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� The binder content in recycled asphalt pavements (RAP) is particle-size dependent.
� RAP binder aging is particle-size dependent. Small particles age faster.
� Binder from larger RAP particles is expected to experience less extent of oxidation.
� Harvesting and stockpiling larger particles should maximize RAP-binder shelf life.
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a b s t r a c t

Reclaimed asphalt pavement (RAP) is a granular composite geomaterial that is highly reactive to the envi-
ronment under normal atmospheric conditions. The binder aging processes that contribute to pavement
deterioration do not stop upon reclamation. Here we report on the results of conventional and a novel
RAP characterization test. RAP binder content has been observed to increase as RAP-particle size
decreases. A simple analytical model is proposed to explain the results. Binder properties also change
as a function of RAP-particle size. A simple thermomechanical test developed as part of this study shows
differences in the temperature-dependent deformation of RAP particles of different sizes. These results
evidence qualitative differences in binder viscosity, which can be attributed to RAP-binder aging.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction Reclaimed asphalt pavement is a granular composite geomate-
Asphalt pavements are major infrastructure assets in the United
States and around the world. Billions of dollars are spent annually
in resurfacing and reconstruction of asphalt pavements. The reuse
of reclaimed asphalt pavements (RAP) in new hot and warm-mix
asphalt layers can offer a sustainable alternative for pavement
resurfacing and replacement. For this purpose, significant
resources and effort have been dedicated to the development of
new asphalt pavement mixtures that incorporate high RAP content
[1–5]. While sophisticated material characterization methods and
mixture design procedures are expected to emerge as a result,
basic studies on RAP behavior post reclamation and prior to reuse
have not shared the spotlight.
rial that is highly reactive to the environment under normal atmo-
spheric conditions. The binder aging processes that contribute to
the pavement deterioration do not stop upon reclamation. Binder
aging is primarily a surface facilitated phenomenon; thus, the
reclamation process is expected to accelerate RAP-binder aging
by increasing the binder surface exposed to the atmosphere. Fur-
thermore, since the specific surface area of a granular material is
particle-size dependent, it is also expected that binder aging will
depend on RAP-particle size. The objective of this paper is to
explore these hypothetical differences in aging as a function of
RAP-particle size. The paper presents a review of binder aging
mechanisms in the context of RAP stockpile management followed
by the results of a laboratory study designed to explore differences
in aging as a function of particle size.

1.1. RAP management practices

Harvesting is the starting point of RAP management. There are
two primary harvesting methods: cold milling and ripping and
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Fig. 1. Grain-size distributions of the RAP specimens tested: (a) original gradation,
(b) large size fraction, (c) medium size fraction, and (d) small size fraction.
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crushing [2]. Cold milling is the process whereby RAP is harvested
using a milling machine down to a desired depth. Ripping and
crushing involves the use of heavy machinery that breaks the pave-
ment into small slabs or blocks. The two methods yield RAP with
distinct particle sizes. Milling results in smaller particles and high
fines content while ripping and crushing produces large particles
and low fines content [2,6].

After harvesting, RAP is transported to temporary storage in
stockpiles. Available RAP management guidelines [2,6–10] recom-
mend that: (a) RAP should be separated into multiple stockpiles
according to source; (b) stockpiles should be constructed in layers
to minimize segregation; (c) stockpiles should lay on a base that
offers good drainage; (d) stockpiles should be placed over paved
surfaces to avoid mixing contamination with soils; and (e) stock-
piles should be covered with a roof to minimize moisture
infiltration.

Material testing for RAP is limited to the determination of bin-
der content by loss of ignition once every 500–2000 tons of mate-
rial [11]. While current management practices recognize the
importance of maintaining homogenous stockpiles, and of protect-
ing them from further deterioration due to moisture or contami-
nants, they fail to consider the effects of on-going binder aging
during storage.

1.2. Asphalt aging

Asphalt binder is a thermoplastic mixture of various highmolec-
ular weight organic compounds. Its chemical composition consists
primarily of carbon and hydrogenwithminor concentrations of sul-
fur, oxygen and nitrogen, and trace amounts of vanadium, nickel,
and manganese [12]. The organic constituents can be divided into
two distinct groups, asphaltenes andmaltenes. Maltenes can in turn
be subdivided into saturates, aromatics, and resins. Each of the
groups can be subdivided into numerous molecule types; however,
the binder rheological properties can be generally traced to the frac-
tions of saturates, aromatics, resins, and asphaltenes, or SARA-
fractions [13,14]. Saturates make up between 5% and 20% of the
asphalt binder and consist of aliphatic hydrocarbons, alkyl-
naphthenes, and some alkyl-aromatics. The saturate molecules are
non-polar, and have an average molecular weight in the range of
300–2000 g/mol [14]. The aromatic group constitutes 40–50% of
the asphalt binder and comprises the lowest molecular weight
naphthenic aromatic compounds (300–2000 g/mol). Molecules are
dominated by non-polar carbon chains with unsaturated ring sys-
tems. Aromatics readily dissolve other high molecular weight
hydrocarbons [14]. The resins group constitute 10–25% of the
asphalt binder [15]. Composed primarily of hydrogen and carbon,
resins also contain small amounts of oxygen, nitrogen, and sulfur.
With molecular weights between 50 and 50,000 g/mol, the typical
molecular structure of resins exhibits a polar functional group, an
aromatic chore, and an aliphatic chain [16]. The polar side of the
structure causes resins to interact with electrically charged or polar
molecules, while the aliphatic end (being non-polar) yields weak
electrical interactions. The unique structure of resins, which causes
peptizing of asphaltenes, plays a major role in binder properties
[14,17]. Asphaltenes constitute 5–25% of the asphalt binder and
comprise highly polar, complex aromatic molecules with very high
molecular weights (1000–100,000 g/mol). While all of the maltene
components dissolve in n-hepane, asphaltenes are insoluble. The
asphaltene content and the ratio of asphaltenes-to-resins govern
the rheology of asphalt binders [17].

Aging is a complex process that derives from permanent com-
positional changes in the asphalt binder as a result of its interac-
tion with the atmosphere under prevailing environmental
conditions. Hence, both constructed pavement properties and local
geospatial conditions determine the evolution of binder aging with
time. Asphalt binder aging causes an increase in the stiffness and
brittleness of flexible pavements [18–21]; thus, magnifying its sus-
ceptibility to cracking failure and ultimately resulting in a reduc-
tion in service life. Binder aging results from four distinct
mechanisms: (1) oxidation, (2) volatilization, (3) steric hardening,
and (4) exudative hardening.

Oxidation has been recognized as the primary aging mechanism
both during construction and in service [13–15,22]. Upon exposure
to the atmosphere, oxygen is progressively incorporated into the
molecular structure of binder components. This is linked to an
increase in polar functional groups that drive the association of
molecules into micelles of higher molecular weight [14]. As a
result, the binder viscosity increases [23–26].

1.3. Reclaimed asphalt aging

The extent and rate of oxidation of asphalt binder in RAP is con-
trolled by the amount of binder surface exposed to the atmosphere
and the exposure time. Hence, oxidation is expected to be inversely
related to particle size. Small particles exhibit high specific surface
area which increases binder exposure to atmospheric oxygen. In
this manuscript, we explore the hypothetical differences in post-
harvesting RAP-binder aging as a function of RAP-particle size.
2. Experimental study

RAP harvested using the milling method was collected from stockpiles pro-
duced by a local pavement reconstruction project in Southern New Mexico,
6 months after harvesting. The stockpile sampled was uniform and homogeneous
and did not show signs of contamination by soil or debris. RAP was brought into
the laboratory where the material was sieved and separated into three different
particle size fractions: small (d < 0.425 mm), medium (0.425 mm < d < 2 mm) and
large (2 mm < d < 4.75 mm). Fig. 1 shows the gradation charts of the original RAP
and the separated fractions. Three tests were conducted on each of the RAP-size
fractions: (1) binder content, (2) thermomechanical characterization, and (3) Scan-
ning Electron Microscopy (SEM). All testing was carried out within 15–16 months
after harvesting.

