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Matériaux traités au ciment et bitume (MTCB) pour les régions froides:
source de granulats GBR et basses températures de production
Simone RASCHIA
RÉSUMÉ
L'augmentation du prix du bitume due à la crise énergétique des dernières années a entraîné le
développement de technologies rentables de recyclage des revêtements en enrobé bitumineux.
La disponibilité limitée de granulats naturels, l'augmentation des coûts d'élimination des
matériaux provenant des chaussées et la sensibilisation politique croissante aux questions
environnementales favorisent fortement les techniques de recyclage, telles que le recyclage à
froid (cold recycling - CR) et la réutilisation des granulats bitumineux recyclés (GBR). Dans
ce contexte, les matériaux traités au ciment et bitume (MTCB) sont prometteurs en termes de
fiabilité, de rentabilité et de développement durable. La principale différence entre le MTCB
et l’enrobé bitumineux à chaud (hot mix asphalt - HMA) est que l'effet lubrifiant dans le
premier cas est donné principalement par l'eau, tandis que dans le second cas il est donné par
le bitume chauffé. De plus, la cohésion du MTCB est assurée par l’effet combiné de l'émulsion
de bitume (ou de la mousse de bitume) et du ciment comme agents de liaison. Puisque les GBR
représentent la composante principale du squelette granulaire du MTCB, une étude portant sur
l'effet des différentes sources de GBR quant à l’ouvrabilité et aux propriétés thermomécaniques du MTCB est nécessaire pour éclairer le processus de formulation de ce type de
matériaux. Par ailleurs, l'expérience terrain a montré que la mise en oeuvre de MTCB à basse
température (pendant les saisons froides) semble changer les propriétés mécaniques de ce
matériau à long terme. Par conséquent, l'objectif principal de cette thèse est de comprendre
l'effet des sources de GBR et des basses températures de mise en oeuvre sur les propriétés du
MTCB. Les résultats ont montré que la source GBR influence effectivement plusieurs
propriétés des MTCB. En fait, les caractéristiques du liant du GBR, ainsi que son affinité avec
le bitume résiduel de l'émulsion, affectent les propriétés des MTCB lors de la production
(maniabilité et compactabilité), et aussi pendant et après la cure, où on a observé une influence
sur les propriétés mécaniques dans les domaines de petite et de grande déformation. En outre,
les caractéristiques de l'émulsion de bitume influencent le processus de production à basse
température. Les résultats ont montré que la production de ces matériaux à 5 °C (malaxage,
transport, mise en place, compactage et cure) était possible. De cette manière, le temps
disponible pour la production de MTCB au cours de l'année augmente, mais, par contre, une
perte de rigidité à long terme de 30% a été observée par rapport aux MTCB produits à 25 °C.
Il convient d'en tenir compte lors de la conception des chaussées.

Mots clés : Recyclage à froid, Source du GBR, Production, Cure, Basses températures,
Propriétés mécaniques

Cement-bitumen treated materials (CBTM) for cold regions: RAP
aggregate source and low production temperatures
Simone RASCHIA
ABSTRACT
The increase of asphalt price due to the energy crisis of the last years drove the development
of cost-effective asphalt pavement recycling technologies. The limited availability of natural
aggregates, the growing awareness about the environment and the increasing costs for handling
milled materials, required innovative sustainable technics, such as cold in-place recycling
(CIR) and the reuse of reclaimed asphalt pavement (RAP). In this context, cement-bitumen
treated materials (CBTM) ensure benefits in terms of reliability, cost-effectiveness and
environmental sustainability. The main difference between CBTM and Hot Mix Asphalt
(HMA) is that the lubricant effect in the first is given mostly by the water, while in the second
case it is given by the heated bitumen. At the same time, the cohesion of CBTM is granted by
the cooperation of bitumen emulsion (or foamed bitumen) and cement as binding agents. Since
the RAP aggregate are the major component of the aggregate volume, it is believed that a study
on the effect of different RAP sources is needed to improve the mix design process. Moreover,
field experience shows that CBTM laydown at low temperatures (during cold seasons) seems
to suffer a loss in mechanical properties. Hence, the main objective of this thesis is to
understand the effect of RAP sources and of low production temperatures on CBTM properties.
Results have shown that the RAP source does influence several CBTM properties. In fact, the
RAP binder characteristics, as well as its affinity with the residual bitumen used in the
emulsion, affect the properties of cold recycled materials not only during production
(workability and compactability), but also during and after the curing period, where influence
on the mechanical properties in the small strain and large strain domains were observed.
Furthermore, the bitumen emulsion characteristics influence the production process at low
temperatures. Results showed that the production of such materials at 5 °C (intended as mixing,
transportation, laydown, compaction and curing) was possible. In this way the time available
for production during the year increases, but, on the other hand, a stiffness loss of 30% was
observed compared to mixtures produced at 25 °C. This should be taken into account during
pavement design.

Keywords : Cold recycling, RAP source, Production, Curing, Low temperatures, Mechanical
properties
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INTRODUCTION

Nowadays, road pavements rehabilitation is a very important topic, since it faces the increasing
issue of new infrastructure demand together with the decrease of funds, with a new, safe,
reliable and cost-effective road system (ARRA, 2001; Bocci et al., 2011; Cardone et al., 2014;
Esenwa et al., 2013; Grilli et al., 2012; Stroup-Gardiner, 2011). First recycling and
rehabilitation cases go back to the 1930s (Hot In-place Recycling, HIR), even though the
majority of the results in the scientific and technical fields were achieved around the mid 1970s
(ARRA, 2001).
A significant improvement of energy and materials saving was given by the increasing use of
the Reclaimed Asphalt Pavement (RAP), which partially or completely replace the natural
aggregates in asphalt mixtures. Furthermore, production temperatures were gradually
decreased thanks to the employment of warm mix additives (WMA), bitumen emulsion and
foamed bitumen. Thanks to these tools, asphalt industries were able to guarantee a strong
environmental involvement.
Five main recycling techniques are defined by ARRA (2001), according to the damage of the
pavement, operations management and level of traffic:
•

Cold Planing;

•

Hot Recycling;

•

Hot In-Place Recycling (HIR);

•

Cold Recycling (CR):

•

■

Cold In-Place Recycling (CIR);

■

Cold Central Plant Recycling (CCPR);

Full-Depth Reclamation:
■

Pulverization

■

Mechanical and/or bituminous and/or chemical stabilization
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If necessary, all the recycling methods just mentioned can be employed together in the same
project. This thesis focuses its attention on materials produced with CR techniques, which are
carried out at ambient temperature (with no heat addition), allow the use of non-renewable
resources, and in general they allow energy savings compared to other construction methods.
CR technology is considered a powerful rehabilitation system when the following issues are
observed (Davidson & Eng, 2003):
•

Pavement cracking: age cracking, thermal cracking, fatigue cracking, and reflective
cracking;

•

Permanent deformation: rutting due to unstable asphalt mixture, shoving, rough pavement;

•

Loss of integrity in the existing asphalt pavement, ravelling, stripping, flushing, loss of
bond between bituminous layers, and presence of potholes.

The CR techniques were introduced in Canada in the late 1980s and has grown continuously.
The regional municipality of Ottawa-Carleton (now known as the City of Ottawa) was the first
agency to utilize the process as a rehabilitation tool. Nowadays CR process is used almost in
every province of Canada. The interesting point to be made is that each province uses different
choices for the binder: British Columbia uses a rejuvenator or blends, Ontario uses high floats
as well as cationic emulsions, Québec uses cationic emulsions and the Maritimes use high float
and cationic emulsions (Davidson, 2005).
This thesis deals with issues related to the production of CR (CCPR and CIR) mixtures,
characterized by the use of ordinary Portland cement and bitumen emulsion as binders. In
particular, the experimental plan is oriented towards the study of the aggregate phase
composing the mixture, and on how low production temperatures influence mechanical
properties, in both the short and the long term.
CHAPTER 1 presents an update review of the scientific literature specifically related to the
thesis subject, which led to the problem statement and research objectives described in
CHAPTER 2. CHAPTER 3 gives both a theoretical and practical description of a typical mix
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design approach used for HMA, the volumetric approach, which in this thesis has been applied
to CBTM mixtures. CHAPTERS 4, 5 and 6, which contain two papers, analyze aspects useful
for the CBTM composition, i.e. the use of cement as mineral addition in CBTM mixtures
(CHAPTER 5), and the effect of water and cement content on the mechanical properties
(CHAPTER 6). CHAPTERS 7, 8, 9 and 10 collect three papers that deal with the aggregate
structure of CBTM, in particular with granular distribution, Nominal Maximum Aggregate
Size (NMAS) and RAP source. CHAPTERS 11, 12, 13 and 14 are composed of three papers
which assess the influence of low production temperatures on short and long-term mechanical
properties of CBTM mixtures, with a limited analysis also carried out on a different bitumen
emulsion. CHAPTER 15 containes some global considerations about the previous four
chapters. Concluding, the main findings of this thesis are described as well as some useful
recommendations for future works.

CHAPTER 1
LITERATURE REVIEW
This research thesis aims to cover several aspects of a particular type of cold recycled material,
the cement-bitumen treated materials (CBTM). In particular, the study will focus on
components (water, cement and RAP aggregate), as well as on the production process
performed at low temperatures. Consequently, the literature review will highlight the most
important findings from the scientific community to support the objectives of this thesis.
1.1

Cold Recycling (CR)

Road pavements constructed with CR technology using either bitumen emulsion or foamed
bitumen are environmentally sustainable and cost-effective. They are suitable in particular for
pavement rehabilitation using in situ recyclers and/or conventional construction equipment
(Giani et al., 2015; Thenoux et al., 2007).
CR process can be performed either in production plants (Cold Central Plant Recycling—
CCPR) and in situ (Cold In-Place Recycling—CIR). In case of CCPR, the process takes place
in a stationary or mobile recycling plant, which can be a real production center or a CIR train,
less the milling machine. In this manner, the material is controlled and sometimes pre-treated
before the new laydown, giving in return a lower variability and a higher reliability of the final
product (ARRA, 2001; Godenzoni, 2017).
On the other hand, CIR process generally uses 100% of the RAP generated during the milling
process since only asphalt layers are used; also, Virgin Aggregates (VAg) can be included to
reach the target gradation. The CIR treatment depth is typically within the 50 to 100 mm range
when the binding phase is only composed of bitumen emulsion. Treatment depths of 125 to
150 mm are possible when co-binders (or active fillers), such as Portland cement, lime, kiln
dust or fly ash are used to improve the early strength gain and resistance to moisture damage
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(ARRA, 2001). If lime or Portland cement is added to the recycled mix, they can be added in
dry form or as slurry. The slurry method eliminates potential dust problems and permits greater
control of the amount of recycling modifier being added (ARRA, 2001).
1.1.1

Cold Recycled Mixtures (CRM)

In order to ensure workability and compactability at ambient temperature during CR processes,
a water dosage normally ranging between 3% and 6% by mixture mass is added, which allows
to reach a final air voids rate between 10% and 15% (Tebaldi et al., 2014; Xiao et al., 2018).
The compacted CR mixture (CRM) must be adequately cured before a wearing surface is
placed, to let the water evaporation occur. The rate of curing is quite variable and depends on
several factors, including environmental conditions and drainage, as well as moisture
characteristics of the mix. Obviously, the mechanical properties of the final product highly
depend on the curing process, which can be severely hindered in cold climates. Typical curing
periods are several hours to 2 weeks, depending on the above-mentioned factors, the site
location and the binding agent used (foamed bitumen or bitumen emulsion) (ARRA, 2001).
It has been observed that CRM properties in the early life (first days) and in the long term (after
few years) can be improved with the introduction in the mixture of mineral additions. For
mineral addition it is intended a filler-sized granular material which can have or not have the
ability of chemically or physically bond with water. In the literature, terms like active fillers
or co-binders can be found to express the same component inside the CRM mixture, like
cement, hydrated lime, kiln dust, fly ash, etc. With this terminology, the identification of the
mineral addition used can be misunderstood. For example, hydrated lime (Ca(OH2)) reacts
with the carbon dioxide (CO2) in the air to give limestone, even though it needs to be mixed
with water to start the reaction (Collepardi, 1991). So, it can be considered as an active filler
only from this point of view. On the other hand, ordinary Portland cement has the ability to
create bonds when combined with water, keeping trapped a certain amount required by the
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hydration reaction. In this thesis, cement is used as mineral addition (or co-binder), since the
term active filler is considered too generic.
According to the contemporary presence of bitumen and cement, CRM materials can be named
differently and divided in several categories (Figure 1.1):
•

Cement Treated Materials (CTMs): no bitumen is employed and the structural cohesion is
conferred only by the hydration of the cement, that is used between 1 and 6% generally;

•

Cement Bitumen Treated Materials (CBTMs): these mixes are an improved version of the
CTMs, since virgin bitumen binder (from 1 to 3%) is used in order to confer a more asphaltlike behaviour to the mix (less brittle and more flexible). Cement content decreases
between 1 and 3%. This category is considered in this thesis;

•

Bitumen Stabilized Materials (BSMs): they are characterized by granular unbound
aggregates (mostly recycled) stabilized by using low percentages of bitumen (1 to 3%) and
up to 1% of cement.

Figure 1.1 Conceptual composition of pavement mixtures
(readapted from Grilli, Graziani & Bocci, 2012)
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Bitumen emulsion and foamed bitumen are methods to reduce bitumen viscosity, allowing a
better mixing with the cold moist material and to improve workability at ambient temperature.
They are produced in two complete different methods (Asphalt Academy, 2009).
1.1.2

Bitumen emulsions

Bitumen emulsions are dispersion of small droplets of one liquid in another liquid. Emulsions
in general can be formed by any two immiscible liquids, but in most emulsions one of the
phases is water. Oil-in-water (O/W) emulsions are those in which the continuous phase is water
and the disperse (droplet) phase is an “oily” liquid. Water-in-oil (W/O) or “inverted” emulsions
are those in which the continuous phase is an oil and the disperse phase is water (Salomon,
2006). In addition, emulsions can have more complex structures, such as W/O/W, where the
disperse phase contains another phase which may not have the same composition as the
continuous phase (Figure 1.2).

Figure 1.2 Types of emulsions: a) O/W emulsion;
b) W/O emulsion; c) W/O/W emulsion (Salomon,
2006)
Standard bitumen emulsions are normally considered to be the O/W type. They usually contain
from 40% to 75% of bitumen, 0.1% to 2.5% of emulsifier, 25% to 60% of water plus some
minor components (Salomon, 2006). Bitumen droplets in the bitumen emulsion are
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characterized by a size distribution, and this distribution is influenced by the bitumen emulsion
recipe and the mechanics and operating conditions of the emulsion manufacturing plant.
The particle size (usually between 1 and 30 μm diameter) and the particle size distribution of
the bitumen emulsion droplets strongly influence the physical properties of the emulsion, such
as viscosity and storage stability; larger average particle size leads to lower emulsion viscosity,
as does a broad or bimodal particle size distribution (Salomon, 2006).
Emulsions are made by mixing hot bitumen with water containing emulsifying agents and
applying sufficient mechanical energy to break up the bitumen into droplets. Emulsions are
produced in a colloid mill, containing a high-speed (1000–6000 rev/min) rotor. The typical
manufacturing of a bitumen emulsion is illustrated in Figure 1.3.

Figure 1.3 Manufacturing layout of bitumen
emulsion (AkzoNobel, 2017)
Elements listed in the picture are described as follows (AkzoNobel, 2017):
•

Bitumen: Similar material used in HMA but the choice depends on the application;

•

Water: Generally potable water without suspended solids. Some emulsions could require
softened water;

•

Polymer: Emulsions may contain polymers which can be used as a water dispersion (latexnatural rubber latex or Styrene Butadiene latex), or solids (like Styrene Butadiene Styrene-
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SBS) which are dissolved in the bitumen. The polymer modifies the elastic and flow
properties of bitumen to improve performance;
•

Solvent: may be included in the emulsion to improve emulsification, to reduce settlement,
improve curing rate at low temperatures, or to provide the right binder viscosity after
curing;

•

Emulsifier: The emulsifier is a chemical compound which is used to stabilize the emulsion.
They are mostly derived from natural fats and oils like beef fat, or from wood products like
tall oils and lignins;

•

Thickeners: water-soluble polymers which improve the storage stability of the emulsion;

•

Salts: Used to control viscosity changes in the emulsion.

In addition, other chemical elements could be included: calcium and sodium chlorides,
included to reduce the osmosis of water into the bitumen due to the presence of small amounts
of salt in asphalt, and adhesion promoters, that are surface-active amine compounds added to
promote sufficient adhesion between cured anionic emulsions (and occasionally cationic) and
the aggregates (AkzoNobel, 2017).
Emulsifiers are chemical elements with surface activity that, when dissolved in a liquid
(especially water), decrease the surface tension by adsorption on the liquid/vapour interface or
other surfaces. Emulsifiers molecules have a nonpolar lipophilic tail and a polar hydrophilic
head group, which is balanced by the counter-ion (SFERB, 1991). The molecules concentrate
at the interface between water and bitumen, orientated with the polar group in the water and
the nonpolar parts of the molecule in the oil (Figure 1.4). Emulsifiers can be classified into
anionic, cationic, ampholytic and non-ionic types depending on the charge their head groups
adopt in water, although this charge may depend on pH.
Anionic emulsifiers ionize in water to create negatively charged ions, and they usually contain
negatively charged oxygen atoms in head group. At opposite, cationic emulsifiers ionize in
water to create positively charged ions. In the head group, they usually have nitrogen atoms
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positively charged. Ampholytic emulsifiers are characterized by two or more functional
groups, which can ionize together in an aqueous phase, according to the pH. At the end, nonionic emulsifiers do not produce ions in aqueous phases.

Figure 1.4 Types of emulsion charges: a) Anionic emulsion (negative charge);
b) Cationic emulsion (positive charge) (AkzoNobel, 2017)
Emulsifiers are often supplied in a water-insoluble form and need to be “activated” (or deprotonated) with acid or alkali to have the final surface-active cationic or anionic water-soluble
form used to prepare the soap solution. The choice of the acid or alkali (and the final emulsion
pH, subsequently), strongly influence its properties. Hydrochloride and phosphoric acids are
used for cationic emulsions, while sodium and potassium hydroxide are the most common
alkalis used for anionic emulsions (SFERB, 1991).
Although a large amount of emulsifier in an emulsion resides at the bitumen/water interface, a
certain amount is dispersed in the water phase (free part). As emulsifier molecules are partially
hydrophobic, they are most likely to exist as colloids. When an emulsion comes into contact
with aggregates, the free emulsifier will be attracted to charged sites. Of course, if these sites
are used by free emulsifier, the emulsion will not break as quickly. Therefore, the higher the
level of (free) emulsifier, the slower the breaking rate of the emulsion. It can also be
hypothesized that a large amount of free emulsifier in an emulsion can rapidly attach to the
aggregate surface, preventing the bitumen breaking on the same spot. In this way, bitumen
droplets will coalesce far from the aggregate surface, leading to poor binding of the final
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mixture. Table 1.1 gives a correlation between the type of the emulsion and its typical use in
asphalt industry, while Table 1.2 illustrates the typical level of emulsifiers used.
Table 1.1 Bitumen emulsion identification (AkzoNobel, 2017)
Reference standard
ASTM D977 and D2397
Cationic (+)

UNI EN 13808:2013

ASTM D977 and D2397
Anionic (-)

UNI EN 13808:2013

Used for:

Rapid-setting

Medium-setting

Slow-setting

CRS

CMS

CSS

C60B1

C60B4

C60B2

C60B5

C60B3

C60B6

RS

MS

A60B1

A60B4

A60B2

A60B5

A60B3

A60B6

Chip-seal

C60B7
C60B8
C60B9
C60B10
SS
A60B7
A60B8
A60B9
A60B10

Open-graded

Dense-

mix

graded mix

Table 1.2 Level of use of typical emulsifiers (AkzoNobel, 2000)
Emulsion type

Emulsifier level [%]

Emulsion pH

Typical emulsifier

Cationic Rapid Setting

0.15-0.25

2–3

Tallow diamine

0.3-0.6

2–3

Tallow diamine

Cationic Slow Setting

0.8-2.0

2–5

Quaternary amine

Anionic Rapid Setting

0.2-0.4

10.5-12

Tally acid

0.4-0.8

10.5-12

Tally acid

1.2-2.5

7.5-12

Nonionic+lignosulphonate

Cationic Medium
Setting

Anionic Medium
Setting
Anionic Slow Setting
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The principle of employing asphalt emulsion technology is to match the reactivity of the
emulsion with the reactivity of the aggregate; rapid set emulsions shall be used with lowreactive (low surface area) aggregates, while slow set emulsions are better suited for reactive
(high surface area) aggregates. In particular, some aggregates, like carbonates and fillers (as
cement, that is highly basic), may neutralize acid in cationic emulsions causing the pH to rise
and the emulsion to be destabilized. At opposite, anionic emulsions may be destabilized by
soluble multivalent ions (Salomon, 2006).
On a physicochemical point of view, emulsion stability is obtained thanks to the repulsive
forces between bitumen droplets (electrostatic forces). These interparticle forces can be
described by the so-called DLVO theory, named by Derjaguin-Landau-Verwey-Overbeek
(Israelachvili, 2015). According to this theory, inter-droplet interactions are the sum of an
electrostatic repulsion and a Van der Waals attraction. When the repulsion overcomes the
attraction, the droplets are prevented from approaching each other and the emulsion is stable,
i.e., no coalescence occurs. On the opposite, when the attraction overcomes the repulsion, the
droplets tend to contact and then coalesce. Hence, the breaking of the emulsion can be
described in rational terms as a consequence of two causes (Figure 1.5) (Lesueur & Potti,
2004):
•

Very high bitumen concentration of droplets (film forming): the bitumen droplets retain
their identity up to a high concentration, which can be higher than 98% for slow setting
emulsions. From then, the pressure becomes high enough to generate the breaking of the
films between the bitumen droplets and coalescence occur. The kinetics of the film
formation is then imposed by the water evaporation rate;

•

Disappearance of the electrostatic repulsion between droplets (gel contraction): this
breaking mode is activated by the action of the aggregates or of an additive, such as
Portland cement or lime. Chemical reactions or changes in the pH will promote the
coalescence of the bitumen droplets (electrostatic attraction and/or chemical reactions);
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Figure 1.5 The two possible breaking
cases for the bitumen emulsion
(Lesueur & Potti, 2004)
According to Wates and James (Wates & James, 1993) there are three breaking mechanisms
for cationic emulsions in contact with negatively charged siliceous materials:
•

Emulsifier abstraction: in which the emulsifier moves from the bitumen/water interface to
the aggregate surface, leading the coalescence of the emulsion;

•

Deprotonation of the acidified emulsifier: protons are adsorbed by aggregates basic
surface, deactivating the emulsifier and thus causing the emulsion breaking;

•

Droplet migration: bitumen droplets are attracted to the negatively charged aggregate
surface, due to the positively charged emulsifier. The final situation is beneficial as the
bitumen is bound on the aggregates by the emulsifier, which subsequently acts as adhesion
agent.

Another mechanism has been proposed by Plotnikova (Plotnikova, 1993). This theory claims
that the free emulsifier is firstly adsorbed on the aggregate surface. In the same way, the
emulsifier spread on the bitumen particles is abstracted and absorbed on the aggregate; the
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aggregate surface becomes then hydrophobic, and the bitumen is attracted being hydrophobic
too because of the emulsifier desorption.
Gaestel assessed that there are two breaking mechanisms in the case of anionic emulsions
(Gaestel, 1967):
•

In combination with calcareous aggregates, which are positively charged, the emulsifier
forms a salt with the calcium ions contained in the aggregate, removing it from the
bitumen/water interface and leading the emulsion to break;

•

In combination with negatively charged siliceous aggregates, the inorganic cation is
adsorbed on the aggregate surface. This causes the deactivation of the emulsifier through
the loss of the counter-ion, thus the emulsion is destabilized and breaks.

Needham (Needham, 1996) conducted a wide study on coalescence properties of emulsions
during compaction, and especially its behaviour depending on several parameters. The factors
that showed a strong effect on bitumen particles coalescence during compaction are the
bitumen penetration grade, the compaction load, the cement content, and the polymer addition
combined with cement. Softer bitumen droplets deform more easily during compaction,
especially when the pressure to which they are subject is higher. Moreover, it seems to exist
an electrostatic or steric boundary between droplets which must be overcome in order to join
them together. The higher the cement content, employed alone or with polymers, the higher
the coalescence increase, due to the chemical reaction that deactivates the emulsifier, although
rapid-setting cements do not lead to a faster coalescence. Nonetheless, emulsions with high
resistance to hydration reaction ions OH—and Ca2+ show much better mixing stability (Ouyang
et al., 2018). At the same time, it is important the type of emulsifier used as well, since different
emulsifier types seem to have retarding effect on cement hydration (Tan et al., 2013).
Results showed that a higher emulsifier level leads to a slower coalescence, caused by a high
concentration of free emulsifier, such as a strong repulsive force between bitumen particles.
Same result is obtained with the use of polymers without cement (Needham, 1996).
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Overall, the compaction process seems to be fundamental to start the coalescence process and
the cohesion development, since un-compacted mixes did not show cohesive behaviour in the
first 24h. On the other hand, what is not crucial is the compaction temperature, since results
showed that an increase from 3°C to 45°C lead to a low coalescence increase from 37% to 53%
(Needham, 1996).
1.1.3

Foamed bitumen

The thesis treats only of CBTM mixtures produced with bitumen emulsion but a general
overview on the foamed bitumen mixtures is provided. Foamed bitumen is produced by
injecting water into hot bitumen, resulting in spontaneous foaming. The physical properties of
the bitumen are temporarily altered when the injected water, on contact with the hot bitumen,
is turned into vapour, which is trapped in thousands of tiny bitumen bubbles. The foam
dissipates in less than a minute and the foaming process occurs in an expansion chamber.
To produce a CBTM with this technique on site, the bitumen is foamed in that context and
incorporated into the aggregate while still in its foamed state. The greater the volume of the
foam, the better the distribution of the bitumen in the aggregates.
During the mixing process, the bitumen bubbles burst, producing tiny bitumen particles, that
disperse throughout the aggregate by adhering to the finer particles (fine sand and smaller) to
form a mastic. The moisture in the mix prior to the addition of the foamed bitumen plays an
important role in dispersing the bitumen during mixing. On compaction, the bitumen particles
in the mastic are physically pressed against the larger aggregate particles resulting in localized
non-continuous bonds (Asphalt Academy, 2009).
The properties of the foam are characterized by means of the expansion ratio and the half-life
values. These values are calculated as follows:
•

Expansion Ratio = Maximum volume of foamed bitumen/Original volume of bitumen;
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•

Half-life = Time measured in seconds for the foamed bitumen to subside from the
maximum volume to half of the maximum volume.

Figure 1.6 Determination of Optimum Foamant
Water Content (Asphalt Academy, 2009)
Such parameters are measured in laboratory simply spraying the bitumen foam in a
standardized bucket with different foaming water contents. By varying the application rate of
the foamant water, a plot such as Figure 1.6 is obtained for a specific temperature. In this
manner, it is possible to choose the optimum foaming water content. Standard specifications
for ERm and τ1/2 are non-existent but recommended values of ERm > 8 and τ1/2 > 6 seconds are
observed from South African experience (technical guidelines) (Jenkins, 2000b).
1.1.4

Reclaimed asphalt pavement (RAP)

The increasing use of RAP in the last years is mainly due to the exponential improvement of
the techniques adopted, as well as the advancements in the scientific field. In fact, recycling
asphalt pavements have technical, economical and environmental advantages. For these
reasons, the majority of design and rehabilitation projects worldwide are characterized by the
employment of RAP aggregate in percentages from 10% to 100%, depending especially on the
road class and the traffic level (Al-Qadi et al., 2007).
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After that RAP is obtained from the pavement milling, it is usually stockpiled in production
plants before being re-used in construction or rehabilitation projects. At this stage, the material
is completely exposed to air and ambiental factors, which lead to oxidation and ageing. As a
consequence, the characterization of the RAP when implemented in a new mixture is an
extremely important step. Normally, when RAP is employed in HMA mixture, the extracted
RAP binder is extracted and analyzed to determine the degree of blending with the virgin
binder at the target mixing temperature. However, it is reasonable to assume that when RAP is
impletemented in a CRM (or CBTM) mixture, no blending occurs between the bitumen
emulsion residual bitumen and the RAP binder, because of the low production temperatures.
In such case, one crucial aspect is the RAP gradation. RAP is a heterogeneous material and is
not always composed of aggregates covered by old bitumen. At the same time, it is possible to
find conglomerates of small aggregates glued together by a mastic. Such aspects could cause
a drastic change in the gradation when a new mixture is put in place, therefore it is important
to keep the RAP gradation under control (Perraton, Tebaldi, et al., 2016). In the framework of
the RILEM TC 237-SIB TG6, a protocol by Perraton at École de technologie supérieure was
proposed to perform a Round Robin Test (RRT) in order to characterize RAP sources by a
fragmentation test. This procedure resulted to be suitable to differentiate different RAP classes
based on their fragmentation resistance, but additional studies were needed to evaluate the
relationship between the fragmentation test classification and the properties of the CBTM
mixture produced (Perraton, Tebaldi, et al., 2016; Tebaldi et al., 2019).
1.1.5

Ordinary Portland Cement

Cement is a hydraulic binder which is generally employed to produce concrete. When it is
combined in his unhydrated form with water, it forms the cement paste. The cement paste is
the binding phase in concrete which holds the aggregate structure together. A particular type
of cements are the calcium silicate cements, also known as Portland cements. At present, five
types of Portland cements exist (types I-V), and the main differences among them are due to
the production process, especially in terms of cement minerals used and the fineness to which
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the cement is ground. These five types are defined as Ordinary Portland Cements (OPC) and
they are the most commonly used for typical concrete applications (Thomas & Jennings, 2009).
The reaction between OPC and water forms various products, among which the most important
is called calcium-silicate hydrate (C-S-H) gel, which grows between particles giving strength
to the cement paste. The volumetric composition of the cement paste is strongly related to the
degree of the hydration reaction α, which varies from 0 (unhydrated cement) to 1 (cement
completely hydrated). The formulation of the volumetric properties evolution with α is possible
thanks to the Powers’ model (Powers, 1958). Powers’ model is largely based on a
comprehensive study of water vapour sorption isotherms and chemically bound water in
hardening cement pastes. The water involved in a cement paste can be classified in three parts:
capillary water, gel water and chemically bound water. The capillary water is the free water
present in the coarse capillary pores. The gel water is the water physically bound to the surface
of the gel solid, equal to approximately 0.19 g per gram of cement reacted. The gel solid
structure is composed of the chemically bound water, which is approximately 0.23 g per gram
of cement reacted. Therefore, a complete OPC hydration is only possible at a water/cement
(w/c) ratio above 0.42 (= 0.23 + 0.19). If a lower w/c ratio is used some cement will remain
unhydrated (α < 1), whereas if a higher w/c ratio is used cement will totally hydrate (α = 1)
and some capillary water will still be available (Jensen & Hansen, 2001; Powers, 1958).
The products formed by the reaction have a lower volume compared to the total volume of
cement and capillary water initially used, due to chemical shrinkage. The volume of capillary
pores is around 6.4 ml per 100 g of cement reacted. Based on such assumptions and assuming
an air-free cement paste, the following volumes can be defined (Jensen et al., 2001):
•

Volume of capillary pores V :
V

•

(1.1)

Volume of capillary water V :
V

•

= 0.20 ∙ V ∙ α

Volume of gel water V :

=V

,

− 1.32 ∙ V ∙ α

(1.2)
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V
•

•

= 0.60 ∙ V ∙ α

(1.3)

