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Among the available techniques for pavement maintenance/rehabilitation, recycling of pavements is
becoming more acceptable. It is based on sustainable development, by reusing materials reclaimed
from the pavements and reducing the disposal of asphalt materials.

Based on the results of an earlier study of asphalt mixtures containing 30 to 50% recycled asphalt,
using the Marshall mix design methodology, additional mixtures of identical composition, containing
50% recycled asphalt, were produced at a range of bitumen contents and were all tested in more detail
for permanent deformation and fatigue behaviour.

The results from both investigations were analysed, with the objective of verifying if the Marshall
mix design method was suitable to design bituminous mixtures with 50% reclaimed material. However,
it is important to mention that this study is still not finished and that, it will evolve towards the validation
of the manufacturing processes and the mechanical properties of the mixture using tests related with the
field performance.

A conventional mixture of identical gradation and material composition, made of 100% virgin
aggregates, was also studied to compare with the recycled mixtures’ behaviour.
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INTRODUCTION

Q2

Modern trends in the industrial sector tend towards the

elimination of waste materials and by-products, through

the optimisation of their use in all the industrial processes.

Existing deteriorated material can be reused; its

characteristics can be rehabilitated, recycled and

improved. The old material can be used in the same

application that it was initially used for, or as part of a new

material. The process of reuse can be carried out through

the regeneration of the material by means of simple

physical processes, such as its homogenisation, reclassi-

fication and filtration, or mixture with other new or reused

materials. In other cases, its original nature and behaviour

can be modified by using additives of several types

(Fernández del Campo, 2003).

Bituminous mixtures obtained from hot recycling of

flexible pavements demonstrate similar characteristics to

new hot mixtures, as long as the recycled materials are

correctly characterised and the mix design is properly

done.

In a study carried out by Potter and Mercer (1997),

several trials on public roads and full-scale accelerated

load testing facilities, were evaluated in order to assess the

performance of the recycled materials used in their

construction. One of the main conclusions of the study

was that the performance of the recycled materials was as

good as that of equivalent conventional materials.

Servas et al. (1987) have studied the mechanical

properties after the incorporation of reclaimed material in

hot mixtures in different percentages (0, 30, 50 and 70%).

In that study no clear correlation was found between the

percentages of recycled material and the properties of the

resulting mixture. Therefore, given an adequate mix

design, the amount of recycled material to be included

depend upon other factors, related to the material itself,

the type of plant and even economic and ecological

policies.

In 2002, a study was carried out by Picado-Santos and

Baptista (2002a), in order to use materials reclaimed from

the top layers (mainly the surface course) of one major

road in Portugal, as part of new bituminous mixtures to be

used in base courses. In that study, different Recycling

Ratios,† (RR), were used and the amounts of new

aggregate and bitumen were calculated according to the

properties of the recycled material. Further investigations

were carried out to determine the mix design (Picado-

Santos and Baptista, 2002b), which was done

in accordance with the Marshall mix design method.

In that second study, three RR were used (30, 40 and 50%)
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having the limits been established taking into account the

technical and economical conditions. The lower limit was

established in order to reuse a considerable amount of

reclaimed material and the upper limit was imposed due to

the high costs of adapting a mixing plant to receive more

than 50% of reclaimed materials.

The present study comprises a deeper analysis of one of

the mixtures that resulted from the mix design study,

carrying out further laboratory tests on a mixture with

5.0% bitumen content and 50% recycled material, in order

to verify the results obtained by the Marshall mix design

method. The reason why a mixture with 50% reclaimed

material was chosen is because it was the one that most

differed from the conventional mixtures, among those

studied by Picado-Santos and Baptista (2002b).

In addition, a control mixture was manufactured with

100% new materials, allowing a comparison of the

mechanical properties of both types of hot mixtures

(conventional and recycled). The gradation and the

bitumen content of the control mixture were chosen to

be identical to the recycled mixture, as well as the

aggregate type (limestone). The bitumen used to

manufacture the control mixture was a 50/70 penetration

grade bitumen, which also corresponds to the new bitumen

used in the recycled mixtures, since that was the binder

used in the mix design study carried out by Picado-Santos

and Baptista (2002b).

