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During recent decades, several studies have been performed on pavement recycling by using mixing temperatures

that are lower than those used in traditional hot asphalt mixtures. Warm-mix recycled asphalt with bitumen emulsion

is a new recycling technique that is considered a very promising solution in terms of technical, economic and

environmental performance. In addition, it allows recycling at low temperature; it increases the amount of recycled

pavement, saves energy and reduces carbon dioxide emissions. This technique was recently applied to a Portuguese

road. The mix design method and performance of warm-mix recycled asphalt were studied. The aim of this study was

to contribute to the definition and development of the warm-mix recycled asphalt design method and to analyse its

performance in relation to traditional hot asphalt mixtures.

1. Introduction
In the construction and rehabilitation of asphalt pavements,

large amounts of natural resources are used, in particular

aggregates and binders. These resources are limited and

therefore the incorporation and reuse of bituminous aged

pavements is important and justified by environmental issues.

In Europe, more than 50 million t of asphalt material removed

from roads are produced every year (EAPA, 2008). However,

in some countries its reuse in recycled mixtures is still regarded

as undesirable. The reasons to recycle materials derived from

the infrastructure of roads can differ from country to country.

In countries such as the Netherlands, in which almost all the

aggregates have to be imported, there is an economic basis for

optimising the use of reclaimed asphalt pavement (RAP) as far

as technically possible. In these countries, about 95% of mix

plants produce asphalt mixtures incorporating up to 50% RAP

(EAPA, 2009). In countries with sufficient reserves of

aggregates, this incentive does not exist. Research conducted

over the last 30 years shows that the performance of asphalt-

containing RAP is as adequate as that of asphalt containing

only natural aggregates (EAPA, 2008). Recycling and reusing

RAP allows the structural capacity of pavements, their

resistance and geometric homogenisation to be increased with

a minimum use of new materials and removal to landfill

deposits.

Nowadays, there are several recycling methods that can be

differentiated by the production temperature. Thus, there are

cold-mix asphalt, half-warm asphalt, warm-mix and hot-mix

asphalt.

Within the different industrial sectors, the production of hot-

mix asphalt is an activity that is affected by the Kyoto

Protocol. Developed countries seek more measures that

enable emissions reduction according to the requirements.

For this purpose, new alternative bituminous products or the

improvement of the existing products are sought, namely, by

reducing the temperature of production for conventional

bituminous mixtures (EAPA, 2010; FHWA, 2008; Jenkins,

2000). Thus, warm-mix recycled asphalt (WMRA) has been

created and, apart from reducing the emissions and the energy

necessary for its production, it also improves the working

safety conditions and comfort during placement. In addition

to the advantages already mentioned, WMRA is also used for

applications in cold weather conditions or with increased

transport distances. In fact, WMRA can be compacted at

lower temperatures thus allowing more time available for the

compaction (Jenkins and van de Ven, 2001; Jenkins et al.,

1999; van de Ven et al., 2007).

In Portugal, studies have been performed concerning the

WMRA production using 100% RAP heated at temperatures

between 100 and 140 C̊ and adding a small percentage of

bitumen emulsion at ambient temperature. The first project in

Portugal using WMRA with bitumen emulsion was some road

rehabilitation work performed over a section that was 24 km
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long. This was carried out in 2009. The aged asphalt mixtures

were removed with a milling machine to a depth of 7 cm and

the RAP was then transported to an asphalt plant (Dinis-

Almeida et al., 2009a; Soto et al., 2008; Tavares and Vieira,

2006).

The aim of the present study was to contribute to the

definition of a suitable design method for this new technology

and analyse its performance in relation to conventional hot-

mix asphalt mixtures. A better knowledge of this technique

based on the results of the mechanical performance will justify

its use in base courses or in the surface course. The present

studies investigated its application for the base course.

Additional work needs to be done, if this type of material is

to be used on surface courses. The laboratory study was

conducted in different stages according to what was proposed

by several authors (Aravind and Das, 2007; Dinis-Almeida,

2010; Dinis-Almeida et al., 2009b; Widyatmoko, 2008). The

first stage characterised the material composition of WMRA

(RAP and bitumen emulsion). The second stage determined

the approximate amount of asphalt binder through a design

method based on the indirect tensile stiffness modulus test.