V = 1.52 ∙ V ∙ α

(1.4)

Volume of gel solid V :

Volume of unhydrated cement V

:
V

= V ∙ (1 − α)

(1.5)

All the volumes just described are illustrated in Figure 1.7. In the figure, the w/c ratio is fixed
at 0.42 in order to have a full cement hydration and the evolution of the volumetrics for α as a
function of time is shown. It can be observed that the volumes of capillary water and cement
when α = 0 (V

,

and V ) are 57% and 43%, respectively. It is also highlighted that if α = 1

in Equations (1.1) — (1.5) the total volume of the cement paste is still equal to 1, even though
approximately 8.6% (= 0.20 x 0.43) of the hydrated cement paste is capillary pores. The
remaining solid structure of the cement paste, V and V , is approximately 2.12 (= 1.52 + 0.6)
times the initial cement volume.
V
Capillary
water (cw)

Unhydrated
cement (C)

Vcw,0 = 57%
ρw = 1.000 g/cm 3
Mcw = 42.0 g

V

Capillary pores (cp)
Gel water (gw)

V

V

VC = 43%

Gel solid (gs)

ρC = 3.150 g/cm 3
MC = 100.0g

V

w/c = 0.42

𝛂=𝟎

𝛂 = 𝜶 (𝒕)

𝛂=𝟏

Figure 1.7 Volumetric composition development during cement hydration for w/c = 0.42
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1.2

Interaction of bitumen emulsion with mineral aggregates

As mentioned in chapter 1.1.2, the bitumen emulsion can show different ways to flocculate
and eventually break on the aggregate surface, depending especially on the chemical attraction
between bitumen droplets and aggregate. In more practical situations and in lack of specific
laboratory equipment, it is difficult to precisely evaluate both the aggregate and bitumen
emulsion composition. Regarding the aggregates, the identification becomes more difficult
when dealing with stockpiled RAP, since its random nature makes it composed of many
variables. Same goes for bitumen emulsions supplied by industrial producers that often are not
willing to share all the details regarding the composition. In this manner, some important
aspects of the emulsion chemistry are totally unknown. Of course both issues lead to some
uncertainties at the moment of mix-design, since the mechanical properties of CBTM mixtures
could change drastically for different aggregate-emulsion combinations.
When a bitumen emulsion is combined with RAP, such as in CBTM mixtures, the assumption
that the aged RAP binder does not reactivate, to act as a co-binder, is reasonable. In fact,
generally RAP is considered as a “black rock”, i.e. an aggregate phase composed by a
reclaimed aggregate partly coated by stiff aged binder. The aged binder is unlikely reactivating
at the usual production temperatures of CBTM. Yan, Zhu, Zhang, Gao, & Charmot (2014)
evaluated the effect of the presence of RAP in CBTM mixtures mechanical properties and by
a finite elements analysis (FEM) analysis. Both protocols confirmed that the presence of RAP
improved Indirect Tensile Strength (ITS), high temperature stability, moisture resistance and
fatigue performance. According to the analysis, the aged binder in the RAP could act as a
cushion between the aggregate phase and the virgin binder, reducing stress and strain fields.
In other researches, the bonding resistance at the interface between bitumen emulsion and
aggregate surface was evaluated by means of the Binder Bond Strength test (BBS) (Cardone
et al., 2018; Graziani, Virgili, et al., 2018; Miller et al., 2010). The test consists in gluing a stub
on a mineral flat surface by means of the virgin binder (in this case bitumen emulsion). After
a certain period of curing and/or conditioning, the stub is pneumatically pulled out and the
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adhesive strength necessary to remove the stub is measured. Results from BBS test showed a
quite good repeatability, even though the test was not born to test bitumen emulsions (Miller
et al., 2010). Moreover, it was observed that when bitumen emulsion is combined to a
limestone surface, this penalizes the moisture sensitivity if compared to a basalt surface
(Graziani, Virgili, et al., 2018). An attempt was done to evaluate the RAP/bitumen emulsion
adhesion strength, by coating the mineral surface with a virgin binder and simulate a laboratory
ageing to reproduce the RAP characteristic (Cardone et al., 2018). The main failure type was
cohesive (rather than adhesive), meaning a good bond between the residual emulsion bitumen
and the artificial RAP surface. When the mastic composed of bitumen emulsion and filler was
tested instead of the simple residual binder, the main failure type was adhesive. Testing the
mastic is more realistic, since in CBTM mixture it is the mastic (bitumen emulsion, filler and
cement) that coats the larger RAP aggregates. An adhesive failure type is an index of the poor
bonding between the two components.
1.3

Role of mineral additions

It is important to remark that bitumen and other co-binders (cement, calcium carbonate, etc.)
do not create a new unique binder, but they act separately. However, the addition of these
elements produces suitable structural and durability properties (Brown & Needham, 2000;
Raschia et al., 2018; Stroup-Gardiner, 2011; Yan et al., 2017).
The dosage of residual bitumen and cement control the stiffness and thermal sensitivity of
CBTMs, while the quality and amount of fines (passing at 0.063mm sieve) are extremely
important for the production of the binding mastic. In particular, when a bitumen emulsion is
employed, the amount of fines is less critical, since the bitumen partially coats the coarser
aggregates.
According to the proportions in which bitumen and cement are mixed, the mechanical response
of a CBTM is extremely variable. In general, the addition of cement increases strength,
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stiffness and permanent deformation resistance but, at high cement content, mixture could be
affected by premature cracking (Grilli et al., 2012; Yan et al., 2017).
Cement hydration takes place thanks to the watery phase that is introduced in the mixture as
part of the bitumen emulsion or water itself used for improvement of compactability (Brown
et al., 2000; Giuliani, 2001; Montepara & Giuliani, 2001). The presence of bitumen with the
cement does not prevent the formation of cement hydrated compounds. Nevertheless, different
types of emulsifier have different effect on cement hydration rate (Li et al., 2015; Tan et al.,
2013). In other cases, for example when the emulsifier content is low, the water retained in the
mixture evaporates quickly and the cement hydration is arrested or prevented (Miljković et al.,
2017). Figure 1.8 shows that when cement is added, the emulsified bitumen particles split
gradually. The asphalt membrane sticks to the surface of the cement, which can block cement
particle hydration (Wang et al., 2014).

Figure 1.8 Optical images of fresh emulsified
asphalt with cement (Wang et al., 2014)
It was found that other mineral additions (such as slag and rock flour) had no influence on the
dry or soaked ITS results compared with CBTM produced with any filler. On the other hand,
cementitious binders resulted in higher ITS values, as expected (Hodgkinson & Visser, 2004).
Similar results were achieved by different authors (Brown et al., 2000; Lachance et al., 2012;
Niazi & Jalili, 2009), which concluded with the general mechanical enhancement given by
ordinary Portland cement in CBTMs. In fact, it can be seen that hydrated lime and calcium
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chloride (CaCl2) can give a contribution on stiffness, but not as high as Portland cement
(Raschia et al., 2018). Nevertheless, Chandra et al. (2013) showed that mixtures with 1% of
cement compared with mixtures treated with 2% of hydrated lime gave similar performance at
ITS. Moreover, Du (2014) demonstrated that hydrated lime combined with slag forms a
cementitious binder that is able to give acceptable moisture resistance, even though not as high
as with cement addition. However, the application of cement is more popular while producing
lime slurry is much more difficult (Sebaaly et al., 2004). Grilli et al. (2012) clarified the
behaviours of cement and bitumen acting at the same time by considering the weight ratio
between the residual emulsion bitumen in the mix (BR) and the cement dosage used (C).
Indeed, if BR/C < 1, it implies CBTMs with high stiffness and low ITS values, whereas when
BR/C is approximately 1 the mixture provided both high stiffness and ITS values. Finally, if
BR/C > 1, the mixture showed low stiffness and ITS values. This means that the cement allows
high stiffness to be reached and, increasing the residual bitumen dosage (BR), high fracture
resistance can be provided, too. However, when a higher dosage of bitumen emulsion is used,
the mixture becomes more ductile and the stiffness decreases. Table 1.3 shows important
aspects to consider when bituminous binders, such as bitumen emulsion, and cementitious
binders, such as cement, are used.
1.4

CBTM production and curing

1.4.1

Introduction

Mix design is the process which leads to the production of construction materials with the
necessary quality and consistency to fulfil their intended functions. The production process
consists in many aspects, such as the choice of materials, as well as transportation, laying and
compaction procedures. A production process carried out in an efficient way optimizes the
energy consumption of each aspect, influencing directly the project final costs (Figure 1.9)
(Xiao et al., 2018).
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Table 1.3 Advantages and disadvantages of bituminous and cementitious additions (taken
from Xiao et al. (2018))
Binder

Advantages

Disadvantages

1) Flexibility
Bitumen
emulsion

(viscoelastic type of material)
2) Ease of application and acceptance
3) Quick strength development

1) Relatively empirical (not uniform
distribution)
2) Rutting as main distress

4) (traffic can be open soon)
3) Availability, cost saving and ease
of application
Cement

4) Shrinkage cracking failure

5) Specifications are usually available 5) Requires curing and protection
6) Compressive strength and durabi-

from early traffic

lity improved

Figure 1.9 Energy consumption of production steps for
different techniques (taken from Xiao et al., 2018)
Mix design of CBTMs is particularly challenging because of the number and the different types
of “ingredients” that build these materials. Each component, VAg or RAP, water, bitumen and
cement, with its own variability, availability and cost, needs to be blended and processed to
formulate a composite product (Asphalt Academy, 2009).
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1.4.2

Mixing and compaction

Tebaldi et al. (2014) provided a large synthesis of mixing procedures for specimen preparation
for CBTM made with emulsion (Table 1.4).
Table 1.4 Mixing procedures for CRM mixtures with added bitumen (RAP, cement or lime
and emulsion) (Tebaldi et al., 2014)
Design method

Minnesota
procedure

Emulsion
temperature (°C)

60

Mixing order

RAP and water mixed. Then
mixed with emulsion

Norway

Room

RAP, water and emulsion

procedure

temperature

mixed at once.

Italian

Room

RAP and aggregates, water,

procedure

temperature

cement, emulsion

Mixing method

Manual
Manual/Mechanical
Manual

RAP, cement, water and
Wirtgen

Room

procedure

temperature

emulsion mixed at once. RAP,
lime and water mixed at least

Mechanical mixer

4h prior to mixing with
emulsion.
Manual/Mechanical

NYS DOTproposed
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specification

using vibratory
compaction

one specimen mixed

with emulsion

at a time, mixing
time ≤ 60s

RAP and cement or lime

South Africa
guidelines

RAP mixed with water. Then

mixed. Then mixed with water
Field temperature

and stored for 15–30 min. Mix
with emulsion and store for
40–60 min before compaction

Pug-mill mixer
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In the current state of practice, there are four main types of laboratory compaction procedure
for CBTM mixtures: impulsive (Marshall hammer and Proctor rammer), static (Duriez
compactor), static and kneading (Shear Gyratory Compactor—SGC) and vibratory (Vibratory
Hammer). The selection among these methods depends mainly on the specific role of CBTM
in the pavement structure and technical experiences. When CBTM are used as an improved
granular material impulsive compaction could be more reliable, whereas when they are used
as a surrogate of a bound mixture the kneading or vibratory compaction could be more
effective.
CRMs without added bitumen are mainly compacted using the Proctor or by the AASHTO T180 method while mixtures with added bitumen are mainly compacted using the Marshall or
gyratory or vibratory compaction. Table 1.5 shows a summary of some of the compaction
methods used for CRM with and without bitumen. One of the aims of specimen preparation in
the laboratory is to compact specimens in a similar manner to field compaction. However, the
extent to which any of these mix design methods simulate field compaction is not clear
(Tebaldi et al., 2014).
Table 1.5 Compaction methods used for CRM mixtures containing RAP (Tebaldi et al., 2014)
Design method

California
procedure—foam
bitumen

procedure

added bitumen

added bitumen

(method D)

-

emulsion
Minnesota

Mixture with

AASHTO T-180

California
procedure—

Mixture without

-

Specimen size (mould
size) for bituminous
mixes

Marshall 75x2 blows
100 x 64 mm
Marshall 75x2 blows/30

(diameter x height)

gyrations
Gyratory 600 kPa, 1.25°

101.6mm diameter
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Table 1.5 Compaction methods used for CRM mixtures containing RAP (Tebaldi et al.,
2014) (continued)
Gyratory 600 kPa, 10, 30
Norway procedure

Modified Proctor

rpm, specimens
compacted to 96% of

100mm diameter

density at 200 gyrations.
South Africa
procedure—foam
bitumen Level 1
South Africa
procedure—foam
bitumen Level 2
Wirtgen procedure
Modified Marshall
procedure

Modified

Marshall/vibratory

AASHTO

hammer

Modified
AASHTO
AASHTO T-180
-

NYS DOTproposed

-

specification

100mm diameter
150mm diameter by

Vibratory hammer

127mm height
Proctor mould

Marshall 75x2 blows or
vibratory compaction
Marshall 50x2 blows
Marshall 75x2 blows or
30 gyrations at 250°C

4 inches diameter

4 inches diameter

Gyratory 600 kPa, 30
Italian guidelines

-

rpm, specimens
compacted at 200

150mm diameter

gyrations.
One of the issues of CRM is the laboratory simulation of the field mix since the equipement
used in lab and the specimen size differs than in the field. Air voids distribution within the mix
is a function of many factors such as mix composition, compaction method and aggregate
properties. The choice among the different compaction methods and energy are also important
to well represent field conditions. Moreover, the influence of compaction energy and the
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resulting density (air voids content) in CBTM is of extreme importance for the curing and
mechanical behaviour of the mix (Jiang et al., 2019).

Figure 1.10 Proctor compaction test results (Grilli et al., 2012)
However, it was observed that volumetric characterization of CBTM mixtures brings to a better
control of the compaction process itself, if the dosage and the mix design are made thoroughly.
The basic concepts are explained in CHAPTER 3. In accordance to this approach Grilli et al.
(2012) studied the compactability and the optimum liquid (water and bitumen) content of these
mixtures produced with bitumen emulsion. Two compaction methods were employed: Proctor
and Shear Gyratory Compactor. The “bell-shaped” curves obtained by means of Proctor
compaction (Figure 1.10) showed an optimum free water content for all mixtures. The term
free water is used to indicate the amount of water that is not absorbed by the aggregates. At
the same time, a unique value of optimum free liquid content was not found. This indicates
that even before emulsion breaking, the effective bitumen did not contribute to the compaction
process. When the SGC is employed, two types of compaction curves were identified: mainly
linear (at a low water content) and bilinear (at a high water content) (Figure 1.11). The point
of inflection of the bilinear trend is located at the number of gyrations corresponding to a level
of void saturation (by water and bitumen) of about 90%, indicating that as air voids are reduced,
liquids tend to fill them (mixture approaches saturation); then part of the compaction energy is
spent to increase the pore liquid pressure.
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Another research project was performed by Wendling et al. (2014) in order to adapt the current
French SGC to allow the compaction of cold mixes by adding the functionality of collecting
extruded water due to pore saturation (Figure 1.12).

Figure 1.11 SGC Test results (Grilli et al., 2012)

Figure 1.12 Compactability of cold mix asphalt using emulsified
bitumen—void and normalized water extruded (Wendling et al., 2014)
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Also in this case, it can be observed that water starts to flow out and be collected when the air
voids reach a constant value (around 2–3%). The collection of water occurred from both the
upper and lower sides of the compaction mould, where the water was flowing in the same
amount. The results obtained from both researches would suggest that both the measurement
and study of water extrusion kinetics could become valuable tools in assessing the onsite
behaviour of cold bituminous mixes and, in particular, their drainage properties during
compaction.
1.4.3

Curing protocols

Curing of CBTM is an evolutive process during which the material loses water through
evaporation, and improves its mechanical properties through cement hydration and emulsion
breaking. Because of this, it is important to have realiable laboratory (and field) procedures to
control the curing process during time.
Laboratory curing of CBTM aims to simulate field curing conditions while trying to accelerate
the achievement of the long-term properties (Jenkins & Moloto, 2008). With the term “longterm properties” it is intended the condition of the material for which the evolution of its
properties is almost stable. In fact, it is quite impossible to establish whether CBTM mixtures
are totally cured or not. However, the factors that influence lab and field curing are extremely
difficult to standardize and reproduce because they are related to mixture composition (binder
types and dosage), construction parameters (degree of compaction, layer thickness, drainage
conditions, construction phases) and environmental factors (temperature, humidity, wind).
When both bitumen emulsion and mineral additions are employed, the curing process actually
results from more mechanism: emulsion breaking, moisture loss and hydration of eventual
cementitious binders. Therefore, a laboratory simulated curing protocol should consider the
single curing mechanism characterizing the components used (emulsion breaking/moisture
loss and cement hydration), paying attention to specimen shape, dimensions and boundary
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conditions as well as controlling curing temperature and relative humidity (Cardone et al.,
2014).
In particular, initial curing rate and residual water of CBTM are extremely important during
construction activities because they control when upper layers can be laid down and therefore
when the rehabilitated pavement can be reopened to traffic.
1.4.4

Field curing studies

In many European countries, the residual moisture content is used to determine the right
moment for an HMA overlay, ranging from 1.0% to 1.5% of the cold mixture (Kim et al.,
2011). According to the Federal Highway Administration (FHWA) survey in 2009, each US
state has different moisture content and curing time requirements: Arizona, Iowa, South
Dakota, Vermont and Washington state require that the CIR layer cures until the moisture is
reduced to 1.5% or less. Colorado requires a moisture content of 1.0%, while Kansas 2.0%.
Delaware, Idaho, Maine, Maryland, Nebraska, Nevada, New Hampshire, New York, Ohio,
Ontario, and Pennsylvania require a 4–45 days curing (Kim et al., 2011).
Although many manuals do not specify different curing requirements for CIR produced with
foamed bitumen or bitumen emulsions, generally a higher moisture content for foamed
bitumen compared to mixes with emulsion is allowed. They recommend between 1.0% and
1.5% of residual water for emulsion layers before a new layer is laid, but at least 2.0% less
than the optimum moisture content (OMC) if the cold mixture is produced with foam.
Lee (1980) highlighted that curing behaviour of such mixtures is dependent on the mixture
composition, hence it is important to consider also water dosage as a fundamental parameter
in terms of mix design. In the literature, it is common to find residual water contents of less
than 0.5% after oven curing at 60°C (Jenkins et al., 2008). Moreover, 60°C temperature is often
above the softening point temperature of the base binder and may cause a different dispersion
of the bitumen if compared to field conditions.
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Subsequently, curing temperatures of 40 ± 5 °C were commonly used as an accelerated
laboratory curing simulation of field moisture conditions. Plus, depending on the curing period,
it can represent between 12 months and 3 years of field curing (Jenkins et al., 2008; Serfass et
al., 2004).
1.4.5

Laboratory curing for bitumen emulsion mixes

It is widely known that it is not possible to establish a unique laboratory curing protocol for
bitumen emulsion mixtures. In addition, many mix-designs use a combination of curing times
and temperatures. The early strength of the cold recycled pavements, immediately after
compaction, can be simulated using a curing time of 6 hours (Lee et al., 2002). At the same
time, a curing period of 24 hours is widely accepted as a reference for quality control of the
mixture just laid; it also particularly fits the project time scheduling. Figure 1.13 shows
normalized values of strength development along curing.

Figure 1.13 Normalized strength along curing related to literature (taken from
(Dolzycki et al., 2017))
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The authors normalized the strength development assuming as reference value the one obtained
at 28 days. As already mentioned, the curing process depends on many different variables (raw
materials, mixture composition and binder dosage, environmental conditions, etc.), but from
the data collected in the figure it can be observed that the increase in strength between 28 and
120 days reached a maximum of 20%. This indicates that 28 days of curing does not allow to
reach a perfectly stable condition of mechanical properties, but it can be a good compromise
between laboratory timing operations and the need to investigate long-term cured materials,
since the increase observed afterwards is quite small.
A particular aspect of curing in CBTMs is the presence of bituminous and hydraulic binders,
which are characterized by the interaction of different physical and chemical mechanisms.
Curing mechanisms related to the bituminous phase basically involve emulsion breaking and
water expulsion. Initially, flocculation and coalescence of bitumen droplets lead to the
formation of bituminous films incorporating part of the finer aggregate particles (filler and fine
sand), cement and water. Afterwards, cohesion is ensured by moisture loss through evaporation
and pore pressure-induced flow paths. Curing also involves chemical reactions linked to
cement hydration. At low cement dosage, the hydration products disperse inside the fresh
bitumen films increasing mixture viscosity and improving the resistance to permanent
deformations. At higher cement dosage, the volume of hydration products grows forming a
stiffer matrix that connects coarser aggregates. In addition, because cement hydration reactions
require the presence of water, the use of cement accelerates the emulsion curing process by
reducing the amount of free water. Strength and stiffness are normally increasing in relation to
the amount of water loss during curing. Cement usually reacts almost completely in the mixture
(Cardone et al., 2014; Graziani, Iafelice, et al., 2018), and the final amount of free water is
reduced by the water involved in the reaction; on the other hand, even if the material is cured
for more than 28 days, a small amount of evaporable water still remains in the mixture
(Figure 1.14) (García et al., 2013). In fact, it has been shown that after 3 days of curing at
20 ± 1 °C cement in CBTM mixtures with cationic emulsion had a degree of hydration of
around 70%, and that such value was also likely increasing (Fang et al., 2016).
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Bocci et al. (2011) investigated the influence of curing conditions, temperature and moisture
on the mechanical behaviour of these materials. They analyzed stiffness modulus on three
curing temperature representing typical seasonal conditions: 40°C, 20°C and 5°C. Results
showed that higher curing temperatures resulted in higher rates of stiffness increase and higher
maximum values. Nevertheless, even though low temperatures slowed down the curing
process, they did not penalize the mixture potential performance. Moreover, these mixtures
showed an overall good moisture resistance regardless of the curing temperature.

Figure 1.14 Microtomography details
of an asphalt and cement composite
(García et al., 2013)
Specific results about the role of cement in low-term curing is collected in Graziani et al.
(2016), who modelled curing effects using a statistical regression analysis. In particular, it is
highlighted that the initial strength development was faster than the stiffness development.
This suggests that curing of the bituminous emulsion mainly contributes to the evolution of
ITS, whereas the evolution of Indirect Tensile Stiffness Modulus (ITSM) is more linked to the
formation of hydration products, which do not entail any moisture loss (Graziani et al., 2016).
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Different curing procedures were investigated in Ojum et al. (2014), taking into account the
effect of temperature and cement under different curing regimes. In particular, they performed
three different curing conditions: unconfined, partially wrapped (the circular surface of the
specimens were wrapped with aluminum foil) and fully wrapped specimens. As results, the
ratio of 28-days stiffness values between specimens cured unwrapped and those cured fully
wrapped is typically 2-2.5, independently by the curing temperature. Moreover, the inclusion
of 1% of cement in the fully wrapped case leads to strength and stiffness results approximately
equal to those of unwrapped specimens without cement, suggesting that 1% cement addition
is an appropriate means to avoid the effects of adverse weather during curing, i.e. excessive
residual water in the mixture.
1.5

Modelling of CBTM properties

1.5.1

Evolutive behaviour

The curing process in CBTM mixtures is characterized by a mass loss due to water evaporation
and an increase of the mechanical properties, which is partly caused by the cement hydration
(Dolzycki et al., 2017). Water loss and cement reaction have an evolutive trend along time,
which can be observed by recording the parameter in an experimental way. Such parameters
can be easily modelled to predict long-term values (after the last measured point), and at the
same time model parameters can be used to compare different CBTM mixtures analyzed
(Figure 1.15).
Initially, the Michaelis-Menten model was used for CBTM mixtures to evaluate the material
property trend according to time, using two parameters: 𝑦 , representing the asymptotic value,
and 𝐾 , representing the short-term rate increase (Graziani et al., 2016; Michaelis & Menten,
2007). The issue related to this model is the time interval in which it is applied; in fact, it has
been observed that considering all the experimental data from 0 days led to a poor prediction
of the long-term values. This is caused by the fact that it is difficult to predict the values after
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1 day of curing and at long-term simply because the process is happening in two distinct steps,
for which the threshold is somewhere close to 1 day. For this reason, a modified version of the
Michaelis-Menten model was proposed to analyze experimental results starting from 1 day
(Raschia, Graziani, et al., 2019b). Now, it is a three-parameters model: 𝑦 is the asymptotic
value, 𝑦 is the material property after 1 day of curing, and 𝐻 is the time (expressed in days)
required by the property to reach half of the difference between 𝑦 and 𝑦 . The application of
this model is represented in Figure 1.15. However, other models are present in the literature,
such as the maturity method. It consists in measuring the concrete temperature history during
curing, which allows the estimation of the hydration degree and hence of the strength
development (Galobardes et al., 2015).

Figure 1.15 Example of experimental
points and model related to a material
property (Raschia, Graziani, et al., 2019b)
1.5.2

Visco-elastic behaviour of bituminous materials

In case that a repeated load (for example traffic) is applied to a bituminous material, a 3D strain
field is observed, which can be simplified in 2D along the longitudinal and transversal
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directions of the load applied. Depending on the strain amplitude transmitted to the material,
as well as the number of cycles of the load application, the pavement shows different types of
behaviour and eventually failure (Figure 1.16).
When both the strain and the number of cycles applied are low, the material is not supposed to
damage and to behave as a linear viscoelastic (LVE) material. The viscous contribution is given
by the bituminous binder present in the mixture. The general behaviour of a LVE material is
comprised in two limits: at high load application rates (high frequencies), or very low
temperatures, it behaves as a perfectly elastic material, whereas at very low frequencies or high
temperatures it behaves as a perfectly viscous material. As a consequence, the material
response in between these two extremes is governed by the LVE theory (Corte & Di Benedetto,
2004).

Figure 1.16 Behaviours typically observed in
bituminous mixtures (Strain vs Number of loading)
(Di Benedetto et al., 2001)
The LVE characterization of a bituminous material can be assessed through complex modulus
tests. The complex modulus E* of a material is a complex unit composed of a real part, or
storage modulus E , and an imaginary part, or loss modulus E :
E∗ = E

iE

(1.6)
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where i is the imaginary number. For bituminous mixtures, E ∗ is dependent on temperature and
loading rate.
The norm of the complex modulus |E ∗ | can be measured by the application of a sinusoidal
stress which corresponds to a sinusoidal response of the strain, which is normally delayed with
respect to the stress by a quantity defined as phase angle, ΦE (Figure 1.17).

Figure 1.17 Stress-strain trend for complex
modulus test in only-compression configuration
The equations that describe stress and strain functions (σ(t)and ε(t)), as well as the complex
modulus E ∗ are:
σ(t) = σ ∙ sin(ωt)

(1.7)

ε(t) = ε ∙ sin ωt − 

(1.8)

E∗ =

σ
∙ e  = |E ∗ | ∙ e 
ε

(1.9)

where ω = 2πf represents the pulsation and f the frequency.
The phase angle can vary from 0°, typical for perfectly elastic material, to π/2, typical of
perfectly viscous material. This parameter represents the rotation of the vector with norm |E ∗ |
in the Cole-Cole imaginary plan (E vs E ). Consequently, the norm of the complex modulus
|E ∗ | can be determined as:
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|E ∗ | =

E +E

(1.10)

Both |E ∗ | and  material properties in LVE materials are strongly influenced by temperature
and load frequency. In general, for the same material subject to a sinusoidal stress, |E ∗ | tends
to increase when the temperature decreases (or frequency increases), whereas  tends to
increase when temperature increases (or frequency decreases). This behaviour is usual in HMA
mixtures, but it is also respected in CBTM mixtures (Figure 1.18).

Figure 1.18 Isothermal curves for CBTM mixtures (6 temperatures, 6 frequencies)
(Godenzoni, Graziani, et al., 2016)
Moreover, due to their physical composition (low bitumen dosage, high air voids, low
aggregate coating), CBTM generally show lower values of stiffness |E ∗ | and phase angle  if
compared to HMA (Graziani et al., 2020).
From the isothermal curves obtained by experimental results, it can be clearly observed that
the same value of |E ∗ | or  can be obtained at different temperatures or frequencies. If this is
the case, it means that the material respects the Time-Temperature Superposition Principle
(TTSP). This can also be assumed if the experimental points follow a unique curve in the ColeCole plan or the Black space (|E ∗ | vs  ). For example, polymer modified binders do not respect
the TTSP due to the presence of polymers in the blend (Olard & Di Benedetto, 2003).
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When the TTSP applies, it is possible to describe the norm of the complex modulus |E ∗ | or the
phase angle  as properties depending only by the frequency, called in this case reduced
frequency f

. After selecting a reference temperature T and its related isothermal curve, the

remaining isothermal curves can be shifted by a certain quantity on the frequency axis to follow
the reference curve. The new position of the isothermal curves are characterized by the same
values of |E ∗ | or  , but the frequency is translated by a shift factor a :
f

=f∙a

(1.11)

It is obvious that for the reference temperature isothermal curve, a = 1. Results expressed in
this way are called “master curves” (Figure 1.19).
The William, Landel and Ferry (WLF) model is often used to estimate the trend of the shift
factors a according to temperature (Ferry, 1980):
log(a ) = −

C (T − T )
C +T−T

(1.12)

where C and C are material constants at the reference temperature.

Figure 1.19 Master curves for a CBTM mixture at TS = 20°C (5 frequencies, 7 temperatures)
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1.5.3

Rheological modelling

The LVE nature of materials allow to represent them in form of analogical models, which are
composed of a combination of springs (elastic elements) and linear dashpots (Ferry, 1980).
The importance of analogical models is represented by their ability to describe physical
phenomena of the material, which, on the other hand, is not possible with empirical
mathematical functions. The simplest models for LVE materials are the Maxwell and the
Kelvin-Voigt models. In the first, a spring and a linear dashpot are placed in series, whereas in
the second they are placed in parallel. Since such models are not advanced enough to describe
bituminous materials behaviour, they acted as starting point for the development of efficient
models. One is the Huet-Sayegh model, where a combination in series of a spring (stiffness
E ) and two parabolic dashpot (k and h) is in parallel with a second spring (stiffness E )
(Figure 1.20).