In order to verify the results obtained from the mentioned

mix design study, a more comprehensive laboratory study

was carried out. Thus, the bitumen content obtained in

the mix design (5.0%) and two alternatives (4.5 and 5.5%)

were used. Laboratory tests were then performed, on

laboratory produced specimens, to determine the mechan-

ical properties of those three mixtures.

RECYCLED MATERIAL CHARACTERISATION

The material used in this study was obtained from

a section of the Principal Itinerary 5 (IP5), between

Angeja and the Motorway A1, and comprised only old

bituminous materials from the surface course and binder

course layers.

To determine the residual bitumen content of the

reclaimed asphalt three samples of material were

incinerated using the Ignition Method (ASTM D6307).

The results of these tests, carried out by Picado-Santos and

Baptista (2002a), are presented in Table I and the average

bitumen content of the three samples is 5.1%.

In order to characterise the old bitumen present in the

reclaimed material, extraction and recovery of the bitumen

were made following the procedure specified by

the National laboratory of civil engineering (LNEC)

Recuperação de betumes de misturas betuminosas para a

caracterização dos mesmos. The bitumen was then

characterised by the penetration value at 258C (pen25),

following the standard NP 82-1964 and by the softening

point by the Ring and Ball method (TRB) following the

specification LNEC-E 34-1955. The results are presented

in Table II.

As can be observed in the Table II, the recovered

bitumen is a very hard bitumen (10/20 pen), which is due

to the ageing process throughout the pavement life.

The aggregates remaining after the incineration of the

bitumen were subjected to a grading characterisation and

it was observed, from two different samples, that

the material was homogeneous. In Table III and Fig. 1,

the grading of the aggregate present in the Reclaimed

bituminous material (RBM), and the grading limits

specified by the Portuguese road administration (JAE,

1998) for a bituminous mixture to be used in a base layer,

with a thickness less than 10 cm, or in a binder course

layer, can be observed.

CHARACTERISATION OF THE FINAL MIXTURE

The properties of the bitumen, which results from the

blend of the old bitumen, present in the reclaimed

material, with the new bitumen are estimated by Eq. (1)

(Rubio, 2002). The results obtained are based on the

penetration values of both types of bitumen and on the RR

(Picado-Santos and Baptista, 2002a). Table IV presents

the values obtained from this calculation. The new binder

used was a 50/70 pen bitumen, the penetration grade most

TABLE I Percentage of bitumen determined by the ignition method
(Picado-Santos and Baptista, 2002a)

Sample
Mass of the

sample Mt (g)
Mass of

bitumen Mb (g)
Percentage of

bitumen Pb (%)

RBM-01 3173.0 160.0 5.04
RBM-02 3406.0 174.6 5.13
RBM-03 3318.0 171.1 5.16

TABLE II Properties of the recovered bitumen (Picado-Santos and
Baptista, 2002a)

Penetration at 258C, 100 g,
5 s pen25 (0.1 mm)

Softening point TRB

(8C)

14 73

TABLE III Gradation of the aggregate of the RBM and grading
specification

Cumulative percentage passing (%)

Sieve ASTM RBM Specification

25.0 mm (100) 100 100
19.0 mm (3/400) 100 95–100
12.5 mm (1/200) 96 60–91
9.5 mm (3/800) 87 51–71
4.75 mm (# 4) 66 36–51
2.00 mm (# 10) 46 26–41
0.425 mm (# 40) 24 11–25
0.180 mm (# 80) 15 5–17
0.075 mm (# 200) 8.0 2–8
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commonly used in Portugal, and its percentage in the final

mixtures was determined by Eq. (2) (Rubio, 2002).

logðpen25FBÞ ¼ RR

pRB

pFB

logðpen25RBÞ

þ 1 2 RR

pRB

pFB

� �
logðpen25NBÞ ð1Þ

pNB ¼ pFB 2 RR p RB ð2Þ

where, RR is recycling ratio; pRB is percentage of bitumen

in the RBM; pFB is percentage of bitumen in the Final

Mixture; pNB is percentage of new bitumen added;

pen25FB is penetration value at 258C for the blended

bitumen; pen25RB is penetration value at 258C for the

recovered bitumen from the RBM (old bitumen); and

pen25NB is penetration value at 258C for the new bitumen.