The third stage consisted of the characterisation of these

mixtures, establishing some rules to guarantee its good

performance and defining some orientation lines to future

applications, contributing to the consolidation of this

technique.

2. Review of recycled warm-mix asphalt
Asphalt mixture classification through the production tem-

perature is defined in the following way: cold mix (0–30 C̊);

half-warm asphalt (65–100 C̊); warm-mix asphalt (100–140 C̊);

hot-mix asphalt (above 140 C̊).

Warm-mix asphalt (WMA) technologies operate above 100 C̊,

so the amount of water remaining in the mixture is very small.

Several techniques are used to reduce the effective viscosity of

the binder enabling full coating and subsequent compatibility

at lower temperatures. WMA technologies can be basically

classified in three main groups (Chowdhury and Button, 2008;

EAPA, 2010; FHWA, 2008; Prowell et al., 2011; Zaumanis,

2010): organic additives, chemical additives and foaming

technologies. The technology to produce WMA presented

herein is based only on the use of bitumen emulsion as a

binder. Most of the literature that was consulted highlights the

advantages of WMA which include the following: lower energy

consumption in mix production, reduced emissions and better

working conditions because of the absence of harmful gases

(Rubio et al., 2012).

Hot-mix asphalt plant recycling is presently a common practice

in most European countries, due to its obvious economic and

environmental advantages. However, in most cases, the

percentage of RAP in the new asphalt mixture is limited due

to difficulties in mixing the RAP with the virgin materials,

without an excessive increase of the mixing temperatures,

which would accelerate the binder ageing process and also

increase energy consumption and emissions during manufac-

ture. Thus, in practice, the amount of RAP in hot-mix

recycling is limited to about 40%, in most cases, although

there are examples of using higher values, on special equipment

such as ‘parallel black drums’ (Tusar et al., 2012).

Another key advantage of WMA is the potentially greater use

of RAP. The improved workability of WMA leads to a lower

production temperature, with less ageing of the binder, thus

counteracting the stiffer RAP binder (Rubio et al., 2012). Some

studies have reported even higher percentages of 50% RAP

(FHWA, 2008; Vaitkus et al., 2009).

Thus, the use of WMA technologies in combination with

asphalt recycling is therefore a very promising way to increase

the amount of RAP in the final mix, up to 100%, without the

need for major changes in conventional asphalt plants and

without excessive heating of the mixtures.

3. Characterisation of materials used in the
mixture

3.1 Reclaimed asphalt pavement

The RAP used in the mixtures production was obtained from

an existing road during rehabilitation work. The RAP

corresponds to the different pavement layers, which included

the surface course (6 cm) and part of the base course (1 cm).

The gradation of RAP was determined by sieve analysis after

binder extraction and the bitumen content was determined by

Sieve size: mm

Cumulative percentage

Passing Retained

38?10 100?0 0?0

25?40 100?0 0?0

19?10 100?0 0?0

12?70 96?8 3?2

9?52 85?6 14?4

4?76 67?4 32?6

2?36 52?0 48?0

1?190 38?3 61?7

0?590 27?3 72?7

0?297 20?0 80?0

0?149 14?5 85?5

0?075 9?0 91?0

, 0?075 0?0 100?0

Table 1. Grading of RAP after binder extraction
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the centrifuge extractor method. The results are summarised in

Tables 1 and 2, respectively.

After extraction from the RAP using the centrifuge extractor

method, the hard binder was tested. The results obtained for

the penetration and softening point are summarised in Table 3.

The obtained results show a RAP hard binder with a low

penetration (Table 3).

3.2 New bituminous binder
The new bituminous binder used for the recycled mixture was

produced by a well-known company. The high content of fines

present in the RAP means that an emulsion with high stability

is required. The content of bitumen which is appropriate for

the viscosity of the emulsion allows a full coating of the RAP.

On the other hand, the bitumen employed in its manufacture

has a composition and viscosity that is appropriate for

regenerating the hard binder present in the RAP, with a high

penetration value. The characterisation of the bitumen

emulsion is shown in Table 4.