Figure 1.20 Huet-Sayegh model
The complex modulus E ∗ with the Huet-Sayegh model is calculated as:
E ∗ (iωτ) = E
where E

+

E −E
1 + δ(iωτ) + (iωτ)

(1.13)

is the modulus when ω → 0 (static modulus), E is the modulus when ω → ∞ (glassy

modulus), τ is the characteristic time, which value varies only with temperature T (τ(T) =
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a (T) ∙ τ(T )), k and h are the parabolic exponent such as 0 < k < h < 1, and δ is a calibration
constant.
In this way, the determination of 6 constants (E , E , τ, k, h and δ) allows a good description
of the LVE behaviour of the material. Graziani et al. (2020) observed that in CBTM mixtures
the Huet-Sayegh model is able to well model the master curve of the norm of the complex
modulus. On the other hand, the phase angle values measured experimentally were always
higher than the model values. This difference was almost constant regardless temperature and
frequency, meaning that the model underestimates the phase angle. They explained this finding
introducing the concept of frictional dissipation, which is reasonable to assume in CBTM
mixtures due to the low aggregate coating. Moreover, such phenomenon is not supposed to be
influenced by temperature and frequency. As a consequence, a correction was proposed by
Graziani et al. (2020) to correct the Huet-Sayegh model:
E∗
The term e

(iωτ) = E ∗ (iωτ) ∙ e

adds a time-temperature independent phase angle q

(1.14)
to the Huet-Sayegh

model phase angle, without changing the complex modulus value. More simply, if q = 0, it
gives the Huet-Sayegh model. This approach resulted quite useful to have a better fitting with
experimental data and model values in CBTM, even if it adds a variable to the model
optimization.
Olard & Di Benedetto (2003) pointed out that the Huet-Sayegh model is suitable for
bituminous mixtures modelling, even though it is not efficient at low frequencies (high
temperatures) in case of binders. This is caused by the approximation that the model assumes,
reducing at a parabolic element instead of a linear dashpot. To overcome this issue, a new
model was proposed, the 2S2P1D (2 springs, 2 parabolic elements, 1 dashpot), which is
represented in Figure 1.21 and described by the equation:
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E∗

(iωτ) = E

+

1 + δ(iωτ)

E −E
+ (iωτ)

(1.15)
+ (iωβτ)

where some parameters were already described and a Newtonian viscosity is introduced, η =
(E − E )βτ. β is dimensionless and it is a model parameter. In this case, as in the case of the
modified Huet-Sayegh model, 7 constants are necessary to determine the LVE behaviour of a
frequency and temperature dependent material. Being β linked to the dashpot viscosity, it
appears to be normally lower in HMA mixtures if compared to CBTM mixtures (Gandi et al.,
2017; Lachance-Tremblay et al., 2017; Olard & Perraton, 2010). It must be highlighted that
the LVE characterization of CBTM mixtures is still an open issue and analogical models are
rarely used.
When different types of behaviour of bituminous materials need to be described (beyond the
LVE field), the DBN model is a suitable rheological model. The DBN model (named after the
authors Di Benedetto and Neifar) is very versatile and its formulation can be adapted to be
very simple (for LVE or elastic fields) or more complicated (for fatigue, permanent
deformation or non linearity) (Di Benedetto, Mondher, et al., 2007). The unidirectional
representation of the DBN model is shown in Figure 1.22. The model is composed of elastoplastic (EP) and purely viscous bodies. The EP bodies represent any non-viscous behaviour
(i.e. rate-independent behaviour), whereas the viscous bodies, with viscosity ηi, take into
account the temperature sensitivity and the viscous irreversibility (Di Benedetto, Mondher, et
al., 2007).

Figure 1.21 Representation of the
2S2P1D model (readapted from
Olard & Di Benedetto (2003))
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The behaviour of EP bodies is quite identical to that of granular materials (non-cohesive). In
the unidirectional case, the law describing the EP bodies correlates the stress increase Δσ to
the strain increase Δε:
∆σ = f(∆ε)

(1.16)

The function f is composed of the two virgin curves, loading and unloading (Figure 1.23).

Figure 1.22 Unidirectional representation of the DBN model
for bituminous mixtures

Figure 1.23 Cycling response of the EP bodies (taken from Di
Benedetto et al., 2011)
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In the small strain domain and for small number of cycles, the material behaviour is considered
linear visco-elastic. Hence, the schematic representation corresponds to a Generalized KelvinVöigt (GKV) with additional plastic dissipation in the springs D (Figure 1.24) (Attia, 2020).

Figure 1.24 Representation of the DBN model for small
number of cycles in the small strain domain
When a cyclic loading is applied to a visco-elastic material, the energy dissipated per unit
volume during one cycle 𝒲 is calculated as:
𝒲 = πε σ sin φ

(1.17)

where 𝜀 is the strain amplitude, 𝜎 is the stress amplitude and φ is the phase angle of the
complex modulus. When plastic dissipation is added by means of the non-viscous elements,
the plastic energy per unit volume dissipated in the EP bodies is:
𝒲

= 2πε σ D

(1.18)

where D is the damping ratio. At small strain level, the damping ratio can be considered the
same in all the elements of the DBN model, and it can be approximated using an equivalent
phase angle φ , obtained by Eq. 1.17 and 1.18:
πε σ sin φ = 2πε σ D
D=

sin φ
2

(1.19)
(1.20)

It is assumed that the damping ratio does not affect the norm of the complex modulus, which
can be calculated as for the GKV model:
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|E ∗ |

1
=
+
E

(1.21)

1
E + iωη

where 𝐸 is the stiffness of the spring, 𝐸 and 𝜂 are the elastic modulus and viscosity of each
element, respectively. The energies dissipated in the linear dashpot and in the EP bodies can
be also expressed as:
𝒲 = πεσ ⋅

𝜔𝜂
∙ |𝐸 ∗ |
)
(𝜔𝜂
𝐸 +

(1.22)

𝒲

2∙D∙E
∙ |E ∗ |
E + (ωη )

(1.23)

= πεσ ⋅

Consequently the expression of the phase angle φ

, considering both viscous and non-

viscous dissipation, is:

sin(φ

)=

𝒲 +𝒲
πεσ

=

ωη
2∙D∙E
+
E + (ωη )
E + (ωη )

∙ |E ∗ |

(1.24)

The calibration of the DBN model first requires the calibration of the 2S2P1D on the
experimental data. Then, the GKV model is calibrated on the 2S2P1D model by chosing the
right number of elements n (Figure 1.25). If necessary, the additional parameter D is used to
take into account eventual non-viscous phenomena, by the introduction of the additional phase
angle φ

(Tiouajni et al., 2011).
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Figure 1.25 Calibration of the GKV model (5, 15, 25 elements) on
the Cole-Cole diagram (taken from Tiouajni et al., 2011)

CHAPTER 2
RESEARCH OBJECTIVES AND EXPERIMENTAL PROGRAM
2.1

Research problem

In Quebec, cold recycling techniques are largely employed, thanks to their contribution in
terms of economic and environmental sustainability. Many projects are realized following this
new path, and scientific researches focused on such materials are increasing considerably in
the last years. Nevertheless, the pavement design of rehabilitation and the realization itself are
often based on the acquired experience, and not following standard guidelines or scientific
principles.
So far, the laboratory simulation of what really happens in the field (and vice versa) is still a
complex issue (Serfass et al., 2004). The production of CBTM and the replication of their timedependent behaviour are tricky topics, which require several hypotheses. The presence of
binders highly sensitive to environmental conditions (temperature and relative humidity), such
as bitumen emulsion and cement, raises many questions and problematics about what might
ensure an adequate cohesion between mastic and aggregate blend, or about the mixture
strength, especially at short-term (García et al., 2013). The behaviour of these materials is
evolutive and the mechanical properties change with the curing time; for this reason, it is
important to design a good material, preventing a permanent lack in the long-term strength and
the waste of millions of dollars.
When bitumen emulsion is used in CBTM mixtures, it is important to consider the chemical
aspects that characterize the relationship between the binder (bitumen droplets dispersed in
water and emulsifier) and the aggregates surface. Currently, bitumen emulsions are present in
the market according to a specific standardized classification, which normally indicates their
electrochemical charge (positive or negative), the amount of residual bitumen, and their
breaking speed, i.e. the speed at which the emulsion coalesces and breaks on a random
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aggregate surface (rapid, medium or slow setting). Nevertheless, it is believed that this is not
enough to ensure an adequate bond between the emulsion and the aggregate phase. It is
reasonable to think that using a single bitumen emulsion (for example cationic) and varying
the aggregate source (with about the same charge), this will not lead to the same final product
in terms of mechanical properties. The same could be valid adopting one aggregate source in
combination with several bitumen emulsions. In the same way, different combinations of
bitumen emulsions and aggregate source could vary the workability of the mixture. For this
reason, a part of this research will focus to evaluate the influence of different aggregate
gradations used, as well as what is the impact of using two different RAP sources.
Another practical problem related to CBTM mixtures is their strong dependence to
environmental conditions, which are the main responsible of the curing process (water
evaporation, emulsion breaking and cement hydration). It is demonstrated that if the cold
recycled layer is produced and compacted at average ambient temperatures above 20°C, it
should not experience any kind of structural and mechanical issue in the future, provided that
the project is performed accurately (Bocci et al., 2011; Gandi, 2018). In case of cold climates,
where average temperatures suitable for CBTM mixtures are limited to few months of the year,
the possibility to produce a low performance material is high, because of the strict timelines.
The production of such mixes at low temperatures have not been deeply studied yet, hence a
part of this research focuses on this aspect, considering workability, short and long-term
mechanical properties.
2.2

Objectives

This research aims to investigate three main problematic aspects of the production of CBTM
mixtures; thus, the thesis is divided in three main sections:
•

Section 1: Study of the influence of the CBTM composition (mineral addition, water
content) on the mechanical properties of mixtures. It is introduced in CHAPTER 4 and it
is developed as follows:
■ Investigate a valid alternative for Portland cement in CRMs (CHAPTER 5);
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■ Understand how the water content employed to satisfy compaction requirements affects
the mechanical properties of the CRMs (CHAPTER 6).
•

Section 2: Study of the effect of RAP aggregate on CBTM properties. It is introduced in
CHAPTER 7 and it is developed as follows:
■

Investigate the effect that the aggregate distribution (gradation) of CRMs has on
workability and compactability (CHAPTER 8);

■

Study the influence of different RAP sources on the mechanical properties of the
CBTM mixtures produced (CHAPTER 9);

■

Evaluate the effect of the RAP source on compactability and LVE properties of CBTM
(CHAPTER 10).

•

Section 3: Study on the laboratory simulation of the production of CBTM at low
temperatures. It is introduced in CHAPTER 11 and it is developed as follows:
■

Studying the effect on the mechanical properties of CBTM produced with two emulsion
sources (CHAPTER 12);

■

Evaluating the effect of low production temperatures and emulsion source on the longterm mechanical properties of CBTM mixtures, cured under different conditions
(CHAPTER 13 and 14).

It is important to remark that only CBTM mixtures produced with bitumen emulsion are
studied in this research.
2.3

Experimental approach

In order to achieve a good level of knowledge regarding the above-mentioned goals of the
thesis, several physical and mechanical properties of the investigated CBTM mixtures were
considered. This part provides a general overview of the measured properties that are present
also in the rest of the thesis. Figure 2.1 shows a summary of the measurements or tests carried
out, specifically limited to the chapters containing results.
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2.3.1

Physical properties

The analysis of CBTM physical properties is possible through simple protocols and allows at
the same time an efficient way to study specific aspects of the material. More exactly, the
physical parameters investigated in this thesis are: workability, compactability, water loss and
microscope image capturing.

Figure 2.1 Overview of the experimental plan
When bituminous binders are involved, workability and compactability are normally related
to the mixture composition and temperature. In this thesis, both characteristics are linked to
laboratory compaction by means of a Shear Gyratory Compactor (SGC). The combination of
both properties gives an idea of the compaction effort required to lay down and compact the
material. Regarding curing, a practical way to monitor the process in the laboratory is to record
the mass loss of the specimen on a regular basis. This approach is totally preventing any
damage of the specimen, since it can be performed without touching the material. The mass
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loss during the curing period corresponds to the water loss if particular attention is paid to
avoid any material loss during compaction and curing.
Image capturing with a Scanning Electron Microscope (SEM) is particularly useful to confirm
or disprove results obtained according to other tests. This procedure can be performed on
specimen parts obtained after destructive tests or on samples specifically prepared. The
analysis with a SEM is possible until a magnitude value of around x 10.000, after which the
material starts to burn if not previously treated with a surface protection (Figure 2.2).

Figure 2.2 a) Example of material sample for SEM; b) SEM
device used (Hitachi TM3000)
2.3.2

Mechanical properties

The mechanical characterization of CBTM mixtures is possible through several tests at all
deformation levels: small deformation (Young’s modulus, dynamic modulus, complex
modulus), failure point (tensile strength) and crack propagation. In each of the listed case, a
specific test was chosen throughout this work to study and compare the mixtures produced.
The Young modulus (or stiffness modulus) 𝐸 is evaluated with the Indirect Tensile Stiffness
Modulus (ITSM) test (Figure 2.3 a). The test consists in loading a circular specimen along one
diameter and measuring the deformation along the transversal diameter. The type of load is
impulsive and its amplitude does not cause any damage inside the material structure. The
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stiffness modulus 𝐸 is then calculated at a certain temperature in relation to the applied load
and the measured deformation.

Figure 2.3 a) ITSM testing setup; b) PUNDIT device;
c) Complex modulus setup
The dynamic modulus is measured with a Portable Ultrasonic Non-destructive Digital
Indicating Tester (PUNDIT) (Figure 2.3 b). With this equipment is possible to propagate
compression and shear waves inside the material between two shear transducers. The time
employed by the waves to cover the gap between the transducers is used to calculate shear
modulus, Poisson ratio and eventually the dynamic modulus.
To investigate the linear viscoelastic (LVE) properties of CBTM mixtures, complex modulus
tests were performed at different temperatures and frequencies (Figure 2.3 c). The test consists
in applying an haversine load (only compression) at more frequencies and measuring the
related axial deformation by means of three extensometers placed on the lateral surface of the
specimens 120° apart. The stiffness modulus measured in this manner is temperature and
frequency dependent. The results obtained were modelled with the 2S2P1D model and the
main parameters were used as a tool to study and compare different materials.
The failure point of bituminous mixtures, and in this case of CBTM, is normally measured by
the Indirect Tensile Strength (ITS) test (Figure 2.4 a). The test applies the load at a constant
speed rate along one diametral plane of the cylindrical specimen, causing the tensile failure
along the transversal diameter. As a result, the correlation between load and vertical
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displacement is obtained, even though normally only the force peak value is used as an
indicator. The test is normally conducted at room temperature and on both dry and wet
conditioned specimens.

Figure 2.4 a) ITS test setup; b) SCB test setup
The cracking propagation behaviour of CBTM mixtures has been evaluated with the SemiCircular Bending (SCB) test (Figure 2.4 b). Cylindrical specimens are cut to obtain semicircular specimens in which a notch is made on the flat surface with precise width and depth.
This notch causes the crack initiation and propagation under a constant speed rate load applied
on the circular surface. The test can be performed at different temperatures but it is often related
to low temperatures cracking behaviour.
In terms of mix design for CBTM mixtures, a volumetric approach has been studied and
adopted in every step of the experimental plan. Basically, every component of the mixture
(aggregates, cement, bitumen emulsion and water) is characterized by a mass and volume
inside the final product. If such properties are well known and the production process is
accurately performed, it is possible to estimate with good precision the volumetric properties
of the mixture (at the beginning and during curing). This methodology is currently used for
HMA mix design, and this research attempts to prove its efficiency also when applied to
CBTM. CHAPTER 3 gives the theoretical background and the basic explanation of this
concept.
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2.4

Materials

For the development of this thesis, several raw materials were used and investigated depending
on the goal of each section. In particular, different RAP aggregates, virgin aggregates, cements
and bitumen emulsions were involved. Figure 2.5 shows which materials were used to produce
specific mixtures in the related thesis chapter. Annex I contains basic characteristics for each
of the material listed.

Figure 2.5 Materials employed in the different chapters of the thesis
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2.5

Thesis structure

As previously explained, this thesis is divided in three main sections, each one developed in
several chapters. A schematic representation is given in Figure 2.6.

Figure 2.6 Schematic representation of the thesis structure
The following CHAPTER 3 treats the application of the volumetric approach for the CBTM
mixtures mix design. This chapter is extremely important for the definition of some parameters
that are widely used in every chapter containing the experimental investigation. The following
part of the thesis contains experimental results.
CHAPTER 4 introduces Section 1, and collects findings regarding CBTM composition. Two
conference papers follow this chapter: “Recycled Glass Filler In Cold Recycled Materials
Treated with Bituminous Emulsion” (CHAPTER 5) and “Effect of water and cement content
on the mechanical properties of Cold Recycled Mixtures (CRM) with bitumen emulsion”
(CHAPTER 6). The first analyzes different mineral additions to be used in CBTM together
with bitumen emulsion, especially looking at the employment of pulverized recycled glass to
obtain a 100% recycled material. The second paper treats different water and cement contents
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in CBTM mixtures to clarify the best combination of the two components in terms of
mechanical properties. The first paper has been presented at the 97th Transporation Research
Board (TRB) Annual Meeting in 2018 as a poster, whereas the second is published in the
indexed journal Lecture Notes in Civil Engineering and presented for the 5th International
Symposium on Asphalt Pavement & Environment.
CHAPTER 7 provides a summary of Section 1 and an introduction to Section 2, regarding the
effect of RAP aggregate on CBTM mixtures properties. More specifically, three papers are
dedicated to this goal: the influence of several aggregate distributions (gradations) (CHAPTER
8) and the effect of two sources of RAP also constituted by different NMAS (CHAPTERS 9
and 10). CHAPTER 8 is a journal paper entitled “Effect of gradation on volumetric and
mechanical properties of cold recycled mixtures (CRM)” published in Road Materials and
Pavement Design. This part is the result of a fruitful cooperation between the École
de Technologie Supérieure (ÉTS) and the Università Politecnica delle Marche (UNIVPM). In
fact, the paper collects data from both universities, which studied the influence of a total of 6
different aggregate distributions on the mechanical properties of CBTM. As a consequence of
these results, a fixed distribution was selected and followed in the remaining part of the thesis.
CHAPTER 9 deals with the influence of two RAP sources on water loss and mechanical
properties of CBTM mixtures. It is important to note that the two RAP sources where
characterized by different NMAS, and for this reason one of the two materials was modified
to reduce its NMAS. Hence, a total of 3 mixtures were studied. CHAPTER 10 contains results
which give further informations about the effect of the RAP source. In this paper, in fact, the
analysis is focused on the workability of the mixtures and their rheological properties.
CHAPTER 9 is published in the indexed journal Road Materials and Pavement Design as a
Special Issue of the 8th European Asphalt Technology Association (EATA) conference held in
2019 (title “Laboratory mechanical characterisation of cold recycled mixtures produced with
different RAP sources”). CHAPTER 10, entitled “Effect of RAP source on compactability and
visco-elastic behaviour of CRM mixtures”, is submitted to a peer-reviewed scientific journal
but currently under review.
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CHAPTER 11 provides a summary of Section 2 and an introduction to Section 3, regarding
the production at low temperatures of CBTM mixtures. In particular, the production was
divided in 4 steps: mixing, transportation and compaction, first curing and second curing. Each
steps was characterized by a specific temperature and different combinations were planned
setting 5 °C, 25 °C and 40 °C as values. A total of 5 mixtures were produced with one emulsion
source, and 2 additional mixtures with a different emulsion source. In CHAPTER 12, physical
and mechanical properties of these mixtures were investigated in the short term (after about
one month of curing in laboratory). After this part, specimens were stored for a year in two
conditions: sealed in wax, to prevent any light and air exposure, and unsealed, to have a longterm cured material. In particular, the first condition simulates the material in-situ when an
upper layer (normally HMA) is laid as surface course. The related results are shown in
CHAPTERS 13 and 14. In the first, only some results are analyzed, since the section focuses
on the introduction of a new methodology proposed for the thermo-rheological modelling of
CBTM mixtures. The new approach is then applied to the rest of the mixtures produced and
the analysis is contained in CHAPTER 14. CHAPTER 12 is a scientific paper entitled
“Influence of low production temperatures on compactability and mechanical properties of
cold recycled mixtures” published in the journal Construction and Building Materials, whereas
CHAPTERS 13 and 14 are submitted to peer-reviewed scientific journals but currently under
review. CHAPTER 15 provides a collection of the main findings and recommendations
regarding the last three papers.
Annex I collects the main properties of all the raw materials used in this thesis (RAP
aggregates, virgin aggregates, cements, bitumen emulsions). Annexes III, IV, and V presents
three papers related to the contribution given to the Task Group 1 (TG1) on Cold Recycling of
the RILEM Technical Committee 264-RAP. In this framework, an Inter-Laboratory Testing
Program (ILTP) was launched by the TG leaders Prof. Daniel Perraton and Prof. Alan Carter
to investigate different vairables characterizing CBTM mixtures, produced with both foamed
bitumen and bitumen emulsion. The objectives of the ILTP were:
•

Implementing volumetric approach in CBTM mix design;
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•

Study the influence of two RAP sources discriminated by the Fragmentation Test;

•

Evaluate the influence of free-surface drying (FSD) and partially-surface drying (PSD)
curing protocols;

•

Analyse different laboratory compaction methods (SGC, Marshall hammer, Proctor
rammer).

The ILTP was a big opportunity to exchange with 12 laboratories from 10 different countries
on the problematics linked to the laboratory production of CBTM and to share a common
procedure to enhance reproducibility.

CHAPTER 3
VOLUMETRIC APPROACH FOR CBTM
This chapter deals with the application of the volumetric approach to bituminous materials. In
particular, it has been developed to perform volumetric mix design for HMA mixture and it is
now widely applied as a standard procedure. Nonetheless, it is possible to apply the same
concepts to CRM (and CBTM) materials in order to improve various aspects related to their
industrial production such as: optimizing the mix design (avoiding excessive usage of
materials), ensuring better mechanical properties, providing a new tool for quality control
protocols.
3.1

Overview on the volumetric approach for HMA

Volumetric characteristics are extremely important in terms of mix design and quality control
since they significantly influence mechanical performance and durability of the mixtures
(Cominsky et al., 1994). The volumetric analysis of HMA considers generally three main
parameters that are related to Figure 3.1:
•

Air voids content (Vi), that is the air volume expressed as percentage of the bulk volume
of the HMA compacted specimen (V
V (%) =

•

V
V +V

,

);

+V

∙ 100% =

G

−G
G

∙ 100%

(3.1)

Voids of the mineral aggregate (VMA), that is the porosity of the aggregate skeleton and
which is filled by effective bitumen (not considering the amount absorbed by the aggregate)
and air. It is also expressed as a percentage of the bulk volume of the compacted specimen
(V

);
VMA(%) = 100% −

•

G

P (%)
G

(3.2)

Voids filled with bitumen (VFB), that is the VMA fraction occupied by effective bitumen;
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VFB(%) =

VMA(%) − V (%)
∙ 100%
VMA(%)

(3.3)

where M is the bulk mass of the aggregates; P is the mass percentage of the aggregates;
M

,

is the effective bitumen mass; V is the aggregate bulk volume; V

bitumen volume; V is the volume of air voids; V
bitumen), V

,

is the effective

is the dry volume (aggregates and effective

is the bulk volume of the compacted mixture, G is the bulk specific gravity of

the aggregate, G

is the maximum specific gravity of the mixture; G

is the bulk specific

gravity of the compacted mixture.
Mass

Air
Effective bitumen

Specific gravity

Volume

Vi

VMA
(VFB)

M bit,e V bit,e

Absorbed bitumen
M sb
Aggregate

(P S )

V sb

V mm

V mb
G sb

G mm

G mb

Figure 3.1 Volumetric composition of a HMA compacted specimens
3.2

Volumetric approach for CBTM mixtures

Grilli et al. (2012, 2016) proposed that the volumetric approach usually used for HMAs can be
extended to CBTM mixtures, even if some assumptions and corrections need to be made
essentially for the introduction of cement and water in the system.
CBTMs produced with emulsion pass through two completely different states: the initial state,
where water plays a key role driving the bitumen into the mixture and acting as a lubricant,
and the long-term state, when its volumetric properties can be determined as HMAs.
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3.2.1

CBTM composition during compaction

During the compaction process of the CBTM mixtures (initial state—indicated with the
subscript “0”), 𝑉𝑀𝐴 are represented by the non-solid part of the mixture, while 𝑉𝐹𝐿 (Voids
filled with liquids) are introduced instead of the 𝑉𝐹𝐵. In fact, 𝑉𝐹𝐿 consider both water and
bitumen contents to indicate the level of the 𝑉𝑀𝐴 saturation. Figure 3.2 shows the CBTM
composition in the initial state.
Mass

Volume

Specific gravity

V air

Air
Intergranular water
Residual bitumen

M w,i
M bit
(P bit )

(VFL 0 )
V bit

Absorbed water

Aggregates

V 0 mb
M SSD V SSD

MC

Cement

V 0m

VMA 0

V w,i

V 0 mm

VC

G 0 mb
G SSD

G 0 mm

GC

Figure 3.2 CBTM volumetric composition in the fresh state
In Figure 3.2, M is the mass of cement; M

is the aggregates mass in saturated surface dried

(SSD) condition; M is the residual bitumen mass (from bitumen emulsion); M
of intergranular water; V is the volume of cement; V

,

is the mass

is the aggregates volume in SSD

condition; V is the residual bitumen volume; V , is the volume of intergranular water; V is
the volume of air; V
bitumen); V

is the dry volume during compaction (cement, aggregates and residual

is the bulk volume of the mixture during compaction; G

gravity of the aggregate; G is the specific gravity of cement; G
gravity of the mixture during compaction; G

is the SSD specific

is the maximum specific

is the bulk specific gravity of the mixture during
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compaction; V are the voids in the mixture during compaction; VMA are the voids in the
mineral aggregate during compaction; VFL

are the voids filled with liquids during

compaction.
Some observations are necessary at this stage. The cement is initially employed in the mixture
as a filler, in his unhydrated form. For this reason, it is not totally considered as an aggregate
because its composition (mass M and volume V ) is going to change due to the formation of
the hydrates products.
Regarding the bitumen emulsion, it can be considered as a perfect two-phases composite:
residual bitumen (M , V ) and water. As a consequence, knowing the bitumen/water ratio
of the emulsion used, it is possible to calculate the mass of each component. This step is
important because it allows to exclusively consider the bitumen phase as a stand-alone
component, even if it is introduced in form of emulsion. Furthermore, the residual bitumen is
considered totally effective, meaning that no bitumen absorption occurs in the aggregate
permeable voids. This is due to the fact that in cold recycling aggregates are already wet, hence
superficial pores are usually saturated with water. In addition, bitumen comes in a solid state
(little droplets) and it is reasonable to assume that at room temperature the bitumen does not
flow in the permeable voids of the aggregate. In particular cases, when RAP aggregates are
used, the RAP binder is not active (for the low production temperatures) and the particles are
considered as black rocks.
The water dosage fixed for the mix design is conferred by two parts: water provided from the
bitumen emulsion, as already mentioned, and additional water, which is normally added to the
mixture to improve workability and compactability of the mixture. These two contributions
constitute the total water content of the CBTM mixture. In some cases the aggregates are
employed in wet conditions, especially in field applications, and the aggregate moisture should
be considered as part of the total water. In other cases, such as in laboratory applications,
aggregates are totally dry (oven-dried) and the permeable voids are responsible for water
absorption when the mixture is produced. Hence, this amount of water is considered part of
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,V

the aggregates volume, which are in SSD condition (M

). The volume of water present

in the mixture that is not absorbed is called intergranular water (M

,

, V , ).

With this background, referring to Figure 3.2, the following volumetric parameters during
compaction can be defined: Voids in the mixture (V ), Voids in the mineral aggregate (VMA )
and Voids filled with Liquids (VFL ).
V (%) =
=

V +V

G

−G
G

V +V ,
+V +V

Specific gravities G
G

and G
=

M
G
G

G

V , +V
V +V +V

(3.5)

∙ P (%)
G
,

(3.6)

∙ 100%

in the initial state are defined as follows:

M
+ M +M
M
M
M
+
+
+
G
G
G
=

,

(3.4)

∙ 100%

VMA (%) = V (%) +
VFL (%) =

+V

∙ 100%

M
M
G

+M +M
M
M
+
+
G
G

,

=
+V
=

M

M

+ M +M
V

+ M +M
V

(3.7)

(3.8)

where all the notations are previously explained.
VFL is a particularly important parameter, since it indicates the level of saturation of the
VMA . As long as VFL is less than 100%, the mixture contains air voids and hence is
unsaturated. However, when VFL reaches or exceeds 100%, water is squeezed out of the
mixture together with parts of fine aggregates and bitumen droplets, which will change
significantly the mixture composition. In particular it has been shown that CBTMs produced
with bitumen emulsion having VFL above 90% generally imply a visible loss of liquids and
fines from the compaction mould (Grilli et al., 2012). However, parameters V , VMA and
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VFL as defined above are purely theoretical. When a CBTM mixture is compacted, the device
used to carry out the compaction allows to know such values after or during compaction. For
example, employing an SGC, it is possible to measure the volumetric parameters V , VMA
and VFL at each gyration (Figure 3.3), thanks to the constant registration of the specimen
height (volume). On the contrary, if other compaction techniques such as Marshall hammer or
Proctor rammer are employed, it is possible to know the bulk volume of the compacted mixture
G

and all the volumetric properties only after compaction.

Figure 3.3 Example of compaction curves of CBTM from SGC
3.2.2

CBTM composition at the long-term state

The volumetric concepts explained in the previous section are useful when a mix design for
CBTM is performed and valid at the initial stage of CBTM mixtures. However, the material
will change its volumetric properties during curing, until a long-term condition is reached
(Figure 3.4). From a theoretical point of view, volumetric properties of the compacted mixture
should not change from the initial state to the long-term state, since intergranular water volume
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is considered as a void in the mixture. However, when cement hydration takes place it affects
volumetric properties according to the degree of hydration. Hence, the superscript α appears
in Figure 3.4, to identify those volumetric properties which are going to change according to
the cement hydration. In particular, in the figure, M

is the mass of hydrated cement; M

is

the aggregates mass considered in SSD condition because of the entrapped water; M is the
residual bitumen mass (from bitumen emulsion); V is the volume of hydrated cement; V
is the aggregates volume in SSD condition; V is the residual bitumen volume; V is the
volume of air; V

is the dry volume related to cement hydration; V

the mixture related to cement hydration; G
is the specific gravity of hydrated cement; G
related to cement hydration; G

is the bulk volume of

is the SSD specific gravity of the aggregate; G
is the maximum specific gravity of the mixture

is the bulk specific gravity of the mixture related to cement

hydration; V are the voids in the mixture related to cement hydration; VMA are the voids in
the mineral aggregate related to cement hydration; VFL are the voids filled with liquids related
to cement hydration.
Mass

Volume

Specific gravity

V air

Air

VMA α

V αm

(VFL α )
Residual bitumen

M bit

V bit

Entrapped water
Aggregates

Hydrated cement

V α mb

G α mb

α
M SSD V SSD V mm

G SSD

M αHC V αHC

G HC

G α mm

Figure 3.4 CBTM volumetric composition in the long-term state (no
intergranular water)
The major part of the water will evaporate from the connected pores structure leaving space to
the air. In case that some water particles are dispersed in the mastic or at the interface between
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mastic and aggregates (absorbed water), it is highly probable that such amount of water will
never evaporate (entrapped water). At the same time, a part of the intergranular water will react
with cement to form the C-S-H products. The C-S-H products are characterized by a solid
structure (gel solid) and gel water. Taking into account the considerations made in chapter
1.1.5 it is thus possible to define the expression for M
M

and V . The mass of hydrated cement

is simply the mass of cement M plus the mass of water reacted as a function of α:
= M + M ∙ 0.42 ∙ α

M

(3.9)

It needs to be highlighted that if α < 1 and the hydration reaction is incomplete, the remaining
capillary water is considered as a part of the intergranular water of the CBTM mixture, hence
it will evaporate.
The volume of hydrated cement V is considered as the volume of only the solid part of the
cement paste, and the capillary pores are not considered in this volume but are included in the
volume of air in the mixture. Therefore, it is composed of the volume of cement unhydrated,
the volume of gel water and the volume of gel solid:
V

=V

+V

+V

(3.10)

Using Equations (1.3) — (1.5):
V

= V ∙ (1 − α) + 2.12 ∙ V ∙ α
V

=

(3.11)

M
∙ (1 + 1.12 ∙ α)
G

(3.12)

With such considerations, different equations should be provided for the CBTM mixture
volumetric properties in function of hydration degree α:
G

=

M
+M +M
M
M
M
+
+
+
G
G
G

M
V
=

M

+M
V

+M

,
,

=
+V

M

+M
V

+M

(3.13)
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G

=

M
V

M
+M +M
M
=
M
M
+
+
∙ (1 + 1.12α)
G
G

+M
V

+M

(3.14)

The term representing the volume in Eq. (3.13) is assumed same as the one in Eq. (3.7), V
V

=

. This assumption is always valid also in case of cement hydration: even though its volume

increases the air voids decreases, but the bulk volume does not change.
Figure 3.5 shows the trend of the last two equations as a function of the cement hydration
degree. It was applied to a CBTM mixture with initial V = V = 14.7% and 1.5% of cement
by dry aggregates mass. It is observed that G
of cement, whereas G

tends to decrease due to the increase in volume

tends to increase because of the mass of water entrapped by the

hydration reaction (while the bulk volume does not change). In general, the air voids content
in the CBTM mixture tends to decrease proportionally with the increase of the cement
hydration degree. This is explained by the fact that the increase in volume of cement is always
higher than the capillary voids created, regardless the value of α. Hence, if at the moment of
production a certain V value is target, such value could reduce up to around 7% if cement
completely hydrates.