2.1. Binder content testing

Binder content was determined by exposing the material to a temperature of
580 �C inside a vented furnace. The high temperature causes the organic com-
pounds, i.e., binder, to ignite. Thus, the RAP-binder content can be obtained by
determining the mass lost after ignition.



R.R. De Lira et al. / Construction and Building Materials 101 (2015) 611–616 613
2.2. Thermomechanical testing

A new test was developed to assess differences in the thermomechanical
response of the three RAP-size fractions. A custom-made setup was designed and
manufactured to carry out the test (see Fig. 2). Hollow cylindrical molds, 5.08 cm
internal diameter and 10.16 cm height, were manufactured with grade 316 stain-
less steel to resist high temperatures. The test assembly included a reaction frame
and a spring which were used to apply vertical stress on the test specimens.

Specimens were prepared by pouring the material inside a mold in three lifts
while tamping each lift 25 times. A grade 316 stainless steel cap placed over the
final layer served as the base for the spring. The reaction frame was then lowered
and fixed in place using hexagonal nut fasteners. The initial spring compression
was set at 770 kPa. Three specimens were tested at a time, including two specimens
of the same RAP size fraction for repetition, and a specimen of Ottawa sand for con-
trol. After 4 h under constant-stiffness load, the vertical deformation for each spec-
imen at room temperature was recorded. The loaded specimens were then placed
inside an oven at 30 �C for 4 h. After that, they were removed from the oven and
allowed to cool down to room temperature. Further volumetric deformation was
then recorded, and the procedure repeated at temperature increments of 20 �C to
a maximum temperature of 190 �C.

The temperature dependent viscoelastoplastic deformation is related to the
heat-induced softening in the RAP-binder, which in turn is governed by the binder’s
characteristic viscosity–temperature relationship. All other things being equal, dif-
ferences in binder properties would result in differences in the temperature-
dependent deformation of RAP.

2.3. SEM testing

SEM analysis was conducted using heat-treated mixtures of glass beads and RAP
at two particle sizes: large (2 mm < d < 4.75 mm) and small (d < 0.075 mm). Glass
beads were mixed in at a ratio of one third of the total mixture mass. Heat treatment
consisted of placing themixture inside a cylindricalmold, applying a 320 kPa vertical
stress, and placing the loaded specimen inside an oven at 170 �C for 4 h. Two speci-
menswere tested at a time, each containing a different RAP size fraction. During heat
treatment, the binder is expected to soften and mobilize, effectively coating the sur-
face of glass beads. The specimens were removed from the oven, allowed to cool
down, and split in half. Material from within each specimen was collected and pro-
cessed for the scanning electron microscope (Hitachi S-3400NII).

3. Results and discussion

3.1. Binder content test results

The measured binder contents for each of the RAP size fractions
were: 5.8 ± 0.2% for the small size fraction, 5.6 ± 0.2% for the med-
ium size fraction, and 4.3 ± 0.3% for the large size fraction.
1
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Fig. 2. Custom made thermomechanical test setup: (1) cylindrical mold, (2) base
mold support, (3) top mold support, (4) spring reaction frame, and (5) loading
spring.
Overall, the binder content in the small and medium size RAP
fractions is very similar with only a 3% difference. The binder con-
tent in the large size RAP fraction is significantly lower (25% below
the other RAP size fractions). The observed differences in binder
content from a single source RAP stockpile can be explained by
two mechanisms: (1) aggregate particle crushing and (2) binder
crushing.

Aggregate particle crushing is governed by stress concentration
and the presence of internal flaws within the material. Since flaws
occur randomly, crushed particles exhibit irregular shapes [27].
Fig. 3 depicts a RAP particle modeled as a disk aggregate core
coated along its periphery by hardened asphalt binder. Note that
for the RAP-binder content to be maintained constant across vari-
ous particle sizes, breakage must yield a sector shape (Fig. 3a). Con-
sidering the random distribution of internal flaws, the occurrence
of sector shaped breakage would be rather rare. Let’s assume
instead that breakage occurs in a secant plane such as the one
shown in Fig. 3b. The binder content in the two resulting particles
after breakage is a function of the breakage angle h, measured from
the disk center to the intersections of the secant breakage plane.