In this technique the additive package was used in the form of

an emulsion as opposed to the hot-mixture asphalt (HMA)

which is used with added bitumen. It used modified polyamines

as additives, which enhance the stability of the emulsion and

provide a high cohesion to the recycled mixture, and selected

bitumen that can regenerate the aged RAP binder. The

additives used exclusively as part of the emulsion formulation

also permit the mixing temperature to be between 100 and

120 C̊, thereby improving the aggregate coating, the mixture

workability and its compaction.

4. Warm-mix recycled asphalt design
The purpose of the asphalt mixture design was to study the

composition regarding material quality and quantity so that

the mixture has a good performance under the influence of

traffic and climatic agents.

Considering that the WMA temperature is between the

temperatures used for hot and cold mixtures, the question

arises as to which design method should be adopted. Thus, as a

result of preliminary studies in which several methods were

analysed, a design method based on the indirect tensile stiffness

modulus test was developed.

A first estimate of the optimum bitumen content was obtained,

based on the surface area of the aggregates according to

Equation 1 (Kandhal and Mallick, 1997)

1. Pb~0:035az0:045bzKczF

where Pb is the percentage of total bitumen in the recycled

mixture, by weight of aggregate; a is the percentage of

aggregate retained on the 2?36 mm sieve; b is the percentage

of aggregate passing through the 2?36 mm sieve and retained

on the 75 mm sieve; c is the percentage of aggregate passing

through the 75 mm sieve; K is equal to 0?15 for 11–15% passing

through the 75 mm sieve, 0?18 for 6–10% passing the 75 mm

sieve and 0?20 for 5% or less passing the 75 mm sieve; and F is

the absorption factor for 0–2% aggregates; 0?7% is used in

cases in which the information is not available (Asphalt

Institute, 1993; Kandhal and Mallick, 1997).

Equation 1 was applied for a bituminous mixture with 100%

RAP, using the values presented in Table 2: a 5 48%, b 5 43%,

c 5 9%, K 5 0?18 and F 5 0?7%. The value obtained for Pb was

5?9%. The percentage of new bituminous binder (Pnb) to be

Samples C1 C2 C3 C4 Average

Aged bitumen

content: %

5?3 4?8 4?1 4?8 4?75

Table 2. Bitumen content of the RAP determined by centrifuge

extractor method: %

Characteristics RAP hard binder

Penetration 25˚C: 0?1 mm 19

Softening point: ˚C 69?6

Table 3. Characterisation of RAP hard binder

Properties Results of tests

Viscosity Saybolt Furol (25˚C): s 29

Sedimentation after 5 days: % 25?4

Particle polarity Positive

Residue on sieving (0?5 mm sieve): % 0?00

Breaking value 210

Distillation

Bitumen: % (m/m) 61?5

Distillation residue

Penetration 25˚C: 0.1 mm 103

Softening temperature: ˚C 46?0

Table 4. Bituminous emulsion characteristics
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added to the recycled mix, by weight of aggregate was calculated

using Equation 2

2. Pnb~Pb{ 100{rð Þ|Psb½ $=100

where r is the new aggregate expressed as the total aggregate

percentage in the recycled mix; and Psb is the bitumen content

of RAP.

In this case Psb was 4?75% as previously mentioned. As the

mixture studied was composed of 100% RAP, the value of r

was zero and the value obtained for Pnb was 1?15%. The new

binder used was a bitumen emulsion with 61?5% of residual

bitumen. Thus, the content of bitumen emulsion to be added to

the recycled mixture was 2?0%, approximately.

However, this was not enough because it is necessary to take

into account the viscosity of the final mixture binder, using

Equation 3

3. a lg pen1zb lg pen2~ azbð Þlg penmix

where penmix is the calculated penetration of the final mixture

binder; pen1 is the penetration of the binder recovered from the

RAP; pen2 is the penetration of the new added binder; a is the

portion by mass in the mixture of the binder from the RAP; b is

the portion by mass in the mixture of the added binder; and a +
b 5 1 and a 5 [(100 2 r)6Psb]/Pb.