Figure 3.5 Effect of hydration degree on CBTM
volumetric properties
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3.3

Practical validation of the volumetric approach

In this section, the validation of the volumetric approach is provided with the help of
experimental tests. In particular, the maximum dry specific gravity is initially determined in a
theoretical way (considering SSD and apparent specific gravity of the aggregates), and verified
afterwards with the laboratory measurement of the same parameter. Regarding the validation
of the bulk specific gravity value G

, it is practically complicated to perform laboratory

mesaurements, since the test is carried out in water and an excessive particle loss would occur
during the manipulation.
The CBTM mixture considered is composed by RAP and filler as aggregates, in proportion of
94% and 6% by mass, respectively. A cement dosage of 1.5% by aggregate mass is added as
co-binder, together with 3.0% of residual bitumen by aggregate mass (5.0% of bitumen
emulsion). Table 3.1 lists the loose mixture composition for an aggregate mass of 1024.6 g in
SSD condition. According to such composition, G

=

.
.

= 2.364.

Table 3.1 CBTM loose mixture composition (SSD condition)
Component
RAP
Filler

Mass (g)
MSSD

Density (g/cm3)

963.1

GSSD

2.441

61.5

Gsb

2.650

Volume (cm3)
394.6

VSSD

23.2

Cement

MC

15.4

GC

3.150

VC

4.9

Bitumen

Mbit

30.7

Gbit

1.015

Vbit

30.2

Total

1070.7

452.9

In order to validate this value, the same mixture was prepared in lab, considering also the
intergranular water to allow a good aggregate coating by the bitumen and to simulate the actual
CBTM mixture. After mixing, the material was spread on a pan on a thin layer with thickness
of an aggregate particle and placed in an environmental chamber at 40 °C for 24 hours to dry.
The G

was then measured according to the LC 26–045 procedure on three samples,
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obtaining the results in Table 3.2. Such measurements give an average G

= 2.412. The

higher value obtained with the experimental measurement could be explained by the fact that
the aggregate component is not in SSD condition, but it is totally dry. If the calculations for
the theoretical G

are repeated considering the aggregate apparent specific gravity (G

instead of the SSD condition, a value of G

)

= 2.399 is obtained (Table 3.3).

Table 3.2 CBTM loose mixture Gmmpyc measurements
Dry

Mass of pycnometer

Mass of pycnometer,

and water (g)

material and water (g)

A

D

E

#1

1059.5

5658.9

6279.3

2.413

#2

1012.8

5663.3

6255.8

2.410

#3

1107.8

5664.2

6313.2

2.415

Sample mass (g)

G

=

A
A+D−E

Table 3.3 CBTM loose mixture composition (apparent specific gravity)
Component
RAP
Filler

Mass (g)
Mapp

Density (g/cm3)

963.1

Gapp

2.482

61.5

Gapp

2.650

Volume (cm3)
388.0

Vapp

23.2

Cement

MC

15.4

GC

3.150

VC

4.9

Bitumen

Mbit

30.7

Gbit

1.015

Vbit

30.2

Total

1070.7

446.3

Such value is much closer to the result obtained with the experimental measurements. Hence,
it is reasonable to assume that the definition of the G

by means of a pycnometer does not

consider the aggregate in SSD conditions, meaning that the aggregate permeable voids are
considered as voids in the mixture. Nevertheless, what happens in reality can be different.
Aggregates are used in the CBTM mixtures already in SSD conditions (moist aggregates), and
then coated by a mastic composed of cement and bitumen emulsion. During curing, it is
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difficult to assess if the absorption water will evaporate or not, but it will most likely be
entrapped in the mastic. Consequently, the G

could give the more realistic value of the

maximum specific gravity for a CBTM mixture, even though the volumetric approach can be
validated considering G

and G

.

From this, it is possible to conclude that the volumetric approach can be applied to CBTM
mixtures, if particular attention is paid at the moment of production, especially in terms of
components dosage and compaction processes. Initial material characterization is also
important.

CHAPTER 4
SECTION 1: EVALUATION OF CEMENT-BITUMEN TREATED MATERIALS
COMPOSITION
One important aspect of CBTM mixtures is the limited environmental and economic impact.
Despite the mixtures in this thesis are almost totally composed of RAP and produced at ambient
temperature, a further improvement could be achieved by reducing as much as possible the
Portland cement dosage with an alternative recycled mineral addition. In CHAPTER 5,
recycled glass powder is employed, because of its high availability and application for concrete
production in Québec.
Moreover, the role of water in CBTM mixtures is often not considered when evaluating the
mechanical properties, and it is only linked to the density of the mixture. It is mainly employed
to improve aggregate bitumen coating and to obtain a workable mix in order to reduce the
compaction effort. A part of the water is reacting with mineral additions according to the
hydration degree (if it is the case), another part will evaporate, whereas a small part will still
be in the mixture. The water dosage in CBTM mixtures with bitumen emulsion should be
considered in two limits: the lower limit, represented by the water contained in the emulsion
(which is directly related to the residual bitumen content), and the higher limit, represented by
the maximum saturation of the air voids in the mixture. Beyond the higher limit, expulsion of
water bitumen droplets and fine particles occurs if the compaction energy and the water dosage
are not balanced. In CHAPTER 6, these two limits are investigated, keeping similar air voids
content in the mixtures studied.

CHAPTER 5
RECYCLED GLASS FILLER IN COLD RECYCLED MATERIALS TREATED
WITH BITUMINOUS EMULSION
Simone Raschiaa, Saeed Badelia, Alan Cartera, Andrea Grazianib, Daniel Perratona
a

Construction Engineering department, École de technologie supérieure (ÉTS) 1100, NotreDame Street West, Montreal, Canada
b
Department of Civil and Building Engineering, and Architecture, Università Politecnica
delle Marche, Via Brecce Bianche, 60131 Ancona, Italy
Paper presented at the poster session of the 97th Transportation Research Board Annual
meeting in 2018

5.1

Abstract

Cold recycling techniques in road engineering had a wide success in last decades, since they
allow the rehabilitation of pavement structures at reduced cost while considerably reducing the
environmental footprint. Such techniques can be employed with up to 100% of the old
pavement, although recent studies have assessed that the moderate use of other binding agents,
such as cement, in the final mixture is fundamental to confer acceptable cohesion and rigidity
in the early stage. This study is on the inclusion of an alternative material in the mixture, instead
of cement, such as micronized recycled glass.
The research involved four different mixtures, in order to well understand the impact of the
micronized glass in the mixture performance. Consequently, mixtures were respectively
produced with cement, lime, lime plus glass powder, and glass powder. After a curing process
of 3 days, an investigation of resilient modulus and mechanical performance in wet and dry
conditions was carried out.
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Results showed that mixes stabilized with glass powder rather than hydraulic binders do not
reach comparable performance level, because of the poor reactivity of the silica with the system
bitumen/water. On the other hand, if recycled glass is combined with lime, an improved
material is obtained, if compared to the mix stabilized with only lime; this can be explained by
the reaction between silica and hydroxide calcium, that results in something similar to cement
composition. On a side, the 3-days curing protocol resulted in an incomplete curing of the
material, highlighting the fundamental importance of this aspect.
5.2

Introduction

Cold recycling techniques are a reliable manner to preserve the consumption of construction
materials, to reduce maintenance and rehabilitation costs as well as environmental emissions
during construction process (ARRA, 2001; Stroup-Gardiner, 2011).
In Cold Recycling (CR) processes, reclaimed asphalt pavement (RAP) coming from the old
pavement is re-used with no addition of heat, with the purpose to obtain a Cold Recycled
Mixture (CRM). The binding action in this kind of mixes is ensured by the asphalt, in form of
bitumen emulsion or foamed bitumen, with the involvement of of Portland cement. In this way,
it is possible to obtain acceptable stiffness, strength and durability. Good workability and
compaction are ensured by the presence of water in the mix (Grilli et al., 2012).
Cold In-place Recycling (CIR) is characterized by all production activities (milling, mixing
and compaction) performed directly in the field, leading to a lower control of the employed
materials and of the process quality. Nevertheless, these aspects are balanced by higher
economic benefits and shorter production times. In this manner, binder or base layers are
usually built.
CIR with bitumen emulsions starts to develop strength as the emulsion in the mixture begins
to break, turning from brown to black. When asphalt emulsions or emulsified recycling
additives are used, this can take from 30 minutes to 2 hours, depending on the characteristics
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of the asphalt emulsion, thickness of the CR mix, and environmental conditions. The
compacted CIR mixture must be adequately cured before a wearing surface is placed. The rate
of curing is quite variable and depends on several factors, including environmental conditions
and drainage, and moisture characteristics of the mix. Typical curing periods are several days
to 2 weeks, depending on the above-mentioned factors, and the recycling additive or modifiers
used. Moreover, it is possible for the mixes to follow an accelerated curing, which allows the
achievement of the same final mechanical properties with shorter time (Bocci et al., 2011).
As already mentioned, the employment of cement in presence of bitumen emulsion allows a
remarkable development of initial stiffness, and, at the same time, it reduces the water
susceptibility, since it acts as a dewatering agent. Small amounts of ordinary cement do not
create cementitious matrix with other materials and the final product has an asphalt-like
behavior (more ductile) (Grilli et al., 2012).
It is important to note that not all filler reacts with the binder; some fillers are active while
others are simply mineral filler in the gradation. According to the FHWA (Kandhal & Mallick,
1998), the use of lime in recycled materials helps to reduce water damage and increases the
tensile and compressive strength of the materials; furthermore, studies about lime kiln dust and
hydrated lime showed that such materials can be definitely used in cold recycling process in
order to achieve results similar to those obtained with cement (Lachance et al., 2012).
The use of cement as binding agent in CRMs can considerably improve bitumen emulsion
mixtures. Different authors have shown the cementitious binders resulted in increased stiffness
of the mixture: this effect is basically due to the emulsion setting and the hydration of cement
(Brown et al., 2000; Niazi et al., 2009; Oruc et al., 2007).
Commonly, cement is composed mainly of calcium oxide (CaO), silica (SiO2), aluminum
oxide (Al2O3) and ferrous oxide (Fe2O3), but the composition is usually described as a mix of
C3S, C2S, C3A, and C4AF (Pigeon, 1981).
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5.3

Objectives

The aim of this study is to investigate a valid alternative for cement presence in CRMs, in order
to obtain a final mixture even more economical and environmentally sustainable. For this
purpose, several mixtures are studied, to compare effects between cement and lime (hydrated
lime – Ca(OH)2), or by the combination of lime and micronized glass (silica – SiO2). The
rationale behind the combination of lime and micronized glass is that this combination should
results in a pozzolanic reaction similar to the one we have with cement. Moreover, mixtures
with only silica is produced to understand the chemical and mechanical behavior in presence
of bitumen emulsion (water and bitumen). As a consequence, a new totally sustainable material
could be obtained, since the production micronized glass is relatively simple, and requires less
energy than the production of cement.
5.4

Materials

5.4.1

RAP

The reclaimed asphalt pavement (RAP) has been sampled from a plant stockpile in Montreal
Area (Canada). The RAP has been characterized in terms of density, gradation and absorption.
Apparent density was evaluated as 2.577 g/cm3 and the water absorption WA24 as 1% (EN
1097-6). Also, the asphalt content of the RAP was established at 6.1% with an ignition oven.
In accordance with (EN 13108-8), the RAP used is classified as 14 RA 0/10. The target
aggregate gradation is the maximum density Fuller-Thompson curve and, to ensure similar
values, the initial RAP gradation (used at 80%) was divided in the 0/5 and 5/10 fractions,
employed at 10% each (Figure 5.1).
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Figure 5.1 Gradation of the design mix compared to
the reference curve
5.4.2

Bituminous emulsion and active fillers

The emulsion employed is a cationic slow setting CSS1 emulsion which contains 60%
bitumen. This emulsion (Table 5.1) has a slow setting behavior and acts as a lubricant during
compaction phase. Its special formulation was designed to mix high fine contents; therefore,
long workability times and stability can be achieved. The dosage of the binding agents
(bitumen from the emulsion) is the same for all mixes (2% of residual bitumen), and the dosage
of the stabilizing agent (active filler) is set at 1% for all mixes (Table 5.2).
Table 5.1 Characteristics of the bituminous emulsion
Emulsion characteristic

Standard

Value

Retained on the 850 μm sieve (% mass)

ASTM D6933

0.01

Storage stability at 24h (%)

ASTM D6930

0.10

Viscosity Saybolt-Furol at 25°C (sec)

ASTM D7496

28.1

Distillation residue at 260°C (%)

ASTM D6997

62.8

Penetration, 25°C, 100g, 5s (0.1mm)

ASTM D5

170

Particles charge

-

POSITIVE
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Table 5.2 Main physical properties of the fillers used for the experimental program
Materials

Absorption (%)

Particle density (g/cm3)

Particle maximum size

Cement

0

3.015

80 μm

Hydrated lime

0

2.240

80 μm

Micronized glass

0

2.560

4 μm

5.4.3

Mix design

Stabilizing agents used and compared in all the mixes are cement, hydrated lime and
micronized glass. The dosage of the binding agents in the mixtures is given with respect to the
dry aggregate weight in Table 5.3. The free water content shown in Table 5.3, is the total water
in the mix that is not absorbed by the solid particles.
Table 5.3 Main physical properties of the fillers used for the experimental program
Mix with

Mix with

Mix with hydrated

Mix with

cement

hydrated lime

lime and glass

glass

M-C

M-L

M-VL

M-V

RAP 0/10 (%)

80

80

80

80

RAP 0/5 (%)

10

10

10

10

RAP 5/10 (%)

10

10

10

10

1.0

-

-

-

Hydrated lime, L (%)

-

1.0

0.5

-

Micronized glass, V (%)

-

-

0.5

1.0

Residual bitumen, BR (%)

2.0

2.0

2.0

2.0

2.0

2.0

2.0

2.0

Aggregate blend

Binding agents
Cement, C (%)

Free water (%)
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The total water content optimization is based on the volumetric characteristics of the
compacted specimen of CRM produced with bituminous emulsion. The procedure was adapted
from that currently adopted for the determination of void characteristics of bituminous
specimens. In this case, the following parameters are evaluated:
•

Voids in the mixture Vi, which designates the percentage of total mixture volume that is
occupied by air and free water (water not absorbed by the aggregate);

•

Voids in the aggregate VA, which designates the percentage of total mixture that is
occupied by air, free water and fresh bitumen;

•

Voids filled with liquids VFL, which designates the percentage of VA that is occupied by
water and fresh bitumen.

Vi represents the volume of the non-structural part of the specimen and is evaluated as:
V =

G

−G

∙ 100

G

(5.1)

Where Gmm is the maximum specific gravity of the loose mixture whereas Gmb is the dry
specific gravity of the compacted mixture (i.e. the ratio between the total mass of solids to the
total volume of the mixture). In this case, even if, during compaction, the emulsion is not yet
broken, residual bitumen should be considered as a stand-alone material, as it is going to be
after the emulsion breaking. Gmm is calculated considering only aggregates, cement and
bitumen (not including water) while Gmb is calculated together with the height data recorded
by the SGC.
Voids filled with liquids VFL are evaluated as follows:
VFL =

V

+V
VA

,

∙ 100

(5.2)

Where VWF is the volume occupied by the free water (not adsorbed water) and VB,R is the
volume occupied by the emulsion residual bitumen. VA indicates the voids in the aggregate
mixture (i.e. the ratio between the volume of air, free water and fresh bitumen to the total
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volume of the mixture). Additional details on the calculation procedures are reported in (Grilli
et al., 2016; Grilli et al., 2012).
The specimen used in the mix design was composed by the same blend for M-C, that means
stabilized with 1% of cement and 3.33% of bitumen emulsion (which results in 2% residual
bitumen since the emulsion contains 60% of bitumen). More specimens were compacted by
means of SGC (protocol previously illustrated) at 2% and 3% of free water content up to 180
gyrations. Figure 5.2 reports the average compaction curves obtained for each water content in
terms of Vi and VFL as functions of number of gyrations, on a logarithmic scale.

Figure 5.2 Influence of water content on the compactability of CRM:
a) Voids in the mixture Vi; b) Voids filled with Liquids (VFL)
The first graph shows how voids in the mixture, Vi, decrease when number of gyrations
increases. It can be noticed that the increase of water content leads to a low difference in the
final value of air voids between the two mixes. This can be explained by the VFL trend: the
second graph indicates that during compaction water progressively fills the voids volume
available. VFL computed with Eq. (4.2) is representative of the degree of saturation, it means
that the value of 100% represents the maximum saturation rate achievable by the mixture;
continuing with compaction could lead to squeezing water out of the specimen from the bottom
and the top of the mould. This phenomenon was actually observed at the end of the compaction
process regarding the mixture with 3% of free water, wich reached a VFL level of 103%. The
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small amount of squeezed material caused the lower air voids content. Similar results have
been observed in previous experimental studies carried out on both bitumen emulsion
(Graziani et al., 2016; Grilli et al., 2012) and foamed bitumen mixes.
In case VFL exceeds 90%, it generally implies a visible loss of liquids and fines (as well as
bitumen particles). In this case, the final composition of the compacted specimen can be
significantly different from the initial design composition. In the present study, according to
the results obtained and considering the limit of VFL<90%, a value of free water of 2% is
selected, along with a compaction energy of N = 180.
In order to facilitate the control of the water content, oven-dried aggregates were employed.
The drying temperature was 40°C ± 2°C. The total water content (wtot) of each mixture is
composed by the emulsion water content (wemu) and additional water (wadd), which has been
added in two steps. The first part, corresponding, to the absorption water, was added to the dry
aggregates the day before mixing. The wet mixture was sealed and stored for 24h in a plastic
bag to reach a homogeneous moisture condition and to allow a complete absorption by the
aggregates. Subsequently, the mix was thoroughly blended, gradually adding the respective
active filler, the remaining part of the additional water and the emulsion. Samples were mixed
manually at room temperature for at least one minute for each addition step, the time required
to ensure a good particle coating.
Immediately after mixing, specimens were compacted with a Superpave gyratory compactor
(SGC) following this protocol: 100mm diameter mold, constant pressure of 600 kPa, gyration
rate of 30 rpm and angle of inclination of 1.25°. After compaction, specimens were stable
enough to allow demolding. At this point, a curing protocol at 38°C±2°C and 60% of relative
humidity (LC 26-002) was applied for 3 days to all produced mixtures.
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5.5

Test equipment and procedures

5.5.1

Indirect Tensile Strength (ITS) Test

The indirect tensile strength (ITS) was determined by using the standard ASTM D 6931.
Tensile characteristics of the mixes were measured by loading the cylindrical specimens with
a compressive load along a vertical diametric plane at a constant rate (Figure 5.3).
In this test, tensile failure occurs in the specimen rather than a compressive failure. A constant
tensile stress perpendicular to the diametrical plane was developed by the loading
configuration and ultimately causing the specimen to fail by the creation of the crack which
eventually split the specimen along the vertical diameter. This test was performed at room
temperature (25 °C) with a loading rate of 51mm/minute. The strength of the tested material is
calculated by using the Eq. (4.3).

Figure 5.3 ITS device and
specimen

S =

2000 ∙ P
π∙t∙D

(5.3)
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Where St is the tensile strength of the mix (kPa), P describes maximum load, (N), t is specimen
height immediately before the test (mm), and D is the specimen diameter (mm). 16 specimens
were tested for ITS (2 wet and 2 dry each mixture), and the air voids of the tested specimens
were at 7.4 ± 0.4%.
5.5.2

Indirect tensile stiffness modulus (ITSM) test

To measure the stiffness of the mixes, an indirect tensile stiffness modulus (ITSM) test was
performed with an MTS device based on the standard EN 12697-26 (Annex C). The stiffness
modulus is considered as one of the most important performance characteristics of the
pavement structures. Indirect tensile stiffness modulus test on cylindrical specimens gives
information on the viscoelastic behavior of asphalt mixes. The cold mixes in this study have
similar composition and volumetric characteristics as hot mixes. This made it possible to
exclusively focus on the influence of the several additives (especially recycled glass) on the
mix properties.
ITSM test measured the stiffness modulus by a series of repeated application of vertical load
pulses. The tests are performed in strain control mode with a precise recovery time. According
to the standard, the average of 5 load pulses determines the stiffness modulus of the mix. For
each of pulses the stiffness modulus is obtained with Eq. (4.4):
S =

F ∙ (R + 0.27)
L∙H

(5.4)

Where Sm represents the stiffness modulus (MPa), F is the peak value of the applied repeated
vertical load (N), H represents mean amplitude of the horizontal deformation obtained from
five applications of the load pulse expressed (mm), L is mean thickness of the specimen (mm),
and R is the Poisson’s ratio (assumed to be 0.35).
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Figure 5.4 ITSM test setup with MTS
device inside the environmental chamber
To determine the effect of the recycled glass as an additive on the temperature susceptibility
of the mix, an environmental chamber was used for thermal conditioning. ITSM test was
conducted at three different temperatures (-10 °C, 0 °C, 10 °C). The modulus also needs to be
defined along the perpendicular diameter. It should be 80 to 110% of the first value to accept
the validity of the test. The final value of the modulus is the mean value of both diameters
(vertical and horizontal). 1 specimen for each mixture was tested for ITSM, and the air voids
of the tested specimens were at 7.0 ± 0.5%.
5.6

Results analysis

5.6.1

Indirect Tensile Strength (ITS) Test

The value of ITS is used to determine the tensile strength of asphalt mix which can be further
associated to the cracking resistance of the mix. Figure 5.5 compares the results of tensile
strength for the mixes in dry and wet conditions.
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Figure 5.5 Indirect tensile strength of mixtures
As can be observed, use of cement (M-C) results in highest value of tensile strength. It is also
demonstrated that the addition of recycled glass as only additive (M-V) caused a serious
reduction, over 30% lower than with cement, in the tensile strength of the mix. This important
point highlights that recycled micronized glass is sensibly less reactive than cement with the
free water in the system. This is probably due to the total absence of calcium oxide that is
normally provided by cement and which is necessary in order to start hydration reactions.
In contrast, the use of recycled glass combined with hydrated lime in M-VL results in a
significant increase in tensile strength for both wet and dry conditions compare to the mix with
glass only. It can be noticed that in dry conditions, the mix shows roughly same good
performance if compared with M-C. In particular, silica components provided by recycled
glass can increase the dry performance of mixes compare to only hydrated lime (M-L). In fact,
whereas presence of water seems to not affect M-L, it has an opposite behavior if recycled
glass is added. Also, all mixes have acceptable retained strength (>80%), but with M-V at the
lowest level, the M-L mix at the highest, and the M-C and M-VL at similar level.
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5.6.2

Indirect tensile stiffness modulus (ITSM) test

Table 5.4 presents the result of the indirect tensile stiffness modulus tests. Figure 5.6 indicates
the final comparisons of the stiffness modulus for different mixes at various temperatures (-10
°C, 0 °C, 10 °C).

Figure 5.6 Comparison of the stiffness modulus for the mixes at
different temperatures
Results demonstrate that the use of cement results in globally higher tensile stiffness modulus
than mixes with only hydrated lime or only glass. It is also shown that the addition of the glass
to asphalt mixes and its influence on the temperature susceptibility of the mix indicated that
M-VL (hydrated lime plus glass) had higher stiffness modulus value than the M-L and M-V
mixes. It can be noted that M-VL has closer modulus value to M-C containing only cement.
This confirms the result of the ITS test.
As it is indicated in Figure 5.6, regardless the temperature, M-V (containing only recycled
glass as additive) has the lowest performance in terms of stiffness modulus (79%, 51% and
53% of the stiffness of the mix with cement at -10°C, 0°C and 10°C respectively). Glass
powder used as a stand-alone agent in bitumen emulsion mixes is not able to develop
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acceptable adhesion with the mineral components of the material. Since the recycled glass used
here is composed of particles with high surface area, it is believed that it acts as a dewatering
agent in the mix by adsorbing water on its surface. However, this process alone does not seem
to be enough to grant the mix high stiffness at young age.
Table 5.4 Stiffness modulus results
Temperature
(°C)

Load
Factor

Rise time
(ms)

-10
0.6
124.9
0
0.59
123.6
10
0.6
132.1
-10
0.6
125.7
M-L
0
0.59
129.5
10
0.6
132.6
-10
0.59
126.0
M-VL
0
0.6
129.5
10
0.61
132.0
-10
0.6
131.0
M-V
0
0.6
125.0
10
0.6
130.0
(1)
Corrected stiffness modulus for a load of 0.6
M-C

Deformation
(μm)

Stiffness
modulus
(MPa)

Corrected
Stiffness
modulus(1)
(MPa)

3.21
5.23
4.89
2.91
5.20
4.71
3.00
4.76
4.00
3.70
5.20
4.50

16 652
4 843
2 353
14 615
4 861
2 318
15 157
5 327
2 854
13 002
2 523
1 247

16 711
4 795
2 350
14 614
4 827
2 312
14 938
5 358
2 880
13 123
2 452
1 240

At medium and high temperature (0 °C, and 10 °C), mixes with calcium hydroxide components
(M-C, M-L, M-VL) have almost the same appreciable value of the stiffness modulus. At a
lower temperature (-10 °C), the mix with cement has the highest modulus, with the three other
mixes having stiffness values equivalent to 87%, 89% and 79% of the stiffness of the mix with
cement for the M-L, M-VL and M-V mixes respectively. In fact, the 3-days curing protocol
followed in the research did not lead to a complete development of internal chemical reactions
and water evaporation, with a sensible amount of free water still available in the mixture. As
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shown in Table 5.5, there was still water left in the specimen after three days of curing since
water loss is less than 2% (free water in the mix), and this amount of water is higher than the
amount theoretically used by the cement or hydrated lime hydration. It can also be seen that
since there is no hydration with the mix containing only glass, the water loss is higher. As a
consequence, presence of water at -10°C still plays an important role in the material stiffness,
which at the same time does not seem to be fully-cured. It is important to remember that high
stiffness values sometimes cause the crack reflection in the pavement in cold climate (Navarro
& Gámez, 2011); this means that curing time is a fundamental parameter to be taken into
account for further studies, especially for low-temperatures performance analysis.
Table 5.5 Water loss in the specimen after curing
Specimen

Weight before curing (kg)

Weight after curing (kg)

Water loss (%)

M-C

1.035

1.016

1.836

M-L

1.033

1.014

1.839

M-VL

1.035

1.016

1.836

M-V

1.033

1.013

1.936

In general, considering ITS and ITSM results, it is indicated that mixes containing hydraulic
additives (cement or hydrated lime) show higher values of stiffness modulus and tensile
strength than mix stabilized by micronized glass. These results indicate that such materials are
able to withstand larger stress prior to failure. The contribution of recycled glass combined
with hydrated lime has to be highlighted; from both tests, it is clear how it has beneficial
effects, improving general performance of the mix. It means that probably hydrated lime and
glass powder are able to create chemical bonds, although still not comparable with cement
composition.
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5.7

Conclusions

The present research aimed to study the behavior of recycled glass which can replace cement
in the production of cold recycled mixtures with bituminous emulsion. For this purpose, a
reference mixture stabilized with 1% of cement is compared with other possible solutions: in
particular, cement is replaced with 1% of hydrated lime, 1% of glass powder and 0.5% of
hydrated lime plus 0.5% of glass powder.
From the results, it is clear how the employment of recycled glass as stabilizing agent does not
lead to comparable performance level if referred to the reference mixture. Actually, from ITS
dry results, it seems to be the less performant, even if its water susceptibility is reasonably low.
Better results were achieved when glass powder is combined with hydrated lime. The presence
of calcium hydroxide and amorphous silica in the mixture started a similar reaction than
cement, sensibly increasing stiffness and resistance values. In dry conditions and regardless
the temperature, mechanical performances of the mentioned mixture are closer to the reference
mix. At last, the use of hydrated lime instead of cement conferred to the material lower
strength, although it showed the lowest water susceptibility, around 1%.
Three days of curing in specific conditions did not allow a complete mechanical characteristics
development in the material, there is simply not enough time for a complete water evaporation
and chemical reactions, extremely important aspects in this kind of mixes. Such feature, as
well as the optimization of hydrated lime and glass content, especially from a chemical point
of view, can be considered for deeper studies.
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6.1

Abstract

Cold recycled mixtures (CRM) treated with bitumen emulsion are innovative materials in road
pavement construction industry which gained visibility in the last decades. They are produced
at ambient temperatures thanks to the employment of bitumen emulsion, water and additional
hydraulic binders. In this research, four CRM mixes are studied analysing the effect of two
water contents and two cement dosages. The mechanical properties of the mixes were studied
in terms of Indirect Tensile Ratio (ITR), Indirect Tensile Stiffness Modulus (ITSM) test and
dynamic modulus test, after a curing period of 14 days. Moreover, results analysis is improved
by images obtained at the scanning electron microscope (SEM). From the results, the presence
of more water decreased the indirect tensile strength (ITS) in both dry and wet conditions, even
if the water susceptibility was generally low (ITR > 80%). The PUNDIT measurements along
curing highlighted the progressive increase of the dynamic modulus, which after curing was
higher in the mixtures with cement. At the end, SEM images highlighted the effect of the water
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content in the dispersion of the bituminous phase, as well as the presence of cement hydration
products.
6.2

Introduction

Cold recycled mixtures (CRMs) are gaining interest in the road pavement construction industry
thanks to the possibility to produce reliable materials for the pavement structure at ambient
temperature (Davidson, 2005; Tebaldi et al., 2014; Xiao et al., 2018). The bituminous phase is
replaced by the use of bitumen emulsion, a two-phase suspension constituted by bitumen
droplets suspended in an aqueous phase. In order to increase the short-term and long-term
mechanical properties, some Ordinary Portland cement is normally added, which allows also
a faster breaking process of the bitumen emulsion (ARRA, 2001; Asphalt Academy, 2009;
Brown et al., 2000). It is important to highlight that additional water is often considered in the
production process to enhance the workability and compactability of the mix (Grilli et al.,
2016; Raschia, Graziani, et al., 2019a). It is clearly demonstrated that the water content is of
extreme importance for the reduction of the internal friction during compaction, as well as for
the cement hydration. In fact, many studies demonstrated that with a higher amount of water
in the mix, it is possible to reach higher density with less compaction effort (Cross, 2003;
Gaudefroy et al., 2008; Martínez et al., 2007). Once that the curing process starts, a small part
of the water is employed by the cement for the formation of hydration products, whereas the
major part is expelled by evaporation depending on the environmental conditions (temperature
and humidity) (Cardone et al., 2014; Godenzoni, Cardone, et al., 2016; Kim et al., 2011). As
curing proceeds, water partially evaporates, partially reacts with cement and partially remains
in the solid structure of the mixture. In fact, t is often showed that it is difficult to reach the
total loss of the water inside the mix (Cardone et al., 2014; Garcia et al., 2013).
The objective of this study is to understand how the water content employed to satisfy
compaction requirements affects the mechanical properties of the CRM with bitumen
emulsion. To achieve this goal, mixtures with same volumetric properties are produced
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changing water content, and repeating the experimental plan with and without the addition of
Ordinary Portland cement.
6.3

Materials and methodology

6.3.1

Materials

The reclaimed asphalt pavement (RAP) used to produce the CRMs in this study was stockpiled
in a production plant in Italy. The main physical properties of the RAP aggregate are collected
in Table 6.1. The bitumen emulsion used is a CSS-1 type (ASTM D2397) and its properties,
as well as the ones of the residual bitumen, are listed in Table 6.2. The cement used was a GU
type (CSA A3000) with compressive strength at 28 days of 43.9 MPa (ASTM C109).
Table 6.1 RAP aggregate properties
Property

Standard

Unit

Value

Binder content

ASTM D6307

%

5.51

Nominal maximum particle dimension

ASTM D448-03

mm

16

Maximum specific gravity

ASTM C127-128

-

2.482

Table 6.2 Bitumen emulsion properties
Bitumen emulsion property

Standard

Unit

Value

Density

ASTM D6397-16

g/cm3

1.0

Residue content

ASTM D6997-12

%

60.3

Storage stability @ 24 hours

ASTM D6930-10

%

0.6

Needle penetration @ 25°C

ASTM D5-13

mm

4.1

Softening point

ASTM D36-14

°C

48.6

Residual bitumen property
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6.3.2

Mixtures

In the present study, four mixtures were produced with the same gradation, which is
represented in Figure 6.1. The target distribution was the Fuller-Thompson maximum density
curve, with exponent 0.45. In order to obtain the target gradation, the final aggregate blend was
composed of 94.4% of RAP aggregate and 5.6% of limestone filler. The bitumen emulsion
content was fixed at 5.0% by aggregate mass, which means a residual bitumen content of 3.0%
by aggregate mass. Two cement contents were tested, as well as two different dosages of
intergranular water: the mixtures 0C_2W and 0C_4W do not contain cement, and are produced
with 2% and 4% of intergranular water, respectively; the mixtures 15C_2W and 15C_4W
contain 1.5% of cement by aggregate mass and 2% and 4% of intergranular water, respectively.
Water contents of 2% and 4% were chosen because the first is the amount of minimum water
coming from the bitumen emulsion addition, whereas the second allows to employ half of the
compaction energy compared to the first one to obtain the same amount of air voids.

