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ABSTRACT: The use of Half Warm Mixes with high Reclaimed Asphalt content (HWMRA) has the potential
to generate significant environmental advantages such as the reduction in consumption of natural resources
and the emission of gases into the atmosphere. This paper therefore focuses on demonstrating the viability of
using these types of mixes in wearing courses. For this purpose, an HWMRA with 70 % and 100 % Reclaimed
Asphalt Pavement (RAP) and emulsion were designed in the laboratory. The performance of the mixes was then
assessed and compared with that of conventional Hot Mix Asphalt. In a second stage, the mixes were manufac-
tured in-plant, and laid and compacted in an Accelerated Pavement Test track. The cores were then extracted
and tested for stiffness modulus and resistance to fatigue. The results from the tests conducted with both the
laboratory specimens and the cores showed that the performance of HWMRA is comparable to that of HMA.
These findings encourage greater confidence in promoting the use of these types of sustainable asphalt mixes.
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RESUMEN: Evaluacion del comportamiento mecanico de mezclas asfalticas templadas con 100 % de material
reciclado. La utilizacion de mezclas asfalticas templadas con alto contenido de asfalto reciclado (HWMRA)
conlleva ventajas medioambientales como la reduccion del consumo de recursos naturales y la emision de gases
a la atmosfera. Este articulo se centra en mostrar la viabilidad de este tipo de mezclas para capas de rodadura.
Para ello, se disenaron mezclas HWMRA con 70 % y 100 % de asfalto reciclado en el laboratorio y se evalud y
comparoé su comportamiento con una mezcla caliente convencional. En una segunda etapa, las mezclas fueron
fabricadas en planta, extendidas y compactadas en una pista de ensayo acelerado de pavimentos. A continu-
acion, se extrajeron testigos y se ensayaron para conocer su modulo de rigidez y resistencia a fatiga. Tanto los
resultados de laboratorio como tras la fabricacion en planta y puesta en obra mostraron que el comportamiento
de mezclas HWMRA es comparable al de mezclas calientes convencionales. Dicha conclusion puede aportar
confianza a este tipo de mezclas sostenibles promoviendo su mayor utilizacion.
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1. INTRODUCTION

Environmental concerns regarding the produc-
tion of asphalt mixes are currently related to the use
of virgin materials and the high temperatures used
to manufacture Hot Mix Asphalt (HMA), which
generate harmful emissions (1, 2). For the purpose
of overcoming these issues, various alternatives have
been proposed by both researchers and companies.
One alternative for reducing the consumption of
virgin materials is to introduce the use of recycled
materials from pavements (Reclaimed Asphalt
Pavement, commonly referred to as RAP) or demo-
lition debris (3) in the production of new mixes.

In recent years, RAP has been widely used in
the production of new asphalt mixes, and its high
resistance to some of the most common distresses
in pavements (such as rutting) has encouraged its
use in high quantities (230 %). Mixes containing
RAP are stiffer and have higher complex modulus
than those which contain only virgin materials (4),
due to the hardening process suffered by the binder
in the RAP during its service life. On account of the
increased stiffness of the binder, RAP mixes usu-
ally exhibit better (or at least equivalent) resistance
to rutting than conventional mixes (5). However,
there still remains some uncertainty regarding the
fatigue cracking behaviour of mixes using RAP.
Whilst a number of studies have shown that these
mixes are less resistant to fatigue than conventional
mixes due to the stiff and brittle binder of the RAP
(6), other results are rather less conclusive. For
instance, Shu et al. (7) examined the performance
of mixes containing 10, 20, and 30 % RAP using
various fatigue failure criteria. They found that,
depending on the criterion used, the addition of
RAP appeared to either increase or decrease the
fatigue life of pavements. Further, Hajj et al. (5)
reported that the inclusion of RAP could result in
either poorer or better fatigue resistance depend-
ing on the source or contents of this material.
However, contrary to popular belief, some authors
have found that the use of RAP could lead to sig-
nificant improvements in the fatigue life of mixes
(8-10). A more in-depth analysis of the fatigue
behaviour of these mixes is therefore of critical
importance for ensuring their satisfactory perfor-
mance in the field.

In order to diminish the harmful emissions
released into the atmosphere when HMA is pro-
duced, there have been attempts to reduce the manu-
facturing temperatures of asphalt mixes by treating
the bitumen to reduce its viscosity at the time of
mixing. To achieve this, the bitumen is either foamed
or emulsified, and, depending on the required range
of temperature reduction, warm (110-140 °C), half-
warm (lower than 100 °C) and cold (room tem-
perature) mixes can be produced. Moreover, the
reduction in manufacturing temperatures leads to

a decrease in energy consumption and hence eco-
nomic costs (11, 12). In this paper, Half Warm Mix
Reclaimed Asphalt (HWMRA) is studied using
emulsified bitumen with high RAP content (up to
100 %).