In this case, pen1 is 19 and pen2 is 103. With Pb equal to 6?5%, a

is 0?73 and b is 0?27 and the penetration of the final mixture

binder was found to be 30, which is considered the minimum

value. By using Equation 2 the percentage of new bituminous

binder is 1?75%. Thus, the content of bitumen emulsion to be

added to the recycled mixture is 2?8%, approximately.

The stiffness modulus of bituminous mixtures is one of the

most important properties for the design of flexible pavements.

The mixture design method based on the indirect tensile

stiffness modulus test (CEN, 2004a) was studied for different

testing conditions. Thus, several mixtures were made with

different emulsion contents (1?0, 1?5, 2?0, 2?5 and 3?0%), with

values slightly above and below those obtained in the surface

area (Equation 1) and in the penetration of the final mixture

binder (Equation 3). To produce specimens for indirect tensile

stiffness modulus test the RAP was heated at 100 and 130 C̊

to enable two different compaction temperatures, 60 and

90 C̊, respectively. The mixtures were made in a mixer for

bituminous mixtures with capacity of 20 litres by adding

bitumen emulsion at ambient temperature, immediately after

removing the RAP from the oven. The specimens were then

compacted with impact compactor by applying 50 blows to

each side. The resulting cylindrical specimens obtained had

approximate dimensions of 101?6 mm in diameter and were

65?0 mm high. The results obtained for the mixture compacted

with 90 C̊ were slightly higher than those of mixture compacted

at 60 C̊ (Figure 1). The results correspond to an average of five

values for each different mixture.

This study was conducted during 4 months and during this

time the stiffness modulus test was carried out for specimens of

different ages, namely: 1 day, 7 days, 14 days, 21 days, 1

month, 2 months and 4 months. During this period the

specimens were kept at 20 C̊ (Dinis-Almeida, 2010; Dinis-

Almeida et al., 2012a). The results obtained with these

preliminary design tests showed that the pattern of changes

of stiffness with different emulsion content was independent of

the ages of testing. Thus the results obtained for the first days

can be used for mixture design and it is not necessary to wait

for a long period of testing to be able to choose the suitable

emulsion content. In this case the obtained values were of 1?5
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Figure 1. Stiffness modulus plotted against emulsion content

(specimens compacted at 60 and 90˚C)
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and 2?0%, which were lower values than those obtained in

Equations 1 and 3.

To determine the final mixture composition, three tests were

carried out: the water sensitivity (indirect tensile strength test),

the wheel tracking test to determine the permanent deforma-

tion and the four-point bending test on prismatic-shaped

specimens (4PB-PR) to determine the resistance to fatigue. The

proposed mixture design method for WMRA is summarised in

Figure 2.

The results obtained for WMRA were compared with those for

the reference mixture presented by Baptista (Baptista, 2006). It

is a traditional HMA regularly used in the base course in

Portugal. All aggregates used in the reference mixture are

igneous rocks (aggregate 0/5: 41?5%, aggregate 5/15: 23?5% and

aggregate 15/25: 30?0%) and the filler is limestone (5?0%). The

binder used was a 35/50 bitumen, one of the mt commonly used

in Portugal (Pb 5 4?2%).

5. Performance assessment of warm-mix
recycled asphalt

The mechanical performance assessment of WMRA with bitu-

men emulsion was carried out by evaluation of water sensitivity,

stiffness modulus, resistance to fatigue and resistance to

permanent deformation. These tests were performed on labora-

tory and field specimens. The field specimens were extracted from

the WMRA base course applied in the rehabilitation work of

Portuguese national road EN 244. Specimens were produced in

the laboratory with 1?5 and 2?0% of emulsion content for the

mechanical performance assessment.

5.1 Water sensitivity and indirect tensile strength
The evaluation of water sensitivity of the asphalt mixtures is

essential, since this property is directly related to the perfor-

mance and durability of these materials during the road

pavement life. Water sensitivity, which is expressed as the

indirect tensile strength ratio (ITSR), was determined by the EN

12697-12 standard (CEN, 2003a) in which two groups of three

cylindrical specimens were kept in different conditions: one

group was kept dry (dry group) and the other was immersed in

water (wet group). The aim was to determine the influence of the

water on the bond between aggregates and binder and

consequently on the strength of the mixture. The indirect tensile

test was carried out according to the EN 12697-23 standard

(CEN, 2003c). The results are presented in Table 5.

