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h i g h l i g h t s

�Mechanical and performance properties of recycled cold mixes to be used in design of pavement sections.
� Evaluation of mechanical properties and performance of recycled cold mixes by laboratory tests.
� Evaluation of visco-elastic properties of recycled cold mixes by tests carried out on cores.
� Comparison between predicted and recorded visco-elastic response of recycled cold mixes.
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a b s t r a c t

Visco-elastic properties of recycled cold mixes are analyzed in this paper by tests carried out in labora-
tory; the aim of the paper is to evaluate how reliable are these properties to be used for the prediction of
visco-elastic response of pavement layers containing recycled cold mixes.

The paper focuses on both bitumen emulsion and foam bitumen recycled cold mixes; two different
mixtures were designed in laboratory to achieve specific mechanical properties and used to build two
instrumented test sections. Visco-elastic properties and fatigue resistance of these mixtures were deter-
mined on cores extracted from the test sections and compared with those determined on a conventional
hot asphalt mixture for base layer. This comparison allowed to highlight the reduced thermo-sensitive
and time-dependant behavior of these mixtures.

Visco-elastic properties of the recycled cold mixtures determined in laboratory, then were used to
predict strains in the base layer of the test pavements by using the ViscoRoute 2.0 software. The compar-
ison between measured and predicted strain pulses allowed to evaluate the reliability of visco-elastic
parameters determined in laboratory to predict response of layers composed of recycled cold mixes.
The obtained results show that visco-elastic parameters of bitumen emulsion recycled cold layers exhibit
a satisfactorily capacity to accurately reproduce the pavement response; the same reliability cannot be
found for foam bitumen recycled cold layers, whose behavior diverges significantly from that of a
continuum.

� 2014 Published by Elsevier Ltd.

1. State of the art

Recycled Cold Mixes (RCM) are currently used in base and
subbase layers, principally for their recognized benefits in terms
of pavement sustainability [1]; a lot of papers are available in
literature about this subject, nevertheless some issues still need
to be investigated and particularly those related to modeling their

effective visco-elastic behavior which can be significantly different
from that of conventional Hot Mix Asphalt (HMA). The role of
active fillers in RCM has been investigated by many Authors [2],
confirming that RCM containing a low percentage of active filler
perform better than conventional RCM, particularly in soaked
conditions; for the specific case of Bitumen Emulsion Recycled Cold
(BERC) mixtures, it has been shown that cement can increase the
mix stiffness, its resistance against permanent deformation and
can decrease its moisture sensitivity and temperature susceptibil-
ity [3]. Increased curing time and cement content and decreased
testing temperature on BERC mixtures lead to increased Indirect
Tensile Strength (ITS) and Resilient Modulus (RM) values [4,5].
Nevertheless, the resistance to repeated loading is a significant
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factor for the mechanical characterization of these materials. The
addition of cement can make these mixtures more brittle than
conventional HMA [6], reducing the flexibility and fatigue life of
RCM. Particularly, it appears Foam Bitumen Recycled Cold (FBRC)
mixes display a longer fatigue life at low strain levels, while BERC
mixes display a longer fatigue life at higher strain levels. Qualita-
tive analyses indicate that BERC mixes show a diffused damaged,
due to its visco-elastic characteristics, while fatigue damage of
FBRC mixes shows a brittle fracture [7]. At low initial strain levels,
the fatigue life of RCM with cement is longer than mixtures
without cement, whereas at high initial strain levels, the fatigue
life is less than mixtures without cement [8]; this is due to the fact
that the cement has the effect of increasing the fatigue life at lower
strains and reducing the fatigue life at higher strains.

The different visco-elastic behavior has been highlighted also
recently [9], confirming that RCM provide lower stiffness modulus
and lower resistance to repeated loading, but better resistance to
permanent deformation when compared with HMA. This behavior
can be explained due to the presence of cement bonds that reduce
thermal sensitivity and viscous response.

Despite the numerous laboratory studies, only few researches
have been carried out to monitor effectively the behavior of RCM
in the field, and they are limited to FBRC mixes [10–12]; particu-
larly, in the two latter, a fiber optic sensor system was used for
in situ strain measurements, asserting that the material could be
characterized as durable against fatigue failure. The analysis of
results did not indicate an in situ stress dependent behavior.