Figure 6.1 Gradation of the studied granular material
The mixtures were produced initially blending the dry aggregates with the absorption water
and letting the humid blend rest overnight. Afterwards, cement (when required), additional
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water (when required) and bitumen emulsion were added in this order, manually mixing the
mixture at each addition. The specimens were compacted with a Superpave Gyratory
Compactor (SGC) by using an undrained mould with D = 100 mm, 600 kPa of constant
pressure, gyration rate of 30 rpm and external inclination angle of 1.25°.
The volumetric properties during and after compaction were analyzed through two parameters,
the Voids in the mixture (𝑉 ) and the Voids Filled with Liquids (VFL) (Grilli et al., 2016):
+V ,
V − (V + V + V , )
∙ 100 =
∙ 100
V
V
V , +V ,
V , +V ,
∙ 100 =
∙ 100
VFL =
V , +V , +V ,
V−V −V

V =

V

(6.1)

,

(6.2)

where V is the total volume of the specimen, V is the bulk volume of aggregates, V is the
volume of cement, V

,

is the volume of residual bitumen from emulsion, V

of intergranular water and V

,

,

is the volume

is the volume of air. In order to have specimens with same

value of V , at first, mixes 0C_2W and 15C_2W were compacted at 200 gyrations and the
final value of V was recorded. Afterwards, mixes 0C_4W and 15C_4W were compacted at
fixed height to reach almost the same V value. The volumetric properties of the studied mixes
are listed in Table 6.3. After compaction, the specimens were stored in a chamber at fixed
temperature of 40 ± 2 °C and relative humidity of 55 ± 5%.
The experimental program was developed performing Indirect Tensile Strength (ITS) test in
dry and wet conditions, Indirect Tensile Stiffness Modulus (ITSM) test, dynamic modulus
measurements with wave propagation at different curing ages, and image analysis through a
Scanning Electron Microscope (SEM) (García et al., 2013; Godenzoni, 2017; Richardson,
1999; Rutherford et al., 2014). The ITS test was performed on three dry specimens at 25 °C,
in accordance to ASTM D6931. The ITS value was calculated as:
ITS =

2000 ∙ P
D∙t∙π

(6.3)
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where P is the maximum load (N), D is the specimen’s diameter (mm) and t is the specimen’s
thickness (mm).
Table 6.3 Volumetric composition of the studied mixtures
Components (%)

0C_2W

0C_4W

15C_2W

15C_4W

RAP aggregate

80.4

79.2

80.3

78.8

Filler

5.0

5.0

4.2

4.1

Unhydrated cement 0.0

0.0

1.0

1.0

Residual bitumen

6.1

6.0

6.0

5.9

Emulsion water

4.1

4.1

4.1

4.0

Additional water

0.0

4.1

0.0

4.0

Air

4.4

1.6

4.4

2.2

Total

100

100

100

100

Gyrations

200

95

200

100

Vm

8.0

9.7

8.5

10.2

VFL

72.8

89.9

69.3

87.2

The ITS test in wet conditions was performed on three specimens which were previously
submerged in water at 25 °C for 2 hours. The Indirect Tensile Ratio was calculated:
ITR =

ITS
ITS

(6.4)

The ITSM test was performed on one specimen each mixture at three temperatures: -10 °C,
0 °C and 10 °C, in accordance to UNI EN 12697-26 (Annex C). The test was repeated on both
diameters and the average ITSM value was calculated as:
ITSM =

F ∙ (υ + 0.27)
z∙h

(6.5)

where F is the maximum load (N), υ is the Poisson ratio, z is the horizontal deformation (mm)
and h is the specimen’s thickness (mm). Dynamic modulus measurements were performed by
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means of a Portable Ultrasonic Non-destructive Digital Indicating Tester (PUNDIT), using
compression and shear waves. Shear waves transducers were attached on both faces of the
specimen, using a coupling gel. The two probes were properly aligned in the same plane to
achieve maximum transmission. The test was carried out on one specimen for each mixture,
and the average value of three measurements was recorded at 1, 3, 5, 7 and 14 days of curing.
The testing temperature was 40 °C.
6.4

Results analysis

Figure 6.2 shows the results of ITS test in dry and wet conditions. It is highlighted that the ITR
value is between 90% and 110%, indicating the low water susceptibility of all the studied
mixtures. In terms of resistance, the mixtures with more intergranular water (0C_4W and
15C_4W) have in both cases less ITS than the respective mixtures with less water. Another
important result is the slight effect of cement. In fact, mixtures 15C_2W and 15C_4W did not
show a remarkable increase in the strength, as it was supposed to happen. However, mixes
without cement showed very high ITS results, making less effective the addition of cement.

Figure 6.2 Indirect Tensile Strength test results
in dry and wet conditions
Figure 6.3 shows the results of the ITSM test. It is possible to observe that for all mixtures,
stiffness is temperature sensitive. It is important to highlight that the mixture without cement
0C_2W showed the lower tensile stiffness, whereas the mix which was characterized by the
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highest stiffness is the 15C_2W. Mixtures 0C_4W and 15C_4W have similar ITSM values,
which is unexpected since the presence of cement should improve stiffness. Hence, results for
these two mixtures were probably influenced by the higher air voids. Furthermore, although
the mixture 15C_4W contains cement and the mixture 0C_2W does not, their mechanical
properties appear similar. Hence, the mixture 15C_4W showed ITSM values of a mixture
without the effect of the emulsion, giving similar results to the mixture without cement
(0C_4W). This evaluation can be confirmed also by the ITS results.

Figure 6.3 Indirect Tensile Stiffness Modulus
test results
Figure 6.4 shows the dynamic modulus values at different curing ages. For all the studied
mixes, it is possible to observe the effect of curing in the increase of the dynamic modulus.
From those results, it can be highlighted that after 7 days of curing, no significant increase in
the modulus value occurred. In general, mixes with cement (15C_2W and 15C_4W) always
had higher modulus than the mixes without cement. The mixture 15C_4W showed a slower
increase, probably due to the higher amount of water in the mixture. Nevertheless, at the end
of curing, the mixture 15C_4W has lower dynamic modulus, justified by the higher voids.
Along the curing time, mixtures without cement 0C_2W and 0C_4W showed very close
results, and values after 14 days lower than mixtures with cement.
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Figure 6.4 Dynamic Modulus test results
(PUNDIT at 40°C)
Figure 6.5 shows Scanning Electron Microscope images taken from broken samples after
mechanical testing. The test was performed on the material without any particular surface
treatment prior testing. Comparing the pictures of mixes 0C_2W and 0C_4W, it is highlighted
the contribution brought by the higher amount of water in the bitumen dispersion. Analyzing
the mixes with cement it can be seen that the hydrates product formation is lower in the mixture
15C_2W, in which it is concentrated only in few spots. On the contrary, the mixture 15C_4W
clearly shows the cement hydration process, which at the same time makes difficult to
recognize the bituminous phase.
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Figure 6.5 Scanning Electron Microscope images
6.5

Conclusions

This research aimed to understand the effect of water content and cement content in CRM
materials with bitumen emulsion. Four mixes, characterized by two cement dosages and two
water contents, were analyzed in terms of ITS test, ITSM, dynamic modulus and SEM image
analysis after a curing period of 14 days. The following conclusions can be drawn:
•

From ITS results, the higher water content generally decreased the strength of the mix,
whereas the addition of cement did not lead to a significant increase in resistance. It must
be noted that mixes with more water required less compaction energy, which could have
led to a lower aggregate packing;

•

From ITSM results, the temperature susceptibility of the mixes is highlighted. Mixes with
cement did not always show higher stiffness; in fact, the cement hydration seemed to have
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damaged the effect of the emulsion when more water was used. This led to lower stiffness
values. In mixes with no cement, more water allowed a better dispersion of the bitumen
phase and gave higher stiffness;
•

Dynamic modulus measurements along curing showed an increase of the dynamic modulus
significant in the first 7 days for all the four mixes. After 14 days, mixes with cement had
higher modulus than the mixtures without cement, which were not different regarding the
water content;

•

From SEM image analysis, it was possible to capture important aspects of the mixes
produced. In fact, the higher water content allowed a higher bitumen dispersion among the
mixes 0C_2W and 0C_4W. In mixes with cement (15C_2W and 15C_4W), more water led
to a higher cement hydration, which at the same time prevent a full contribution from the
bitumen phase.

Further studies are needed in this perspective, especially at a microstructural level, to fully
understand and estimate the collaboration between bitumen and hydraulic binders (such as
cement). From the results, the contemporary presence of both did not lead to the most efficient
mix.

CHAPTER 7
SUMMARY OF SECTION 1 AND INTRODUCTION OF SECTION 2:
INFLUENCE OF RAP AGGREGATE ON CBTM PROPERTIES
The goal of this chapter is to summarize the results obtained in Section 1 and introduce the
next topic of the thesis, i.e. the influence of RAP aggregate on CBTM properties.
7.1

Summary of Section 1

The results obtained in the previous two papers highlighted some important aspects related to
the employement of cement and water in the mix design of CBTM mixtures. The dosage of
both components is fundamental to avoid issues in terms of production process and mechanical
properties. The main findings are listed below.
The combination of glass powder and hydrated lime improved strength and stiffness of each
of the two components considered alone. However, it did not lead to the same properties
conferred by ordinary Portland cement. Although the global stiffness of the material was
related to the cement dosage, a balanced proportion between residual bitumen and cement
(mass ratio 2:1, respectively) highlighted the contribution given by both binders. Furthermore,
water dosage resulted to be important to address the effects of residual bitumen and cement. In
fact, results showed that when a higher dosage of water was used, the degree of cement
hydration was higher and had probably hidden the role of bitumen. On the other hand, when
the dosage of water was smaller, the cement hydration reaction did not develop completely and
its contribution was less significant than the bituminous phase.
Further studies are encouraged to improve knowledge on the results obtained and additional
tests could be considered. The identification of chemical components in the cured mixture, as
well as isothermal calorimetry tests, could both give more details regarding the role of cement
in cold recycled mixtures. Moreover, water and compaction energy are aspects that need
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balance in order to obtain a mixture with the desired volumetric properties without an excess
of compaction effort. This balance is easier to reach in laboratory rather than for in-situ
applications. For this reason, a volumetric mix design as described in CHAPTER 3 is highly
recommended as a preliminary step for cold recycled mixtures projects. Such protocol should
be improved by the correlation between compaction techniques (and energy) in the laboratory
and the field compaction. It is also important to remark the high control that the volumetric
approach confers on the dosage of constituents inside the CBTM mixture.
Another important aspect that was not treated in these chapters are the steps followed for the
mixing procedure. In general, the addition of cement, additional water and bitumen emulsion
were performed in this order, on the aggregate blend in SSD conditions. However, it is possible
that changing the order of introduction of the components could affect the general properties
of the mixtures, especially in terms of bitumen emulsion breaking and cement hydration. This
aspect should also be considered for further studies.
7.2

Section 2: study of the RAP aggregate effect on CBTM properties

In Section 2, constituted by three journal papers, the study focuses on the influence of RAP
source in CBTM mixtures properties, evaluating different aspects. A first step was needed to
study the influence of the RAP aggregate distribution on the properties of the produced
mixtures (CHAPTER 8). The production of CBTM mixtures with different RAP aggregate
distribution was investigated in two laboratories: ÉTS – LCMB (Canada) and UNIVPM (Italy).
The effect of the aggregate gradation on the compactability and mechanical properties is
important mainly because it can be responsabile for the air voids dimensions and distribution
inside the mixture, as well as the degree of dispersion of the mastic and aggregate coating.
Such aspects are considered fundamental because the amount of binder used in CBTM is
generally low, and it does not allow a uniform aggregate coverage.
As a second step, two RAP sources were selected according to the fragmentation test (Perraton,
Tebaldi, et al., 2016). The two sources selected, RAP1 coming from Italy and RAP2 from
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USA, are characterized by different fragmentation indexes. Hence, the goal of the second paper
is to evaluate how the two RAP sources are affecting physical and mechanical properties of
the CBTM mixtures (CHAPTER 9). Results obtained left some questions open and some
aspects needed to be clarified. In fact, some findings could have been limited by the tests
chosen, as well as by the different filler contents (5.2% and 8.3% for RAP1 and RAP2,
respectively). For these reasons, in CHAPTER 10, gradation of both RAP sources have been
slightly modified and cement was not added to strictly evaluate the RAP source effect.
Compactability and fundamental rheological properties were investigated to have a wider view
on the effect of the RAP aggregate source.

CHAPTER 8
EFFECT OF GRADATION ON VOLUMETRIC AND MECHANICAL
PROPERTIES OF COLD RECYCLED MIXTURES (CRM)
Simone Raschiaa, Chiara Migninib, Andrea Grazianib, Alan Cartera, Daniel Perratona, Michel
Vaillancourta
a

Construction Engineering department, École de technologie supérieure (ÉTS) 1100, NotreDame Street West, Montreal, Canada
b
Department of Civil and Building Engineering, and Architecture, Università Politecnica
delle Marche, Via Brecce Bianche, 60131 Ancona, Italy

Paper published in the journal Road Materials and Pavement Design, Taylor & Francis, July
2019
8.1

Abstract

In recent times, recycling using cold bituminous mixtures has become one of the most
interesting techniques in pavement engineering from sustainability aspect. This study focuses
on the clarification of the steps concerned with the cold mixture mix design to determine the
initial aggregate gradation of the mixture. The study has been developed involving procedures
followed in Canada and Italy. In both the cases, three different gradations, normally employed
in the production of traditional bituminous mixtures, were compared. The effect conferred by
the gradation type has been studied in terms of workability, compactability and mechanical
properties. Results show that in both the procedures the gradation influenced the workability
and the compaction behaviour of the mixtures studied. At the same time, in terms of
mechanical properties, the gradation influenced the strength of the final mixture in only one of
the procedures applied.
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8.2

Introduction

Cold recycling as a technology is developing more interest in the framework of road
maintenance and rehabilitation. This is a process to obtain new materials normally used for
base or binder courses with impressive advantages in terms of economic and environmental
sustainability, as well as mechanical properties (ARRA, 2001; Kuleshov, 2018). The
possibility of using a high amount of reclaimed asphalt pavement (RAP) aggregate directly
means a continuous availability of the solid phase of the mixtures, which can reduce the
dependency on virgin aggregates.
The main binder in cold recycled mixtures (CRM) is bitumen, which can be used in form of
bitumen emulsion or foam. Both techniques allow reducing the viscosity of the bitumen in
order to produce and compact mixtures at ambient temperature. In this paper, only bitumen
emulsion is considered (ARRA, 2001; Asphalt Academy, 2009; Xiao et al., 2018). As an
additional binder, Portland cement, lime, fly ash, etc. can be employed in small amounts to
increase the short and long-term resistance and stiffness of the material. Normally, water is
added to the mixture, which reduces the internal friction and enhances the workability and
compactability (Brown et al., 2000; Cross, 1999; Du, 2014; Oruc et al., 2007; Raschia et al.,
2018).
In the literature, the terms workability and compactability are often used as synonyms, to
indicate the specific characteristic of the material to be easily laid in place and compacted with
a reduced amount of energy (Dessouky et al., 2012; Gudimettla et al., 2003). In hot mix
asphalts (HMA), workability is normally controlled in terms of production temperature,
whereas the aggregate gradation, which is also very important, is often considered as a
secondary aspect (Bennert et al., 2010). As a standard practice, it is usual to assume a densegraded distribution to have a workable mix, evaluating the maximum density line as the best
to be compacted (Fuller & Thompson, 1907). The Bailey method (Bailey, 2002) considers that
an aggregate blend can be divided in stone, interceptor, coarse sand and fine sand particles,
each of them with a specific role in the final structure of the bituminous mixture. With this
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method it is possible to evaluate the aggregate packing ability, which can affect the HMA
mechanical properties, especially in terms of rutting resistance (Kim et al., 2008).
Furthermore, Olard and Perraton (2010) showed that by optimizing the proportions of coarse
and fine fractions in an aggregate blend, it is possible to produce high performance asphalt
concrete (HPAC), i.e. materials with improved compactability, strength and stiffness. Such
optimization leads to fill the free volume of air among coarse particles with the remaining fine
fraction. It is highlighted that an excessive amount of medium-sized aggregate can induce the
“wall effect”, that is the contact loss in the coarse fraction.
Francken and Vanelstraete (1998) and Van de Ven, Voskuilen and Tolman (2003) tried to
develop a mix-design procedure based on the packing theory by comparing different
approaches. General results showed that no exact correlation could be found between the
packing simulation of multi-size gradation and the mix design process.
From a realistic point of view, a CRM mixture can show a double behaviour in terms of ability
to be mixed and laid (workability), and in terms of energy consumption for compaction
(compactability). It can happen that the two properties are not directly linked, meaning that a
loose mixture that shows good workability can require unexpectedly a high compaction energy
(Raschia, Graziani, et al., 2019a). These two different aspects of the compaction ability of a
mixture are not simple to optimize, if not normally acting on the water content of the mixture.
However, water content should respect a maximum value, that will prevent water loss together
with fine particles and bitumen droplets during compaction (Grilli et al., 2016). When CRM
specimens are compacted in the laboratory using a gyratory compactor, it is possible to
evaluate the workability and compactability of the mixture by using two parameters linked to
the compaction curve (Grilli et al., Graziani et al., & Bocci et al., 2012; Raschia et al., 2019).
The workability, intended as the self-compaction ability of the mix, is represented by the value
of voids in the mixture at the beginning of compaction, whereas the compactability can be
related to the slope of the linear part of the compaction curve in a semi-logarithmic plane.
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Results from Xu, Wang and Wang (2017) are related to the effect of gradation on CRM, where
the mechanical properties are linked to two parameters representing the gradation: the fineness
modulus, which is an empirical value describing how coarse or fine is the gradation, and the
fractal dimension, which estimates the slope of the gradation in a bi-logarithmic plot. The
results highlight that a balance between the fractal dimension value, the density and adhesion
was the key to improve mechanical properties of CRM, rather than bitumen emulsion content
and cement content.
In concrete mix design, the workability aspect has been improved with the introduction of SelfCompacting Concretes (SCC). In these particular mixtures, the achievement of high levels of
workability is ensured by two main aspects: the high deformability of the paste (or mortar),
and the segregation resistance between coarse and fine aggregates. Both aspects can be
obtained by using high amount of filler aggregate which increases the viscosity of the paste
and reduces the internal stress between coarse aggregates (Brouwers, 2004; Brouwers & Radix,
2005; Ouchi & Okamura, 1999).
The main objective of this research is to investigate the effect that the aggregate gradation of
CRM has on their workability and compactability. In order to give an exhaustive answer,
mixtures characterized by different gradations were prepared in the laboratory and compacted
using the gyratory compactor. The experimental data were analysed using specific parameters
obtained from the grading curves and from the compaction curves. The relation between
aggregate gradation and mechanical properties of CRM was also investigated.
Similar experimental plans were carried out according to typical practices followed in North
America and Europe. In the first case, the work was performed at École de technologie
supérieure (ÉTS) in Montréal (Canada), studying the effect of three gradations that are more
commonly used in Canada, whereas in the second case the study was developed at Università
Politecnica delle Marche (UNIVPM) in Ancona (Italy), involving three aggregate gradations
generally used in Italy. It must be highlighted that this study does not address to compare the
two cases. On the contrary, the analysis will be focused separately on each laboratory in which
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the experimental plan was carried out. In this way, the aggregate gradation effect can be
analysed considering three different gradations employed in two different materials.
8.3

Materials and methods

8.3.1

Mixtures composition

The work developed at ÉTS involved the investigation of three aggregate gradations which are
typical for the construction of base courses. The first refers to the Fuller-Thompson maximum
density curve with a maximum aggregate size of 14 mm (CA_FT), the second represents a
gap-graded gradation employed in the production of HPAC (CA_HPAC), while the third is
designed to respect the grading envelope provided by the Ministère du Transport du Québec
(MTQ) for base course (CA_MTQ) (Figure 8.1.a). It is highlighted that the three gradations
are composed only of RAP aggregate with a small correction of filler (Table 8.1).
Table 8.1 Granular composition of the aggregate blends
Component

CA_FT

CA_HPAC

CA_MTQ

RAP 0/10 (%)

94.9

41.6

73.6

RAP 10/14 (%)

0

51.8

21.3

5.1

6.6

5.1

IT_FT

IT_SMA

IT_FINE

RAP 0/14 (%)

80.0

0

80.0

RAP 2/14 (%)

0

70.0

0

Sand 0/2 (%)

17.0

20.0

0

Filler (%)

3.0

10.0

20.0

Filler (%)
Component

Similarly, at UNIVPM, the experimental work was carried out on three different aggregate
blends in the perspective of the production of a binder course. The first is close to the FullerThompson curve with a maximum aggregate size of 14 mm (IT_FT), the second is a gap-
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graded curve derived from specifications for stone mastic asphalts (IT_SMA), and the third is
a maximum density curve with increased dosage of filler (IT_FINE) (Figure 8.1.b). To obtain
these three aggregates gradations, RAP aggregates, virgin aggregates and filler were combined
(Table 8.1). The main physical properties of aggregates used are reported in Table 8.2.

Figure 8.1 Aggregate blend gradations studied at:
a) ÉTS; b) UNIVPM
Mixtures composition in both laboratories was selected in accordance to local mix-design
practices. Hence, the composition may vary in terms of cement, bitumen and water content,
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whereas particular attention was paid to reproduce the same laboratory operational steps
(mixing and compaction) in both cases.
Table 8.2 Main properties of aggregates used
ÉTS
RAP0/10
Property

Standard

Value

Bulk Specific Gravity of the aggregate

LC 26-045

2.537

Water absorption

LC 21-066

1.0%

Binder content (by aggregate mass)

LC 26-006

6.1%

Standard

Value

Bulk Specific Gravity of the aggregate

LC 26-045

2.550

Water absorption

LC 21-066

1.0%

Binder content (by aggregate mass)

LC 26-006

4.0%

Standard

Value

Apparent density

EN 1097-6

2.482 g/cm3

Saturated Surface Dried density

EN 1097-6

2.441 g/cm3

Water absorption

EN 1097-6

1.14%

Binder content (by aggregate mass)

EN 12697-1

5.7%

Standard

Value

Apparent density

EN 1097-6

2.732 g/cm3

Saturated Surface Dried density

EN 1097-6

2.685 g/cm3

Water absorption

EN 1097-6

1.50%

RAP 10/14
Property

UNIVPM
RAP 0/14
Property

VA 0/2
Property
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Cationic slow-setting emulsions were used and their properties, together with the residual
bitumen properties, are listed in Table 8.3. The residual bitumen content was fixed in both
cases: 2% by aggregate mass at ÉTS and 3% by aggregate mass at UNIVPM. The cement used
at ÉTS is a GU type (CSA A3000) with a compressive strength of 43.9 MPa after 28 days. At
UNIVPM, a high-resistance cement was used, characterized by a compressive strength of 56.0
MPa after 28 days. The cement content was also fixed in both laboratories: 1.5% by aggregate
mass at ÉTS and 2.5% by aggregate mass at UNIVPM.
Table 8.3 Main properties of bitumen emulsions and bitumen residue
ÉTS
Property
Bitumen emulsion

Standard

Value

Residual bitumen

ASTM D6997

62.8%

Viscosity Saybolt-Furol @ 25°C

ASTM D7496

28.1 s

Oversized particles

ASTM D6933

< 2%

ASTM D5

170 mm/10

Bitumen emulsion

Standard

Value

Residual bitumen

EN 1428

60%

Viscosity @ 40°C

EN 13302

42.5 s

Breaking Index

EN 13075

2%

Pen @ 25°C

EN 1426

100 mm/10

Softening point

EN 1427

43°C

Residual bitumen
Pen @ 25°C
UNIVPM
Property

Residual bitumen
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8.3.2

Mixing and compaction

The mixing was carried out following the same steps at ÉTS and UNIVPM, even though it was
performed manually in the first case and mechanically in the second case. The dry aggregate
blend was preliminary mixed to obtain the target gradation, and the water amount
corresponding to the absorption water was added and mixed. The mixture obtained was kept
sealed in a plastic bag for at least 12 hours to allow moisture distribution and a good level of
absorption by the aggregates. Then, cement, additional water and bitumen emulsion were
added in this order and mixed at each addition until a good homogeneity was obtained. This
second step normally required 5 to 10 minutes.
Compaction was started immediately after mixing. At ÉTS, the compaction was performed by
a gyratory compactor with mould diameter of 100 mm, constant pressure of 600 kPa, gyration
rate of 30 rpm, and at an external angle inclination of 1.25°. At UNIVPM, the same compaction
parameters were used with a mould diameter of 150 mm.
Compaction by means of a gyratory compactor allows to measure the height of the specimen,
and more specifically its volume. During the mixing process, the mass of each component in
the mixture is known and its volume can be calculated. This means that during compaction, it
is possible to relate the volume of the compacted specimen to the volume of the loose mixture
(and maximum density) at each gyration. With the increasing compaction energy, the density
of the specimen increases because the volume occupied by the air slowly fills with liquids
(water and bitumen). In this way, it is possible to characterize CRM compaction properties by
calculating the Voids in the mixture (V ):
V (%) =

V

,

+V
V

,

∙ 100 =

V− V +V +V
V

,

(8.1)

∙ 100

where V is the total volume of the specimen, V is the bulk volume of aggregates (and hence
includes the volume of absorbed water), V is the volume of unhydrated cement, V
volume of residual bitumen from emulsion, V

,

,

is the

is the volume of intergranular water and V

,
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is the volume of air. It is important to highlight that the residual bitumen from the emulsion is
not absorbed by aggregate, and thus is considered totally effective. This can be assumed since
the RAP aggregates are characterized by very low absorption values, and by the fact that
aggregates surface voids are already saturated with water at the moment of mixing with
bitumen emulsion. In the calculation of V only intergranular water is considered, which is the
amount of water not absorbed by the aggregates.
At ÉTS a preliminary series of specimens were compacted to select a suitable intergranular
water content to reach a V value of 10 ± 1% in the three mixtures, which was fixed at 2% by
mass of aggregates.
At UNIVPM the compaction was performed at 100 gyrations and different water contents were
tested to reach the lowest V value without having material loss during compaction (water and
fine particles). The intergranular water was fixed at 3% by mass of aggregates for IT_FT and
IT_FINE, and at 2.5% by mass of aggregates for IT_SMA.
8.3.3

Laboratory testing

Depending on the ambient conditions, such as temperature and relative humidity, the CRM
needs a certain amount of time (curing period) to reach the cured state (Cardone et al., 2014;
Godenzoni, Cardone, et al., 2016; Graziani, Iafelice, et al., 2018).
Compacted specimens were place in an environmental chamber for curing at different
conditions: at ÉTS the curing was 3 days at 38 ± 2 °C and 60% of relative humidity, while at
UNIVPM the curing was performed for 7 days at 25 °C and 70% of relative humidity.
During the curing process the water evaporation takes place, together with cement hydration.
A method to control the curing process is to monitor the evolution of the specimen mass, or
more specifically, the final weight related to the cured state. In this way it is possible to have
an idea of when the curing process is mostly occurred:
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ΔW

()

W − W( )
=
∙ 100
W

(8.2)

where ΔW ( ) is the water loss by evaporation (%) at the curing time t, W is the initial mass of
the specimen; W ( ) is the mass of the specimen at the curing time t and W

is the total

amount of water in the specimen.
The experimental plan at ÉTS was carried out performing Indirect Tensile Strength (ITS) Test
in dry and wet conditions, to evaluate the Indirect Tensile Strength Ratio (ITR). The test was
performed in accordance to ASTM D6931 at 25 °C. This test measures the tensile resistance
of the material along the vertical diametral plane subjected to a compressive load, with a
loading rate of 50 mm/min. The ITR is calculated as the ratio between ITS in wet and dry
conditions. Both values are an average of three replicates. To investigate the water
susceptibility, the ITS

value was measured on specimens previously submerged in a water

bath for 2 hours at 25 °C.
At UNIVPM, the ITS test in dry conditions and the Indirect Tensile Stiffness Modulus (ITSM)
test were performed. The ITS test was performed in accordance to EN 12697-23 at 25 °C.
The ITSM test was carried out following the EN 12697-26 (Annex C) at 25 °C. The test
measures the stiffness modulus in indirect tensile configuration by a series of 5 vertical load
pulses with rise-time equal to 124 ± 4 ms. The ITSM is calculated as:
ITSM =

F ∙ (υ + 0.27)
z∙h

(8.3)

where F is the peak load of the applied repeated pulse, z is the amplitude of the horizontal
deformation, h is the mean thickness of the specimen and υ is the Poisson’s ratio (assumed as
0.30). The established horizontal deformation value was 2 μm. This value is lower to the
horizontal deformation suggested by the standard for HMA and was selected to prevent
premature failure of the samples due to the low bitumen content and cement addition. The test
was repeated on three specimens for each mixture.
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8.4

Results and discussion

8.4.1

Workability and compactability

Figure 8.2.a shows the compaction curves obtained at ÉTS, and each curve is an average of six
specimens. The three mixtures are characterized by similar slope, and the number of gyrations
required to reach the target V depends of the aggregate blend. The lowest energy was applied
to the mixture CA_MTQ, 84 gyrations, whereas mixtures CA_FT and CA_HPAC needed 142
and 180 gyrations, respectively. The difference at the end of compaction is also visible at the
beginning (at 1 gyration). In fact, the mixtures CA_MTQ, CA_FT and CA_HPAC were
characterized by a V value of 22.7%, 24.0% and 26.4%, respectively. During the compaction
process, the gap at 1 gyration did not change, since the three mixtures showed very similar
slopes of the compaction curve.
Figure 8.2.b shows the compaction curves obtained at UNIVPM, which were obtained as an
average of two specimens for each mix. In this case, the effect of gradation can be observed
both in the initial value of V and in the value at 100 gyrations (hence, the slope of the curve).
In fact, mixtures IT_FT and IT_SMA are characterized by the same V value at 1 gyration
(24.0%), whereas the value at the end of compaction is quite different (9.3% and 7.3% for
IT_SMA and IT_FT, respectively).
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Figure 8.2 Compaction curves for the six mixtures
at: a) ÉTS; b) UNIVPM
At the same time, the mixture IT_FINE is characterized by values of V at 1 and 100 gyrations
of 20.6% and 8.6%, respectively, meaning that in this case the lowest V initial value did not
lead to the lowest V value at 100 gyrations.
To further analyse the workability and compactability aspects using the gyratory compactor
curves, it is useful to introduce two parameters: V (10) and k:
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V = V (10) + k log N

(8.4)

where V (10) are the voids in the mixture after 10 gyrations, k is the slope of the compaction
curve after 10 gyrations and N is the number of gyrations (Grilli et al., 2012). The threshold
at 10 gyrations was selected because it is the most accurate point after which the compaction
curve can be approximated as linear in a semi-log representation. V (10) can be used to
represent the workability, since it indicates the amount of voids in the mixture when a very
low compaction energy is applied, while k can describe the mixture compactability, since the
slope of the linear part is associated to the compaction energy required to reach the required
volumetric properties. Since k represents the compaction curve slope, the highest is its value,
the better is the compactability. On the contrary, V (10) is the percentage of voids in the lowcompacted mixture, hence low values mean higher self-compaction ability (Table 8.4).
Table 8.4 Linear regression parameters: average value (standard error)
Mixtures

Workability Vm(10)

Compactability k

R2

CA_FT

18.890 (0.013)

7.837 (0.015)

0.9996

CA_HPAC

20.757 (0.009)

8.507 (0.010)

0.9998

CA_MTQ

17.300 (0.016)

8.120 (0.024)

0.9994

IT_FT

16.419 (0.020)

7.193 (0.028)

0.9987

IT_SMA

15.797 (0.014)

8.560 (0.020)

0.9995

IT_FINE

14.177 (0.018)

5.610 (0.025)

0.9983

Figure 8.3 shows the results in terms of compactability k and workability V (10). It is possible
to observe that, both at ÉTS and UNIVPM, the mixtures characterized by the highest
compactability k are the gap-graded type (8.51 and 8.56 for CA_HPAC and IT_SMA,
respectively). At ÉTS, all the three mixtures had similar values of k (between 7.84 and 8.51),
preventing a distinction in terms of compaction behaviour among the studied materials. At
UNIVPM, the differences between the mixtures are more visible. The mixture IT_FINE shows
the best workability V (10) (14.18%), even though the compactability k was the lowest among
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all the studied mixtures (5.61), meaning that the high viscosity of the mortar due to the high
amount of filler influenced the energy necessary to reach the target air voids. In terms of
workability V (10), mixtures produced at UNIVPM are generally characterized by better
results. In particular, it is highlighted that the mixtures CA_HPAC and IT_SMA, which
showed similar compactability values, are characterized by different values of workability
(20.76% and 15.80%, respectively). Moreover, both at ÉTS and UNIVPM, the maximum
density curves (CA_FT and IT_FT) were not the optimal gradations in terms of workability
and compactability.