In spite of the environmental and economic advan-
tages of using these types of mixes, a number of ques-
tions remain regarding their performance. This issue
prevents their widespread use, particularly in wearing
courses (due to the high requirements of this layer).
Recent work has therefore focused on showing that
reducing temperatures to within the warm/half-warm
range and introducing RAP should not compromise
the performance of the mixes (13-15). In particular,
mixes containing a high RAP content manufactured
with low temperature technologies have been shown
to have better (or equivalent) fatigue and rutting
resistance when compared with HMA, without any
adverse effects on water sensitivity (7,16,17). Field
experiences have also demonstrated the suitability of
combining the use of RAP with lower manufacturing
temperatures (18).

However, many of the studies found in the litera-
ture have focused on warm or cold — as opposed
to half-warm — technologies. The latter can be
regarded as an intermediate step, in which the tem-
perature is lower than that of warm production
whilst avoiding the issues associated with cold pro-
duction. A further problem is that the majority of
asphalt plants are currently not fully equipped for
manufacturing mixes at low temperatures or for
introducing high quantities of RAP.

In the present studyy, HWMRA for wearing
courses was produced in the laboratory and then up-
scaled to plant manufacturing in a prototype plant
that is equipped to deal with complete recycling and
half-warm production temperatures. The main objec-
tive of this investigation is to compare the mechani-
cal performance of Half Warm Mix Reclaimed
Asphalt (HWMRA) with high-RAP content (up to
100 %) with that of a conventional HMA mixture.
Performance is compared at both laboratory level
and after the plant manufacture, laying, and compac-
tion in the field in order to strengthen confidence in
using these environmentally sound techniques.

2. MATERIALS

For the purpose of this research, three asphalt
mixes were employed. In particular, two HWMRA
mixes were used along with an HMA, which served as
a reference. The three mixes were designed in the labo-
ratory as Asphalt Concrete (AC) 16 for surface layers.

2.1. Half Warm Recycled Asphalt (HWRA)
mixtures

Mixes with 70 % and 100 % RAP and emulsion
were manufactured in the laboratory. The RAP used
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TABLE 1.

RAP binder content and binder recovery characterisation

Binder content (%) (19)

Recovery of asphalt binder for its characterisation (20)

RAP Fraction % binder/mixture % binder/aggregate Penetration at 25 °C (dmm) Softening point (°C)
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FIGURE 1. Black and white curves for the RAP fractions

in the present study was divided into fine (0/5 mm)
and coarse (5/25 mm) fractions. Both fractions were
characterised in terms of binder content (19), binder
recovery (20) and black and white curves. The black
curve represents the RAP gradation containing the
aged binder while the white curve represents the
RAP gradation once the binder has been extracted.
These data are displayed in Table 1 and Figure 1
respectively. Siliceous aggregates were selected as
virgin materials for the 70 % R AP mixture using the
6/12 and 12/18 mm fractions. A description of these
aggregates is shown in Table 2.

Both of the HWMRA mixtures were manufac-
tured using bitumen emulsion. Specifically, Slow
Setting Cationic Bitumen Emulsion (SSCBE- 1h,
C67B3 RECITEMP) with high residue bitumen
content ranging from 65 to 69 % of the total
weight of the mixture was used. Table 3 shows
the general technical specifications of this bitumi-
nous emulsion.

The final compositions of the mixtures are shown
in Table 4, which details the percentages of each of
the RAP and virgin aggregate fractions used, along
with the emulsion content. In accord with the pro-
portions shown in Table 4, the final gradations of

the mixes are shown in Figure 2, together with AC16
thresholds.

2.2. Hot Mix Asphalt mixture

A conventional HMA was selected as a refer-
ence for comparison with the HWMRA. The Virgin
aggregates presented in Table 2 were used, following
the proportions displayed in Table 5. The final gra-
dation of the HMA to produce an AC16 is shown
in Figure 2. The virgin bitumen selected was 35/50
penetration grade, having 42 dmm as penetration at
25°C (22) and 55.6 °C as the softening point (24).