The ITSR values obtained were equal to 100%. This was due to

mixtures having low air voids content which stopped the entry

of water in the specimens and does not affect the strength of

the mixture.

5.2 Stiffness modulus and resistance to fatigue
The stiffness modulus is the most relevant property of

viscoelastic materials such as asphalt mixtures. The character-

isation of the stiffness modulus and resistance to fatigue was

carried out by the four-point bending test on 4PB-PR (CEN,

2004a; 2004b). For that purpose, after the WMRA application

in the rehabilitation work of Portuguese national road EN 244

slabs were extracted from the pavement, these were later cut

into beams 40 cm6 5 cm6 5 cm. At the same time, specimens

were produced in the laboratory using 100% of RAP (M100)

and different emulsion contents (1?5 and 2?0%). The mixture

was made in a mixer designed for bituminous mixtures with a

capacity of 20 litres heating the RAP at 130 C̊ and bitumen

emulsion added at ambient temperature. The compaction was

performed at 90 C̊ using roller compactor equipment. Table 6

presents the average results obtained for the bulk density and

air voids content of the different mixtures.

The stiffness modulus was carried out with controlled strain

using a range of frequencies (1, 5, 8, 10, 20 and 30 Hz), in order

to cover a wide variety of loading conditions. The test was

done in a climatic chamber at 20 C̊ and the strain used was

50 mm/m (CEN, 2004a).

Figure 3 shows the evolution of the stiffness modulus with the

increasing of test frequency for the different mixtures produced

in laboratory and in situ (Dinis-Almeida et al., 2012a; Dinis-

Almeida et al., 2012b).

As expected, the stiffness modulus increased with frequency.

The mixture compacted in situ presented higher values of

stiffness modulus than the rest of the studied mixtures. The

stiffness modulus values obtained for WMRA were similar to

those obtained by Baptista for HMA, namely 3213, 4931 and

5925 MPa for the frequencies 1, 5 and 10 Hz, respectively.

The failure of a bituminous mixture caused by fatigue consists

of the presence of cracking under the action of repeated loads.

Selection of aggregates and 
bitumen emulsion

Selection of base mixture
composition

Final mixture composition

Stiffness modulus

Water sensitivity
Permanent deformation

Fatigue

1

2

3

Figure 2. Design method proposed for WMRA
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The fatigue life characteristics of asphalt mixtures, often

translated by ‘fatigue laws’, are represented most of the time

by relationships between the applied strain and the number of

load repetitions to failure (Equation 3).

3. e~A|NB

where N is the number of cycles at end of test; e is extension

traction (1026); A, B are experimentally determined coefficients.

There are two important parameters to express the fatigue

resistance of a bituminous mixture. They are N100 which is the

number of cycles for an extension of 1006 1026 and e6 which

is the strain at 106 cycles.

In the present study, the fatigue tests were done at 20 C̊ with a

frequency of 10 Hz. The tests were developed using three

controlled strains (2006 1026,6 1026 and 4006 1026). The

standard EN 12697-26 (CEN, 2004b) recommends that the

initial stiffness modulus (taken at the 100th load application) is

taken as a reference to determine the moment of failure of the

specimen. The fatigue life for a certain level of stress was defined

as the number of load pulses leading to a reduction of 50% in the

initial stiffness modulus (CEN, 2004b). The results of the

resistance to fatigue obtained by this methodology are presented

in Table 6 and Figure 4 (Dinis-Almeida, 2012; Dinis-Almeida

et al., 2012b).

The fatigue test results led to the conclusion that the mixtures

M100 which contained 1?5 and 2?0% emulsion content had

better fatigue performance than HMA.

Mixture Emulsion content: % Bulk density: g/cm3 Air voids content: %

ITS: kPa

Water sensitivity ITSR: %Dry Wet

M100 1?5 2?349 3?0 1900 2010 106

M100 2?0 2?341 2?8 1870 2020 106

Table 5. Main parameters obtained in the water sensitivity

performance

Mixture Compaction Emulsion/bitumen content: % Bulk density: g/cm3 Air voids content: % VMA: %

M100 Roller compactor 2?0 2?359 2?4 17?2

M100 Roller compactor 1?5 2?333 3?0 17?7

M100 In situ 2?0 2?349 2?8 17?5

HMA Roller compactor 4?2 2?420 3?0 12?8

Table 6. Bulk density and air voids content in prismatic specimens
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Figure 3. Stiffness modulus plotted against frequency of different

mixtures
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Figure 4. Fatigue life to the different WMRA with bitumen

emulsion
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5.3 Resistance to permanent deformation

The characterisation of resistance to permanent deformation

was done using the wheel tracking test according to the EN

12697-22 standard (CEN, 2003), using the small size device and

the procedure B (in air). Two slabs were extracted from the

base course of the road (in situ mixture) and two slabs were

prepared in the laboratory for each mixture previously

identified: M100 with 1?5 and 2?0% emulsion content. The

mixture was made in a mixer for bituminous mixtures with

capacity 20 litres, heating the RAP at 130 C̊ and adding

bitumen emulsion at ambient temperature. The compaction of

the mixtures was prepared in the laboratory at 90 C̊ by using

the Roller compactor equipment (with the dimensions of

30 cm6 30 cm6 4 cm) and tested until 10 000 load cycles had

been applied or until a rut depth of 20 mm occurred. Table 8

presents the results for the bulk density and air voids content of

different slabs (Dinis-Almeida, 2012; Dinis-Almeida et al.,

2012b).

The temperature used for the tests was 60 C̊; however, for the

mixture M100 with 2?0% emulsion content the temperature test

was also performed at 45 C̊, as being representative of the hot

summer days for the intermediate climate area of Portugal

(Freire, 2002), which would influence the resistance to

permanent deformation more. Figure 5 represents the wheel

tracking test results obtained in the present study, for each

mixture, at 10 000 cycles.

As there are no reference values in the Portuguese standard for

permanent deformation of the base course, the established

values for the surface course were taken into account. Here the

maximum values specified for wheel tracking slope (WTSAIR)

and proportional rut depth (PRDAIR) were 0?15 mm/103 cycles

and 9%, respectively. All the tests showed much higher values

of permanent deformation than the specified one. As expected,

the test performed at a temperature of 45 C̊ showed a very

important decrease of permanent deformation in comparison

with the values obtained for the tests carried out at 60 C̊.

Table 9 shows the results obtained in the wheel tracking tests

for the studied mixtures, according to the main parameters that

characterise their rut resistance.

6. Conclusion
The present study has demonstrated that the use of WMRA

with bitumen emulsion can be an alternative to the traditional

hot mixture allowing a reduction in the production tempera-

tures in mixtures with incorporation of RAP up to 100%. This

temperature decrease will correspond to significant reductions

in energy consumption and emissions.

Mixture A B R2 N100 (cycles) e6 (1026)

M100 (E 5 2?0%) 3318?9 20?189 0?710 1?126 108 244

M100 (E 5 1?5%) 2520?4 20?169 0?992 1?966 108 244

In situ M100 (E 5 2?0%) 4370?5 20?248 0?691 4?126 106 142

HMA 2717?2 20?181 0?918 8?386 107 223

Table 7. Fatigue law coefficients

Mixture Emulsion content: % Test temperature: ˚C Bulk density: g/cm3 Air voids content: % VMA: %

M100 1?5 60 2?348 3?1 16?0

M100 2?0 60 2?360 2?1 15?7

M100 2?0 45 2?361 2?1 15?6

In situ 2?0 60 2?374 2?3 15?8

Table 8. Bulk density and air voids content in slabs

14.0
12.0
10.0

R
ut

 d
ep

th
: m

m

8.0
6.0
4.0
2.0

16.0 M100 E=1.5 T=60°C
M100 E=2.0 T=60°C
M100 E=2.0 T=45°C
In situ E=2.0 T=60°C

0.0
0 800060004000

Number of cycles

2000 10000

Figure 5. Wheel tracking test results obtained for the different

mixtures
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The present study was developed with the aim of contributing

to the establishment of a design method suitable for a warm

recycled mixture. The proposed mixture design method uses

the stiffness modulus obtained from an indirect tensile test and

allows results to be obtained within a reasonable time and also

simulation of service conditions close to reality. The results

obtained were coherent and with low variability.

The mechanical characteristics of WMRA with bitumen

emulsion in relation to traditional hot mixtures were also

investigated. The stiffness modulus and fatigue resistance of

the WMRA were similar to those obtained in HMA. In the

wheel tracking tests done at 60 C̊ it was concluded that the

permanent deformations obtained were much higher than

those recommended in the Portuguese standard. However, the

tests done at 45 C̊ present important improvements, which are

representative of the temperatures for base courses in hot

summer days in the intermediate climatic area of Portugal.

The study showed that the WMRA with 1?5 and 2?0%

emulsion content presented satisfactory results in the mechan-

ical performance assessment.

The present study led to the conclusion that WMRA with

bitumen emulsion presents itself as a valid alternative in the

rehabilitation of asphalt road pavements.

This technique gathers many advantages in comparison with

the traditional hot mixture often used in Portugal with a

growing tendency of applicability in the future, allowing for

the modernisation of the national roads while addressing the

economic, social and environmental concerns. However, it is

essential to promote its use, through the establishment of the

appropriate specifications for its application and quality

control.

REFERENCES

Aravind K and Das A (2007) Pavement design with central plant

hot-mix recycled asphalt mixes. Construction and Building

Materials 21(5): 928–936.

Asphalt Institute (1993) Mix Design Method for Asphalt

Concrete and Other Hot Mixes Types. Manual Series No. 2

(MS-2), 6th edn. Asphalt Institute, Lexington, KY, USA.

Baptista AMC (2006) Bituminous Hot-mix Recycling in Plant –

Contribution to its Study and Application. PhD thesis,

Faculty of Sciences and Technology, University of

Coimbra, Portugal (in Portuguese).

CEN (European Committee for Standardization) (2003a) EN

12697-12: 2003 Bituminous mixtures – Test methods for

hot mix asphalt – Part 12. CEN, Brussels, Belgium.

CEN (2003b) EN 12697-22: 2003 Bituminous mixtures – Test

methods for hot mix asphalt – Part 22: Wheel tracking.

CEN, Brussels, Belgium.

CEN (2003c) EN 12697-23: 2003. Bituminous mixtures – Test

methods for hot mix asphalt – Part 23: Determination of

the indirect tensile strength of bituminous specimens. CEN,

Brussels, Belgium.

CEN (2004a) EN 12697-26: 2004 Bituminous mixtures – Test

methods for hot mix asphalt – Part 26: Stiffness. CEN,

Brussels, Belgium.

CEN (2004b) EN 12697-24: 2004. Bituminous mixtures – Test

methods for hot mix asphalt – Part 24: Resistance to

fatigue. CEN, Brussels, Belgium.

Chowdhury A and Button J (2008) A Review of Warm Mix

Asphalt. National Technical Information Service,

Springfield, VA, USA.

Dinis-Almeida M (2010) Characterization and Design of Warm

Mix Recycled Asphalt in Plant. PhD thesis, University of

Beira Interior, Portugal (in Portuguese).

Dinis-Almeida M, Castro-Gomes JP and Antunes ML (2009a)

Warm mix recycled asphalt in plant – Case study.

Engineering ’09 – Innovation and Development. University of
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WHAT DO YOU THINK?

To discuss this paper, please email up to 500 words to the
editor at journals@ice.org.uk. Your contribution will be
forwarded to the author(s) for a reply and, if considered
appropriate by the editorial panel, will be published as
discussion in a future issue of the journal.

Proceedings journals rely entirely on contributions sent in
by civil engineering professionals, academics and stu-
dents. Papers should be 2000–5000 words long (briefing
papers should be 1000–2000 words long), with adequate
illustrations and references. You can submit your paper
online via www.icevirtuallibrary.com/content/journals,
where you will also find detailed author guidelines.
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