Figure 8.3 Results for k and Vm(10) parameters
To describe the aggregate gradation two parameters are used (Ouchi et al., 1999). The first
parameter 𝐺/𝐺

is the ratio between the volume of the coarse aggregate fraction 𝐺 and the

total volume of aggregates 𝐺

. The lowest is this ratio, the lowest is the interaction and the

friction between coarse particles. The second parameter 𝑆/𝑆

is the ratio between the volume

of the fine aggregate 𝑆 (not including filler-sized particles) and the mortar volume 𝑆

(fine

aggregate and filler-sized particles). This ratio represents the viscosity of the mortar. Values
of both parameters can give an idea of the workability of the mixture, despite are characteristic
of the aggregate blend. In this research, the threshold sieve to separate coarse from fine
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aggregates was assumed as 2 mm, since it is the common sieve size to separate the mortar
phase from the coarse fraction (Mignini et al., 2018a; Miljković & Radenberg, 2014;
Underwood & Kim, 2013).
Figure 8.4 shows the values of G/G

and S/S

that characterize the six gradations studied.

In addition, the characteristic values related to self-compacting concrete (SCC) and rollercompacted concrete (RCD) are reported (Ouchi et al., 1999). It must be highlighted that for
SCC and RCD the values are related to a threshold sieve of 4.76 mm. As it can be seen, the
studied mixtures are all situated in an intermediate region, since the mixtures do not contain
enough filler to be comparable to SCC, but at the same time they still have a good percentage
of mortar compared to the coarse fraction. As expected, the gap-graded gradations (CA_HPAC
and IT_SMA) and the Fuller-Thompson curves (CA_FT and IT_FT) showed similar values.
Moreover, the mixture closest to the SCC area, IT_FINE, is the mixture which was
characterized by the better workability (lowest value of V (10)).

Figure 8.4 G/Glim and S/Slim values
Figure 8.5 shows the relation between the gradation parameters (S/S

, G/G

) and the

mixture compaction parameters V (10) and k. It can be seen that there is a clear distinction
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between the gap-graded and the dense-graded mixtures. In fact, gap-graded mixtures are
characterized by a value of S/S

below 0.7 and a G/G

plots). Furthermore, a relationship between the S/S

value above 0.7 (shaded area of the
ratio and V (10) and k in mixtures

dense-graded (CA_FT, CA_MTQ, IT_FT and IT_FINE) seems to exist. More specifically, the
higher the S/S

ratio, the lower is the workability and the higher is the compactability. This

means that increasing the amount of filler-sized particles, the workability tends to increase.

Figure 8.5 Correlation between gradation, workability and
compactability parameters
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Comparing the gap-graded mixtures CA_HPAC and IT_SMA, the workability is better in the
mixture IT_SMA, due to the higher amount of filler compared to the mixture CA_HPAC
(10.0% and 6.6%, respectively). The parameter S/S

is a pretty useful tool to preliminary

predict the workability of the mix, which is mostly influence by the content of filler-sized
particles in the mix. A clear relation between G/G
For dense-graded mixtures, high values of G/G

, V (10) and k is difficult to be found.

tends to decrease workability and it is linked

to better compactability. On the other hand, gap-graded mixtures have comparable
compactability but different workability, confirming that the coarse fraction does not have a
clear effect.
In general, a good level of both workability and compactability can be reached with both densegraded and gap-graded distribution (IT_FINE or IT_SMA), considering an adequate fillersized particles content (> 10%) in relation to the volume of coarse particles.
8.4.2

Mechanical properties and water loss

Figure 8.6 shows the results of the mechanical tests. For each mix, the water loss after curing
is also reported. At ÉTS, ITS values highlighted a significant difference between the three
mixtures. The reference mixture CA_FT is characterized by the highest resistance (714.4 kPa),
whereas the mixtures CA_HPAC and CA_MTQ showed much lower strength (547.5 and
389.21 kPa, respectively). Considering that the volume of residual bitumen, water, cement and
air is constant, this difference can be caused by an insufficient distribution of the binding phase
in the specimen. Higher amount of water (which was fixed at 2%) could be needed to improve
workability, compactability and tensile strength when the gradation is different from the
maximum density distribution. On the other hand, the high ITR values demonstrate the very
low water susceptibility of the studied mixtures.
At UNIVPM, ITS values do not highlight a real difference among the three gradations, which
show a resistance between 499.1 kPa and 564.5 kPa. In terms of ITSM however, the effect of
gradation is more visible, since the stiffness modulus is increasing with the filler content in the
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mixture. This shows that ITSM is more sensitive to differences in mixtures behaviour than
ITS.
Mixtures produced at ÉTS are characterized by water loss data close to 90-100%, despite the
curing was performed only for 3 days. The small size of the specimen enhanced the water
evaporation, whereas the aggregate gradation did not have a remarkable effect.
At UNIVPM, water loss was generally lower than what was observed at ÉTS, due to the bigger
size of the specimens. As a consequence, the curing of 7 days at 25 °C was not enough to
complete the development of the mechanical properties.

Figure 8.6 Mechanical tests results: a) ITS and ITR at ÉTS; b) ITS and ITSM at
UNIVPM
8.5

Conclusions

This study focused on the influence of aggregate gradation on the workability and
compactability of the CRM mixtures, as well as on the mechanical properties.
The work was extended to two laboratories, the École de technologie supérieure (ÉTS) in
Canada and the Università Politecnica delle Marche in Italy, where similar mixtures were

128

prepared following the respective standard practices. However, this research did not compare
the two laboratories procedures, due to the fact that many of the adopted parameters were
different, such as cement content, bitumen content, voids in the mixture and curing period.
From the results obtained, the following conclusions are listed:
•

Analysing workability and compactability aspects, the six studied gradations were mostly
influenced by the filler content, which enhanced the workability of the loose mixture. In
fact, a higher percentage of filler generally caused an improvement of the workability,
leading however to a lower compactability. At the same time, the coarse aggregate fraction
did not seem to have a clear effect on the workability and compactability of the mixtures.
Also, the parameters S/S

and G/G

, originally developed for SCC, may be useful

parameters to analyse the workability and compactability of CRM.
•

At ÉTS, the ITS test highlighted a difference between the three gradations studied, even
though the binding phase volume (water, air, cement and residual bitumen) was constant.
This means that when a gradation has a different composition compared to the maximum
density curve, particular attention should be paid to the water content, which will not only
improve the workability of the mix, but will also lead to a higher homogeneity inside the
material.

•

At UNIVPM, the high amount of water in the mixtures after curing made difficult to
understand the effect of gradation in the mixtures studied. Nevertheless, a visible effect on
stiffness modulus was brought by the filler content that led to higher stiffness values at
higher dosages.

ITS and ITSM values may be affected by grading curves, however the effect of binders dosages
is more important.
From the results obtained, it is possible to highlight the effect of gradation and the aggregates
material on the properties of CRM. Further investigations are needed for a full understanding
of the workability and compactability behaviour, especially in terms of effect of filler and
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cement contents. At the same time, in such mixtures, bitumen is used in a solid state in form
of dispersed particles and this could affect the compactability properties of the loose mixture.
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9.1

Abstract

Cold Recycled Mixtures (CRM) are composed of high amounts of Reclaimed Asphalt
Pavement (RAP) together with bitumen emulsion. As additional binder, some ordinary cement
is normally employed. Since RAP aggregates represents almost the entire solid structure, it is
important to fully characterize Cement-Bitumen Treated Materials (CBTM) produced with
different RAP materials.
This work focuses the characterization at small strain level, investigating the stiffness modulus
at three testing temperatures; at the failure point, measuring the Indirect Tensile Strength; and
studying the fracture behaviour, in Semi-Circular Bending Test configuration.
From the results, it is possible to confirm the influence of different RAP materials, also
characterized by different aggregates Nominal Maximum Size. As a consequence, a reliable
RAP classification can allow a better prediction of the final CBTM mechanical properties.
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9.2

Introduction

In the perspective of new technologies recently studied in the road pavement framework, cold
recycling brings high benefits in terms of economic, energetic and environmental sustainability
(ARRA, 2001; Kuleshov, 2018). The most important aspect of these materials is the
replacement of the purely bituminous phase of traditional hot mix asphalt (HMA) with bitumen
emulsion, in which bitumen droplets are suspended in an aqueous phase. This characteristic
allows to produce and compact these materials at ambient temperature (Stroup-Gardiner, 2011;
Xiao et al., 2018). To confer additional resistance at short and long term, a small amount of
hydraulic binders (between 1% and 3% by aggregates mass) is normally added to the mixture
(Brown et al., 2000; Oruc et al., 2007).
Because of the presence of water, cement-bitumen treated materials (CBTM) show an
evolutive behaviour of the mechanical properties, which are directly related to water
evaporation, emulsion breaking and cement hydration. These aspects describe the curing
phenomenon, which clearly depends on environmental conditions (Cardone et al., 2014;
Graziani, Iafelice, et al., 2018; Ojum et al., 2014). In CBTM, most of the solid structure of the
mix is normally composed of reclaimed asphalt pavement (RAP) aggregate, obtained from the
milling and stockpiling of old pavements. RAP aggregate is commonly employed as a ‘black
rock’, i.e. mineral aggregate coated by an aged bitumen film which does not contribute to the
internal cohesion of the mixture.
When virgin aggregates are employed, the material is originally selected in accordance to the
infrastructure importance and to the design traffic level; as a consequence, such aggregates
have to respect both geometric and quality requirements. Hence, it is reasonable to suppose
that, as quality levels exist for virgin aggregates, then it is possible to classify RAP aggregate
with respect to its mechanical properties, in addition to the physical parameters normally
studied. Perraton et al. (2016) proposed a procedure to characterize RAP materials using a
Fragmentation Test, which links the RAP quality to the susceptibility to be fragmented under
the dynamic action of the Proctor hammer. The material produced with this procedure which
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results finer than a control sieve is used as an index to distinguish different classes of RAP
aggregate (PCS index). This test campaign was performed at 3 temperatures and on 4 granular
fractions; it was observed that the PCS index decreased as the testing temperature increased
for all the fractions taken into account. Moreover, it has been shown that the value of PCS is
mainly depending on the RAP binder content and aging; in fact, the PCS increases if the
bitumen content increases and if the penetration decreases.
The objective of this research is to study the influence of different RAP sources on the
mechanical properties of the CBTM mixtures produced. In order to give an exhaustive
mechanical characterization, two RAP sources with different Nominal Maximum Size (NMS)
were selected, and the experimental plan was developed at increasing deformation levels: in
the elastic field, performing Indirect Tensile Stiffness Modulus (ITSM) test, at failure point,
measuring the Indirect Tensile Strength (ITS), and characterizing the material according to the
fracture behaviour, following the Semi-Circular Bending (SCB) test protocol.
9.3

Materials and methods

9.3.1

Materials

Several RAP sources were initially taken into account to select the more appropriate to be used
to produce CBTM mixes. This selection was based on the fragmentation test (Perraton,
Tebaldi, et al., 2016). The testing protocol consists in following the Modified Proctor
procedure and measuring the percentage of fines produced. This amount corresponds to the
passing to a control sieve (1.7 mm) and it is indicated as PCS index, which is used to
discriminate different RAP sources. PCS indexes results for the RAP sources investigated are
reported in Table 9.1. From the results obtained, RAP sources coming from Italy (from here
on named RAP1) and NCAT-USA (RAP2) were chosen to be investigated, since they are
characterized by the highest gap between PCS values. Table 9.2 summarizes the main
properties of both materials.
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Table 9.1 RAP sources classification (PCS index)
Categories
PCS5/10 (%) @ 20°C
RAP sources
investigated

B

C

D

E

≤7

≤9

≤ 11

≤ 14

RAP Chambly
RAP Italy

RAP St Bruno

RAP Bouval
RAP St Isidore

RAP Sherbrooke

RAP NCAT

Table 9.2 Properties of RAP sources used
Property

Standard

Unit

ASTM D6307

%

5.51

5.49

Nominal maximum particle dimension

ASTM D448-03

mm

16

10

Maximum specific gravity

ASTM C127-128

-

2.482

2.498

Water absorption

ASTM C127-128

%

1.10

1.08

Fragmentation @ 5 °C (fraction 5/10) – PCS

ASTM D1557

%

7.6

-

Fragmentation @ 20 °C (fraction 5/10) – PCS

ASTM D1557

%

6.7

13.9

Standard

Unit

Value

Density

ASTM D6397-16

g/cm3

1.0

Residue content

ASTM D6997-12

%

60.3

Storage stability @ 24 hours

ASTM D6930-10

%

0.6

Needle penetration @ 25 °C

ASTM D5-13

mm

4.1

Softening point

ASTM D36-14

°C

48.6

Binder content

RAP1 RAP2

Table 9.3 Bitumen emulsion properties
Emulsion properties

Residual bitumen properties
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The bitumen emulsion used in this work is a CSS-1 type (ASTM D2397) and the main
properties are listed in Table 9.3. Following ASTM D6997 procedure, the bitumen residue was
extracted and analysed too. The cement employed is a type GU (CSA A3000) with
compressive strength at 28 days of 43.9 MPa (ASTM C109).
9.3.2

Mixtures

Three mixes were produced with RAP1 and RAP2: the first composed of RAP1 and aggregate
NMS 16 mm (R1_16), the second produced with RAP2 and NMS 10 mm (R2_10), and the
third mixture composed of RAP1 aggregate and NMS 10 mm (R1_10). The three granular
compositions were corrected to follow the Fuller-Thompson curves related to NMS 10 and 16
(F/T D = 10 and F/T D = 16 respectively), hence limestone filler was added to the RAP
material: 5.5%, 7.0% and 10% by mass of aggregates for R1_16, R1_10 and R2_10,
respectively. The volume of cement, whose dosage was fixed at 1.5% by mass of dry
aggregates, was also considered as part of the aggregate blend during mix design (Figure 9.1).

Figure 9.1 Aggregate blend gradations of the studied mixes
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The residual bitumen content was fixed at 3% by mass of dry aggregates, which corresponds
to 5% of bitumen emulsion dosage. The water content was adjusted through a mix-design
procedure to optimize compaction and avoid voids saturation (Grilli et al., 2016). The quantity
of total water in the mix, which was selected at 4.5%, includes the bitumen emulsion water and
additional water. Dosages of water, residual bitumen and cement are the same for all the
studied mixes.
The production of mixtures was carried out in two steps. In the first, RAP aggregates were
oven-dried at 40°C until constant mass was reached. Afterwards, filler was added to RAP
according to proportions, to obtain the target aggregate blend. Absorption water of RAP was
then added to the material and mixed. The resulting humid blend was kept in a sealed plastic
bag for at least 12 hours to allow moisture distribution. In the second step, the moist aggregates
were placed into a bowl and cement, additional water and bitumen emulsion were added in this
order. For each component addition, hand-mixing was performed until homogeneity was
visually checked. The second step of mixture production normally required from 5 to 10
minutes.
9.3.3

Specimens compaction and curing

Compaction was performed immediately after mixing, by means of a gyratory compactor,
using a mould with diameter of 150 mm, constant pressure of 600 kPa, gyration rate of 30 rpm
and external inclination angle of 1.25°. The gyratory compactor allows to monitor the total
volume of the mix at each gyration. In this way, two important volumetric parameters can be
calculated: the Voids in the mixture (V ), which is the volume percentage of the compacted
mixture occupied by air and intergranular water, and the Voids Filled with Liquids (VFL),
which represents the degree of voids in the mineral aggregate filled by the bitumen and water
phases:
V (%) =

V

,

+V
V

,

∙ 100 =

V− V +V +V
V

,

∙ 100

(9.1)
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VFL (%) =

V , +V ,
V , +V , +V

,

∙ 100 =

V , +V ,
∙ 100
V−V −V

(9.2)

where V is the total volume of the specimen, V is the bulk volume of aggregates (and hence
includes the volume of absorbed water), V is the volume of unhydrated cement, V
volume of residual bitumen from emulsion, V

,

,

is the

is the volume of intergranular water and V

,

is the volume of air. It is important to highlight that the residual bitumen from the emulsion is
considered totally effective. During compaction, at increasing energy corresponds a decreasing
value of V , whereas the value of VFL increases until the volume of air in the mixture
approaches zero. If compaction continues, liquids are usually expelled out of the material,
changing drastically its composition. Hence, it is important that no material loss occurs during
this process.
In order to have specimens ready for testing, compaction was performed at fixed height
(63.5 mm, 75 mm and 120 mm), and the mixture quantity was calculated to reach a V value
of 12 ± 1% and 73 ± 1% of VFL (2420 g, 2850 g and 4560 g, respectively). V and VFL refer
to values of both parameters at the end of compaction, when curing starts. The volumetric
composition and compaction parameters of the compacted specimens for each mix are shown
in Table 9.4, in which the RAP content refers to the saturated surface dry density. It can be
observed that, at the end of compaction, the three mixtures are composed of the same
volumetric proportions between aggregate blend, cement, residual bitumen, water and air
voids. A total of 27 specimens were produced with the same procedure. Compactability aspects
related to the same mixtures treated in this work are exhaustively investigated by Raschia,
Graziani, Carter, & Perraton (2019). It was found that the RAP source affected the workability
of the mix, since RAP2 required less energy than RAP1. In the same way, also the aggregate
NMS affected the compaction of the mixtures. In fact, the CBTM with higher NMS globally
showed a better workability and compactability. Furthermore, the specimens’ height did not
affect compactability of the material.
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Table 9.4 Volumetric characterization of the compacted mixes
Element(a)

R1_16

R1_10

R2_10

77.0

76.3

73.4

4.5

5.2

8.3

1.0

1.0

1.0

5.9

5.9

5.9

3.9

3.9

3.9

3.0

3.0

3.0

4.7

4.7

4.5

Total

100

100

100

V

11.6

11.6

11.4

VFL

73.1

73.1

74.0

55
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53

RAP material
Filler

𝑉

Unhydrated cement

𝑉

Residual bitumen

𝑉

Bitumen emulsion water
Additional water
Air

Number of gyrations
(1)

,

𝑉
𝑉

,

,

Percentages of each element are related to the total volume of the compacted specimen

Compacted specimens were demoulded and weighted to check if any material loss occurred
during compaction. After that, they were cured in an environmental chamber for 14 days at 40
± 2 °C and 55 ± 5% of relative humidity. These parameters were decided in order to reach a
good level of curing in a reasonable amount of time.
Throughout the curing process, the material is characterized by an evolution of the volumes
related to some elements contained in the mixture. In the fresh state, the volumetric
composition is well-known because based on the production phase, while the composition
during curing and service life is related to the change of volumes (Grilli et al., 2016; Grilli et
al., 2012) (Figure 9.2).
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Figure 9.2 Volumetric characterization of CBTM mixtures
The volume of the aggregate phase (RAP, Virgin and Reclaimed aggregates) is not changing
during curing (V = V ), as well as the volume occupied by the residual bitumen of the bitumen
emulsion (V

,

=V

,

). The volume of air voids increases with time (V

the volume of water decreases (V

,

V

,

,

<V

,

), whereas

) because of evaporation and cement hydration. In

fact, cement volume increases (V < V ) and the value for V can be estimated as the amount
of unhydrated cement V plus the water chemically bonded (Brouwers, 2004). This approach
requires a thorough dosage of the constituents at the moment of the mixture production, as well
as a continuous monitoring of the water loss evolution along curing.
In order to relate the residual amount of water in the mixes to their mechanical properties, the
water loss ΔW was measured after 1, 3, 5, 7 and 14 days:
ΔW ( ) =

W − W( )
∙ 100
W

(9.3)

where ΔW ( ) is the water loss (%) at the curing time t, W is the initial mass of the specimen;
W ( ) is the mass of the specimen at the curing time t and W
the specimen.

is the total amount of water in
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9.3.4

Testing

The experimental plan involved different testing procedures to give a wide mechanical
characterization of the CBTM studied: Indirect Tensile Stiffness Modulus test (ITSM), Indirect
Tensile Strength test (ITS) and Semi-Circular Bending test (SCB).
The ITSM test is performed following the standard EN 12697-26 (Annex C). The test measures
the stiffness modulus by a series of 10 applications of vertical load pulses characterized by a
rise-time of 124 ± 4 ms. The tests are performed in strain control mode with a repetition time
of 3.0 s. For each pulse the stiffness modulus is obtained with Eq. (5.8):
ITSM =

F ∙ (R + 0.27)
L∙H

(9.4)

where F is the peak value of the applied repeated vertical load, H is the amplitude of the
horizontal deformation (fixed at 7 ± 2 microns), L is the mean thickness of the specimen and
R is the Poisson’s ratio (assumed as 0.35).
ITSM value for each mix was calculated as an average of three repetitions along both diameters
on specimens 75 mm thick. The test was performed at three temperatures, -10 °C, 0 °C and
10 °C, after a conditioning time of 4 hours at each temperature.
The ITS was carried out following the standard ASTM D 6931. The test allows measuring the
tensile strength developed along the vertical diameter plane of the specimen which undergoes
a compressive load. The test was performed at a constant loading rate of 50 mm/min and the
tensile strength is calculated as:
ITS =

2∙P
π∙D∙t

(9.5)

where ITS is the tensile strength, P is the maximum load, t is the specimen height and D is the
specimen diameter. The ITS was measured on three specimens 63.5 mm thick for each studied
mix at a testing temperature of 25 °C, after a conditioning time of 4 hours.
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The SCB test was performed following the standard ASTM D 8044. SCB test allows measuring
the strain energy necessary to start the crack propagation from a given notch. For each mix,
three notch depths a are required: 25 mm, 32 mm and 38 mm. In this test, a semi-circular
shaped specimen is placed in a three-points bending configuration and loaded with increasing
force until failure.
Four repetitions are performed at each notch depth and for each test the Strain Energy to Failure
U is measured as the area under the load-displacement curve, up to the maximum load. U
normally decreases when the notch depth increases, and the slope of the linear regression line
represents the critical value of J-Integral (J ), which is determined using Eq. (5.10).
J =−
where b is the specimen thickness and

1 dU
b da

(9.6)

is the slope of the linear regression line which

represents the relation between the calculated Strain Energy U and the notch depth a.
J value is used by the elastic-plastic fracture mechanics (EPFM) theory to describe the global
fracture behaviour of the material, represented as the variation of the total energy of the system
with respect to the crack size variation (Anderson, 2017; Dongre et al., 1989). In other terms,
J is the amount of energy spent to increase the crack size, and it decreases when the crack size
increases.
Results of the SCB test can be analysed in terms of linear-elastic fracture mechanics (LEFM)
calculating the critical stress intensity factor K

(or fracture toughness). K

represents the

amplification rate that the remote stress applied to the material has at the proximity of a flaw,
and which starts the crack propagation (Anderson, 2017).
For the SCB, an equation was obtained by a FEM analysis by Lim, Johnston, & Choi (1993)
to calculate the K

value:
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K

=

F
a
∙ (πa) ∙ Y
D∙t
W

(9.7)

where F is the force, D is the specimen diameter, t is the specimen thickness and Y is a
dimensionless function which depends on notch depth a and specimen height W.
Lim et al. (1993) provides a relationship between Y and

for several s/D ratios (0.8, 0.67,

0.61, 0.5), where s is the space between the roller bearings of the testing configuration. This
aspect of Lim’s equation is of fundamental importance because in ASTM standard, which was
followed in this work, the SCB configuration is characterized by a value of s/D = 0.847. By a
simple linear regression, it was possible to extrapolate a value of Y for the testing conditions
of the present study (Figure 9.3).
Specimens for testing were obtained by compacted specimens 120 mm thick, which were
sawed at the end of curing in two circular specimens 57 ± 1 mm thick. The circular specimens
were then divided in four semi-circular specimens to be tested at one notch depth. The
procedure was repeated for the other two notch depths, for a total of 12 specimens for each of
the studied mixes.
The testing temperature, for HMA mixes, should be selected based on the climatic intermediate
performance grade temperature of the bitumen, 𝑃𝐺 𝐼𝑇. When bitumen emulsion is used for
cold recycling, this approach is difficult to apply. However, for a common bitumen normally
used in Canada for base courses with PG 58-28, the 𝑃𝐺 𝐼𝑇 is 19 °C. For this reason, SCB test
was performed in an MTS device with controlled air temperature at 20 ± 2 °C.
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Figure 9.3 Determination of YI factor for different notch
depths (25 mm, 32 mm and 38 mm) for a s/D = 0.847
9.4

Results and discussion

9.4.1

Water Loss

Figure 9.4 illustrates the water loss evolution along curing time. The three graphs show the
behaviour of the mixes R1_16, R1_10 and R2_10, respectively and the curves illustrated in
each graph are related to different specimens height (i.e. 63.5, 75 and 120 mm, respectively).
The ΔW ( ) measurements were modelled by means of a non-linear hyperbolic model similar
to the Michaelis-Menten model (Michaelis et al., 2007):
y(t) = y +

(y − y ) ∙ (t − 1)
(t − 1) + (H − 1)

(9.8)

where y(t) is the material property under investigation (in this case, water loss), t is the curing
time (days), y is the asymptotic value, y is the value related to 1 day and H is the time (days)
for y(t) to reach half of the gap between y and y .
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In Figure 9.4 it is possible to observe the superposition of the model on the experimental data,
together with a graphical description of the model parameters y , y and H which are reported
in Table 9.5.

Figure 9.4 Water Loss model and results
Analysing in general the three parameters, it is possible to state that they are slightly sensitive
to the specimens height. The mix R1_10 is characterized by the lowest value of the asymptotic
water loss y (75.6%), which means that the mix loses less water than the other two mixes,
which instead are comparable (82.8% and 80.6%).
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Table 9.5 Fitting parameters of the water loss model
Mixture

R1_16

Specimen type

R1_10

R2_10

ITSM

ITS

SCB

ITSM

ITS

SCB

ITSM

ITS

SCB

75

63.5

120

75

63.5

120

75

63.5

120

𝑦 (%)

85.6

82.4

80.5

74.2

78.6

74.1

82.5

79.7

79.7

𝑦 (%)

49.1

46.0

43.2

39.1

41.6

37.7

54.7

51.4

49.7

H (days)

7.5

7.5

7.5

7.6

7.7

7.9

5.5

5.0

5.7

Std. error (%)

0.59

1.40

1.38

0.38

0.88

0.64

1.67

1.27

0.98

Specimen
height (mm)

At the same time, in terms of water loss after one day, the mix R1_10 showed the lowest y
value, 39.5%. This is probably due to the higher compaction energy applied to the mix R1_10,
which probably led to the fragmentation of some RAP aggregate particles. As a consequence,
the internal structure of the specimen could be characterized by different voids distribution and
smaller pores. However, it is important to highlight that a difference in water loss of 5%
corresponds to a weight loss of 0.2% by aggregate mass.
Focusing on the H parameter, it is possible to highlight the influence of the RAP source only,
whereas NMS of aggregates did not have an impact. In fact, the mixture R2_10 has a faster
water loss at short term compared to the mixes produced with RAP1.
9.4.2

Indirect Tensile Strength Modulus

Figure 9.5 shows results from ITSM test. At -10 °C, the mix R1_16 shows a slightly higher
ITSM value if compared to the other two, but at 0 °C and 10 °C all the three mixes are close
enough to consider their stiffness independent from the type of aggregates used. The three
mixes also have similar temperature sensitivity. In general, the test tends to evaluate the tensile
stiffness, in which the binding phase should play the most important role. The three mixes are
characterized by the same volume of residual bitumen and cement and the RAP binder
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contribution to the resilient deformation is low in the studied temperature range, which is below
10 °C. These considerations justify why it is difficult to discriminate the mixtures studied in
terms of stiffness.