3. METHODOLOGY

This investigation was divided into three
phases. In the first phase the mixes were manu-
factured, compacted and studied in the lab. In
the second phase, they were up-scaled to plant
manufacturing, laying, compaction, and coring in
the CEDEX test track, located in Madrid, Spain.
Finally, the cores were tested in the laboratory.
The details of each phase are presented in the fol-
lowing sections.
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TABLE 2. Characterisation of virgin aggregates

Siliceous aggregates Limestone
Test Method 6/12 mm 12/18 mm 0/5 mm 0/5 mm

Particle grain size Sieve size mm % Passing % Passing % Passing % Passing

224 100 100 100 100

16 100 65 100 100

8 30 1 100 100

5.6 - - 92 80

4 2.0 0.9 56 53

2 1.5 0.7 26 22

0.5 14 0.6 22 16

0.25 1.3 0.4 17 13

0.063 0.3 0.3 10.6 10.2
Determination of coarse aggregate shape Flakiness index (%) (21) 10.5 7.4 - -
Percentage of crushed surfaces, (%) 100 98.9 - -
Assessment of fine Sand Equivalent test (25) (%) - - 59 54
Blue Methylene (27) - - - 1.0
Cleanness of coarse aggregate 0.36 0.29 - -
Resistance to fragmentation (Los Angeles Abrasion Coefficient, %) (29) 20 20 - -
Relative density and water Apparent Density (g/cm3) 2.675 2.649 2.637 2.672
absorption (31)

(%) Water absorption after immersion 0.7 0.5 2.3 2.4

TABLE 3. General technical specification of C67B3 RECITEMP emulsion

Properties Unit Test Method Specification
Particle polarity - EN 1430 Positive
Breaking value - EN 13075-1 50-100
Binder content (from the water content) Y% EN 1428 65-69
Residual binder by distillation % EN 1431 > 65
Oil distillate content by distillation % EN 1431 <2
Efflux time, 4 mm at 40 °C s EN 12846 50-100
Residue on sieving % EN 1429 <0,1
Setting tendency % EN12847 <10
Adhesiveness by water immersion % EN13614 >90

Recovery of binder by Evaporation (33)

Penetration at 25 °C 0, mm EN 1426 <100
Softening point °C EN1427 >50

TaBLE 4. Composition of HWMRA mixtures

Composition (%)
Materials Fraction mm HWMRA 70 % RAP HWMRA 100 % RAP
RAP 0/5 35 30
RAP 5125 35 70
Virgin aggregates 6/12 18 -
12/18 12 -
Emulsion 4.0 % 2.50 %
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FIGURE 2. Gradation of the HWMRA and HMA mixtures
TABLE 5. HMA mixture composition
Mix Aggregates Nature Fraction (mm)  Composition (%)
HMA AC16D Siliceous 0/5 36
Limestone 0/5 25
Siliceous 5112 29
Siliceous 12/18 10
Binder 5

3.1. Preliminary laboratory study

The HWMRA mixes were manufactured in the
laboratory, heating the RAP and virgin aggregates
at 115-120 °C and the emulsion at 60-65 °C. Both
the 70 % and 100 % R AP mixes were compacted in a
Superpave Gyratory Compactor (SGC) at 70 °C. The
number of gyros applied to each of the RAP mixtures
was adapted to obtain a final void content of 4-6 %.
Thus, for the 70 % RAP content mixture the number
of gyros was 90, while for the 100 % RAP mixture
this number was 65. This void content was achieved
for both mixes without any workability problems.

The HMA was manufactured at 160 °C and com-
pacted in a Marshall compactor at 150 °C. The target
void content was the same as that for the HWMRA,
in order to reliably compare their mechanical prop-
erties. The three mixes were tested for stiffness
modulus at 20 °C (26). In addition, water sensitivity
was tested by recording the retained indirect tensile
strength at 15 °C after wet conditioning (28), and
resistance to permanent deformation was assessed at
60 °C in the wheel tracker (30) after roller compac-
tion for the production of slabs. The performance
of the HWMRA could then be compared to that of
the reference mix.

3.2. Field experience

In this phase of the investigation the mixes were
manufactured in a prototype continuous asphalt
mixing plant equipped to produce 100 % RAP
mixes. This plant has a flow parallel drum with two
point material entries for different RAP fractions as
well as a thermally insulated combustion chamber
with delayed effect. The asphalt plant has a set of
separate cold storage feeding bins for storing the
various RAP fractions, and is also equipped with
a volumetric weighbridge system with a measuring
accuracy of 0.5 %. The fine fraction (0/5 mm) and
coarse fraction (5/25 mm) were screened and frac-
tionated (oversized clumps greater than 60mm were
separated and rejected) with the aim of accurately
reproducing the target grading curve size designed
in the laboratory at the asphalt mixing plant.