Let r be the radius of the mineral particle and R the extended
radius of the bitumen covered particle. The volumetric binder con-
tents of the resulting segments are given by:

B0
S ¼

R2

r2
a� sina
h� sin h

� �
� 1 ð1Þ

B0
L ¼

pðR2 � r2Þ � 1=2½R2ða� sinaÞ � r2ðh� sin hÞ�
pr2 � 1=2r2ðh� sin hÞ ð2Þ

where B0
S is the volumetric binder content of the small secant seg-

ment and B0
L is the volumetric binder content of the large secant

segment, see Fig. 3b. The extended radius of the coated particle R
and the angle a are given by:

Rðr;BÞ ¼ r
ffiffiffiffiffiffiffiffiffiffiffiffi
Bþ 1

p

aðr;R; hÞ ¼ 2arccos
r
R
cos

h
2

� �� �

where B is the volumetric binder content of the RAP particle prior to
breakage. Fig. 3c shows the graphical solution of Eqs. (1) and (2) as a
function of h assuming an initial volumetric binder content of
11.2%; this is an approximate gravimetric binder content of 5.6%.
After breakage, the binder content in the large particle segment
decreases slightly while the binder content in the smaller particle
segment increases substantially, reaching a maximum value of
100% when the breakage plane becomes tangent to the mineral
core. Thus, secant-type particle breakage results in an increase in
binder content in smaller size RAP fractions.

3.2. Thermomechanical test results

The results of the thermomechanical test performed on the
three RAP size fractions are presented in Fig. 4. Volumetric
strains in the control (i.e., sand) specimens were null in all
cases. Thus, the observed volume changes were caused by the
presence of asphalt binder and not by expansion and contraction
in the test assembly. Temperature deformation curves in speci-
mens of the same RAP-size fractions were consistent, indicating
acceptable repeatability.

The temperature-dependent deformation response can be better
compared by normalizing the volumetric strain at each temperature
increment by the total volumetric strain in the entire test (Fig. 5).

evi-norm ¼ eziPn
i¼0ezi

ð3Þ
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Fig. 3. Geometric analysis of particle breakage in disk shaped RAP particles. (a)
Binder content is only preserved when breakage occurs in sectors. (b) Secant
breakage planes (dashed line) result in an increase in binder content on small
particles. (c) The small-particle segment binder content is a function of the
breakage angle, h, for secant breakage planes.

680

700

720

740

760

780

-0.01

0

0.01

0.02

0.03

0.04

0 40 80 120 160 200

Ve
rt

ic
al

 st
re

ss
 [k

Pa
]

Vo
lu

m
et

ric
 st

ra
in

 [ 
]

Temperature [°C]

Ottawa sand

RAP medium 1

RAP medium 2

Spring stress

680

700

720

740

760

780

-0.01

0

0.01

0.02

0.03

0.04

0 40 80 120 160 200

Ve
rt

ic
al

 st
re

ss
 [k

Pa
]

Vo
lu

m
et

ric
 st

ra
in

 [ 
]

Temperature [°C]

Ottawa sand

RAP large 1

RAP large 2

Spring stress

680

700

720

740

760

780

-0.01

0

0.01

0.02

0.03

0.04

0 40 80 120 160 200

Ve
rt

ic
al

 st
re

ss
 [k

Pa
]

Vo
lu

m
et

ric
 st

ra
in

 [ 
]

Temperature [°C]

Ottawa sand

RAP small 1

RAP small 2

Spring stress

(a)

(b)

(c)

Fig. 4. Mobilized volumetric strain as a function of temperature for (a) large, (b)
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the change in stress applied by the spring throughout the test. The net stress
reduction never exceeded 2.5%.
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where ezi is the axial strain at ith temperature increment. Note that
under zero lateral strain loading the volumetric strain is equal to
the axial strain.

In large-size RAP particles (Fig. 5a), a third of the total volumet-
ric strain is attained at temperatures below 36 �C. Two thirds of the
total volumetric strain are attained at temperatures below 55 �C,
and the total volumetric strain is attained at temperatures below
120 �C.

In medium-size RAP particles (Fig. 5b), a third of the total volu-
metric strain is attained at temperatures below 43 �C. Two thirds of
the total volumetric strain are attained at temperatures below
62 �C, and the total volumetric strain is attained at temperatures
below 120 �C.

In small-size RAP particles (Fig. 5c), a third of the total volumet-
ric strain is attained at temperatures below 48 �C. Two thirds of the
total volumetric strain are attained at temperatures below 66 �C,
and the total volumetric strain is attained at temperatures below
120 �C.

Comparatively, a decrease in RAP-particle size causes a shift in
the deformation curve toward higher temperature. Since the tem-
perature deformation curve is inherently controlled by the binder’s
characteristic viscosity–temperature relationship, differences in
the temperature-dependent viscoelastoplastic deformation across
RAP-size fractions indicate differences in binder properties. A shift
in the temperature–deformation curve toward higher temperature
is indicative of higher viscosity RAP-binder, i.e., higher tempera-
ture is required to soften the binder and drive the volumetric
deformation. Thus, the experimental results support the hypothe-
sis that a reduction in RAP-particle size leads to an increase in
RAP-binder aging.

3.3. Complementary SEM study

Captured SEM images of the glass–RAP mixtures reveal qualita-
tive differences in the asphalt binder between large and small RAP
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Fig. 5. Normalized volumetric strain–temperature evolution for (a) large, (b)
medium, and (c) small particle size RAP specimens.

300μm

Fig. 6. Heat treated mixture of large RAP particles and class beads. Binder softens
upon heating and mobilizes coating glass bead particles and forming menisci. Upon
cooling the binder solidifies rendering glass bead particles bonded.

300μm

Fig. 7. Heat treated mixture of small RAP particles and class beads. Salient features
are clusters of small particles attached to each other and to the glass particles.
Crater-like structures remain after detachment, where glass beads used to be.
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particles. In the case of large RAP particles (Fig. 6), the binder mobi-
lizes and coats glass particles upon heating. As the temperature
decreases the binder solidifies rendering a solid bond between glass
and RAP. The presence of menisci and the extent of coating are
consistent with lower viscosity binder. In the case of small RAP par-
ticles (Fig. 7), the SEM images reveal a significantly different inter-
action between the glass beads and RAP. Unlike the coatings and
menisci observed in large RAP particles, the salient features are
clusters of small particles attached to each other and to the glass
particles. Crater-like features remain after detachment, where glass
beads used to be. The morphology could be described as ‘sintered’
RAP particles that have undergone viscoplastic deformation at the
glass–RAP interface. The results of the test with small RAP particles
appear consistent with a higher viscosity asphalt binder.
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4. Conclusions

A combination of novel thermomechanical tests and high reso-
lution microscopy has been used to characterize the behavior of
reclaimed asphalt pavement as a function of particle size. It has
been found that:

(1) The binder content in RAP is particle-size dependent. As a
result of crushing, smaller RAP particles exhibit higher bin-
der content.

(2) The degree of aging of the binder is also particles-size
dependent. For the same duration of exposure to atmo-
spheric oxygen, the binder in smaller RAP particles attains
a higher degree of aging.

4.1. Implications in the management of reclaimed asphalt stockpiles

Crushing of asphalt pavement into RAP causes an increase in
binder oxidation rate. Thus, in stockpiles RAP-binder has a shelf
life.

At any given time, the properties of binder recovered from a
RAP stockpile are particle-size dependent. Binder from larger RAP
particles is expected to experience a lesser extent of oxidation.
Thus, harvesting and stockpiling larger particles should maximize
RAP-binder shelf life.

RAP-binder content is particle size dependent. Smaller particles
exhibit higher binder content; however, binder in smaller RAP par-
ticles is more susceptible to oxidation. Thus, high binder contents
do not necessarily imply high potential for binder replacement in
new asphalt mixtures.
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