The final penetration value of the recycled bitumen

should be a 20/30pen, according to the results obtained

from the previous table.

Regarding the aggregate present in the reclaimed

material, it is important to mention that the size of

some particles was reduced by the milling operation.

In addition, the reclaimed material was obtained from

surface and binder courses, which includes smaller

aggregate sizes. Therefore, it was necessary to correct

the grading of the aggregate in the final mixture by adding

a coarser aggregate.

The percentage of new aggregate used to

correct the grading of the reclaimed material was

determined by Eq. (3) and its gradation was determined

by Eqs. (4) and (5).

pNA ¼ pFA 2 RR pRA ð3Þ

where, RR is recycling ratio; pRA is percentage of

aggregate in the RBM; pFA is percentage of aggregate in

the final mixture; and pNA is percentage of new aggregate

used for the correction of the grading;

PFðiÞ ¼ RR

pRA

pFA

PRðiÞ þ 1 2 RR

pRA

pFA

� �
PCðiÞ ð4Þ

with

LminðiÞ # PFðiÞ # LmaxðiÞ ð5Þ

where, RR is recycling ratio; pRA is percentage of

aggregate in the RBM; pFA is percentage of aggregate in

the final mixture; PR(i) is cumulative percentage of RBM

aggregate passing sieve i; PC(i) is cumulative percentage

of the additional aggregate passing sieve i; PF(i) is

cumulative percentage of the final aggregate passing sieve

i; and Lmin(i), Lmax(i) is upper and lower limits for PF(i), that

define the overall grading of the final mixture, according

to the specification.

Substituting (5) into (4) and solving for PC(i), the

expressions that define the grading limits of the additional

aggregate were obtained as shown in Eqs. (6) and (7)

(Picado-Santos and Baptista, 2002a).

PCðiÞ $
Lmin 2 RR

pRA

pFA
PRðiÞ

1 2 RR
pRA

pFA

ð6Þ

and

PCðiÞ #
Lmax 2 RR

pRA

pFA
PRðiÞ

1 2 RR
pRA

pFA

ð7Þ

Based on the previous expressions the grading limits of

the additional aggregate were calculated for each binder

content used in this study. The results are presented

FIGURE 1 Gradation Curve of the RBM and grading specification.

TABLE IV Percentage of new bitumen ( pNB) and penetration values at
258C of the blended bitumen for the three selected bitumen contents, with
RR ¼ 50% and pRB ¼ 5.1%

pFB

(%)
pNB

(%)
pen25NB

(0.1 mm)
pen25RB

(0.1 mm)
pen25FB

(0.1 mm)

4.5 1.95 26
5.0 2.45 60 14 29
5.5 2.95 31
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in Table V. In the mentioned mix design study,

the percentages of recycled aggregate and bitumen were

considered as pRA ¼ 94:9% and pRB ¼ 5:1%:
The gradation of the new aggregate is shown in Table VI

and the percentages of each fraction used to meet the

specification limits are presented in Table VII. Figure 2

shows the aggregate of the final mixture, meeting the

grading specification.

Prior to the production of the bituminous mixtures, the

bitumen and the gradation of the control mixture were also

characterized. Using the specifications mentioned pre-

viously, the penetration and the softening point of the

bitumen were determined. The penetration value obtained

was 56 ( £ 0.1 mm) and the softening point was 52.98C.

The aggregate used in the control mixture was the same as

that used as the additional aggregate in the recycled

mixtures. Its gradation was established to meet the grading

specifications making an effort to get it as close as possible

to the gradation of the recycled mixtures. The curve

obtained is presented in Fig. 3.

In order to assess the resistance of the new and recycled

aggregate to degradation by abrasion and impact, Picado-

Santos and Baptista (2002a) have carried out the necessary

tests in the Los Angeles (LA) machine. The results

obtained were, in average, about 35% for the new

aggregate and 38% for the recycled aggregate. According

to the Portuguese specifications (APORBET, 1998),

the maximum allowable value in the LA test for an

aggregate to be used in base courses is 40%. Therefore,

both aggregates accomplish the specified limit.

In addition, the values obtained for both aggregates

are similar, confirming that the milling operation

did not impose a significant degradation in the

reclaimed aggregate and allowing a better comparison

between the properties of the recycled mixtures and the

control mixture.

LABORATORY TESTS

After establishing the mixtures’ composition, the

materials were weighed and mixed in the laboratory

to produce slabs from which the specimens were cored.

A total of 9 beams (5.1 £ 6.3 £ 38.1 cm3) and 5 cores

(15.0 cm diameter and 5.0 cm height) were extracted as

presented in Fig. 4. The beams were used in four point

bending tests, to determine the stiffness modulus and

fatigue life, and the cores were used in the repeated simple

shear test at constant height (RSST-CH), to determine the

resistance to permanent deformation.

Before performing the fatigue tests, the beams were
used to determine the apparent density of the mixtures.
The other tests used to determine the physical

and volumetric properties of the final mixtures

TABLE V Grading limits of the additional aggregate for the three selected bitumen contents, with RR ¼ 50% and pRA ¼ 94.9%

Cumulative percentage passing (%)

Grading limits of the additional aggregate
Grading specification

Sieve (ASTM) RBM pFB=4.5% pFB=5.0% pFB=5.5%

25.0 mm (100) 100.0 100 100 100 100
19.0 mm (3/400) 100.0 90–100 90–100 90–100 95–100
12.5 mm (1/200) 96 25–86 24–86 24–87 60–91
9.5 mm (3/800) 87 15–55 15–54 14–54 51–71
4.75 mm (# 4) 66 6.1–36 5.8–36 5.4–36 36–51
2.00 mm (# 10) 46 5.9–36 5.6–36 5.4–36 26–41
0.425 mm (# 40) 24 0.0–26 0.0–26 0.0–26 11–25
0.180 mm (# 80) 15 0.0–19 0.0–19 0.0–19 5.0–17
0.075 mm (# 200) 8.0 0.0–8.0 0.0–8.0 0.0–8.0 2.0–8.0

TABLE VI Grading of the new aggregate used for correction of the reclaimed material (Picado-Santos and Baptista, 2002b)

Cumulative percentage passing (%)

Sieve (ASTM) Fraction 12/25 Fraction 6/12 Fraction 0/6 Filler

25.0 mm (100) 100 100 100 100
19.0 mm (3/400) 94.2 100 100 100
12.5 mm (1/200) 15.6 95.5 100 100
9.5 mm (3/800) 2.6 69.0 100 100
4.75 mm (# 4) 0.7 6.1 99.4 100
2.00 mm (# 10) 0.7 0.6 71.1 100
0.425 mm (# 40) 0.7 0.4 20.5 99.7
0.180 mm (# 80) 0.7 0.4 7.0 99.2
0.075 mm (# 200) 0.7 0.4 3.0 79.4
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(bulk density, air voids content, bitumen content and type

of bitumen) were done after finishing all the fatigue tests.

The four point bending tests were carried out in

controlled strain using four strain levels. Thus, to

determine the stiffness modulus a peak-to-peak strain

value of 150mm/m was used (low value, to prevent

damaging the specimens). The fatigue tests were done at

200, 400 and 800mm/m (peak-to-peak). In these tests, the

beams are subjected to simple flexure between the two

central points where the load is applied (Fig. 5). In the

middle section the bending moment is constant and the

shear force is zero, hence this section is subjected to pure

bending or flexing. Therefore, the failure of the specimens

starts in a zone where the stress conditions are constant,

decreasing the scatter results.

To determine the stiffness modulus the “frequency

sweep test” was used and the modulus was measured at

0.1, 0.2, 0.5, 1, 2, 5 and 10 Hz. In the fatigue tests the

frequency used was 10 Hz. The results are presented in the

next section.

The RSST-CH test used to determine the resistance of

the mixtures to permanent deformation is described, by

Sousa et al., in the SHRP specification A-698, “Develop-

ment and Use of the Repeated Shear Test (at Constant

Height): Superpave Mix Design Tool”. In this test the

specimen is repeatedly loaded (horizontal haversine loads

corresponding to a 700 kPa shear stress magnitude), with a

loading period of 0.1 s and rest period of 0.6 s, while the

height of the specimen is maintained constant. According

to the SHRP specification, the test should be done at 508C

to simulate the permanent deformation of the bituminous

mixtures during the hottest days of the year, with a low

viscosity of the bitumen. The maximum allowable rut

depth was established to be 12.5 mm for one million

Equivalent standard axle loads (ESALs) of 80 kN, as

described in the same specification.