The parallel flow drum has two distinct entry
points for administering specific treatments to
each RAP fraction and for driving off the mois-
ture content in the fine fraction. The coarse frac-
tion (5/25 mm) was fed into the drum at one end,
whereas the fine fraction (0/5 mm), with a higher
percentage of bitumen, was introduced at the cen-
tre of the drum. In the case of the HWMRA with
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FIGURE 3. a) Delivery truck at the job site; b) Beginning of paving; ¢) Vibratory roller compaction;
d) Pneumatic tyre roller compaction

TABLE 6. Volumetric properties, stiffness modulus and water sensitivity results

HWMRA 100 % RAP HWMRA 70 % RAP HMA AC16D
Compaction temperature, °C 70 70 150
Maximum density, g/cm’ 2.440 2433 2.460
Apparent density, g/em’ 2.325 2.315 2.341
% Air Void Content 4.71 4.85 4.84
Stiffness modulus at 20 °C, MPa 6733 5226 7600
ITSw, MPa 2.97 2.84 2.72
ITSd, MPa 2.67 2.51 2.61
% ITSR 89.8 88.3 95.8

70 % RAP, the virgin aggregates were initially fed
into the drum dryer at the same point as the RAP
(5/25 mm). The asphalt mixer was positioned below
the drum dryer to extend the mixing times and to
improve the coating and adhesion between the RAP
material and the aggregates. A slow-setting cationic
bituminous emulsion was then added to the asphalt
and mixed together with the RAP material.

The temperature was monitored during tran-
sit, paving and compaction of the HWMRA
(Figure 3). After manufacture, the mix was deliv-
ered to the job site (by truck) at a temperature
of 100 °C. The paving process then began at a
temperature ranging between 90 and 100 °C, and
compaction was successfully conducted with a
double drum vibratory road roller. Finally, a
pneumatic tyre road roller completed the com-
paction process. More than 20 asphalt pavement
cores were drilled and extracted for each type of
asphalt mixture.

These cores were then taken to the laboratory for
testing. The volumetric properties of the cores were
determined, and they were tested for stiffness modu-
lus at 20 °C, and resistance to fatigue by means of
the indirect tensile test (32) at 20 °C with a loading
frequency of 10Hz under a controlled stress mode.
Thus, the volumetric properties and stiffness modu-
lus could be compared with the mixes manufactured
in the laboratory, and the fatigue performance of
the HWMRA could be compared with that of the
HMA.

4. RESULTS AND DISCUSSION

The results are presented for both of the testing
phases: the preliminary laboratory study and field
experience.

4.1. Preliminary laboratory study results

The results of the volumetric properties, stiff-
ness modulus, and water sensitivity tests for the
two HWMRA mixes and the reference HMA mix
are shown in Table 6. Despite the fact that the
HWMRA mixes have high RAP content and that
the three mixes have similar void content, the HMA
presented a higher degree of stiffness. However, this
modulus value for the HMA appears to be exces-
sively high and it should be noted that in post-studies
in the field, lower values (3319 MPa) were obtained
for the same mix. This could be due to the differ-
ent compaction method that was used for the speci-
mens tested for stiffness modulus. In terms of water
sensitivity, the retained indirect tensile strengths of
the HWMRA mixes are slightly lower than those
of the HMA. However, the HWMRA mixes would
still meet the standard requirement of having a
ITSR higher than 85 % (34) and would therefore be
suitable options for use in wearing courses.

Figure 4 shows the resistance of the mixtures to
permanent deformations when tested in in the wheel
tracker. Although the HMA presented higher stiff-
ness than HWMRA (Table 6) — suggesting that the
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FIGURE 4. Resistance to permanent deformation

TABLE 7. Properties of the cores

Asphalt Pavement Cores HWMRA 100 % RAP HWMRA 70 % RAP HMA AC16D

Apparent density, g/cm’ 2.306
% Air void, Vm 5.5

% Compaction 99.2
Modulus at 20 °C, MPa 5820

2.280 2.305
6.3 6.3
98.5 98.5
4292 2124

HWMRA might have lower resistance to perma-
nent deformations — these materials were consid-
erably more resistant than the HMA. In particular,
the slope of the curve for the HMA was steeper,
rising sharply during the first 2000 loading cycles,
and becoming more stable thereafter. By the end of
the test, the three mixes presented equivalent slopes,
implying that they are comparable in terms of rut-
ting resistance.