2. Objectives

This paper focuses on both BERC and FBRC mixes. The principal
objective is to analyze the visco-elastic behavior of RCM by tests
carried out in laboratory; two different mixtures were designed
in laboratory to achieve specific strength requirements and were
used for construction of two test sections. Visco-elastic properties
and fatigue resistance of the mixes were determined by dynamic
tests carried out on cores extracted from the pavements, and were
compared with those determined on a conventional HMA for base
layers.

In order to evaluate field performance of these mixtures, the two
test sections were instrumented and monitored under on service
traffic loads. Visco-elastic properties of the RCM determined in
laboratory were used to predict visco-elastic strains in the base
layer by using the ViscoRoute 2.0 software. The comparison
between measured and simulated strain pulses allowed to evaluate
the reliability of the visco-elastic parameters determined in labora-
tory to predict the field behavior of the RCM for constructing.

3. Mix design of BERC and FBRC mixtures

Mix design was carried out with a Superpave gyratory compac-
tor [13]. Given the absence of technical standards concerning vol-
umetric parameters to be observed for this type of mixes, the
optimum contents of cement, and of both bitumen emulsion and
foam bitumen were identified by optimizing both the bulk density
of the compacted mixture (Gmb) and the ITS.

Fig. 1 shows the aggregate size gradations after the bitumen
recovery of both the BERC and the FBRC mixes. The maximum
aggregate size is equal to 16.0 mm and to 25.0 mm for the BERC
and the FBRC mix respectively, being the related base layer thick-
ness equal to 10 and 15 cm respectively.

In order to determine the optimum water content, samples
were compacted at a number of gyrations Nmax equal to 180, with
a cement content equal to 2% and different water contents. The
optimum content of total liquids was determined as the value

which maximizes the bulk density (Gmb). After that, in order to
determine the optimum binder content, specimens were
compacted at a number of gyrations equal to 180 with different
emulsion (3.3%, 4.2%, 5.0%) or foam bitumen content (2%, 3%, 4%),
as well as with different cement (1.5%, 2%) and a water content
which allows to obtain a total liquid content equal to the value pre-
viously determined. In order to avoid that the mixtures become
significantly more brittle than conventional HMA, the maximum
percentage of cement was equal to 2% [6,14]. After a period of
accelerated curing (72 h) @ T = 40 �C, specimens were tested to
determine ITS. The optimum content of cement, and of both bitu-
men emulsion and foam bitumen were identified by optimizing
the ITS values; the selected mixture compositions are reported in
Table 1.

The two gyratory compaction curves of the design mixtures
(Fig. 2) show a linear increase of compaction degree for both the
mixtures; this highlights that the two mixtures show similar
compaction and volumetric properties.

The results of the ITS tests carried out on the two design
mixtures at T = 25 �C, according to UNI EN 12697-23, after a period
of accelerated curing for 72 h at T = 40 �C, are similar for both the
mixes, and they are equal to 0.34 and 0.38 N/mm2 respectively
for BERC and FBRC mixes, with a Coefficient of Variation (COV)
ranging between 7.5% and 9.5%; they are greater than the mini-
mum value required by the national standards for RCM
(ITS P 0.30 N/mm2). In order to evaluate moisture susceptibility,
the Indirect Tensile Strength Ratio (ITSR), according to UNI EN
12697-12, was determined. The results clearly show that no prob-
lems pertaining to moisture susceptibility arise for the two mixes
[14]. Particularly, the BERC mix shows less moisture susceptibility
than the FBRC mix [3], being the ITSR equal to 92% and 87% respec-
tively, and greater than 75% required from national standards.
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Fig. 1. Aggregate size gradations and composition characteristics of BERC and FBRC
mixes.

Table 1
Composition characteristics of the mixtures.

Bitumen Emulsion
Recycled Cold mix
(BERC)

Foam Bitumen
Recycled
Cold mix (FBRC)

Recycled asphalt pavement (%) 100.0 80.0
Virgin aggregates (%) 0.0 20.0
Bitumen emulsiona,e (%) 4.2 –
Foam bitumenb,e (%) – 3.0
Cementc,e (%) 2.0 2.0
Optimum total liquidsd,e (%) 7.0 5.0

a Modified bitumen emulsion 60/40 with latexa.
b 70/100 Penetration grade pure bitumen for foam bitumen.
c Portland cement 32.5 R.
d Total liquids = bitumen emulsion/foam bitumen + water.
e Percentage by weight of total aggregates (RAP + virgin aggregates).
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