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� Warm Mix Recycled Asphalt (WMRA) with asphalt emulsion containing up to 100% RAP.
� Low temperature production and use of large amounts of Recycled Asphalt Pavement (RAP).
� Characterize the performance of Warm-Mix Recycled Asphalt.
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The asphalt industry has been under pressure to reduce its emissions. This can be achieved, from one
hand, by decreasing the mixing and laying temperatures of asphalt mixtures. On the other hand, recycling
of Reclaimed Asphalt Pavement (RAP) is a viable solution that allows reducing waste production and
resources consumption. This paper presents a study that combines Warm Mix Asphalt with the use of
RAP aggregates. These mixtures, while being produced at lower temperature than traditional Hot
Mixtures contain 100% RAP. Several Warm Mix Recycled Asphalt (WMRA) were prepared with 100%
RAP and different emulsion contents and their behaviour was assessed by means of laboratory tests such
as water sensitivity, stiffness, fatigue resistance and rutting resistance. The obtained results show that
these WMRA may be successfully used in road pavements in substitution of conventional Hot Mix
Asphalts.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The sustainability concept is broad enough to encompass
almost every aspect of life. Many industries incorporate best prac-
tices to help ensure quality of life for generations to come. The
asphalt industry makes no exception. On many levels, asphalt pro-
duction, laying and its many different applications can contribute
to sustainability in ways not obvious to the general public. Asphalt
is 100% recyclable and can be used in the old roads repair or con-
struction of new ones [1]. This measure reduces the landfill use and
the natural resources such as aggregates and bitumen [2].

In most European countries the reclaimed asphalt amount and
the production of asphalt containing RAP continue to grow regu-
larly [3]. Across Europe, a number of studies have been conducted
with the overall objective of stimulating the reuse of RAP, in many
cases with RAP contents as much as 60% [4–6]. In these studies,
RAP is not seen as a waste, but as a material carrying valuable char-
acteristic and that can preserve virgin aggregates for the next
generations.

Hot Mix Asphalt (HMA) plant recycling is presently a common
practice. However, in most cases, the RAP percentage in the new
asphalt mixture is limited due to difficulties in mixing the RAP
with the virgin materials, without an excessive increase of the mix-
ing temperatures, which would accelerate the binder ageing pro-
cess and also increase energy consumption and emissions during
manufacture. Thus, in practice, the RAP amount in hot mix recy-
cling is limited to less than 30%, in most cases, although there
are examples of using higher values, on special equipment such
as parallel drums [7].

The concern in developing road pavement techniques involves
reducing environmental, economic and social costs. It also refers
to the development of mixtures produced at a lower temperature
than the traditional Hot Mix Asphalt. For that, several techniques
are used to reduce the binder effective viscosity enabling aggre-
gates full coating at lower mixing temperatures [8–10].

WMA technologies can be, basically, classified in three main
groups [11–15]: organic additives, chemical additives and foaming
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technologies. Most of the available literature highlights the WMA
advantages, which include the following [16,17]: lower energy
consumption in mix production, reduced emissions and better
working conditions because of the gaseous emissions absence.

Many authors have approached the Warm-Mix Recycled
Asphalt (WMRA) use [8–17]. The technology presented in this
paper is based on the asphalt emulsion use at ambient temperature
instead of bitumen [18]. The main principle is the use of 100% RAP,
heated between 100 and 140 �C (drying) and adding a small per-
centage of asphalt emulsion at ambient temperature (generally
below 25 �C). This new technology involves a reduction in mixing
energies and consequently, the emission of CO2. Furthermore,
100% recycled aggregates reduces the materials quantity doomed
to landfills [6].

The present study comprises a comparative analysis between
different mixtures of WMRA and HMA. The specimens were pro-
duced in the laboratory and several physical and mechanical tests
were performed to compare the different mixtures mechanical
properties.
2. Materials and mix design

The RAP used in this study was obtained from two different Portuguese main
roads (EN244 and EN346). These roads are secondary with T5 level traffic, corre-
sponding to Annual Average Daily Traffic of 150–300 vehicle traffic. Both RAPs
residual bitumen content was obtained by the centrifuge extractor method (EN
12697-1). The extracted bitumen was then characterised by penetration value
and softening point (Table 1). As can be observed, the EN346 recovered bitumen
is significantly hard, which is due to the ageing process throughout the pavement
life. RAP aggregates gradation was also assessed after bitumen extraction. RAPs
characteristics were taken into account for the WMRAs mix design.

The aggregate used in conventional HMA and in the gradation correction of the
recycled mixtures were granites. The WMRA with asphalt emulsion design proce-
dure was basically the same used for Hot Mix Recycled Asphalt (HMRA) and can
be summarized as follows: (1) defines the mixture composition; (2) determines
the optimum asphalt emulsion content; (3) conducts laboratory performance tests.

The WMRA composition was defined taking into account the limits for a base
layer specified by the Portuguese Road Administration [19]. Mixtures containing
100% RAP were first designed mixtures WM244 and WM346. Afterwards, mixtures
WM244-C andWM346-C were designed correcting the gradation curve by means of
virgin aggregates in order to meet the Portuguese grading specifications (Table 2).
Different mixtures (HMA and WMRA) grading curves and grading limits are shown
in Fig. 1.

The total binder content is calculated by applying an analytical empirical
method that uses the following Eq. (1):

pbR ¼ 0:035� aþ 0:045 � bþ K � p200 þ F ð1Þ

where pbR is the total binder content (%); a is the percent of mineral aggregate
retained on 2.36 mm sieve (%); b is the percent of mineral aggregate passing
2.36 mm sieve and retained on 75 lm sieve (%); p200 is the percent of mineral
Table 2
Experimental asphalt mixtures composition.

Mixtures RAPs (%) Crushed
sand 0/5 (%)

Coarse aggregate
6/15 (%)

Coarse aggregate
15/25 (%)

WM244 100 – – –
WM244–C 75 – – 25
WM346 100 – – –
WM346–C 80 – – 20
HMA – 40 30 30

Table 1
Properties of the RAPs recovered bitumen.

RAP Penetration at 25 �C, 100 g
(0.1 mm) [EN 1426]

Softening point
(�C) [EN 1427]

Bitumen content
(%) [EN 12697-1]

EN244 19 69.6 4.8
EN346 4 85.7 4.8
aggregate passing 0.075 mm sieve (%). K is a constant equal to 0.15 for 11–15% pass-
ing 75 lm sieve, 0.18 for 6–10% passing 75 lm sieve and 0.20 for 5% or less passing
75 lm sieve; F is the absorption factor of aggregates 0–2%, default is 0.7% [20].

The newly added bitumen percentage can be calculated with Eq. (2):

pbN ¼ pbR � pbF � TR ð2Þ

where pbN is the percentage of new bitumen (%); pbR is the total binder content (%);
pbF is the percentage of bitumen in reclaimed material (%) and TR is the recycling
rate (%). pbR and pbN have been calculated as shown and are reported in Table 3.

The new bituminous binder used for the WMRAs was a recycling asphalt emul-
sion. Due to the high content of fines in the RAP an asphalt emulsion with high sta-
bility is required. HMAmixture was produced with a traditional bitumen 35/50. The
asphalt emulsion and bitumen properties are shown in Table 4.

The asphalt emulsion contains polyamines additives, which enhance its stabil-
ity and provide a high cohesion to the recycled mixture, through the aged bitumen
of RAP regeneration. The additives used have also permitted that the mixing tem-
perature was between 100 and 120 �C, improving the aggregate coating, the mix-
ture workability and its compaction.

The asphalt emulsion has a 61.5% of residual bitumen. The initial content of
asphalt emulsion to be added to the recycled mixtures was calculated by means
of Eq. (3).

E ¼ pbN

X
� 100 ð3Þ

where E is the initial content of asphalt emulsion (%); pbN is the percentage of new
bitumen (%) and X is the residual bitumen of the asphalt emulsion (%). The results are
presented in Table 5.