Figure 9.5 Indirect Tensile stiffness modulus results
9.4.3

Indirect Tensile Strength

Figure 9.6 shows the results related to the ITS test. The mixture with higher resistance is the
one produced with RAP1 but with reduced NMS (R1_10). The difference with the same
material, but higher NMS (R1_16), is probably due to the higher specific area characteristic of
materials with smaller particles. The higher specific area of the aggregate blend lead to a better
distribution of the bitumen emulsion which results in a better coating and in an increase of the
strength.
The effect of the RAP source used to produce the CBTM mixes had a strong effect on ITS
results. In fact, the mix R1_10 showed a significantly different strength if compared to the mix
R2_10 (819 kPa and 525 kPa respectively). Since the filler amount in the aggregate blend is
low compared to RAP, this gap must be related to the RAP source, which clearly plays an
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important role on the global ITS resistance of the mix. Apparently, different RAP sources do
have an influence on the cohesion between the aggregate and bituminous phases, and they
should not be considered any further similar one to another.

Figure 9.6 Indirect Tensile Strength results
9.4.4

Semi-Circular Bending Test

Figure 9.7 and Figure 9.8 show SCB test results in terms of Strain Energy to Failure U and
critical Energy Release Rate J , respectively. In Figure 9.7 it is possible to observe the
experimental results for U as a function of the measured notch depth. The points related to each
mixture are interpolated by a regression line, whose slope is indicated with the J value.
It is highlighted that the Strain Energy U is decreasing with increasing of the notch depth in all
the studied mixtures. The mixture R1_10 has globally higher values of U, which means that
the mixture, in presence of flaws, is able to store more energy applied by external forces than
the other two mixes, before that cracking occurs. Increasing the aggregates NMS, the influence
of the notch depth is less evident (mix R1_16), since the slope of the linear regression is lower.
The mix R2_10 is characterized by the lowest U values, expressing a global higher sensitivity
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to crack propagation. What is evident is that the slopes of the curves related to mixes R1_10
and R2_10 are very similar. Figure 9.8 highlights that the J values are very close when
mixtures with same NMS are considered (R1_10 and R2_10). J represents a global behaviour
of the material in terms of fracture resistance, which is normally above 0.5 kJ/m2 in traditional
HMA mixes (Mohammad et al., 2004; Molenaar et al., 2003; Wu et al., 2005); for the studied
mixes, values around 0.4 kJ/m2 were obtained for mixes R1_10 and R2_10, whereas R1_16
showed the lowest value (0.23 kJ/m2). Lower J values lead to flatter regression lines, which
directly means that a small crack or a big crack can propagate with similar values of energy.

Figure 9.7 Strain Energy to Failure U results

Figure 9.8 Critical Energy Release Rate Jc results
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Figure 9.9 shows K

results. It is possible to observe a clear distinction among the three mixes

at notch depths of 25 and 32 mm, whereas at a notch depth of 38 mm the three values are
similar. This means that at a certain depth of the fracture the three materials have similar
resistance. On the contrary, at smaller sizes of the notches, the mix R1_10 is characterized by
the highest level of toughness (around 4 N/mm3/2) while the two mixes R1_16 and R2_10 show
values of K

close to 3 N/mm3/2. K

directly describes the amplified stress at the crack tip,

and its critical value indicates the beginning of the crack propagation. In other terms, it can be
seen as the maximum resistance to fracture of the binding mastic, since the low level of
cohesion due to the presence of dispersed emulsion should not cause the fracture of the
aggregate components. As a consequence, a high value of K

corresponds to a better

dispersion and coating of the bituminous phase, which in this case should depend on the
aggregate composition and shape.

Figure 9.9 Critical Stress Intensity Factor KIC results
9.5

Conclusions

This study aimed to mechanically characterize CBTM mixtures produced with two RAP
sources and different NMS. To achieve that, a wide experimental program was carried out
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producing three mixes with the same volumetric composition, in terms of aggregate blend,
water content, bitumen emulsion content, cement content and air voids content. The water loss
along curing, the stiffness (ITSM), the strength (ITS) and fracture parameters (U, J , K )
obtained with the SCB test, were measured.
The effect of nominal maximum size of the aggregate can be summarized as follows:
•

The higher aggregate size led to a higher water loss, because of the different internal
structure of the material caused by a different compaction effort;

•

The stiffness of the mixtures is characterized by the composition of the binding phase
(bitumen, cement, water and air), hence the aggregate size did not influence the modulus
values and the temperature sensitivity;

•

In terms of ITS and SCB results, a higher aggregate size gave lower values of strength and
fracture toughness. A value of J close to the minimum standard requirement for HMA was
obtained with the lowest aggregate size.

The effect of RAP source can be summarized as follows:
•

The higher compaction effort required by one source of RAP probably led to fragmentation
of aggregate particles and to different water evaporation trends if compared to the other
source;

•

The RAP source did not affect the ITSM stiffness values and temperature sensitivity, since
both are parameters mainly dependant on binding phase composition, which was same;

•

In terms of resistance, the RAP source with lower fragmentation index showed higher ITS
and fracture toughness values. On the other hand, the J values were very similar; this
means that the RAP source affects the crack initiation but does not influence the crack
propagation mechanism.

Results globally showed that the interaction between the binding phase (bitumen and cement)
and the aggregate surface is different if different RAP sources are used. This could be caused
by the compatibility between the two bituminous components (RAP binder and residual
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bitumen from the emulsion). Future works should focus on viscoelastic properties of such
mixes and to investigations directly related to job field applications.
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10.1

Abstract

Cold recycled materials (CRM) belong to modern recycling techniques employed in
maintenance and rehabilitation of pavement structures with significant economical and
environmental benefits. CRM mixes are produced at ambient temperature with the contribution
of bitumen emulsion or foamed bitumen as binding agent, and the aggregate phase is composed
mainly of reclaimed asphalt pavement (RAP). This paper investigates the compactability of
two RAP sources and their effect on the behaviour of CRM mixtures tested in the small strain
domain. The compactability was studied using experimental results and the compressible
packing model (CPM). Thereafter, complex modulus tests of the CRM mixtures produced were
conducted, and results were modelled using the DBN model. Findings showed that, despite the
same gradation and formulation of CRM mixes, one RAP source required almost half of the
compaction energy than the second source to reach the design air voids content. Furthermore,
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the rheological analysis results highlighted the impact of the RAP source on the behaviour of
the CRM mixes in the small strain domain.
10.2

Introduction

Due to environmental and economic measures, the last decade has witnessed the development
of new techniques in road pavement construction. One of these techniques employs cold
recycled materials (CRM) which was developed for the pavement structural layers (binder,
base and sub-base layers) (Gandi et al., 2017; Grilli et al., 2019). The main advantage of CRM
is the possibility to produce them at the ambient temperature (generally higher than 10°C).
This is much lower than the temperature needed for conventional hot mix asphalt (HMA)
(Gandi et al., 2019; Raschia et al., 2020). The temperature reduction is possible due to the use
of bitumen emulsion or foam with lower viscosities than traditional bitumen, which also allow
the CRM mixture to be placed and compacted at lower temperatures. In addition, the
workability and compactability of the mixes are ensured by addition of water (Cross, 2003;
Grilli et al., 2016; Wendling et al., 2014). Due to the presence of water in the mix, the earlylife mechanical properties of CRM mixtures are usually low, and therefore hydraulic binders,
such as cement, are added to act as co-binder with the bitumen. In this case, the material is
called cement-bitumen treated material (CBTM) (Bocci et al., 2011; Brown et al., 2000; Fang
et al., 2016; Mignini et al., 2018b; Miljković et al., 2019). The curing process of the material
is an important aspect that requires time in order to let the water inside the mixture to evaporate,
and to allow the reaction with hydraulic binders, when used. In this regard, the ambient
conditions such as temperature and humidity play major roles in the determination of the curing
rate and the properties development of cold mixtures (Cardone et al., 2014; Gandi et al., 2019;
Graziani, Iafelice, et al., 2018; Kim et al., 2011; Serfass et al., 2004).
Generally, bitumen emulsions used in cold recycling projects are the cationic slow-setting type.
Such characteristics are conferred by the chemical composition of the emulsion, in particular
by the pH, the type and dosage of emulsifier, etc. Cationic slow-setting emulsions do not break
immediately, and they ensure a certain degree of stability in order to have a compactable
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mixture (Needham, 1996; Salomon, 2006). However, the breaking of the emulsion is
fundamental to create a binding structure in the aggregate blend. The affinity (and adhesion)
between bitumen emulsion and aggregate surface is an important parameter in mix durability
and needs to be evaluated preliminarily when designing a cold mixture (Cardone et al., 2018;
Miller et al., 2010). Nonetheless, bitumen emulsions are often provided by industrial
producers, and it is not possible to know the exact components and formulation followed for
the production.
In cold in-place recycling projects, the aggregate blend is mainly composed of reclaimed
asphalt pavement (RAP). Identification of the RAP is generally difficult, since no specific
procedure has been developed so far, and standards related to virgin aggregates are applied to
RAP aggregate (Asphalt Academy, 2009; Perraton, Tebaldi, et al., 2016; Tebaldi et al., 2018;
Tebaldi et al., 2014). However, since RAP is employed at the ambient temperature, it is
reasonable to consider it as a “black rock”, which means that the aged binder in the RAP does
not reactivate and blend with the emulsion’s bitumen. A finite element method (FEM)
simulation demonstrated that the presence of RAP in cold mixtures can improve mechanical
properties, due to the fact that the aged binder acts as a cushion between the aggregate phase
and the residual bitumen, reducing stress and strain at the interface (Yan et al., 2014).
In the literature, Raschia et al. (2019) showed that the RAP gradation can influence the
workability and mechanical properties of the CRM mixtures. In particular, mixtures with
higher filler-sized particles content were characterized by a better workability, computed as
the voids in the loose mixture at the beginning of compaction. One way to optimize the
aggregate gradation is to use the compressible packing model (CPM), introduced by de Larrard
(1999) for high-performance Portland cement concrete (PCC). It predicts the packing density
of aggregate blends, cements and cementitious materials, defined as the ability of the mixture
to fill the volume of voids available. The CPM is a mathematical model and considers
contemporarily the effects of shape, texture and particles’ gradations. Moghaddam et al. (2018)
used the model for optimization of asphalt concrete mix design and showed that using the CPM
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model as an optimization tool resulted in aggregate distributions close to the maximum density
curve.
The objective of this study is evaluating the effect of the RAP source on the compactability
and rheological properties of CRM mixtures. The first aspect was investigated on fresh
mixtures by means of the CPM model and by the evaluation of morphological parameters of
the RAP aggregate particles. The second objective was achieved on cured mixtures,
performing complex modulus tests and by applying the DBN model to describe the rheological
properties.
10.3

Analytical models

The effects of the RAP source on the compactability and the viscoelastic properties of CRM
materials was investigated by the application of two models in relation to the experimental
results. The CPM model was used to evaluate compactability and the DBN model to analyze
viscoelastic properties.
10.3.1

Compressible Packing Model (CPM)

An important aspect when evaluating the compactability of a HMA or CRM mixture is the
porosity of the aggregate blend, which can be defined as follows:
Porosity = 1 −

V
V

∙ 100%

(10.1)

where V is the solid volume of the aggregate blend calculated as the ratio between the mass
and the bulk specific gravity of the aggregate particles, and V is the total bulk volume of the
aggregate blend, considering the volumes of aggregates and the voids. The ratio between the
solid volume and the total volume is called packing density, β. As expected, when the packing
density increases, the porosity of the aggregate blend decreases. This is possible when fine and
coarse particles are well proportioned, and the smaller particles can fill the voids in the coarse
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particles skeleton. Particles’ shape, texture and grading distribution determine the degree of
aggregate interlock and as a consequence of the porosity, since voids will always remain
unfilled.
The compressible packing model (CPM) allows optimizing the packing ability of aggregate
blends combining mathematically the effects of shape, texture and grading of particles. This is
possible if the packing density βi of each aggregate fraction i, the size distribution of aggregates
and the compaction energy used are known. The packing density of each fraction βi is measured
experimentally and such value collects both physical and morphological properties. The CPM
model provides a virtual packing density which is the maximum density that can be obtained
considering the particles’ original shapes. In fact, it was developed to quantify the volumetric
percentage of several aggregate fractions to obtain the minimum voids content in the aggregate
blend. This model has been developed and used for concrete proportioning using crushed
aggregates (De Larrard, 1999; Moghaddam et al., 2018; Tierrie et al., 2016). The virtual
packing density ϒi for an aggregate blend (when class i is dominant) is calculated using the
following equation:
β

Υ =
1−∑

1−β +b β 1−1 β

(10.2)
y −∑

1−a β

β y

Where n is the total number of classes, β is the packing density of each class, y is the volume
fraction of each class in the aggregate blend, and a and b are parameters related to “loosening
effect” and “wall effect”, respectively. The term “class” indicates either a specific aggregate
fraction (d/D) or a full aggregate gradation (0/D). According to Eq. (10.2), Υ can vary between
β (if only one class is used) and 1 (no air voids in the aggregate blend). The “wall effect” is
the interaction between the particle and any type of wall, such as a mould, but it can also occur
between particles belonging to different classes. The “loosening effect” is caused by an
excessive amount of fines that will push away the coarse particles. They are determined as:
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Loosening effect: a =

.

1− 1−

Wall effect: b = 1 − 1 −

.

when d

when d

(10.3)

d

(10.4)

d

where d and d are the mean sieve size of the granular classes i and j, respectively.
Equation (10.2) must be applied as many times as are the classes considered in the optimization
of the aggregate blend. For each application, a certain class is considered dominant (ith), and
the volume fractions of the other classes y are optimized to obtain the highest value of Υ .
For example, assuming that in Figure 10.1 the dominant class in the aggregate blend is fraction
B, the model is applied considering i = B:
Υ =

β
1− 1−β +b

β

1−1 β

(10.5)
y −

1−a β

β

y

The highest Υ is the virtual packing density and identifies the dominant class i.

Figure 10.1 Effect of finer and coarser fractions on an
intermediate fraction (readapted from (De Larrard, 1999))
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In this paper, the volume fractions of the different classes are fixed. Hence, the CPM model is
not applied to optimize the aggregate blend composition, but to determine its virtual packing
density and evaluate compactability. In this paper the aggregate blend is fixed and the volume
fractions of the different classes are already known. Hence, the CPM model is not applied for
optimization but for the estimation of the maximum virtual packing density of the aggregate
blend considered.
10.3.2

Di Benedetto-Neifar (DBN) model

Di Benedetto and Neifar (DBN) model for bituminous mixtures considers thermo-viscoplastic
phenomena in the material behaviour (Di Benedetto, Delaporte, et al., 2007; Di Benedetto,
Mondher, et al., 2007). Viscoplastic behaviour is related to large strain levels and small
number of cycles for temperatures not too low, leading to ductile failure (Neifar & Di
Benedetto, 2001). Non-linearities are represented in the model by elasto-plastic bodies (EP)
placed in series with viscous dashpots (Figure 10.2). The EP bodies are characteristic of non
cohesive granular materials, which can show a non-viscous dissipation. For instance, plastic
dissipation is typical in sands for cyclic loadings at small strain amplitude and it is represented
by a hysteretic stabilized behaviour (Sauzeat, 2003).
Increasing the number of elements increases the model precision and when it tends to the
infinite, the representation passes from a discrete spectrum to a continuous spectrum. When
only viscous dissipation is present, the EP bodies are replaced by linear springs and the DBN
model takes its asymptotic form as a Generalized Kelvin-Voïgt (GKV) (Neifar et al., 2001).
Given this background, it can be assumed that non-viscous dissipation occurs independently
from temperature and frequency. CRM mixtures can be considered as intermediate between
bituminous (viscous) and granular (non-viscous) mixtures. In case of a small number of cycles
and small strain, the DBN model with some simplifications (Attia, 2020) can be used to
simulate their rheological behaviour.
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Figure 10.2 DBN model for bituminous mixtures
The dissipation behavior of construction materials (metals, concrete, soils, etc.) can be
characterized using the specific damping capacity ψ, which is defined as the ratio between the
energy dissipated in a loading cycle and the elastic energy stored in the system in the condition
of maximum deformation (Genta, 2009). For Kelvin-Voïgt bodies, under sinusoidal excitation,
it is computed as:
ψ=
where ΔW

ΔW
W

=

πε σ sin ϕ
= 2π sin ϕ
1⁄2 ε σ

(10.6)

is the area of the linear viscoelastic (LVE) hysteresis loop, W is the energy

stored by the spring, ε is the amplitude of the strain, σ is the amplitude of the stress and φ is
the frequency-dependent phase angle describing the lag between stress and strain.
EP bodies are characterized by elastic energy storage and time-temperature independent
dissipation. For low-dissipation materials, the energy dissipated ΔW
ΔW

is calculated as:

= W ψ = 1⁄2 ε σ ψ = 2πDε σ

(10.7)

where D = ψ⁄4π is an adimensional time-temperature independent damping ratio.
In case the number of cycles applied and the deformation are small, the plastic energy
dissipation ΔW

can be expressed as an equivalent linear viscoelastic dissipation ∆W

through the definition of an equivalent phase angle, by fixing ΔW
sin(ϕ ) = 2D

= ΔW

:
(10.8)
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As a consequence, the version of the DBN used for the modelling of CRM materials consists
of viscous and temperature-dependent dissipation through the dashpots (η (T)) and nonviscous dissipation through the EP bodies (E , D ). The first unit does not have a dashpot and
all the elements are characterized by the same damping ratio (D = D) (Figure 10.3).

Figure 10.3 Schematic representation of the DBN
model for small strain and small cycles
The total phase angle ϕ

for the given configuration is composed of both viscous and non-

viscous dissipations:
sin(ϕ

) = sin(ϕ
=

where ∆W

+ϕ )=

∆W
∆W
+ ∆W
=
πε σ
πε σ

ωη
2∙D∙E
+
E + (ωη )
E + (ωη )

(10.9)

∙ |E ∗ |

is the total dissipation in a cycle (viscous and non-viscous), ω is the pulsation

defined as ω = 2πf, where f is the frequency, E and η are the Young’s modulus and the
Newtonian viscosity of the i element, respectively, ϕ
dashpot and ϕ

is the phase angle of the viscous

is the phase angle of the non-viscous damping.

The presence of non-viscous energy dissipation does not influence the norm of the complex
modulus |E*|, which is calculated as for the GKV model:

E

∗

(iω, T) =

1
+
E

1
E + jωη (T)

(10.10)
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where j is the complex number (j = −1), T is the temperature and E is the Young’s modulus
of the first element. The number of elements defines the precision of the model, which is
selected in function of the 2S2P1D model (Olard et al., 2003):
E∗

(iωτ) = E

+

1 + δ(jωτ)

E −E
+ (jωτ)

(10.11)
+ (jωβτ)

where k and h are constant exponents (0 < k < h < 1), δ is a constant, E

is the static

modulus for ω → 0, E is the glassy modulus when ω → ∞, and τ is the characteristic time,
which is the only parameter depending on the temperature:
τ (T) = a (T) ∙ τ
where a (T) is the shift factor at a temperature T, τ (T) = τ

(10.12)
at the reference temperature T

and τ (T) is determined at each isotherm by minimizing the error between the measured and
modelled norm of the complex modulus. In this study, the number of elements was fixed at 40.
The calibration process is performed by initially determining the shift factors according to the
master curve of the norm of complex modulus at the chosen reference temperature. This is
allowed if the material is thermo-rheologically simple and the Time-Temperature
Superposition Principle (TTSP) is valid. The experimental shift factors obtained can be
analytically modelled by the Williams-Landel-Ferry (WLF) model (Ferry, 1980):
log(a ) = −

C (T − T )
C +T−T

(10.13)

where C and C are constants.
The following step consists in calibrating 2S2P1D model according to the master curve of the
norm of the complex modulus, minimizing the error between the experimental points and the
model curve. At this point, the number of GKV elements is chosen and the values of E and η
for each element are calculated. Afterwards, the value of Φ

is assessed on the master curve

of the phase angle in order to minimize the error between the experimental points and the
model curve. So, with seven constants defined by the 2S2P1D and one constant defined by the
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DBN model, it is possible to fully describe the material behaviour in the small strain domain,
considering both viscous and non-viscous dissipations.
10.4

Mixtures and methods

This section contains information about the materials selected, the production and curing
protocol followed, as well as the device and tools used to develop this study.
10.4.1

Materials and mixtures

Two RAP sources were selected from stockpiles in Italy and Alabama (USA) and coded as
RAP1 and RAP2, respectively. These materials already showed to have different effects on the
mechanical properties of the CBTM mixtures produced (Raschia, Graziani, et al., 2019b), in
particular in terms of tensile strength and fracture resistance. Table 10.1 lists the properties of
the RAP aggregates. The residual RAP binders were extracted by centrifuge extraction and
recovered by rotary evaporation. The recovered binders were analysed in terms of complex
shear modulus using a dynamic shear rheometer (DSR) (Figure 10.4). It is observed that the
high stiffness of the RAP binders caused a low precision of the data. However, in the range of
frequencies and temperature analyzed, the RAP1 binder showed higher phase angle compared
to RAP2, suggesting a higher viscous dissipation ability.

Figure 10.4 Complex shear modulus results on the RAP residual binder: a) Black
space; b) Cole-Cole plan
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The CRM mixtures were produced using a bitumen emulsion type CSS-1 (ASTM D2397), for
which the main properties are summarized in Table 10.2. The residual bitumen properties,
obtained after extraction (ASTM D6997), are listed too. In order to precisely investigate the
effect of RAP sources, two mixtures were produced with the same aggregate size distribution
as shown in Figure 10.5 which refers to the Fuller-Thompson maximum density curve with
exponent 0.45.
Table 10.1 Properties of RAP sources used
Property

Standard

Unit

ASTM D6307

%

5.51

5.49

ASTM C127-128

-

2.482

2.498

Bulk specific gravity – Fraction 0/2.5

LC 21-065

-

2.170

2.373

Bulk specific gravity – Fraction 2.5/5

LC 21-066

-

2.380

2.462

Bulk specific gravity – Fraction 5/10

LC 21-067

-

2.437

2.427

Fragmentation @ 5 °C (fraction 5/10) – PCS

ASTM D1557

%

7.6

n.a.*

Fragmentation @ 20 °C (fraction 5/10) – PCS

ASTM D1557

%

6.7

13.9

Binder content
Maximum specific gravity of the blend

RAP1 RAP2

* n.a., not available
The RAP aggregates were initially sieved and divided in three fractions: 0/2.5, 2.5/5 and 5/10.
Such fractions were subsequently combined to obtain the same curve for RAP1 and RAP2
mixtures in the following percentages: 40% of 0/2.5, 20% of 2.5/5 and 30% of 5/10. The
remaining 10% was composed of limestone filler in both mixtures. The residual bitumen
dosage was fixed at 3.0% (corresponding to 5.0% of bitumen emulsion) by mass of dry
aggregates. The total water dosage (water from the emulsion and added water) was fixed at
5.4% by mass of dry aggregates.
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Table 10.2 Bitumen emulsion properties
Emulsion properties

Standard

Unit

Value

Density

ASTM D6397-16

g/cm3

1.016

Residue content

ASTM D6997-12

%

60.3

Storage stability @ 24 hours

ASTM D6930-10

%

0.6

Needle penetration @ 25 °C

ASTM D5-13

dmm

41

Softening point

ASTM D36-14

°C

48.6

Residual bitumen properties

Figure 10.5 Aggregate distribution of the mixtures studied
10.4.2

Mixing, compaction and curing

In the first mixing step, the dried aggregate blend (RAP and filler) was mixed with only
absorption water to better represent field condition (Grilli et al., 2016). The moist aggregate
blends were sealed in plastic bags for at least 12 hours. In the second step, additional water is
added to confer better compactability, and the material is mixed mechanically for about 60
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seconds. Afterwards, the bitumen emulsion is added, and the mixture is mechanically mixed
for an additional 60 seconds. Compaction was performed immediately after mixing using a
gyratory compactor with mould diameter of 150 mm, constant pressure of 600 kPa, internal
angle of 1.16° and gyration rate of 30 rpm. During compaction it is possible to monitor three
important volumetric parameters: the voids in the mixture (V ), the voids in the mineral
aggregate (VMA) and the voids filled with liquids (VFL):
+V ,
V − (V + V , )
∙ 100 =
∙ 100
V
V
V +V , +V ,
V−V
VMA =
∙ 100 =
∙ 100
V
V
V , +V ,
VFL =
∙ 100
V +V , +V ,
V =

where V

V

is the volume of air, V

,

(10.14)
(10.15)
(10.16)

is the volume of intergranular water, V is the total volume

of the specimen, V is the volume of aggregates (in SSD condition) and V
residual bitumen from emulsion. The fixed V

,

is the volume of

value was 10 ± 1% with a VFL value of

90 ± 1%. The VFL close to 100% theoretically means a complete saturation of the VMA and
values higher than 90% could lead to the expulsion of water and fine particles during
compaction (Grilli et al., 2016). Two specimens for each RAP source were compacted at the
fixed V , that were reached with 63 ± 5 and 30 ± 2 gyrations for RAP1 and RAP2 mixtures,
respectively. The volumetric compositions of the specimens after compaction, as well as the
average compaction energy expressed in gyrations, are reported in Table 10.3. The volumes of
air and intergranular water represent the obtained value of V .
The specimens were cured in two steps: 14 days at 25 °C plus additional 14 days at 40°C (with
55 ± 5% RH), in order to reach a stable condition of the physical and mechanical properties
(Raschia et al., 2020). After the total curing time of 28 days, specimens were cored and saw
cut to have Ø75 x 130H mm specimens (Figure 10.6).
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Table 10.3 Volumetric composition of the mixtures after compaction to reach Vm = 10.8%
Component

RAP1 (%)

RAP2 (%)

RAP aggregate(1)

75.6

75.4

Limestone filler

7.6

7.7

Residual bitumen(2)

6.0

6.1

Intergranular water

9.2

9.2

Air

1.6

1.6

Total

100.0

100.0

Number of gyrations

63 ± 5

30 ± 2

(1)

The percentage is referred to the SSD condition

(2)

The residual bitumen is calculated as 60% by bitumen emulsion mass

Figure 10.6 Specimens employed
for testing
10.4.3

Experimental program

In order to apply the CPM model, the packing density of each fraction used in the RAP
aggregates blend was measured under compaction employing the gyratory compactor in
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accordance with a method introduced by Perraton et al. (2007). In the present study, the energy
imposed by the compaction was fixed at 20 gyrations, to limit attrition, segregation and
abrasion under compaction (Olard, 2012). For each fraction, 0/2.5, 2.5/5 and 5/10 in this study,
a fixed amount of dry RAP aggregate (1000 g) was compacted at room temperature and the
final volume of two samples was recorded. So, the average packing density βi of each fraction
i was measured for both RAP sources, and such values were employed to calculate the virtual
packing density Υ of the three combined fractions. In fact, the CPM model was applied only
to the RAP aggregate, without considering the volume of filler which was the same between
the two mixtures. In this study, Υ calculated by the CPM model represents the volume fraction
occupied by the RAP aggregate phase in a fixed volume, and the value 1 − Υ is the porosity
of the system. Hence, it can be assumed that such porosity has the same physical meaning as
the voids in the RAP mineral aggregate, VMARAP. VMA

was calculated using Eq. (1) and

replacing V with the bulk volume of the RAP aggregate and V with the total volume of the
SGC compacted specimen.
To contribute to the analytical part of the packing density evaluation, morphological
parameters such as elongation, roundness, concavity and shape factor were obtained using
OCCHIO belt aggregates image analyzer. The elongation is represented by a minimum ratio
of two diameters of a 2D ellipse having the same area as the particle. The roundness parameter
is the average curvature of asperities located on the aggregate perimeter at regular points. A
roundness value of 100% is associated to a perfectly circular particle, whereas values below
50% generally belong to very irregular surfaces. High values of roundness and shape factors
normally improve compactability, whereas low values of elongation and concavity negatively
affect compactability.
The rheological properties of the CRM mixes were evaluated by complex modulus tests using
a MTS press. The sinusoidal compressive loading (haversine loading) was applied on the top
of the specimen, and the bottom was glued to an aluminum cap with a thermo-resistant epoxy.
The applied loading frequencies were 0.1, 0.3, 1, 3 and 10 Hz.
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The axial strain was measured by placing three extensometers in the middle part of the
specimen and 120° apart (measuring base of 50 mm). The target axial strain was 40 μm/m. The
test was conducted at seven temperatures: -20, -10, 0, 10, 20, 30 and 40 °C.
10.5

Results and discussion

CPM model (equation 10.2) was used to calculate the virtual packing densities of the RAP
aggregate blends. Table 10.4 lists the results according to the application of the CPM model
on the RAP sources. The fractions’ volumes in the full gradation y is reported without
considering the limestone filler content, which was constant between the two RAPs. It can be
observed that comparing the same fraction between the two RAPs, the values of β are similar
except for the fraction 5/10. The fragmentation test used to characterize the RAP source was
performed on the fraction 5/10, highlighting a higher fine content produced after fragmentation
of RAP2. This could explain the difference in porosity of this specific fraction, which is higher
for RAP2 probably because of partial fragmentation during the packing test. In both RAP
sources, the assumed dominant fraction class is 0/2.5, since it is the one occupying the highest
volume. It has to be noted that being the class with the lowest dimension, it is only subjected
to the “wall effect” due to coarser fractions. Consequently, the residual two fractions can be
considered as a dispersion in the fine matrix. Considering this, the virtual packing Υ

/ .

is

calculated and results are shown in Table 10.4. The CPM model results show that both RAP
sources have potentially the same ability to compact, predicting a virtual packing density of
83% for RAP1 aggregate and 82% for RAP2 aggregate after 20 gyrations (virtual porosity of
17% and 18% for RAP1 and RAP2, respectively). This was in some way expected, since the
values of β are similar between RAP1 and RAP2, as well as the same gradations were chosen.
The voids in the RAP aggregate skeleton reached after compaction, VMA

(24% and 25%

for RAP1 and RAP2, respectively), can be compared to the values of virtual porosity obtained
with the CPM model. It is observed that the virtual porosity is lower than the value of VMA
for both RAP aggregates, meaning that the maximum packing of the aggregates was not
reached, and this was needed to leave volume for water and bitumen. Despite these results
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belong to only the RAP aggregate particles, a difference in compaction energy between the
two CRM mixtures produced was observed in terms of compaction energy (63 and 30 gyrations
for RAP1 and RAP2, respectively). For this reason, shape and texture of the aggregate particles
were studied.
Table 10.4 CPM model results
RAP1

RAP2

0/2.5

2.5/5

5/10

0/2.5

2.5/5

5/10

Volume fraction y

0.45

0.22

0.33

0.45

0.22

0.33

Packing density β (20 gyr)

0.74

0.67

0.66

0.71

0.68

0.70

Porosity (= 1 − β )

27%

33%

35%

29%

33%

30%

Mean diameter (mm)

0.45

3.54

7.07

0.45

3.54

7.07

Virtual packing density Υ

/ .

Virtual packing porosity (= 1 − Υ
VMA∗
* VMA

= 1−

, where V

/ .