4.2. Field experience results

Table 7 shows the volumetric properties and stiff-
ness modulus of the cores of each type of mix. The
densities obtained in the field were similar to those
obtained in the laboratory. However, in contrast to
the results yielded with the laboratory specimens,
when tested in the field, the HWMRA achieved a
substantially higher degree of stiffness than the
HMA. This finding supports the hypothesis that
the high stiffness of the HMA found in the labora-
tory was due to the Marshall compaction procedure.
Further, it reinforces the idea that in the field, gyro
compaction is more effective at simulating com-
paction than the Marshall procedure. Finally, it is
worth noting that the difference in stiffness between
the HMA and HWMRA may be attributed to the
differences in binder consistency (the RAP binder
had a penetration of 10 dmm while the bitumen

8000
7000
6000
5000 "
4000
3000 T
2000

Stiffness modulus (MPa)

1000 7

HWMRA HWMRA
100%RAP 70%RAP

# Cores 5820 4292 2124

HMA AC16D

% Samples 6733 5226 7600

FIGURE 5. Stiffness modulus of laboratory specimens and
cores

used for the HMA had a penetration of 42 dmm).
Figure 5 displays the stiffness values for both the
laboratory specimens and the cores. It is clear that
the HWMR A maintained similar values of stiffness
in both the laboratory and field. However, for the
HMA, the stiffness modulus values obtained in the
field were three times higher than those recorded in
the laboratory.

The resistance to fatigue of the cores was assessed
through the indirect tensile strength test using con-
trolled stress levels. The failure criterion for fatigue
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was selected as a 50 % reduction of the initial modu-
lus. Figure 6 shows the fatigue laws determined for
each type of mixture. The HMA and HWMRA with
70 % RAP show comparable slopes, which suggests
that they have an equivalent sensitivity to stress in
terms of fatigue life. Thus, taking into account the
fact that the fatigue limit of HWMRA with 70 %
RAP is higher than that of the HMA, the former
appears to have higher resistance to fatigue. The
HWMRA with 100 % RAP exhibits a lower slope
and therefore shows more stable behaviour in terms
of resistance to fatigue. Moreover, for the stress lev-
els tested, the HWMRA with 100 % RAP showed
greater fatigue resistance in comparison with both
the HWMR A with 70 % RAP and the HMA. Similar
results have also been found by other researchers for
Warm Mix Asphalt (WMA) containing up to 100 %
RAP (15). Thus, it appears that further reducing the
manufacturing and compaction temperatures does
not adversely affect the advantages of usinga WMA
with high RAP content.

5. CONCLUSIONS

The aim of this paper was to demonstrate the suit-
ability of using Half Warm Mix Recycled Asphalt
(HWMRA) with high RAP content (up to 100 %)
manufactured with emulsion for wearing courses.
For this purpose, HWMRA mixes were studied in
two stages. In the first stage, laboratory specimens
were examined, and in the second stage, the mixes
were tested at the stages of plant manufacture, and
laying and compaction in the field. The results were
always compared with those obtained using conven-
tional HMA.

Following laboratory production, the mixes were
tested for stiffness modulus, water sensitivity, and

resistance to permanent deformations. The follow-
ing conclusions can be drawn:

- Because of the different values obtained in
relation to stiffness modulus (which could
be due to the different compaction methods
used) it is not possible to draw any firm con-
clusions regarding the stiffness of HWMRA
and HMA.

- Water sensitivity of HWMRA meets the
requirements for use in wearing courses.

- HWMRA shows adequate rutting
performance.

A prototype plant was able to produce mixes con-
taining up to 100 % RAP using an emulsion at half-
warm temperatures. After laying and compaction in
the field, the cores were extracted and their stiffness
modulus and fatigue resistance were assessed in the
laboratory. The following conclusions can be drawn:

- The stiffness modulus of HWMR A was higher
than HMA and similar to the results obtained
for laboratory production. Moreover, the den-
sity of the cores was also comparable to the
laboratory specimens. Therefore, it appears
that HWMRA can be successfully reproduced
in the plant and compacted without any issue.

- For the stress levels tested, the fatigue perfor-
mance of HWMRA was satisfactory in com-
parison to HMA.

In summary, HWMRA showed equivalent per-
formance to HMA, as shown by both the labora-
tory and field-stage tests. Thus, HWMRA produced
with emulsions can be regarded as an environmen-
tally sound alternative to HMA. Moreover, its use
should not produce any adverse effects on pavement
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performance. Current research is being carried out
in order to further evaluate the long-term perfor-
mance of this technology.
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