To complete the mix design phase an estimate of asphalt binders blending was
conducted taking into account the penetration of the new and old binders. Eq. (4)
was adopted.

lgpenR ¼ TRb � lgpenF þ ð1� TRbÞ � lgpenN ð4Þ

where penR is the penetration of the binder in the recycled mixture (a minimum
value of 30 was considered) (0.1 mm); penF is the penetration of the binder recov-
ered from the reclaimed asphalt (0.1 mm); penN is the penetration of the new added
binder (0.1 mm); TRb is the binder recovered rate (%). Thus, the total binder content
pbR can be obtained from Eq. (5).

pbR ¼ TR� PbF

TRb
ð5Þ

where pbR is the total binder content (%); pbF is the percentage of bitumen in
reclaimed material; TR is the recycling rate (%) and TRb is the binder recovered rate
(%). TRb and pbR results from different mixtures are presented in Table 6.

The results showed in Tables 5 and 6 are variable. This is due to penetration of
aged binder that presented low values, especially in the WM346 mixture. Several
mixtures with different asphalt emulsion contents were prepared in order to eval-
uate the aggregate coating. Some mixtures were rejected because they have shown
excess or scarcity of asphalt emulsion. The study moved on with the asphalt emul-
sion content presented in Table 7.
3. Methods

The methodologies used for the experimental work are shown
below. A primary study was carried out to obtain the optimal con-
tent of asphalt emulsion for different mixtures with and without
natural aggregates. This study was based on the Indirect Tensile
Stiffness Modulus (ITSM) test and on the volumetric properties
determination as well as their water sensitivity, permanent defor-
mations and fatigue resistance.

3.1. Indirect Tensile Stiffness Modulus (ITSM) test

The bituminous mixtures stiffness modulus is one of the most
important properties for the asphalt pavements design [21–23].
Several mixtures were made with different asphalt emulsion con-
tents. The RAP and aggregates were heated at 130 �C and the
asphalt emulsion was added at ambient temperature. The speci-
mens were compacted with Marshall compaction hammer by
applying 50 blows to each side. ITSM test was conducted according
to EN 12697-26, using the Nottingham Asphalt Tester. The test
conditions were as follows: rise time 124 ms, Poisson ratio 0.35,
transient peak horizontal deformation 5 le and test temperature
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Fig. 1. Mixtures gradation curves and grading limits.

Table 4
Asphalt emulsion and bitumen 35/50 properties.

Properties Standard Asphalt
emulsion

Bitumen
35/50

Sedimentation after 5 days (%) EN
12847

25.4 –

Particle polarity EN 1430 Positive –
Residue on sieving, 0.5 mm sieve (%) EN 1429 0.0 –
Breaking value (g) EN

13075-1
210 –

Distillation: Bitumen, m/m (%) EN 1428 61.5 –
Distillation residue: Penetration, at

25 �C (0.1 mm)
EN 1426 103 40

Softening Temperature (�C) EN 1427 46.0 51.2

Table 3
Results obtained with Eqs. (1) and (2).

Parameter WM346 WM244 WM346-C MW244-C HMA

a 63 53 71 65 75
b 35 38 27 28 23
p200 2 9 2 7 2
K 0.2 0.18 0.2 0.18 0.2
pbR 4.9 5.9 4.8 5.5 4.8
pbF 4.8 4.8 4.8 4.8 –
TR 100 100 80 75 –
pbN 0.1 1.1 1.0 1.9 –

Table 6
Asphalt emulsion initial content by Eq. (5).

WM346 % WM244% WM346-C % WM244-C %

TRb 0.38 0.73 0.38 0.73
pbR 12.64 6.58 10.11 4.93
E 12.75 2.89 8.64 0.22

Table 7
Asphalt emulsion content used in mix design.

WM346 (%) WM244 (%) WM346-C (%) WM244-C (%)

2.0 1.0 2.0 2.0
3.0 2.0 3.0 –
4.0 3.0 4.0 –

Table 5
Asphalt emulsion initial content.

WM346 % WM244 % WM346-C % WM244-C %

0.1 1.8 1.6 3.1
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20 �C. Specimens were tested at different ages, namely: 1, 7, 14, 21
and 28 days.

3.2. Water sensitivity

The water sensitivity evaluation is essential when studying
asphalt recycled mixtures, since this property is directly related
to the behaviour and durability of these materials during the road
pavement life. The water sensitivity evaluation was determined by
EN 12697-12 standard. Six cylindrical specimens of each asphalt
mixture type were compacted with Marshall compaction hammer
by applying 50 blows to each side. For each type of mixture three
specimens with similar characteristics according to their height
and bulk density were assigned in two groups. One of the test
groups was conditioned in air (dry group) at 20 �C temperature.
The specimens from the other group were immersed in water at
20 �C (wet group) and subjected to vacuum soaking. They were
subsequently kept in a 40 �C water bath, for a period of 68–72 h.
After conditioning, the specimens were tested to determine the
Indirect Tensile Strength (ITS) at a 15 �C temperature, as recom-
mended in EN 13108-20. Then it was calculated each group aver-
age value and the Indirect Tensile Strength Ratio (ITSR), which
corresponds to the ratio between the ITS of the wet group (ITSw)
and the dry group (ITSd) of specimens, was calculated. In the pre-
sent study, the indirect tensile test was carried out according to
EN 12697-23 standard, after the specimens volumetric
characterization.

3.3. Permanent deformations

Permanent deformations were determined by wheel-tracking
test, according to EN 12697-22 standard, small size device, proce-
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dure B in air. The specimens submitted for testing have a 50 mm
thickness. WM244 andWM244-C mixtures samples were obtained
with the roller compactor equipment while for the other warm
mixtures and the conventional HMA specimens were obtained by
a vibratory compactor. Before testing, the specimens were pre-
heated at a 45 �C temperature according to EN 13108-20 standard.

This device consisted of a loaded wheel that repeatedly passed
over the test specimen. The load applied was 700 N at a frequency
of 26.5 ± 1.0 load cycles/minute. The test ended after 10,000 cycles
or until the deformation depth reached 20 mm. The main parame-
ters obtained from this test were the Wheel Tracking Slope in air
(WTSAIR), calculated between 5000 and 10,000 cycles and the mean
Rut Depth in air (RDAIR). The temperature selected for the test was
45 �C, as being representative of the hot summer days that would
influence the resistance to mixtures permanent deformations.

3.4. Fatigue resistance

Fatigue resistance of all studied mixtures was determined using
the Four-Point Bending (4 PB) test procedure, according to EN
12697-24 standard. The tests were carried out at 20 �C, using a fre-
quency of 10 Hz and in strain control mode. The equipment used a
servo pneumatic actuator and digital data acquisition and control
system. The loading system was able to apply a sinusoidal signal
repeated at a given frequency. The maximum deformation sus-
tained by each specimen was measured by a LVDT that was located
at mid-span of the beam allowing, through the theory of elasticity,
the maximum tensile strain determination.

The bituminous mixture fatigue resistance is generally
expressed by a relationship between the applied tensile strain (e)
and the number of load repetitions to failure (N) (stiffness reduc-
tion to half of its initial value) [24–26] as presented in Eq. (6)

e ¼ A� NB ð6Þ
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Fig. 2. Stiffness modulus fo
where N is the number of cycles; e is the tensile strain (le) and A, B
are experimentally determined coefficients.

Two important parameters are adopted to represent the bitumi-
nous mixture fatigue resistance: N100, which is the cycles number
to reach the extension of 100 le and e6 which is the strain at 106

cycles.
The specimens were obtained from slabs compacted with dif-

ferent methods which were later cut into prismatic specimens
with the dimensions required for the execution of the 4PB test.

4. Results and discussion

4.1. Indirect Tensile Stiffness Modulus (ITSM) test

Stiffness modulus results correspond to a 5 values average for
each different mixture and they are presented in Fig. 2.

The optimum emulsion content was selected according to the
mixtures stiffness. As can be seen in Fig. 2, the optimum asphalt
emulsion content for WM346 was 3%. For mixture WM346-C it
was 2% but to allow full aggregates coating it was decided to use
3%. For mixtures WM244 the optimum asphalt emulsion content
was 2%. These optimum asphalt emulsion contents were used in
the specimens’ preparation to the water sensitivity, permanent
deformation and fatigue resistance tests, described in the following
sections. The reason why HMA mixture presents higher stiffness
values in about 50% relating to the RAP mixtures is due to the used
binder (bitumen and emulsion, respectively), to the production
temperature and natural aggregates.

4.2. Water sensitivity

The bulk density (EN 12697-6, procedure B) and air voids con-
tent (EN 12697-8) of the tested specimens and the water sensitiv-
ity test results (EN 12697-12) were presented in Table 8.
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Table 8
Bulk densities, air voids content and water sensitivity.

Properties WM346 WM244 WM244-C WM346-C HMA

Bulk density (kg/cm3) 2433 2410 2405 2213 2402
Air voids content (%) 3.0 2.5 2.0 8.0 3.0
ITSR (%) 93 100 91 68 89

Table 9
Wheel tracking test results.

Mixture WTSAIR (mm/103 cycles) RDAIR (mm)

WM346 0.37 4.72
WM244 0.31 7.48
WM346-C 0.31 3.15
WM244-C 0.25 5.46
HMA 0.13 2.44

Table 10
Fatigue law coefficients obtained for different mixtures.

Mixture A B N100 (cycles) e6 (le)

WM346 1953 �0.151 3.53E+08 243
WM244 2397 �0.162 3.28E+08 256
WM346-C 3759 �0.230 7.05E+06 157
WM244-C 1746 �0.152 1.49E+08 214
HMA 1589 �0.139 4.38E+08 233
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Concerning the volumetric properties, the mixture with natural
aggregates correction (WM346-C) presented higher air voids con-
tent than that of 100% RAP mixtures influencing the ITSR results.
WM346 and HMA showed values within the Portuguese limits
specifications (3–6%).

Overall, it was found that all mixtures have good water sensitiv-
ity results, although the warm mixtures with natural aggregates
were more sensitive to the water presence. The remaining mix-
tures with 100% RAP had a better performance.

4.3. Permanent deformations

The permanent deformations results of each studied mixture
and the conventional mixture produced with bitumen 35/50 result
were presented in Fig. 3 and Table 9.

Comparing the 100% RAP mixtures and mixtures with natural
aggregates it was verified that these showed better results than
the mixtures with 100% RAP for the same asphalt emulsion con-
tent. The warm mixtures WM346 and WM346-C showed a better
behaviour due to the old bitumen stiffness, reducing the perma-
nent deformations.

4.4. Fatigue resistance

Fatigue testing results for warm recycled mixtures with 100%
RAP (WM244 and WM346) and mixtures with grading correction
(WM244-C and WM346-C) are presented in Fig. 4 and Table 10
together with the results for the conventional Hot Mix Asphalt
(HMA).

The fatigue resistance of warm recycled mixtures with 100%
RAP had the best results, being similar to those obtained for the
HMA. The bitumen amount in the total recycled mixtures allowed
the increase of their fatigue resistance. According to some authors
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[6], this could result also from the fines high content which are
presented in the RAP due to the bituminous mixture milling from
the road pavement. This aspect was further strengthened in mix-
tures with natural aggregates, in which it was verified a decrease
in fatigue resistance.
5. Conclusions

Low consumptions and emissions during production and laying
and high recycling rate (100%) are the most important benefits of
the WMRAs presented in this study. At the same time, when RAP
high proportions are used, this material characterization is rele-
vant in the mix design process, especially in the asphalt emulsion
amount considered.

The simple mix design method based on ITSM tests was here
used with success. Nevertheless, the amount of tests carried out
and the mixtures number studied were still not enough to assess
the viability of using the method as a standard procedure for warm
mixtures with high RAP recycling rates.

The WMRA comparative study with a conventional HMA using
the same testing machine and test method was justified in order to
support the pavement engineers when choosing between alterna-
6000 8000 10000

of cycles 

M244-C WM346-C HMA

tained for the studied mixtures.
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tive solutions of pavement rehabilitation: i.e. recycling or overlay-
ing with new bituminous mixtures.

The WMRA overall laboratory performance compared to the
conventional HMA showed better results in terms of water sensi-
tivity, while fatigue resistance was proven to be similar. In terms
of rutting resistance mixture WM346-C was the most stable mate-
rial. It should be kept in mind that the adopted RAP contained very
hard bitumen influencing the wheel tracking test result that pro-
vided similar results to those of a conventional hot mixture.

Knowing the environmental advantages of using lower temper-
atures for the asphalt mixtures production and, simultaneously,
the recycled aggregates use such as RAPs, will require the stan-
dards development that allow these technologies correct assess-
ment. Thus, it would serve as an incentive for its use in road
pavement works by the state, local governments and industry.
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