0.83

0.82

) 17%

18%

24%

25%

is the bulk volume of RAP aggregate

Shape parameters were evaluated by the OCCHIO belt aggregates image analyzer
(Moghaddam et al., 2018) and are listed in Table 10.5. From this analysis, it is observed that,
in general, the parameters obtained are not significantly different between the two RAP
sources. It is remarked that higher roundness and shape factor lead to better compactability.
The attention is focused on the fraction 0/2.5, being the dominant class and because the
difference is more marked. For this fraction, RAP2 aggregate had lower roundness and shape
factor, and higher concavity and elongation compared to RAP1. This would suggest lower
compactability for RAP2 than RAP1, which is the opposite of what happened in practice with
the CRM mixtures, i.e. a higher compactability of the mixture produced with RAP2.
Another important factor that can affect the compactability of the CRM mixtures is bitumen
emulsion. Both RAP aggregates showed similar virtual packing densities, but when mixed with
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bitumen emulsion, the compactability was different among the two mixtures. In this study, the
emulsion used was a slow-setting emulsion type, but probably the RAP binder played a major
role for compactability, in terms of affinity. The degree of bitumen coating and breaking
process of the emulsion strongly depend on the chemical reactions between RAP binder and
emulsion (Needham, 1996). If the breaking process occurs rapidly, the bitumen droplets
suspended in the liquid phase do not have the time to evenly spread in the system, which results
in poor compactability.
Table 10.5 Morphological parameters of RAP sources fractions
Roundness*

Concavity

Elongation

Shape factor

Fraction class

RAP1

RAP2

RAP1

RAP2

RAP1

RAP2

RAP1

RAP2

0/2.5

48.21

37.24

13.96

24.03

35.30

37.63

76.47

56.54

2.5/5

10.48

11.40

5.51

3.45

32.10

29.87

70.50

73.90

5/10

41.46

42.75

4.64

3.78

27.96

24.91

98.12

100.00

*

100% for perfectly circular particles, lower than 50% for very irregular surfaces

Figure 10.7 shows the complex modulus test results. The repeatability between the two tests is
very good and this confirms the quality of the results. In both representations (Cole-Cole plan
and Black space), the measured data are disposed along a continuous line, meaning that the
TTSP is valid and the material is thermo-rheologically simple. RAP1 mixture is characterized
by a lower phase angle, showing a lower ability to dissipate energy compared to RAP2 mixture.
It is highlighted that these results have an opposite trend compared to the RAP binder
characteristics (Figure 10.4), hence the mixture rheological properties cannot be directly linked
to the RAP binder properties. Moreover, it is clear how the RAP source has an impact on the
modulus.
The isothermal curves of the norm of the complex modulus and phase angle can be shifted at
a reference temperature (20 °C). This procedure is performed by the closed-form shifting
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(CFS) algorithm that minimizes the area between two successive curves and gives an operatorindependent estimation for the shift factors (Gergesova et al., 2011; Graziani et al., 2020).

Figure 10.7 Experimental results: a) Cole-Cole plan and, b) Black space
Figure 10.8 shows the master curves of the tested specimens (2 RAP sources and 2 replicates,
S1 and S2). The RAP2 mixture is characterized by higher stiffness at high frequencies (low
temperatures) and lower stiffness at low frequencies (high temperature) compared to RAP1
mixture, which on the contrary shows a lower dependency on frequency (and temperature).
This is confirmed by the phase angle master curve, where RAP1 mixture showed lower values
of phase angle at all temperatures investigated. Since the phase angle is an energy dissipation
parameter, it can be affected by many variables, such as air voids content, bitumen type and
content.

Figure 10.8 Master curves at TS = 20°C: a) Norm of the complex
modulus and, b) Phase angle
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In this study, where all these aspects are not variable, the only parameter that could affect the
phase angle is the RAP source and the interaction with the bitumen emulsion. The higher effect
of frequency and temperature on RAP2 mixture, as well as the higher values of the phase angle,
could be related to either the effect of RAP binder or a better affinity between RAP and bitumen
emulsion. Figure 10.9 shows the experimental shift factors (aT) of the four tested specimens
modelled by the WLF analytical model. It is observed that mixtures with RAP1 are
characterized by a slightly higher slope, and highly temperature sensitivity, compared to
mixtures with RAP2.

Figure 10.9 Shift factors and WLF model
for the studied mixtures
Figure 10.10 shows the experimental results modelled by DBN model. The model parameters
for the tested mixes are listed in Table 10.6. It is worth mentioning that the average values of
glassy modulus (E ) at low temperatures (high frequencies) for RAP1 and RAP2 mixtures are
4700 MPa and 7950 MPa, respectively. This parameter can be related to the aggregate skeleton
and voids content. Since the only variable is the RAP aggregate source, the higher value for
RAP2 mixture could be obtained due to a better dispersion and bonding with the aggregate
particles. On the contrary, the static modulus (E ) values for both mixtures at high
temperatures (low frequencies) are quite similar (225 and 210 MPa for RAP1 and RAP2,
respectively). In this case, the bituminous phase is considered as fluid and the stiffness is
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mostly influenced by the aggregate phase. Since the two gradations and the RAP bitumen
properties are similar, it is expected to have similar values for E .

Figure 10.10 Experimental results modelled with the DBN model (n = 40): a) Cole-Cole
plan, b) Black space, c) Master curve of the norm of the complex modulus at TS = 20°C
and, d) Master curve of the phase angle at TS = 20°C
The LVE dissipation parameters h, k, δ and β are similar for both RAP mixtures since the
bitumen emulsion used was the same. This would also confirm that the RAP used in the CRM
is a “black rock”. The characteristic time (τ ) can be linked to the bitumen phase consistency
and it is higher for harder bitumen (Mangiafico et al., 2014). However, the residual bitumen
used is coming from the same emulsion. Hence, the different τ obtained depends on the RAP
binder or the relation between the RAP binder and the residual bitumen. Analyzing the nonviscous equivalent phase angle (φ ), the average values obtained are 1.35° and 0.88° for
RAP1 and RAP2, respectively. The value of φ

could be linked to non-viscous dissipation

caused by frictional and plastic phenomena (Graziani et al., 2020), and the results showed that
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the RAP source has a small effect. It could be suggested that non-viscous dissipation can occur
at the interface between emulsion and RAP aggregate and/or at the interface between aggregate
and RAP binder, whereas LVE dissipation is only attributed to the virgin binder. In this regard,
RAP2 mixture had lower non-viscous component in the energy dissipation, meaning that it is
closer to the pure LVE field compared to RAP1 mixture.
Table 10.6 DBN model parameters
E

E

(MPa) (MPa)

h

k

δ

τ (20°C)
(s)

β

φ
(°)

C

C

RAP1_S1 225

4900

0.50

0.16

4.05

3.5

5000

1.35

31.0

215.4

RAP1_S2 225

4500

0.50

0.16

3.80

3.0

5000

1.35

27.9

187.3

RAP2_S1 210

7900

0.47

0.17

3.10

0.2

5000

0.75

28.0

215.7

RAP2_S2 210

8000

0.47

0.17

3.50

0.1

5000

1.00

29.6

214.8

10.6

Conclusions

The objective of this research was to evaluate the effects of two RAP sources (RAP1 and
RAP2) on the compactability and LVE properties of the CRM materials produced.
Compactability of the RAP sources was analyzed in two steps: evaluating the packing density
of the dry RAP aggregate, and considering the compaction energy necessary to reach the target
volumetric properties of the CRM mixtures. The first step showed that both RAP aggregates,
characterized by the same gradation, had the same packing density. This was observed from
two approaches: compacting RAP aggregate samples with a gyratory compactor, and by
predicting the maximum packing density of the full blend with compressible packing model
(CPM). On the other hand, image analysis of the shape parameters for both RAP1 and RAP2
aggregates suggested that RAP2 aggregate was characterized by a lower compactability.
Nonetheless, when mixtures were produced, an opposite trend was observed and the mixture
with RAP2 required half of the compaction energy required by the RAP1 mixture. Hence, the
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compactability of the CRM mixture was not linked to the physical and morphological
properties of the RAP aggregate used. With high probability, CRM mixtures compactability
was influenced by the chemical interaction between bitumen emulsion and RAP aggregate and
the difference in RAP binders’ properties.
The influence of RAP binders’ properties was confirmed by complex modulus tests results.
The test was performed on two specimens for each mixture, showing an excellent repeatability.
RAP2 mixture showed a higher temperature dependency compared to RAP1 mixture. In order
to understand the mixtures properties, the DBN model presented in the literature was selected
as the most reliable for cold mixtures applications. The model parameters considered both LVE
and elasto-plastic phenomena, considering both viscous and non-viscous dissipations under
cyclic loading. Based on the results, LVE dissipation parameters did not change for the two
RAP sources. However, RAP2 mixture was characterized by a lower non-viscous dissipation,
as well as higher phase angle values. This confirms the fact that the residual bitumen in the
RAP aggregate is more important for non-viscous dissipation rather than for viscous
dissipation.
In conclusion, the compactability and the properties of CRM mixtures in the small strain
domain are affected by the RAP source, even when considered as a “black rock”. In particular,
the affinity between the RAP aggregate and bitumen emulsion is an important parameter that
needs to be considered when evaluating the CRM properties. Further studies are strongly
encouraged in order to implement an analysis of the RAP-emulsion relationship as a
fundamental point of a mix design.

CHAPTER 11
SUMMARY OF SECTION 2 AND INTRODUCTION OF SECTION 3:
INFLUENCE OF LOW PRODUCTION TEMPERATURES ON CBTM
PROPERTIES
In this chapter the main findings obtained in Section 2 are summarized, and the next topic of
the thesis is introduced, i.e. the influence of low production temperatures on CBTM properties.
11.1

Summary of Section 2

CHAPTERS 8, 9 and 10 showed interesting results related to the RAP aggregate used in
CBTM mixtures. The analysis performed involved a wide range of investigation fields, such
as workability and compactability, evolution of the mechanical properties along curing, and
mechanical tests at different levels of deformation. The work was divided in two specific
aspects: the study of the RAP aggregate distribution (CHAPTER 8) and the study of the RAP
aggregate source (CHAPTERS 9 and 10).
The analysis of the aggregate distribution was based on shape parameters of the distribution
curve normally employed for cement concrete applications. These parameters allowed to
consider the fine fraction and the coarse fraction of the aggregate gradation separately, which
were consequently linked to the workability and compactability of the mixtures. An increase
in the filler content corresponded to an improvement of the mixture workability, penalizing at
the same time the compactability. In terms of mechanical properties, the most important
parameter resulted to be the bitumen and cement dosages. The aggregate distribution affected
resistance and stiffness of CBTM mixtures, in particular changing the nominal maximum
aggregate size. In fact, it was observed that passing from 16 mm to 10 mm the mechanical
properties were globally improved, even though compactability was penalized.
In terms of effect of the RAP source, the CBTM mixture produced with RAP2 required lower
compaction energy compared to RAP1, even though the two RAP aggregate blends were
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characterized by similar morphology and theoretical maximum packing density. In addition,
thanks to rheological modelling, it was possible to observe the influence of the RAP binder on
the thermal response of the material. In terms of tensile strength and fracture resistance, the
RAP1 mixtures showed higher values, being more performant than RAP2. Concluding, it was
not possible to rank a RAP source as globally better than the other, since their properties are
different according to the field of investigation. Fundamental properties of both RAP sources
are collected in Annex I.
Additional studies are needed to confirm these findings. The maximum density line as
described by Fuller-Thompson is often chosen as the optimal distribution, even though gapgraded distributions (HPAC or SMA) could be equally valid if thoroughly designed. The
formulation of an optimal aggregate distribution for CBTM projects is needed, since nowadays
technical specifications often allow a wide range of acceptance leading to high variability.
Moreover, the fragmentation test was not enough to link the properties of the RAP source to
the mechanical properties of the CBTM mixture produced. However, it is believed that the
properties of the aged RAP binder affect the mechanical properties of the CBTM mixture, even
if considered as a black rock and more research is encouraged in this direction.
11.2

Section 3: study of the effect of low production temperatures on CBTM
properties

The next three chapters deal with the effect of production temperatures on mixtures produced
with RAP1 and two emulsion sources, focusing the attention on temperatures which are lower
than the ones commonly recommended (below 10 °C) (ARRA, 2016; Asphalt Academy, 2009;
Jacobson, 2002; Shoenberger, 1992).
In cold central-plant recycling (CCPR), projects the plant where the CBTM production is
performed can be placed several kilometers from the construction site. In such case, the
ambient temperature and the operating times during the mixtures production can play a crucial
role when air temperature is low (< 10 °C). At first, a distinction needs to be made between the
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different steps followed. Initially, the RAP aggregate that was milled from the pavement and
stockpiled in plant is blended with the rest of the components, cement, water and bitumen
emulsions (mixing process). In many cases, only the temperature of the bitumen emulsion is
known and carefully maintained for an adequate storage. When the truck is loaded, the mixture
is hauled to the construction site for laydown. The time employed for the transportation,
combined with the ambient conditions (humidity and temperature), can be critical for the
moisture content and the stability of the bitumen emulsion, which could break prematurely. At
this point, the mixture is laid and compacted to the target density (transportation and
compaction process). The following step consists in waiting for the water evaporation and the
development of enough resistance to carry the traffic load. This period is highly arbitrary and
it can vary between 24 hours and several days. When this step is considered completed
(generally moisture content in the mixture less than 1% according to Kim et al., 2011), the
upper HMA layer can be placed and compacted. It is important to notice that even if an
optimum mix-design for the CBTM layer is carried out, the production of such mixtures at
critical temperatures could permanently prevent the development of mechanical properties.
Starting from these considerations, the experimental program followed in this chapter is shown
in Figure 11.1. In this figure, it is reported an example for a mixture mixed at 25 °C, transported
and compacted at 5 °C, and cured for 14 days of the first curing at 5 °C. In particular, the entire
simulation of the production process in laboratory consisted of:
•

Mixing process at 5 °C or 25 °C for 5 minutes: the two mixing temperatures can represent
the aggregate’s temperature during cold or warm seasons;

•

Transportation and compaction at 5 °C or 25 °C for 2 hours plus 30 minutes: the two
temperatures can represent the hauling process during cold or warm seasons;

•

14 days of curing at the same temperature of transportation and compaction: it is assumed
that the first 14 days of life of the mixture are at around the same temperature at which it
was laid and compacted;

•

14 days of curing at 40 °C to respresent 1-3 years of pavement life in the field;
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•

Additional 11 months (330 days) curing at room temperature to evaluate the mechanical
properties of the material after 1 year in sealed and unsealed conditions.

Figure 11.1 Laboratory production simulation and experimental program
In the research program developed, among all the others, two particular cases were evaluated:
a) mixing at 5 °C and transportation and compaction at 25 °C and, b) mixing at 25 °C and
transportation and compaction at 5 °C. The first one was tested to evaluate the effect of only
low mixing temperature, and considering the possibility that warming up the mixture during
transportation would preserve the material properties. In the second case it is the opposite, and
it was hypothesized that if only the mixing is carried out at 25 °C, perhaps the low
transportation and compaction temperature are not negatively affecting the material properties.
The results obtained are mainly divided in two parts: the material properties after the first
curing (14 days + 14 days), and the properties after the additional curing at 1 year. The first
part is developed in CHAPTER 12. In particular, properties such as workability,
compactability and evolution of the mechanical properties in the first month of the material
life were evaluated. Workability and compactability were analyzed by means of the SGC,
whereas the properties development was monitored by moisture loss, ITS and ITSM tests. This
allows to clarify if the low production temperatures are crucial in the first days of service of
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the material. However, since the knowledge of such materials is still poor in terms of long term
properties, it is not demonstrated that acceptable performance in the short-term are linked to
good properties in the long term also.
The second part of the experimental program is treated in CHAPTERS 13 and 14 where the
rheological properties of the same mixtures treated in CHAPTER 12 after one year of curing
are investigated with the help of the DBN model, already introduced in the literature. The
additional curing was performed in two different conditions: sealed and unsealed. In the first
case the confinement allowed to represent the field conditions, where the CBTM layer is
covered with an upper layer. In the second case ageing and full exposure to environmental
factors (humidity and light) were promoted.

CHAPTER 12
INFLUENCE OF LOW PRODUCTION TEMPERATURE ON
COMPACTABILITY AND MECHANICAL PROPERTIES OF COLD
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12.1

Abstract

In cold regions, the production of Cement-Bitumen Treated Materials (CBTM) represents an
issue in terms of annual time available for production. The objective of this research is to study
the influence of different combinations of production temperatures for mixing, compacting and
curing (developed in two steps) on the mechanical properties of CBTM produced with two
sources of bitumen emulsion. Workability, compactability, indirect strength and other
additional tests were involved in the analysis. Findings highlighted the critical effect of
transportation and compaction temperatures on CBTM workability. Moreover, the emulsion
source significantly affects the mixture strength when produced at low temperatures.
12.2

Introduction

Production of traditional hot mix asphalts (HMA) in road industry, intended as mixing,
transportation and compaction, is normally performed at a range of temperatures between
150 °C and 170 °C (Cominsky et al., 1994; Stimilli et al., 2016). The reasons that lead to the
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definition of such temperatures is the necessity to reduce the bitumen viscosity in order to well
coat aggregates, to provide a workable mixture and to be properly compacted in the field.
The economical and environmental crisis that characterized the last decades brought to the
introduction of new techniques to obtain materials addressed to the production of the pavement
structure: warm mix asphalts (WMA) (Frigio & Canestrari, 2018; Stimilli et al., 2017) and cold
asphalt mixtures (CAMs) (Stroup-Gardiner, 2011; Tebaldi et al., 2014; Xiao et al., 2018). In
the first case, production temperatures can be decreased by around 30 °C thanks to the use of
additives able to reduce the bitumen viscosity (Frigio et al., 2016). In the second case, the entire
production process can be performed at ambient temperature employing the bitumen in form
of foam or emulsion. The use of water in these mixtures ensures workability and
compactability, allowing at the same time the use of wet aggregates. For such reasons, this
technique brings high environmental and energy-saving benefits if compared to standard HMA
or WMA mixtures (AIPCR-PIARC, 2002; Bowering & Martin, 1976; Chandra et al., 2013;
Yan et al., 2010).
A further improvement in terms of sustainability is obtained when reclaimed asphalt pavement
(RAP) is used as aggregate material (Chandra et al., 2013; Dal Ben & Jenkins, 2014; Giani et
al., 2015; Godenzoni, Graziani, et al., 2016; Thenoux et al., 2007). The re-use of RAP instead
of virgin aggregates in Cold Recycled Mixtures (CRMs) leads to the possibility to have
performant mixtures for base or binder layers with a material that is normally available in high
quantities (Gandi et al., 2017; Godenzoni, Graziani, et al., 2016).
To improve short-term and long-term mechanical properties, a small amount of Ordinary
Portland Cement is added to CRMs obtaining cement-bitumen treated materials (CBTM) (Oruc
et al., 2007). The quantity of cement used is usually lower than the bitumen content in order to
have materials that are considered having a bituminous behaviour (Cardone et al., 2014). For
this reason, the balance between the two binding agents is an important parameter to control.
As mentioned previously, bitumen can be added in the form of foam or emulsion in CRMs. In
this paper, we concentrate on emulsion treated materials. Bitumen emulsions are obtained by

185

sheering the bitumen in a colloidal mill, which is then suspended in a watery phase in form of
droplets. The suspension of bitumen droplets is ensured by the presence of an emulsifier in the
system, that is responsible for the repulsive effect (Circular, 2006). This phenomenon allows
storing the emulsion for a certain period (2–3 months) and to have a good breaking on the RAP
material. The nature of bitumen emulsion makes it extremely sensitive to temperatures, from
the storage to the long-term performance of the final mixture (Needham, 1996).
At present, no specific standard establishes the minimum temperature required to produce a
CBTM mixture, but many manuals recommend different temperatures based on their
experience, without distinguish the three different processes: mixing, transportation and
laydown and compaction. For example, in some cases, the minimum temperature for laydown
must be above 5 °C, whereas in other cases a temperature of at least 10 °C is required to carry
out a cold recycled project (Asphalt Academy, 2009; Jacobson, 2002; Shoenberger, 1992). An
AASHTO report (1998) establishes that for projects using bitumen emulsions, a minimum
ambient temperature range between 10 and 16 °C should be respected during production. If
cement or fly ash are used as additional binders in CBTM, the minimum ambient temperature
can be 4 °C (No., 1998). The Asphalt Recycling & Reclaiming Association (ARRA) also
provided construction guidelines for cold in-place recycling (CIR) using bitumen emulsion,
specifying that operating temperatures are extremely variable depending on the emulsion used
and/or RAP temperature, requiring in some cases ambient temperatures higher than 16 °C
(ARRA, 2016). Many other studies report the production temperature in the laboratory equal
to room temperature, or able to represent as close as possible the field conditions (Du, 2014;
García et al., 2013; Gaudefroy et al., 2008; Graziani, Iafelice, et al., 2018; Lesueur et al., 2004;
Martínez-Echevarría et al., 2012). This aspect of CBTM mixtures is of fundamental importance
when construction projects are carried out in cold regions such as Canada, North-East USA or
North-Europe. In fact, average climate conditions throughout the year do not allow a wide time
span for CBTM production and laydown.
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Not only production's temperatures are important for the CBTM mechanical properties, but
also the conditions characterising the curing process. During this time, the water present in the
mixture evaporates, accelerating the emulsion breaking process and improving the mechanical
properties. When cement is used in addition to bitumen emulsion, a certain amount of water is
used for the hydration process. Therefore, the amount of time to allow a complete curing is
highly dependent on environmental conditions, such as temperature, relative humidity and
wind (Cardone et al., 2014; Godenzoni, Cardone, et al., 2016; Grilli et al., 2019; Kim et al.,
2011; Olard et al., 2003; Serfass et al., 2004). Because of this high variability, it is impossible
to establish a single laboratory procedure to represent field curing. At the same time, the
evolution of curing in the field is difficult to follow, because of the distortion brought by
performing cores (Tebaldi et al., 2014).
However, Bocci et al. (2011) showed that changing the curing temperature in the laboratory
from 40 °C to 20 °C, it is possible to reach the same level of stiffness, although the curing time
required is very different (10 days and 50 days, respectively). On the other hand, a curing
temperature of 5 °C for 60 days did not allow to increase the stiffness enough; but, when an
additional curing of 14 days at 40 °C was carried out, the tested mixture reached the same
stiffness as the ones of the other curing conditions. In that research, the double step curing can
be seen as a simulation of a material cured during the cold season first, and with a long-term
curing afterwards. It is highlighted that in that case, mixtures were mixed and compacted at
room temperature, and only the curing temperature effect was studied (Bocci et al., 2011).
The objective of this research is to understand how the low production temperatures (mixing,
transportation and compaction, and curing) are affecting the long-term mechanical properties
of CBTM treated with bitumen emulsion, changing the emulsion source. For this purpose,
different combinations of temperatures for the three processes were reproduced in the
laboratory, focusing the work towards low temperatures.
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12.3

Experimental approach

Cold in-plant recycling (CIPR) projects are characterized by the presence of a production plant
(fixed or mobile) located several kilometres from the construction site. In such cases, the entire
process is developed in different steps. At first, the existing pavement is milled at a specified
depth according to the thickness of the damaged layer or layers. During this operation, the RAP
material is obtained and collected, in order to be moved to the production plant. At this point,
the CBTM mixture is prepared, adding to the RAP aggregate cement, bitumen emulsion, and
water. If required, the RAP aggregate gradation can be corrected to respect local gradation
specifications. At the moment of mixing, only the temperature of the emulsion is known, since
it is stocked at a precise temperature. On the other hand, all the other raw materials
characterizing the CBTM mixture are kept at ambient temperature. The obtained mixture is
then transported to the construction site, in order to be laid and compacted. During
transportation and compaction, ambient temperature and time are very important, to avoid a
premature breaking of the emulsion (in case of low temperatures) or rapid water evaporation
(in case of high temperatures). In both cases, laydown and compaction characteristics of the
material could be changed. When the required density is reached, the compaction stops and a
certain amount of time is often required before that the upper layer is placed. This time is
necessary to allow the water to evaporate, in order to let strength and stiffness of the mixture
to increase. Normally, this process is considered finished when around 1% of residual water is
present in the mixture (Tebaldi et al., 2014).
In the present study, the entire process is simulated in the laboratory, in order to investigate the
effect of temperature on each step of the production process. In fact: a) mixing, b)
transportation and compaction and c) curing, are considered separately, with a specific
assigned time and temperature.
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12.4

Materials and methodology

12.4.1

Materials and mixtures

The mixes were produced using a single RAP source sampled from a stockpile in Italy. The
main characteristics of the RAP aggregate are listed in Table 12.1. The gradation of the RAP
material was modified to obtain a distribution close to the maximum density curve with
exponent 0.45. For this reason, the aggregate blend was composed of 94% of RAP and 6% of
crushed limestone filler (Figure 12.1). The cement used was a GU type (CSA A3000) with
compressive strength at 28 days of 43.9 MPa (ASTM C109). The cement content was fixed at
1.5% by mass of aggregates.

Figure 12.1 Target aggregate blend
Two bitumen emulsions were used for this study: one is a slow-setting cationic emulsion
produced in United Kingdom classified as CSS-1 (ASTM D2397), whereas the other is a slowsetting cationic emulsion produced in Italy and classified as C60B10 (EN 13808). The main
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properties of both emulsions are listed in Table 12.2, where for simplicity are named from now
on as Emulsion A and Emulsion B, respectively.
Table 12.1 RAP aggregate properties
Property

Standard

Unit

Value

Binder content

ASTM D6307

%

5.51

Nominal maximum particle dimension

ASTM D448-03

mm

16

Maximum specific gravity

ASTM C127-128

-

2.482

Average bulk density

LC 21-065-066-067

-

2.323

Water absorption

ASTM C127-128

%

1.10

Table 12.2 Bitumen emulsions properties
Emulsion A
Bitumen emulsion properties

Standard

Unit

Value

Density

ASTM D6397-16

g/cm3

1.0

Residue content (bitumen)

ASTM D6997-12

%

60.3

Storage stability @ 24 hours

ASTM D6930-10

%

0.6

Penetration @ 25 °C

ASTM D5-13

mm

4.1

Softening point

ASTM D36-14

°C

48.6

Bitumen emulsion properties

Standard

Unit

Value

Residual bitumen

EN 1428

%

60.0

Viscosity @ 40 °C

EN 13302

s

42.5

Breaking Index

EN 13075

%

2

Penetration @ 25 °C

EN 1426

mm

10.0

Softening point

EN 1427

°C

43.0

Residual bitumen properties

Emulsion B

Residual bitumen properties
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It is possible to observe that the main difference between the emulsions regards the residual
bitumen penetration value. In fact, Emulsion B is characterized by a softer residual bitumen.
Moreover, this is confirmed by the lower softening temperature. In both cases, the bitumen
emulsion dosage was kept constant at 5% (3% of residual bitumen) by mass of aggregates for
the mixes. A mix design protocol was performed to fix the amount of total water, characterized
by the water absorbed by the aggregates, the water from bitumen emulsion and the added water
to improve compactability. Such amount was fixed at 4.0% by mass of aggregate, in order to
reach the target air voids (15%) without employing high compaction energy and avoiding any
material loss (water, bitumen and/or fine particles) during compaction.
12.4.2

Mixtures production

In order to investigate the effect of production temperature, loose mixes and specimens were
obtained dividing the entire process in four steps: mixing, transportation and compaction, first
period of curing and finally the second period of curing. Table 12.3 summarizes the details
regarding the production process.
The mixing protocol required from 5 to 10 minutes and was performed by adding to the humid
aggregate blend cement, water for compaction and bitumen emulsion, in this order. The mixing
was carried out after conditioning materials and mixing tools (except for bitumen emulsion) at
the target temperature for more than 12 hours. At the same time, the two bitumen emulsion
sources were stored at room temperature (Emulsion A) and at 40 °C (Emulsion B) (Institute &
Association, 1979).
A rest period was planned to simulate the transportation process for in-situ applications. In the
laboratory, the mixture was poured in a plastic bag and sealed carefully to avoid any water loss
by evaporation. The material was then placed in an environmental chamber at the target
temperature for 2 hours. After the simulated transportation time, the compaction process was
carried out by means of a Superpave Gyratory Compactor (SGC) in a 100 mm undrained
mould, with a constant pressure of 600 kPa, gyrations rate of 30 rpm and internal angle of
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1.25 °. Prior to compaction, the mould and all the tools employed were placed in the
environmental chamber for conditioning at the target temperature for at least 12 hours. The
compaction was performed at fixed height, to obtain the same amount of voids in the mixture
(V ):
V =

V

+V
V

,

,

∙ 100 =

V − (V + V + V
V

,

)

(12.1)

∙ 100

where V is the total volume of the specimen, V is the bulk volume of aggregates, V is the
volume of cement, V

,

is the volume of residual bitumen from emulsion, V

of intergranular water and V

,

,

is the volume

is the volume of air. The specimens’ volume, V, was fixed to

obtain a V of 15 ± 1%.
Table 12.3 Mixtures naming and production process
Processes

Production

Curing

Steps

Mixing

Transportation + compaction

1st period

2nd period

Allowable time

5–10min

2 hours + 30 min

14 days

14 days

A_25_25

25 °C

25 °C

25 °C

A_25_5

25 °C

5 °C

5 °C (2)

A_5_25

5 °C

25 °C

25 °C

A_5_5

5 °C

5 °C

5 °C (2)

A_5_5_0C (1)

5 °C

5 °C

5 °C (2)

Emulsion

B_25_25

25 °C

25 °C

25 °C

B

B_5_5

5 °C

5 °C

5 °C

Emulsion
A

(1)

The mixture does not contain cement. The volume of cement was replaced by filler.

(2)

The curing was performed with controlled relative humidity at 55 ± 5%

40 °C (2)

40 °C

After compaction, the specimens started a first period of curing of 14 days in the environmental
chamber, after which a first series of test was performed. In this first part, two temperatures
were chosen: 5° C and 25 °C. The first represents the minimum temperature that several
manuals recommend to produce cold mixtures, whereas the second represents the typical
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environmental temperature, often used in literature as reference temperature for the study of
such materials (Gandi et al., 2019; Karray et al., 2019). All the specimens not tested were cured
for an additional period of 14 days at 40 °C, regardless of the mixture, and another series of
test was performed afterwards. This step was necessary to have specimens representing a longterm curing, in order to understand the effect of the initial production and curing temperatures.
It is important to remark that all the temperatures reported in Table 12.3 had a variability of
± 2 °C. As it can be seen, not all the mixtures produced with Emulsion A were repeated with
Emulsion B. In fact, Emulsion A was chosen to investigate the different phases of the
production process in different temperature conditions, whereas Emulsion B was used only for
production at standard temperature and low temperature. It must be highlighted that both
emulsions are designed for cold recycling purposes, even though they are employed in two
different climates and markets. The letter at the beginning of the mixes names represents the
emulsion, the first number is the mixing temperature, and the second number represents
transportation, compaction and first cure temperature.
12.4.3

Testing program

12.4.3.1 Workability and compactability

SGC compaction curves can be described using several parameters. In this specific study the
Compaction Energy Index (CEI), voids in the mixture after 10 gyrations V (10) and the
compaction curve slope k were chosen to analyse the mixtures in terms of compaction
behaviour. In case of HMA, the CEI indicates the area under the compaction curve from the
8th gyration to the number of gyrations related to 92% of the mixture maximum density. Eight
gyrations are selected to simulate the process of laydown performed by the paver in the field.
In this case, the CEI is calculated between gyration number 10 and the number of gyrations
required to reach the target V of 15 ± 1%. Mixtures with low values of CEI are preferable
because of improved constructability (Mahmoud & Bahia, 2004). Nevertheless, other authors
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have elaborated several compaction indexes based on the relationship between maximum
density and air voids ratio (Bayomy et al., 2002; Butcher, 1998; Dessouky et al., 2004).
Starting from 10 gyrations, the SGC compaction curve can be represented in a semilogarithmic plot as a straight line having slope k. Parameters V (10) and k are obtained by
experimental data by means of a linear regression:
V (n) = V (10) − k log n

(12.2)

where V (n) are the voids in the mixture at the gyration number n.
In order to describe the mixture workability, i.e. the ease to be mixed and the laydown effort,
the value of V at 10 gyrations, V (10), is selected as the workability parameter. Low values
of V (10) characterise mixtures with improved workability. On the other hand, the slope is
selected as a compactability parameter, and it is directly related to the mixture densification
(Gandi et al., 2019; