 Environmental effects

In terms of the construction environment, it is
known that construction odors during the
production of asphalt pavement is highly dependent
on the paving temperature [154]. Besides, the
rubber particles itself could release some hazardous
components (VOCs primarily BTEX (benzene,
toluene, ethylbenzene, and xylenes) and sulfur
compounds) at elevated temperatures [155, 156].
Therefore, emissions of hazardous organic
chemicals from AR have been the longstanding
environmental and occupational health concerns.
Previous studies have shown that levels of
pollutants (total suspended particles (TSP), volatile
organic compounds (VOCs) and polycyclic
aromatic hydrocarbons (PAHs)) varied with the raw
materials and blending/compacting condition. Odor
of bitumen is one of the concerns influencing
paving workers and residents living near the
construction site, which 1is the resultant of
interactions of certain VOCs with the sense of smell
[157]. A study by the US National Institute for
Occupational Safety and Health (NIOSH)
concluded that exposure to emissions from asphalt
containing CRM may be more harmful to workers
than conventional paving materials [158]. However,
a recent study indicated that both conventional and
AR generated similar levels of particles and PAHs
contributing to human exposure [159].

WMA has been reported to exert significant
environmental benefits during the construction
period [1]. For conventional HMA construction,
WMA technologies generally reduce carbon dioxide
(CO2) and sulfur dioxide (SO,) by 30%—40%,
volatile organic compounds (VOC) by 50%, carbon
monoxide (CO) by 10%—30% and nitrous oxides
(NOx) by 60%—70%. Moreover, its environmental
benefits lead to economic benefits. According to a
European study, 20%—-35% burner fuel can be
saved by using WMA technology [160]. Studies on
the environmental and impacts of WAR are
relatively limited. A field investigation in California
revealed that no smoke or haze was emitted when
AR and surfactant additive were used together [62].
By both lab scale and full-scale emission analysis,
GHIU et al [148] proved that the emission concern

of hot AR pavement can be greatly alleviated when
the paving temperature drops. WANG et al [161]
proved that in comparison with traditional hot
mixing process, warm mixing is able to reduce
energy consumption and gas emissions by
18%—36% and 15%—87%, respectively. By
comparison, chemical WMA additive conserved the
most amount of energy and produced the least
emissions. A comprehensive LCA conducted by
Rodriguez-Alloza showed that with the aid of
organic additives, the energy consumption and
greenhouse gas (GHG) of hot AR production can be
reduced by 18% and 20%, respectively.

Another significant environmental effect of
AR and WAR pavements is the noise reducing
function. The resilient rubber particles provide a
“cushion” effect on the noise generation from
vibration source. AR pavements with the open- or
gap-graded mixtures, have been reported reducing
noise levels by up to 3-5 dB compared to
traditional dense-graded asphalt pavements [99,
162]. A study by the Rubber Pavements Association
(RPA) proved that the use of tire rubber in
open-graded mixture reduced tire noise by at least
50% compared to concrete pavements [49].
SANDBERG [163] compared the old SMA16 to the
new rubberized SMA11 and rubberized ARSMAS
by CPX. The rubberized SMAI1l and SMAS
obtained a noise reduction of 2.3 dB and 3.9 dB,
respectively. Since the noise reduction effect is
mainly ascribed to the properties of rubber particles
remaining in asphalt pavement, effect of WMA
technologies on this function is limited.

7 Field application

As Table 6 shows, agencies in US, England,
China and India have applied WAR for field
application [85, 77, 164]. For example, one million
tons of WAR mixtures were produced in California
during the 2011 paving season containing Evotherm,
Sasobit, Advera and Astec DBG additives [135]. It
is reported that the paving temperatures of WAR
were significantly lower compared to control AR,
which in turn decreases the amount of fumes. Field
evaluation in California showed that WMA
technologies reduced the production temperatures
by 19 to 45 °C [165]. Although the production
temperatures were still outside the range of WMA
definition, many contractors believed its work
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Table 6 Typical field projects of WARs from different reg

ions

Region CRM content/% Mix type Mixing temperature/°C ~ Applied WMA additive
Rhode Island, US 20 Gap 143-150 Advera
Newcastle, England 20-25 Gap 150 Sasobit
Orlando, US 12 Open 143 DBG
132 DBG
California, US 18.5-22 Open, Gap 143-160 Evotherm
150 Sasobit
Jiangsu, China 20 Gap 150-160 Evotherm
Shanghai, China 18-22 Gap 170 Sasobit
Haryana, India 15 Dense 125-130 Surfactant additive
Hong Kong, China 18 Gap 145 Sasobit

environment of WAR was acceptable. Besides, the
in situ density of WAR is reported to be closed to
that of AR. The initial field performance of the
warm AR pavements was “very good” and there
was nearly no sign of distress after two years [85].
A field project evaluation in Hong Kong showed
that the rubberized asphalt performed at least
equivalent to the conventional HMA one year after
construction. Moreover, the relatively rougher
surface and higher surface permeability brings less
hydroplaning and splashing problem during raining
season [49].

It has to be mentioned that depending on the
type of WMA additives, the asphalt plant may need
little or many modifications. Usually it is decided
project by project. Now regions like California
(US) and Yunnan (China) have established practical
standards for WAR pavement. With the increasing
use of WAR and more report about the satisfied
results, WAR will most likely be a standard mix for
more regions.

8 Future research

Although the binder rheological properties,
mixture mechanical performance and interaction
mechanism of WARs were reported in the
literatures, WAR still deserves further research, like
how to recycle the WAR pavement, how to control
the interaction of asphalt and rubber by WMA
additives and how to optimize the combination of
WMA and AR for specific regions. In turns of the
control of the interaction between asphalt and
rubber by WMA additives, an optimal blending
parameter (materials dosage, mixing time/
temperature/rate/sequence) for a typical design of

WAR should be developed. Besides, the interaction
level among different components should be
evaluated by both rheological properties and
micro/chemical characteristics. For the combination
optimization of WMA and AR for specific regions,
decision support methods, such as analytical
hierarchy process (AHP), fuzzy comprehensive
evaluation (FCE), decision trees, could play a
greater role. By these method, service condition of
pavement in the specific regions and the effects of
combination method on the properties of WAR can
be taken into consideration. Furthermore, life cycle
cost analysis (LCCA) and life cycle assessment
(LCA) are suggested to be conducted to identify
WAR pavement with balanced economic and
environmental performance. It is also believed that
the further investigations on
technology, maintenance technology and operation
parameters have deeper theoretical and
practical understandings for WAR, which could
lead to more extensive applications of WAR.

construction

will

9 Summary

WAR is an ideal paving material which
alleviates the environmental concerns of
conventional AR mixtures and reduces the tire-road
noise. Below lists the noticeable findings of this
overview:

1) Warm mix technologies can be used with
asphalt rubber mixes. They offset the increase in the
mixing and compaction temperatures due to the
incorporation of CRM. By enhancing the
workability of asphalt rubber mixes, better
construction environment can be achieved.

2) WAR binders can be prepared by different
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mixing procedures, which has slightly influence on
component interaction and binder rheological
properties.

3) The mix design of WAR is compatible to
AR procedures. In field production, asphalt plants
may need little or many modifications depending on
types of WMA technologies.

4) Similar compaction levels can be achieved
with hot AR and WAR mixtures. The warm mix
technologies are unlikely to exert considerable
negative influence on the mixture performance of
AR.

Acknowledgements

The authors would also like to acknowledge all
of the researchers who published the valuable
literatures used in this review manuscript.
Trademark or manufacturers’ names appear in this
paper only because they are considered essential to
the object of this paper.