The maximum permitted permanent shear strain is then

determined by Eq. (8) (Sousa and Solaimanian, 1994).

Rut depth ðmmÞ ¼ 279:4maximum permanent shear strain

ð8Þ

The test finishes when the shear strain reaches the value

of 4.48% (equivalent to a rut depth of 12.5 mm) or after

5000 cycles. Based on these results and using shift factors,

the number of ESALs in the field is determined by using

Eq. (9) (Sousa et al., 1994).

log ðcycles RSST–CHÞ ¼ 24:36 þ 1:24 log ðESALÞ ð9Þ

In this study, five specimens of each mixture were used

in the RSST-CH tests and the results are presented in the

next section.

TEST RESULTS

The bulk density of the mixtures was determined

according to the standard ASTM D1188-96 and

theoretical maximum density of each was determined by

the standard ASTM D2041-91. The air voids content was

calculated, based on the densities of the mixtures,

according to Eq. (10).

n ¼
gmt 2 g

gmt

ð10Þ

where, n is air voids content; gmt is theoretical maximum

density; and g is bulk density.

The results obtained for these three properties are

presented in the Table VIII, both for the control mixture

and for the three recycled mixtures, named RBM4.5,

TABLE VII Percentage of each fraction of the new aggregate used for
correction of the reclaimed material (Picado-Santos and Baptista, 2002b)

Component RR ¼ 50%

Aggregate 12/25 55.0%
Aggregate 6/12 23.0%
Aggregate 0/6 17.0%
Filler 5.0%
Total 100.0%

FIGURE 2 Aggregate of the final mixture meeting the grading specification.
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RBM5.0 and RBM5.5, according to the bitumen content

of each.

The theoretical maximum density values are all very

similar (2.48–2.50), from which it may be stated that the

mix design gave mixtures with similar volumetric

properties. The air voids content values obtained are

lower than the ones determined in the mix design study

(between 4.5 and 7.2) carried out by Picado-Santos and

Baptista (2002b). This fact can be explained by the

compaction method that was used - steel wheel roller,
which normally produces compaction levels close to the

ones obtained in the field.

Previous work done with the same compaction

equipment by Silva (2002) has, however, shown higher

values of air voids content (above 3.95% for base course

mixtures). The reason for these results is related to the

aggregate type. In this study the aggregate used was

limestone, which was easier to compact.

The mixtures with the lower voids content are more

susceptible to show bleeding after sometime. However,

due to its hard binder and its location in the pavement

(base course), that problem can be minimised.

With the objective of verifying the volumetric

composition of the mixtures, the bitumen content was

determined using the Ignition method, according to the

standard ASTM D 6307-98. Two specimens of each

mixture (used in the fatigue tests) were used in this test.

The results are shown in Table IX.

Since the bitumen content of the recycled mixtures

was greater than expected (respectively, 4.5, 5.0 and

5.5%), the bitumen content of two samples of reclaimed

material was determined. The results obtained show

values of 6.08 and 5.93% (6.0% in average). This fact

explains the high values of bitumen content obtained for

the recycled mixtures since, in the mix design study,

carried out by Picado-Santos and Baptista (2002b), the

bitumen content obtained for the reclaimed material was

5.1%. It also confirms the low air voids content,

previously mentioned, obtained for the recycled

mixtures. This emphasises one of the problems the

pavement engineers or constructors have to face when

using reclaimed materials, i.e. the variability of the

material properties, which many times makes them

choose a conventional mixture (easier to control during

production) instead of recycled ones.

To characterise the bitumen of the recycled mixtures,

samples of bitumen were recovered from specimens used

in the fatigue tests. The method applied was the same as

previously mentioned, used by LNEC and specified by

RILEM (1986). In this procedure one specimen of each

mixture was used and the results are shown in Table X.

FIGURE 3 Aggregate of the control mixture meeting the grading specification.

FIGURE 4 Specimens used in the four point bending test and in the
repeated simple shear test at constant height.

FIGURE 5 Loading scheme of the specimens in the four point bending
test.
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When analysing the results from Table X it seems that

the bitumen, obtained in the recycled mixtures, does not

correspond to the previously stated 20/30 pen grade.

However, that fact can be explained by the hardening of

the bitumen experienced during the laboratory operations

(mixing, compaction, extraction/recovery). It also reflects

the changes of the properties of the final bitumen due to a

percentage of old bitumen higher than what was expected.

In Table XI, the properties of the new bitumen, used to

produce the control mixture, are shown. It can be seen that

the bitumen has experienced a considerable hardening.

Thus, it can still be stated that the results correspond,

roughly, to the prediction made by Picado-Santos and

Baptista (2002a) in their characterisation of the recycled

mixtures.

The four point bending tests were carried out at 208C.

This temperature was chosen, as it is a typical value for the

design temperature in the north of Portugal.

Figure 6 represents the average stiffness modulus for

the studied mixtures, as a function of the frequency of load

application. The plot of values as a log–log scale gives a

relation with a linear trend. In Fig. 7, the phase angle

obtained for the same mixtures is shown.

From the previous figures it is possible to see that the

three recycled mixtures have similar values of stiffness

modulus at a given frequency and that the behaviour of the

mixtures is more elastic and less sensitive to frequency

with a decrease in the bitumen content, e.g. the results

show that the stiffness modulus of the RBM5.0 is two to

five times higher than that of the control mixture values.

The recycled mixtures show a behaviour that is less

sensitive to frequency than the control mixture. The phase

angle values for the recycled mixtures are below the values

obtained for the control mixture for a given temperature,

which means the recycled mixtures show a less viscous

behaviour than the control mixture. That fact is associated

with the type of final bitumen present in the mixtures.

The bitumen of the recycled mixtures is harder than the

one in the control mixture, which leads to a higher value

for the stiffness modulus.

The results obtained in the four point bending tests to

determine the fatigue life of the various mixtures are

presented in Fig. 8. The tests were carried out in controlled

strain at 10 Hz, loading the specimens with a sinusoidal

waveform.

The control mixture is the one with the highest fatigue

resistance, as was expected, since the bitumen present in

the mixture is the softest. Therefore, the specimens of the

control mixture were more flexible, showing a better

fatigue resistance. Among the recycled mixtures an

improvement is visible in the behaviour of the RBM5.0

compared with the RBM4.5, but there is no visible

difference between the RBM5.0 and the RBM5.5. Thus,

the increase in bitumen content did not increase the fatigue

resistance significantly.

Based on these results, the expressions of the fatigue

characteristics of each mixture were obtained according to

Eq. (11).

N ¼ a
1

1t

� �b

ð11Þ

where N is number of load applications until failure;

1t is tensile strain; a, b are constants determined

experimentally.

The values obtained for the constants a, b and the

coefficient of correlation (R 2) are presented in Table XII.

The results obtained from this project were compared

with two well-known fatigue models, Shell (1978) and

TRRL (Powell et al., 1984), to provide relative

comparisons, as can be observed in Fig. 9. In this figure,

the fatigue line representing the Shell model was obtained

based on the properties of the control mixture, i.e. volume

of binder and stiffness modulus of the mixture. This

model was developed based on a series of tests carried

out in a three-point-bending testing apparatus, using

TABLE VIII Density and air voids content values for the studied
mixtures

Mixture
Theoretical maximum

density (g/cm3)
Apparent density

(g/cm3)
Air voids

content (%)

Control mixture 2.496 2.413 3.31
RBM4.5 2.479 2.383 3.89
RBM5.0 2.476 2.415 2.50
RBM5.5 2.483 2.418 2.63

TABLE IX Bitumen content of the various mixtures

Mixture Specimen
Bitumen content, bc

(%)
Average

(%)

Control mixture v00a 4.93 5.0
v00b 5.16

RBM4.5 v45e 5.60 5.5
v45f 5.35

RBM5.0 v50d 5.83 5.7
v50e 5.66

RBM5.5 v55b 5.91 5.9
v55g 5.79

TABLE X Properties of the final bitumen of the recycled mixtures

Mixture
Penetration at 258C, 100 g,

5 s pen25 (0.1 mm)
Softening Point

TRB (8C)

RBM4.5 19.0 64.1
RBM5.0 19.2 61.1
RBM5.5 22.8 58.9

TABLE XI Properties of the new bitumen used in the control mixture

Bitumen
Penetration at 258C, 100 g,

5 s pen25 (0.1 mm)
Softening point

TRB (8C)

Virgin 56.0 52.9
Recovered 43.7 53.2
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controlled-strain tests. On the other hand, the TRRL

model was obtained based on the measured performance

of full-scale road experiments, using a probability of

survival of 85%.

From the previous figure it is possible to see that all

studied mixtures performed worse than the known models.

However, when comparing results from different studies,

it should be taken into consideration the type of tests used,

the type of mixtures studied, the use of shift factors

(between laboratory results and field performance), among

other factors, since they may change the results.

In a study carried out by Di Benedetto et al. (2004),

several fatigue tests were performed using a single

mixture in different laboratories and testing machines, in

order to understand better the fatigue phenomenon.

Among the laboratories involved in that investigation,

four were using a four-point-bending testing machine (like

in the present study) and the final results for the same

mixture showed a considerable amount of scatter, e.g. the

strain amplitudes giving failure at 10,00,000 cycles were

ranging from 125 to 173mm/m. Therefore, the comparison

made in Fig. 9 should be considered qualitatively rather

than in quantitative terms.

The RSST-CH tests, used to determine the resistance to

permanent deformation of the mixtures, were done at

508C, as mentioned previously, due to the bitumen

behaviour at high temperatures, with low viscosity, giving

more susceptibility to permanent deformation. At the

same time, using a high temperature, it is possible to

minimise the duration of the tests. The resistance to

permanent deformation of the mixtures is defined as the

number of ESALs equivalent to the number of load

applications in the RSST-CH to obtain the specified rut

depth. The results of the tests are shown in the Fig.10 for

the recycled mixtures and for the control mixture.

The resistance to permanent deformation of the

recycled mixtures is much higher than the control mixture

(the RBM4.5, which is the one with the binder content

closer to the control mixture, shows a number of ESALs

seven times higher than the later). Once again, this can be

explained by the bitumen type present in the recycled

mixtures (harder and with the softening point higher than

that of the control mixture bitumen), giving mixtures with

higher stiffness modulus and more resistance to permanent
Q3deformation.

CONCLUSIONS

Based on the results presented in this paper, the following

conclusions can be drawn:

(a) The recycled mixture with best fatigue resistance was

the RBM5.0, taking into account the expected

increase in fatigue life with an increase in the

bitumen content;

(b) As far as resistance to permanent deformation is

concerned, the mixture with best results was the

RBM4.5, and all the recycled mixtures have shown

better behaviour than the control mixture;

(c) Among the recycled mixtures studied, the RBM5.0 is the

one that best fulfils the requirements of the mix design

(to be applied in a base course), due to its good results

for stiffness modulus (the highest values), fatigue

resistance (identical to the RBM5.5) and permanent

deformation (just below the results of the RBM4.5);

(d) Based on the results of the mechanical properties of the

recycled mixtures, the mixture with the best perform-

ance was the RBM5.0, confirming the result obtained

from the Marshal mix design method. Nevertheless, the

amount of tests carried out and the number of mixtures

studied are not enough to assess the viability of using the

Marshall mix design method as a standard procedure for

recycled mixtures;

(e) The study of the properties of a control mixture is

justified by giving a direct comparison with the recycled

mixtures, using the same testing machine and test

method, in order to give support for the pavement

engineers when choosing between alternative solutions

of pavement rehabilitation, i.e. recycling or overlaying

with new bituminous mixtures;

(f) Comparing the overall performance of the recycled

mixtures with the control mixture, the aspects to

highlight are the better resistance to permanent

deformation and the higher stiffness modulus of

FIGURE 6 Stiffness Modulus of the studied mixtures at 208C.

FIGURE 7 Phase angle of the studied mixtures at 208C.
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the recycled mixtures, together with the higher fatigue

resistance of the control mixture.
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