Contributors

YU Hua-yang provided the concept and edited
the draft of manuscript. YU Hua-yang, DENG
Guan-sen, and ZHANG Ze-yu conducted the
literature review and wrote the first draft of the
manuscript. DENG Guan-sen and ZHANG Ze-yu
edited the draft of manuscript. WANG Duan-yi and
OESER  Markus  performed the  Project
Administration, and Supervision.

Conflict of interest

YU Hua-yang, DENG Guan-sen, WANG
Duan-yi, ZHANG Ze-yu, and OESER Markus
declare that they have no conflict of interest.

References

[1] RUBIO M C, MARTINEZ G, BAENA L, MORENO F.
Warm mix asphalt: An overview [J]. Journal of Cleaner
Production, 2012, 24: 76—84. DOI: 10.1016/j.jclepro.2011.
11.053.

[2] ROBERTS F L, MOHAMMAD L N, WANG L B. History
of hot mix asphalt mixture design in the united states [J].
Journal of Materials in Civil Engineering, 2002, 14(4):
279-293. DOI: 10.1061/(asce)0899-1561(2002)14:4(279).

[3] CHONG D, WANG Y. Impacts of flexible pavement design
and management decisions on life cycle energy consumption
and carbon footprint [J]. International Journal of Life Cycle
Assessment, 2017, 22(6): 952-971. DOI: 10.1007/s11367-
016-1202-x.

[4] JAMSHIDI A, KURUMISAWA K, NAWA T, IGARASHI

[3]

(6]

(7]

(8]

(9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

T. Performance of pavements incorporating waste glass: The
current state of the art [J]. Renewable & Sustainable Energy
Reviews, 2016, 64: 211-236. DOI: 10.1016/j.rser.2016.06.
012.

AMERI M, MANSOURKHAKI A, DARYAEE D.
Evaluation of fatigue behavior of high reclaimed asphalt
binder mixes modified with rejuvenator and softer bitumen
[J]. Construction and Building Materials, 2018, 191: 702—
712. DOI: 10.1016/j.conbuildmat.2018.09.182.

HUANG Bao-shan, LI Guo-giang, VUKOSAVJEVIC D,
SHU Xiang, EGAN B K. Laboratory investigation of mixing
hot-mix asphalt with reclaimed asphalt pavement [J].
Transportation  Research  Record:  Journal of the
Transportation Research Board, 2005, 1929: 37-45. DOLI:
10.3141/1929-05

CAMARGO F F, BERNUCCI L. Case history study: Field
monitoring and performance prediction of a field-blended
rubber asphalt mixture in brazil [J]. International Journal of
Pavement Engineering, 2019, 20(2): 172—-182. DOI:
10.1080/10298436.2017.1279484.

FRANESQUI M A, YEPES J, GARCIA-GONZALEZ C,
GALLEGO J. Sustainable low-temperature asphalt mixtures
with marginal porous volcanic aggregates and crumb rubber
modified bitumen [J]. Journal of Cleaner Production, 2019,
207: 44-56. DOI: 10.1016/j.jclepro.2018.09.219.

SU Nan, CHEN J S. Engineering properties of asphalt
concrete made with recycled glass [J]. Resources
Conservation and Recycling, 2002, 35(4): 259-274. DOI:
10.1016/s0921-3449(02)00007-1.

TAHMOORIAN F, SAMALI B, YEAMAN J, CRABB R.
The use of glass to optimize bitumen absorption of hot mix
asphalt containing recycled construction aggregates [J].
Materials, 2018, 11(7). DOI: 10.3390/mal1071053.

JIN Jiao, XIAO Ting, TAN Yan-qing, ZHENG Jian-long,
LIU Ruo-hua, QIAN Guo-ping, WEI Hui, ZHANG Jun-hui.
Effects of tio2 pillared montmorillonite nanocomposites on
the properties of asphalt with exhaust catalytic capacity [J].
Journal of Cleaner Production, 2018, 205: 339-349. DOI:
10.1016/j.jclepro.2018.08.251.

PAJE S E, BUENO M, TERAN F, MIRO R, PEREZ-
JIMENEZ F, MARTINEZ A H. Acoustic field evaluation of
asphalt mixtures with crumb rubber [J]. Applied Acoustics,
2010, 71(6): 578-582. DOI: 10.1016/j.apacoust.2009.12.003.
ALBER S, RESSEL W, LIU P, WANG D, OESER M.
Influence of soiling phenomena on air-void microstructure
and acoustic performance of porous asphalt pavement [J].
Construction and Building Materials, 2018, 158: 938—948.
DOI: 10.1016/j.conbuildmat.2017.10.069.

AHMADINIA E, ZARGAR M, KARIM M R, ABDELAZIZ
M, SHAFIGH P. Using waste plastic bottles as additive for
stone mastic asphalt [J]. Materials & Design, 2011, 32(10):
4844-4849. DOTI: 10.1016/j.matdes.2011.06.016.

LENG Zhen, SREERAM A, PADHAN R K, TAN Zhi-fei.
Value-added application of waste pet based additives in
bituminous mixtures containing high percentage of reclaimed
asphalt pavement (rap) [J]. Journal of Cleaner Production,
2018, 196: 615-625. DOI: 10.1016/j.jclepro.2018.06.119.
AHMEDZADE P, SENGOZ B. Evaluation of steel slag



3492

J. Cent. South Univ. (2020) 27: 3477-3498

[17]

(18]

[19]

[20]

(21]

[22]

(23]

[24]

(25]

[26]

(27]

(28]

coarse aggregate in hot mix asphalt concrete [J]. Journal of
Hazardous Materials, 2009, 165(1-3): 300-305. DOI:
10.1016/j.jhazmat.2008.09.105.

AMELIAN S, MANIAN M, ABTAHI S M, GOLI A.
Moisture sensitivity and mechanical performance assessment
of warm mix asphalt containing by-product steel slag [J].
Journal of Cleaner Production, 2018, 176: 329—-337. DOI:
10.1016/j.jclepro.2017.12.120.

LI Qiu-shi, QIU Yan-jun, RAHMAN A, DING Hai-bo.
Application of steel slag powder to enhance the
low-temperature fracture properties of asphalt mastic and its
corresponding mechanism [J]. Journal of Cleaner Production,
2018, 184: 21-31. DOL: 10.1016/j.jclepro.2018.02.245.
MOHAMMADINIA A, ARULRAJAH A, HORPIBULSUK
S, CHINKULKIJNIWAT A. Effect of fly ash on properties
of crushed brick and reclaimed asphalt in pavement base/
subbase applications [J]. Journal of Hazardous Materials,
2017, 321: 547-556. DOI: 10.1016/j.jhazmat.2016.09.039.
YANG Jin-zhong, YANG Yu-fei, LI Ying, CHEN Lin,
ZHANG lJing, DIE Qing-qi, FANG Yan-yan, PAN Yue-yi,
HUANG Qi-fei. Leaching of metals from asphalt pavement
incorporating municipal solid waste incineration fly ash [J].
Environmental Science and Pollution Research, 2018, 25(27):
27106—27111. DOI: 10.1007/s11356-018-2472-6.

HU Chi-chun, LIN Wei-jie, PARTL M, WANG Duan-yi,
YU Hua-yang, ZHANG Zhi. Waste packaging tape as a
novel bitumen modifier for hot-mix asphalt [J]. Construction
and Building Materials, 2018, 193: 23-31. DOI: 10.1016/
j.conbuildmat.2018.10.170.

JIANG Wei, HUANG Yue, SHA Ai-min. A review of
eco-friendly functional road materials [J]. Construction and
Building Materials, 2018, 191: 1082—1092. DOI: 10.1016/
j-.conbuildmat.2018.10.082.

SAKHAEIFAR M, BANIHASHEMRAD A, LIAO
Gong-yun, WALLER B. Tyre-pavement interaction noise
levels related to pavement surface characteristics [J]. Road
Materials and Pavement Design, 2018, 19(5): 1044—1056.
DOI: 10.1080/14680629.2017.1287770.

CHEN Ming-yu, WU Shao-peng, WANG Hong, ZHANG
Ji-zhe. Study of ice and snow melting process on conductive
asphalt solar collector [J]. Solar Energy Materials and Solar
Cells, 2011, 95(12): 3241-3250. DOI: 10.1016/j.solmat.2011.
07.013.

PAN Pan, WU Shao-peng, XIAO Yue, LIU Gang. A review
on hydronic asphalt pavement for energy harvesting and
snow melting [J]. Renewable & Sustainable Energy Reviews,
2015, 48: 624-634. DOI: 10.1016/j.rser.2015.04.029.
BARAL A, SEN S, ROESLER J R. Use phase assessment of
photocatalytic cool pavements [J]. Journal of Cleaner
Production, 2018, 190: 722-728. DOI: 10.1016/j.jclepro.
2018.04.155.

GONZALEZ A, NORAMBUENA-CONTRERAS I,
STOREY L, SCHLANGEN E. Self-healing properties of
recycled asphalt mixtures containing metal waste: An
approach through microwave radiation heating [J]. Journal of
Environmental Management, 2018, 214: 242-251. DOI:
10.1016/j.jenvman.2018.03.001.

YU Hua-yang, ZHU Zi-han, ZHANG Ze-yu, YU Jiang-miao,
OESER M, WANG Duan-yi. Recycling waste packaging

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

tape into bituminous mixtures towards enhanced mechanical
properties and environmental benefits [J]. Journal of Cleaner
Production, 2019, 229: 22-31. DOI: 10.1016/j.jclepro.2019.
04.4009.

XIAO Fei-peng, YAO Sheng-lei, WANG Jin-gang, LI
Xing-hai, AMIRKHANIAN S. A literature review on cold
recycling technology of asphalt pavement [J]. Construction
and Building Materials, 2018, 180: 579-604. DOI:
10.1016/j.conbuildmat.2018.06.006.

QIN Ying-hong. A review on the development of cool
pavements to mitigate urban heat island effect [J].
Renewable & Sustainable Energy Reviews, 2015, 52: 445—
459. DOI: 10.1016/j.rser.2015.07.177.

GOMEZ-MEUIDE B, AJAM H, GARCIA A,
VANSTEENKISTE S. Effect of bitumen properties in the
induction healing capacity of asphalt mixes [J]. Construction
and Building Materials, 2018, 190: 131-139. DOLI:
10.1016/j.conbuildmat.2018.09.102.

CHUNG K, LEE S, PARK M, YOO P, HONG Y.
Preparation and characterization of microcapsule-containing
self-healing asphalt [J]. Journal of Industrial and Engineering
Chemistry, 2015, 29: 330-337. DOIL: 10.1016/j.jiec.2015.
04.011.

LO PRESTI D. Recycled tyre rubber modified bitumens for
road asphalt mixtures: A literature review [J]. Construction
and Building Materials, 2013, 49: 863-881. DOI:
10.1016/j.conbuildmat.2013.09.007.

DA SILVA L, BENTA A, PICADO-SANTOS L. Asphalt
rubber concrete fabricated by the dry process: Laboratory
assessment of resistance against reflection cracking [J].
Construction and Building Materials, 2018, 160: 539-550.
DOI: 10.1016/j.conbuildmat.2017.11.081.

LENG Zhen, XIAO Fei-peng, GAO
Zhe-ming. Rheological and chemical characteristics of

YU Hua-yang,

rubberized binders with non-foaming warm mix additives [J].
Construction and Building Materials, 2016, 111: 671-678.
DOLI: 10.1016/j.conbuildmat.2016.02.066.

CAO Wei-dong. Study on properties of recycled tire rubber
modified using dry process [J].
Construction and Building Materials, 2007, 21(5):
1011-1015. DOI: 10.1016/j.conbuildmat.2006.02.004.
SHEN Ju-nan, LI Bo, XIE Zhao-xing. Interaction between
crumb rubber modifier (CRM) and asphalt binder in dry
process [J]. Construction and Building Materials, 2017, 149:
202-206. DOI: 10.1016/j.conbuildmat.2017.04.191.
CHAVEZ F, MARCOBAL J, GALLEGO J. Laboratory
evaluation of the mechanical properties of asphalt mixtures

asphalt mixtures

with rubber incorporated by the wet, dry, and semi-wet
process [J]. Construction and Building Materials, 2019, 205:
164—174. DOI: 10.1016/j.conbuildmat.2019.01.159.

WANG Duan-yi, LI Dan-ning, YAN Jin-hai, LENG Zhen,
WU Yue-ming, YU Jiang-miao, YU Hua-yang. Rheological
and chemical characteristic of warm asphalt rubber binders
and their liquid phases [J]. Construction and Building
Materials, 2018, 193: 547-556. DOI: 10.1016/j.conbuildmat.
2018.10.199.

TAHAMI S A, MIRHOSSEINI A F, DESSOUKY S,
MORK H, KAVUSSI A. The use of high content of fine
crumb rubber in asphalt mixes using dry process [J].



J. Cent. South Univ. (2020) 27: 3477-3498

3493

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

(51]

[52]

Construction and Building Materials, 2019, 222: 643—653.
DOI: 10.1016/j.conbuildmat.2019.06.180.

ASTM D8-17. Standard terminology relating to materials for
roads and pavements [S]. ASTM International, West
Conshohocken, PA, 2017. DOI:10.1520/D0008-17.
LODERER C, PARTL M N, POULIKAKOS L D. Effect of
crumb rubber production technology on performance of
modified bitumen [J]. Construction and Building Materials,
2018, 191: 1159-1171. DOI: 10.1016/j.conbuildmat.2018.
10.046.

YANG Xiao-long, SHEN Ai-qin, GUO Yin-chuan, LYU
Zheng-hua. Effect of process parameters on the high
temperature performance and reaction mechanism of CRMA
[J]. Petroleum Science and Technology, 2018, 36(19):
1537—-1543. DOL: 10.1080/10916466.2018.1482315.

WANG Hai-nian, YOU Zhan-ping, MILLS-BEALE J, HAO
Pei-wen. Laboratory evaluation on high temperature
viscosity and low temperature stiffness of asphalt binder with
high percent scrap tire rubber [J]. Construction and Building
Materials, 2012, 26(1): 583-590. DOIL 10.1016/
j-.conbuildmat.2011.06.061.

AKISETTY C K, LEE S J, AMIRKHANIAN S N. High
temperature properties of rubberized binders containing
warm asphalt additives [J]. Construction and Building
Materials, 2009, 23(1): 565-573. DOIL: 10.1016/
j-.conbuildmat.2007.10.010.

LIU lJing-hui. Low temperature cracking evaluation of
asphalt rubber mixtures using semi-circular bending test [J].
Advanced Materials Research, 2011, 243-249: 4201-4206.
DOLI: 10.4028/www.scientific.net/AMR.243-249.4201.
KALOUSH K E. Asphalt rubber: Performance tests and
pavement design issues [J]. Construction and Building
Materials, 2014, 67: 258—264. DOI: 10.1016/j.conbuildmat.
2014.03.020.

VAZQUEZ V F, LUONG J, BUENO M, TERAN F, PAJE S
E. Assessment of an action against environmental noise:
Acoustic durability of a pavement surface with crumb rubber
[J]. Science of the Total Environment, 2016, 542: 223-230.
DOI: 10.1016/j.scitotenv.2015.10.102.

LENG Zhen, LEE C K, CHEUNG L W, HUNG W T.
Exploration of crumb rubber modified asphalt as a durable
low noise surface in Hong Kong [C]/ Inter-noise and
NOISE-CON Congress and Conference Proceedings. Hong
Kong, China, 2017, 255: 4039-4044. DOI: https://www.
ingentaconnect.com/content/ince/incecp/2017/00000255/000
00003/art00006.

PUCCINI M, LEANDRI P, TASCA A L, PISTONESI L,
LOSA M. Improving the environmental sustainability of low
noise pavements: comparative life cycle assessment of
reclaimed asphalt and crumb rubber based warm mix

technologies [J]. Coatings, 2019, 9(5): 343. DOIL
10.3390/coatings9050343.
WANG Hao-peng, LIU Xue-yan, ZHANG Hong,

APOSTOLIDIS P, SCARPAS T, ERKENS S. Asphalt-
rubber interaction and performance evaluation of rubberised
asphalt binders containing non-foaming warm-mix additives
[J]. Road Materials and Pavement Design, 2018, 21(6):
1612—1633. DOI: 10.1080/14680629.2018.1561380.

ZANETTI M C, SANTAGATA E, FIORE S, RUFFINO B,

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

DALMAZZO D, LANOTTE M. Evaluation of potential
gaseous emissions of asphalt rubber bituminous mixtures.
Proposal of a new laboratory test procedure [J]. Construction
and Building Materials, 2016, 113: 870-879. DOI:
10.1016/j.conbuildmat.2016.03.101.

THIVES L P, GHISI E. Asphalt mixtures emission and
energy consumption: A review [J]. Renewable & Sustainable
Energy Reviews, 2017, 72: 473—484. DOIL: 10.1016/j.rser.
2017.01.087.

HASAN M R M, YOU Zhan-ping,
comprehensive

YANG Xu. A
review of theory, development, and
implementation of warm mix asphalt using foaming
techniques [J]. Construction and Building Materials, 2017,
152: 115-133. DOI: 10.1016/j.conbuildmat.2017.06.135.
ASARO L, GRATTON M, SEGHAR S, HOCINE N A.
Recycling of rubber wastes by devulcanization [J].
Resources Conservation and Recycling, 2018, 133: 250-262.
DOI: 10.1016/j.resconrec.2018.02.016.

PICADO-SANTOS L G, CAPITAO S D, NEVES J M C.
Crumb rubber asphalt mixtures: A literature review [J].
Construction and Building Materials, 2020, 247: DOL:
10.1016/j.conbuildmat.2020.118577.

NAVARRO F J, PARTAL P, MARTINEZ-BOZA F,
GALLEGOS C. Thermo-rheological behaviour and storage
stability of ground tire rubber-modified bitumens [J]. Fuel,
2004, 83(14, 15): 2041-2049. DOI: 10.1016/j.fuel.2004.04.
003.

AIREY G D, SINGLETON T M, COLLOP A C. Properties
of polymer modified bitumen after rubber-bitumen
interaction [J]. Journal of Materials in Civil Engineering,
2002, 14(4): 344-354. DOIL 10.1061/(ASCE)0899-
1561(2002)14:4(344).

NANJEGOWDA V H, BILIGIRI K P. Recyclability of
rubber in asphalt roadway systems: A review of applied
research and advancement in technology [J]. Resources,
Conservation and Recycling, 2020, 155: 104655. DOI:
10.1016/j.resconrec.2019.104655.

GAWEL I, STEPKOWSKI R, CZECHOWSKI F. Molecular
interactions between rubber and asphalt [J]. Industrial &
Engineering Chemistry Research, 2006, 45(9): 3044—3049.
DOI: 10.1021/ie050905t.

XIAO Fei-peng, YAO Sheng-lei, WANG Jin-gang, WEI
Jian-ming, AMIRKHANIAN S. Physical and chemical
properties of plasma treated crumb rubbers and high
temperature characteristics of their rubberised asphalt
binders [J]. Road Materials and Pavement Design, 2020,
21(3): 587-606. DOI: 10.1080/14680629.2018.1507922.
GHAVIBAZOO A, ABDELRAHMAN M, RAGAB M.
Changes in composition and molecular structure of asphalt in
mixing with crumb rubber modifier [J]. Road Materials and
Pavement Design, 2016, 17(4): 906-919. DOI: 10.1080/
14680629.2016.1138878.

ABDELRAHMAN M. Controlling performance of crumb
rubber-modified binders through
modifiers [J].
Components of Bituminous Paving Mixtures, 2006, 1962:
64—70. DOIL: 10.3141/1962-08.

THODESEN C, SHATANAWI K, AMIRKHANIAN S.

Effect of crumb rubber characteristics on crumb rubber

addition of polymer
Bituminous Materials and Nonbituminous



3494

J. Cent. South Univ. (2020) 27: 3477-3498

[65]

[66]

[67]

[68]

[69]

[70]

(71]

[72]

(73]

[74]

[75]

modified (CRM) binder viscosity [J]. Construction and
Building Materials, 2009, 23(1): 295-303. DOI:
10.1016/j.conbuildmat.2007.12.007.
LIU Hongying, CHEN Zhi-jun, WANG Wen, WANG
Hai-nian, HAO Pei-wen. Investigation of the rheological
modification mechanism of crumb rubber modified asphalt
(crma) containing tor additive [J]. Construction and Building
Materials, 2014, 67: 225-233. DOI: 10.1016/j.conbuildmat.
2013.11.031.
YU Xin, LENG Zhen, WEI Tang-zhong. Investigation of the
rheological modification mechanism of warm-mix additives
on crumb-rubber-modified asphalt [J]. Journal of Materials
in Civil Engineering, 2014, 26(2): 312-319. DOI:
10.1061/(asce)mt.1943-5533.0000808.
ZIARI H, NAGHAVI M, IMANINASAB R. Performance
evaluation of rubberised asphalt mixes containing wma
additives [J]. International Journal of Pavement Engineering,
2018, 19(7): 623—629. DOI: 10.1080/10298436.2016.
1199874.
WANG Tao, XIAO Fei-peng, ZHU Xing-yi, HUANG
Bao-shan, WANG Jin-gang, AMIRKHANIAN S. Energy
consumption and environmental impact of rubberized asphalt
pavement [J]. Journal of Cleaner Production, 2018, 180:
139—-158. DOI: 10.1016/j.jclepro.2018.01.086.
RYAN J, BRAHAM A. The characterisation of foamed
asphalt cement wusing a rotational viscometer [J].
International Journal of Pavement Engineering, 2017, 18(8):
744-752. DOIL: 10.1080/10298436.2015.1122191.
ZHANG Yuan, LENG Zhen, ZOU Fu-liao, WANG Lei,
CHEN S S, TSANG D C W. Synthesis of zeolite a using
sewage sludge ash for application in warm mix asphalt [J].
Journal of Cleaner Production, 2018, 172: 686—695. DOI:
10.1016/j.jclepro.2017.10.005.
JAMSHIDI A, HAMZAH M O, YOU Zhan-ping.
Performance of warm mix asphalt containing Sasobit ®:
State-of-the-art [J]. Construction and Building Materials,
2013, 38: 530-553. DOI: 10.1016/j.conbuildmat.2012.08.
015.
TUTU K A, TUFFOUR Y A. Warm-mix asphalt and
pavement sustainability: A review [J]. Open Journal of Civil
Engineering, 2016, 6(2): 84-93. DOI: 10.4236/0jce.2016.
62008.
YEE T S, HAMZAH M O. Asphalt mixture workability and
effects of long-term conditioning methods on moisture
damage susceptibility and performance of warm mix asphalt
[J]. Construction and Building Materials, 2019, 207:
316-328. DOI: 10.1016/j.conbuildmat.2019.02.128.
SINGH D, ASHISH P K, KATAWARE A, HABAL A.
Effects of WMA additives and hydrated lime on high-stress
and high-temperature performance of elvaloy ®- and
Road Materials and
1354-1375. DOLIL:

ppa-modified asphalt binder [J].
Pavement Design, 2019, 20(6):
10.1080/14680629.2018.1446040.
YU Hua-yang, LENG Zhen, DONG Ze-jiao, TAN Zhi-fei,
GUO Feng, YAN Jin-hai. Workability and mechanical
property
modified with various warm mix asphalt additives [J].
Construction and Building Materials, 2018, 175: 392—-401.
DOI: 10.1016/j.conbuildmat.2018.04.218.

characterization of asphalt rubber mixtures

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

CONG Pei-liang, XUN Pei-jun, XING Ming-liang, CHEN
Shuan-fa. Investigation of asphalt binder containing various
crumb rubbers and asphalts [J]. Construction and Building
Materials, 2013, 40: 632—641. DOI: 10.1016/j.conbuildmat.
2012.11.063.

AKISETTY C, XIAO Fei-peng,
AMIRKHANIAN S. Estimating
rheological and engineering properties of rubberized asphalt

GANDHI T,
correlations  between
concrete mixtures containing warm mix asphalt additive [J].
Construction and Building Materials, 2011, 25(2): 950-956.
DOI: 10.1016/j.conbuildmat.2010.06.087.

CHAMOUN Z, SOULIMAN M I, HAJJ E Y, SEBAALY P.
Evaluation of select warm mix additives with polymer and
rubber modified asphalt mixtures [J]. Canadian Journal of
Civil Engineering, 2015, 42(6): 377-388. DOI: 10.1139/
cjce-2013-0512.

SHEN Ju-nan, AMIRKHANIAN S, XIAO Fei-peng, TANG
B. Influence of surface area and size of crumb rubber on high
temperature properties of crumb rubber modified binders [J].
Construction and Building Materials, 2009, 23(1): 304-310.
DOI: 10.1016/j.conbuildmat.2007.12.005.

JEONG K D, LEE S J, AMIRKHANIAN S N, KIM K W.
Interaction effects of crumb rubber modified asphalt binders
[J]. Construction and Building Materials, 2010, 24(5):
824-831. DOI:10.1016/j.conbuildmat.2009.10.024.

TANG Nai-peng, LV Quan, HUANG Wei-dong, LIN Peng,
YAN Chuan-qi. Chemical and rheological evaluation of
aging characteristics of terminal blend rubberized asphalt
binder [J]. Construction and Building Materials, 2019, 205:
87-96. DOLI: 10.1016/j.conbuildmat.2019.02.008.

FONTES L P T L, TRICHES G, PAIS J C, PEREIRA P A A.
Evaluating permanent deformation in asphalt rubber
mixtures [J]. Construction and Building Materials, 2010,
24(7): 1193—1200. DOI: 10.1016/j.conbuildmat.2009.12.021.
HAN Li-li, ZHENG Mu-lian, WANG Chong-tao. Current
status and development of terminal blend tyre rubber
modified asphalt [J]. Construction and Building Materials,
2016, 128: 399-409. DOIL: 10.1016/j.conbuildmat.2016.10.
080.

KOK B V, YILMAZ M, AKPOLAT M. Performance
evaluation of crumb rubber and paraffin modified stone
mastic asphalt [J]. Canadian Journal of Civil Engineering,
2016, 43(5): 402—-410. DOI: 10.1139/cjce-2015-0365.

DING Cheng, HICKS R G, TEESDALE T. Assessment of
warm mix technologies for use with asphalt rubber paving
applications [C]// Transportation Research Board Meeting,
2010. DOI: https://trid.trb.org/view/1093133.
SHIVAPRASAD P V, XIAO Fei-peng, AMIRKHANIAN S
N. Evaluation of moisture sensitivity of stone matrix asphalt
mixtures using polymerised warm mix asphalt technologies
[J]. International Journal of Pavement Engineering, 2012,
13(2): 152—165. DOI: 10.1080/10298436.2011.643792.
HABAL A, SINGH D. Moisture susceptibility of a crumb
rubber modified binder containing WMA additives using the
surface free energy approach [S]. Innovative and Sustainable
Solutions in Asphalt Pavements, 2016, 262: 245-253. DOL:
10.1061/9780784480052.030.

VAIANA R, IUELE T, GALLELLI V, TIGHE S L. Warm
mix asphalt by water-containing methodology: A laboratory



J. Cent. South Univ. (2020) 27: 3477-3498

3495

study on workability properties versus micro-foaming time
[J]. Canadian Journal of Civil Engineering, 2014, 41(3):
183—-190. DOI: 10.1139/cjce-2013-0080.

[89] YU Hua-yang, LENG Zhen, ZHOU Zheng-yuan, SHIH K,
XIAO Fei-peng, GAO Zhe-ming.
preparation procedure of liquid warm mix additive modified
asphalt rubber [J]. Journal of Cleaner Production, 2017, 141:
336-345. DOIL: 10.1016/j.jclepro.2016.09.043.

[90] LENG Zhen, YU Hua-yang, ZHANG Ze-yu, TAN Zhi-fei.
Optimizing the mixing procedure of warm asphalt rubber

Optimization of

with wax-based additives through mechanism investigation
and performance characterization [J]. Construction and
Building Materials, 2017, 144: 291-299. DOI: 10.1016/
j.conbuildmat.2017.03.208.

[91] WASIUDDIN N M, SELVAMOHAN S, ZAMAN M M,
GUEGAN M L T A. Comparative laboratory study of sasobit
and aspha-min additives in warm-mix asphalt [J].
Transportation Research Record, 2007, 1998: 82—88. DOI:
10.3141/1998-10.

[92] XIAO Fei-peng, ZHAO P E W, AMIRKHANIAN S N.
Fatigue behavior of rubberized asphalt concrete mixtures
containing warm asphalt additives [J]. Construction and
Building Materials, 2009, 23(10): 3144-3151. DOLI:
10.1016/j.conbuildmat.2009.06.036.

[93] OLIVEIRA J R M, SILVA HM R D, ABREU L P F,
FERNANDES S R M. Use of a warm mix asphalt additive to
reduce the production temperatures and to improve the
performance of asphalt rubber mixtures [J]. Journal of

Cleaner Production, 2013, 41: 15-22. DOI: 10.1016/j.jclepro.

2012.09.047.

[94] GANDHI T, WURST T, RICE C, MILAR B. Laboratory
and field compaction of warm rubberized mixes [J].
Construction and Building Materials, 2014, 67: 285-290.
DOLI: 10.1016/j.conbuildmat.2013.11.106.

[95] CHIU C T, LU L C. A laboratory study on stone matrix
asphalt using ground tire rubber [J]. Construction and
Building Materials, 2007, 21(5): 1027-1033. DOI:
10.1016/j.conbuildmat.2006.02.005.

[96] LIU Ya-min, HAN Sen, ZHANG Zhong-jie, XU Ou-ming.
Design and evaluation of gap-graded asphalt rubber mixtures
[J]. Materials & Design, 2012, 35: 873-877. DOI:
10.1016/j.matdes.2011.08.047.

[97] HEITZMAN M. Design and construction of asphalt paving
materials with crumb rubber modifier [J]. Transportation
Research Record, 1992, 1339. DOI: 10.1007/BF02754781.

[98] CHEHOVITS J G. Design methods for hot-mixed asphalt-

Asphalt Rubber

Producers Group National Seminar On Asphalt Rubber,

rubber concrete paving materials [C]/

Federal Highway, Administration, 1989. http://www.rubberp
avements.org/Library Information/SpecificationsHandbook/
Section_02_Overview_of AR_Technology/2J 1989 Cheho
vits-Design_Methods for AR Paving_ Materials.pdf.

[99] HUANG Yue, BIRD R N, HEIDRICH O. A review of the
use of recycled solid waste materials in asphalt pavements
[J]. Resources Conservation and Recycling, 2007, 52(1):
58—73. DOI: 10.1016/j.resconrec.2007.02.002.

[100] CHENG Ding-xin, HICKS R G, TEESDALE T. Assessment
of warm mix technologies for use with asphalt rubber paving
applications [C]/ Transportation Research Board 90th

Annual Meeting. Washington DC, USA, 2011. DOI: https://
trid.trb.org/view/1093133.

[101] POULIKAKOS L D, PARTL M N. Investigation of porous
asphalt microstructure using optical and electron microscopy
[J]. Journal of Microscopy, 2010, 240(2): 145-154. DOI:
10.1111/5.1365-2818.2010.03388 x.

[102] ZHU Tan-yong, MA Tao, HUANG Xiao-ming, WANG Si-qi.
Evaluating the rutting resistance of asphalt mixtures using a
simplified triaxial repeated load test [J]. Construction and
Building Materials, 2016, 116: 72—78. DOI: 10.1016/
j-.conbuildmat.2016.04.102.

[103] CHEN Hua-xin, XU Qin-wu, CHEN Shuan-fa, ZHANG
Zheng-qi. Evaluation and design of fiber-reinforced asphalt
mixtures [J]. Materials & Design, 2009, 30(7): 2595-2603.
DOI:10.1016/j.matdes.2008.09.030.

[104] ZHANG Jun, WALUBITA L F, FARUK A N M, KARKI P,
SIMATE G S. Use of the MSCR test to characterize the
asphalt binder properties relative to hma rutting

Construction and

218-227. DOL:

performance-A laboratory study [J].
Building  Materials, 2015, 94:
10.1016/j.conbuildmat.2015.06. 044.

[105] LV S, LIU Chao-chao, CHEN Dong, ZHENG Jian-long,
YOU Zhan-ping, YOU Ling-yun. Normalization of fatigue
characteristics for asphalt mixtures under different stress
states [J]. Construction and Building Materials, 2018, 177:
33—42. DOIL: 10.1016/j.conbuildmat.2018.05.109.

[106] XU Hui-ning, GUO Wei, TAN Yi-qiu. Internal structure
evolution of asphalt mixtures during freeze-thaw cycles [J].
Materials & Design, 2015, 86: 436—446. DOIL: 10.1016/
j-matdes.2015.07.073.

[107] WANG Duan-yi, CAI Zhi-wei, ZHANG Ze-yu, XU
Xin-quan, YU Hua-yang. Laboratory investigation of
lignocellulosic biomass as performance improver for
bituminous materials [J]. Polymers, 2019, 11(8): DOLI:
10.3390/polym11081253.

[108] ZHANG Ze-yu, OESER M. Residual strength model and
cumulative damage characterization of asphalt mixture
subjected to repeated loading [J]. International Journal of
Fatigue, 2020, 135: DOI: 10.1016/j.ijfatigue.2020.105534.

[109] ZHANG Yuan, LENG Zhen, DONG Ze-jiao, LIU Zhi-yang,
ZHANG Ze-yu, TAN Zhi-fei. Performance verification of
various bulk density measurement methods for open- and
gap-graded asphalt mixtures using X-ray computed
tomography [J]. Construction and Building Materials, 2018,
158: 855—863. DOI: 10.1016/j.conbuildmat.2017.10.090.

[110] WANG Hai-nian, WANG Chong-hui, YOU Zhan-ping,
YANG Xu, HUANG Zhi-han. Characterising the asphalt
concrete fracture performance from X-ray CT imaging and
finite element modelling [J]. International Journal of
Pavement Engineering, 2018, 19(3): 307-318. DOI:
10.1080/10298436.2017.1347440.

[111] MARTINEZ J D, PUY N, MURILLO R, GARCIA T,
VICTORIA NAVARRO M, MARIA MASTRAL A. Waste
tyre pyrolysis—A review [J]. Renewable & Sustainable
Energy Reviews, 2013, 23: 179-213. DOIL 10.1016/
j.rser.2013.02.038.

[112] HOFKO B, EBERHARDSTEINER L, FUESSL J, GROTHE
H, HANDLE F, HOSPODKA M, GROSSEGGER D,
NAHAR S N, SCHMETS A J M, SCARPAS A. Impact of



3496

J. Cent. South Univ. (2020) 27: 3477-3498

maltene and asphaltene fraction on mechanical behavior and
microstructure of bitumen [J]. Materials and Structures, 2016,
49(3): 829-841. DOI: 10.1617/s11527-015-0541-6.

[113] ABDELRAHMAN M A, CARPENTER S H. Mechanism of
interaction of asphalt cement with crumb rubber modifier [J].
Transportation Research Record, 1999, 1661(1): 106—113.
DOI: 10.3141/1661-15.

[114] FRANTZIS P. Crumb rubber-bitumen interactions: Cold-
stage optical microscopy [J]. Journal of Materials in Civil
Engineering, 2003, 15(5): 419-426. DOI: 10.1061/(asce)
0899-1561(2003)15:5(419).

[115] FRANTZIS P. Crumb rubber-bitumen interactions: Diffusion
of bitumen into rubber [J]. Journal of Materials in Civil
Engineering, 2004, 16(4): 387-390. DOI: 10.1061/(asce)
0899-1561(2004)16:4(387).

[116] GHAVIBAZOO A, ABDELRAHMAN M. Composition
analysis of crumb rubber during interaction with asphalt and
effect on properties of binder [J]. International Journal of
Pavement Engineering, 2013, 14(5): 517-530. DOI:
10.1080/10298436.2012.721548.

[117] PERALTA J, SILVA HM R D, MACHADO A V, PAIS J,
PEREIRA P A A, SOUSA J B. Changes in rubber due to its
interaction with bitumen when producing asphalt rubber [J].
Road Materials and Pavement Design, 2010, 11(4):
1009-1031. DOI: 10.3166/rmpd.11.1009-1031.

[118] WANG Shi-feng, CHENG Ding-xin, XIAO Fei-peng.
Recent developments in the application of chemical
approaches to rubberized asphalt [J]. Construction and
Building Materials, 2017, 131: 101-113. DOI: 10.1016/
j.conbuildmat.2016.11.077.

[119] YU Hua-yang, LENG Zhen, GAO Zhe-ming. Thermal
analysis on the component interaction of asphalt binders
modified with crumb rubber and warm mix additives [J].
Construction and Building Materials, 2016, 125: 168—174.
DOLI: 10.1016/j.conbuildmat.2016.08.032.

[120] YU Hua-yang, LENG Zhen, ZHANG Ze-yu, LI Dan-ning,
ZHANG Jun-hui. Selective absorption of swelling rubber in
hot and warm asphalt binder fractions [J]. Construction and
Building Materials, 2020, 238: 117727. DOIL: 10.1016/
j-conbuildmat.2019.117727.

[121] FAROUK A I B, HASSAN N A, MAHMUD M Z H,
MIRZA J, JAYA R P, HAININ M R, YAACOB H,
YUSOFF N I M. Effects of mixture design variables on
rubber-bitumen interaction: Properties of dry mixed
rubberized asphalt mixture [J]. Materials and Structures,
2017, 50(1). DOI: 10.1617/s11527-016-0932-3.

[122] XIANG Li, CHENG Jian, QUE Guo-he. Microstructure and
performance of crumb rubber modified asphalt [J].
Construction & Building Materials, 2009, 23: 3586—3590.
DOI: 10.1016/ j.conbuildmat.2009.06.038.

[123] WANG Da-wei, HUBEN M, LENG Zhen, OESER M,
STEINAUER B. TiOz-containing aggregates with the
function of photocatalytic decomposition of nitrogen dioxide
[C)/ International Airfield and Highway Pavements
Conference. Miami, USA, 2015: 31-40. DOI: 10.1061/
9780784479216.004.

[124] KIM H H, MAZUMDER M, TORRES A, LEE S J, LEE M
S. Characterization of crm binders with wax additives using
an atomic force microscopy (afm) and an optical microscopy

[J]. Advances in Civil Engineering Materials, 2017, 6(1):
504-525. DOI: 10.1520/acem20160071.

[125] ZHANG Lei, XING Chao, GAO Fei, LI Tian-shuai, TAN
Yi-qiu. Using dsr and mscr tests to characterize high
temperature performance of different rubber modified
asphalt [J]. Construction and Building Materials, 2016, 127:
466—474. DOI: 10.1016/j.conbuildmat.2016.10.010.

[126] GALLEGO J, RODRIGUEZ-ALLOZA A M, GIULIANI F.
Black curves and creep behaviour of crumb rubber modified
binders containing warm mix asphalt additives [J].
Mechanics of Time-Dependent Materials, 2016, 20(3):
389—-403. DOI: 10.1007/s11043-016-9300-5.

[127] RODRIGUEZ-ALLOZA A M, GALLEGO J, PEREZ 1,
BONATI A, GIULIANI F. High and low temperature
properties of crumb rubber modified binders containing
warm mix asphalt additives [J]. Construction and Building
Materials, 2014, 53: 460—-466. DOI: 10.1016/j.conbuildmat.
2013.12.026.

[128] YU Hua-yang, ZHU Zi-han, WANG Duan-yi. Evaluation
and validation of fatigue testing methods for rubberized
bituminous specimens [J]. Transportation Research Record,
2019, 2673(8): 603—610. DOIL: 10.1177/0361198119841308.

[129] LU Xiao-hu, REDELIUS P. Effect of bitumen wax on
asphalt mixture performance [J]. Construction and Building
Materials, 2007, 21(11): 1961-1970. DOI: 10.1016/
j.conbuildmat.2006.05.048.

[130] HOSSEINNEZHAD S, BOCOUM A, MARTINEZ F M,
FINI E H. Biomodification of rubberized asphalt and its high
temperature properties [J]. Transportation Research Record,
2015, 2506: 81—89. DOI: 10.3141/2506-09.

[1311YU Xin, LENG Zhen, WANG Ying, LIN Shi-ying.
Characterization of the effect of foaming water content on
the performance of foamed crumb rubber modified asphalt
[J]. Construction and Building Materials, 2014, 67: 279-284.
DOI: 10.1016/j.conbuildmat.2014.03.046.

[132] CETIN A. Effects of crumb rubber size and concentration on
performance of porous asphalt mixtures [J]. International
Journal of Polymer Science, 2013. DOI: 10.1155/2013/
789612.

[133] BAI Fan, YANG Xin-hua, ZENG Guo-wei. A stochastic
viscoelastic—viscoplastic ~ constitutive model and its
application to crumb rubber modified asphalt mixtures [J].
Materials & Design, 2016, 89: 802—809. DOI: 10.1016/
j.matdes.2015.10.040.

[134] JONES D, WU Rong-zong, BARROS C, PETERSON 1.
Research findings on the use of rubberized warm-mix asphalt
in California. asphalt rubber [C]// Roads of The Future, 2012.
http://ra-foundation.org/wp-content/uploads/2013/02/040-PA
P_060.pdf.

[135] YU Hua-yang, ZHU Zi-han, LENG Zhen, WU Chuan-hai,
ZHANG Ze-yu, WANG Duan-yi, OESER M. Effect of
mixing sequence on asphalt mixtures containing waste tire
rubber and warm mix surfactants [J]. Journal of Cleaner
Production, 2020, 246: 119008. DOI: 10.1016/j.jclepro.2019.
119008.

[136] YU Hua-yang, CHEN Yan-lin, WU Qi, ZHANG Li-tian,
ZHANG Ze-yu, ZHANG Jun-hui, MILIKOVIC M, OESER
M. Decision support for selecting optimal method of
recycling waste tire rubber into wax-based warm mix asphalt



J. Cent. South Univ. (2020) 27: 3477-3498

3497

based on fuzzy comprehensive evaluation [J]. Journal of
Cleaner  Production, 2020, 265: 121781. DOI:
10.1016/j.jclepro.2020.121781.

[137] MOGAWER W, AUSTERMAN A, MOHAMMAD L,
KUTAY M E. Evaluation of high rap-wma asphalt rubber
mixtures [J]. Road Materials and Pavement Design, 2013, 14:
129-147. DOI: 10.1080/14680629.2013.812846.

[138] XIAO Fei-peng, AMIRKHANIAN S N, SHEN Ju-nan,
PUTMAN B. Influences of crumb rubber size and type on
reclaimed asphalt pavement (RAP) mixtures [J].
Construction and Building Materials, 2009, 23(2): 1028—
1034. DOL: 10.1016/j.conbuildmat.2008.05.002.

[139] BRESSI S, SANTOS J, ORESKOVIC M, LOSA M. A
comparative environmental impact analysis of asphalt
mixtures containing crumb rubber and reclaimed asphalt
pavement using life cycle assessment [J]. International
Journal of Pavement Engineering, 2019. DOIL: 10.1080/
10298436.2019.1623404.

[140] CALTRANS. Feasibility of recycling rubber-modified
paving materials [R]. Materials Engineering and Testing
Services, Office of Flexible Pavement Materials. Sacramento,
USA, 2005. http://worldcat.org/oclc/62216114.

[141] CROCKFORD W W, MAKUNIKE D, DAVISON R R,
SCULLION T, BILLITER T C. Recycling crumb rubber
modified pavements [R]. Texas Transportation Institute
Research Report 1333-1F. College Station, TX: Texas A&M,
University. http://tti.tamu.edu/documents/ 1333-1F.pdf.

[142]LEE S J, AKISETTY C K, AMIRKHANIAN S N.
Recycling of laboratory-prepared long-term aged binders
containing crumb rubber modifier [J]. Construction and
Building Materials, 2008, 22(9): 1906—1913. DOI:
10.1016/j.conbuildmat.2007.07.012.

[143] LEE S J, KIM H, AKISETTY C K, AMIRKHANIAN S N.
Laboratory characterization of recycled crumb-rubber-
modified asphalt mixture after extended aging [J]. Canadian
Journal of Civil Engineering, 2008, 35(11): 1308—1317. DOI:
10.1139/108-079.

[144] HOU Xiang-dao, XIAO Fei-peng, WANG Jin-gang,
AMIRKHANIAN S.
characterization by spectrophotometry technique [J]. Fuel,
2018, 226: 230—239. DOL: 10.1016/j.fuel.2018.04.030.

[145] WANG Shi-feng, WANG Qiang, LI Shuo. Thermooxidative
aging mechanism of crumb-rubber-modified asphalt [J].
Journal of Applied Polymer Science, 2016, 133(16): DOI:
10.1002/app.43323.

[146] FARINA A, ZANETTI M C, SANTAGATA E, BLENGINI
G A. Life cycle assessment applied to bituminous mixtures

Identification of asphalt aging

containing recycled materials: Crumb rubber and reclaimed
asphalt pavement [J]. Resour Conserv Recycl, 2017, 117:
204-212. DOI:10.1016/j.resconrec.2016.10.015.

[147] BARTOLOZZI I, MAVRIDOU S, RIZZI F, FREY M. Life
cycle thinking in sustainable supply chains: The case of
rubberized asphalt pavement [J]. Environmental Engineering
and Management Journal, 2015, 14(5): 1203—1215. DOI:
10.30638/eem;j.2015.131.

[148] CHIU C T, HSU T H, YANG W F. Life cycle assessment on
using recycled materials for rehabilitating asphalt pavements
[J]. Resources Conservation and Recycling, 2008, 52(3):
545-556. DOI: 10.1016/j.resconrec.2007.07.001.

[149] RODRIGUEZ-ALLOZA A M, MALIK A, LENZEN M,
GALLEGO J. Hybrid input-output life cycle assessment of
warm mix asphalt mixtures [J]. Journal of Cleaner
Production, 2015, 90: 171-182. DOI: 10.1016/j.jclepro.2014.
11.035.

[150] HASSAN M. Evaluation of the environmental and economic
impacts of warm-mix asphalt using life-cycle assessment [J].
International Journal of Construction Education and
Research, 2010, 6(3): 238-250. DOI: 10.1080/15578771.
2010.507619.

[151] VIDAL R, MOLINER E, MARTINEZ G, RUBIO M C. Life
cycle assessment of hot mix asphalt and zeolite-based warm
mix asphalt with reclaimed asphalt pavement [J]. Resources
Conservation and Recycling, 2013, 74: 101-114. DOI:
10.1016/j.resconrec.2013.02.018.

[152] WANG Hao-peng, LIU Xue-yan, APOSTOLIDIS P,
SCARPAS T. Review of warm mix rubberized asphalt
concrete: Towards a sustainable paving technology [J].
Journal of Cleaner Production, 2018, 177: 302—-314. DOI:
10.1016/j.jclepro.2017.12.245.

[153] CAO Rui-jun, LENG Zhen, YU Hua-yang, HSU S C.
Comparative life cycle assessment of warm mix technologies
in asphalt rubber pavements with uncertainty analysis [J].
Resources Conservation and Recycling, 2019, 147: 137-144.
DOI: 10.1016/j.resconrec.2019.04.031.

[154] CHONG Dan, WANG Yu-hong, ZHAO Ke-cheng, WANG
Da-wei, OESER M. Asphalt fume exposures by pavement
construction workers: Current status and project cases [J].
Journal of Construction Engineering and Management, 2018,
144(4). DOL: 10.1061/(asce)c0.1943-7862.0001454.

[155] GAGOL M, BOCZKAJ G, HAPONIUK J, FORMELA K.
Investigation of volatile low molecular weight compounds
formed during continuous reclaiming of ground tire rubber
[J]. Polymer Degradation and Stability, 2015, 119: 113—120.
DOI: 10.1016/j.polymdegradstab.2015.05.007.

[156] CHEUNG K H, KOSHY P, INGLIS C, NUMATA T,
SORRELL C C. Preliminary analysis of gas emissions
during firing of clay bricks containing end-of-life rubber
tyres [J]. Journal of the Australian Ceramic Society, 2015,
51(2): 9-17. DOL: <Go to ISI>://W0S:000357009300002.

[157] AUTELITANO F, BIANCHI F, GIULIANI F. Airborne
emissions of asphalt/wax blends for warm mix asphalt
production [J]. Journal of Cleaner Production, 2017, 164:
749-756. DOI: 10.1016/j.jclepro.2017.06.247.

[158] BURR G, TEPPER A, FENG A, OLSEN L, MILLER A.
Crumb-rubber modified asphalt paving: Occupational
exposures and acute health effects [R]. WMA content of AR
Binder Health Hazard Evaluation Report 2001-0536-2864.
National Institute for Occupational Safety and Health,
Cincinnati, OH, USA. https:/ntlrepository.blob.core.
windows.net/lib/19000/19500/19597/PB2002108247.pdf.

[159] NILSSON P T, BERGENDORF U, TINNERBERG H,
NORDIN E, GUSTAVSSON M, STRANDBERG B, ALBIN
M, GUDMUNDSSON A. Emissions into the air from
bitumen and rubber bitumen—implications for asphalt
workers’ exposure [C]/ Annals of Work Exposures and
Health. NIOSH, 2000. Health Effects of Occupational
Exposure to Asphalt. DOIL: 10.1093/annweh/wxy053.

[160] D’ANGELO J A, HARM E E, BARTOSZEK J C,



3498

J. Cent. South Univ. (2020) 27: 3477-3498

BAUMGARDNER G L, CORRIGAN M R, COWSERT J E,
HARMAN T P, JAMSHIDI M, JONES H W, NEWCOMB D
E. Warm-mix asphalt: European practice [R]. US Department
of Transportation, 2008. DOI: https://rosap.ntl.bts.gov/view/
dot/772.

[161] YANG Xu, YOU Zhan-ping, PERRAM D L, HAND D W,
LUO Sang. Emission analysis of recycled tire rubber
modified asphalt in hot and warm mix conditions [J]. Journal
of Hazardous Materials, 2018, 365. DOI. 10.1016/
j-jhazmat.2018.11.080.

[162] FREITAS E, MENDONCA C, SANTOS J A, MURTEIRA C,
FERREIRA J P. Traffic noise abatement: How different
pavements, vehicle speeds and traffic densities affect
annoyance levels [J]. Transportation Research Part D:
Transport and Environment, 2012, 17(4): 321-326. DOI:
10.1016/ j.trd.2012.02.001.

[163] SANDBERG U. Asphalt rubber pavement in Sweden—noise
and rolling resistance properties [C]/ INTER-NOISE and
NOISE-CON Congress and Conference Proceedings. Lisbon,
Portugal, 2010: 15-16. https://www.ingentaconnect.com/
contentone/ince/incecp/2010/00002010/00000004/art00047.

[164] BEHL A, KUMAR G, SHARMA G, JAIN P K. Evaluation of
field performance of warm-mix asphalt pavements in India
[C)/ 2nd Conference of Transportation Research Group of
India. 2013, 104: 158-167. DOIL: 10.1016/j.sbspro.2013.11.
108.

[165] ZHOU Hai-ping, HOLIKATTI S, VACURA P. Caltrans use
of scrap tires in asphalt rubber products: A comprehensive
review [J]. Journal of Traffic and Transportation Engineering
(English Edition), 2014, 1: 39-48. DOI: 10.1016/S2095-
7564(15)30087-8.

(Edited by HE Yun-bin)

SR

Pz

IRPARIIN T . — R AR L BIOR R IH 58 In i e i 42

TR IR IHFERA AR [BISOR P il 75 el P78 S 30 RT 5 S T 5 A IR AT R0 A2 . 20 I A R
T AN A SR IR R G A B 0 B T e o SO0 o I 7 BOR AT R A LR 7 R
EORNR S M RSN IR . BUAWHUERN, KRR S SR 5 RR R Sk I & s AN R Ay A 4
] UAA R R AR 7 TR A i R, AT AR 75 e it L A rh RS . ASTESE T 165 RS
WRAIWETESE R, MR TERE . Fo & BB IRARIEPERE. PR T T HEB L SRR Sk
PR EAE ST TR b PR RS T IE AR B N SRR B T BT Fe it e . TR ACERIR fE
R HAR RN A — DB TE, R RAHE) N SRR %

KBEIE: BT WHHE: MEtk: MEAER: Jiertkag



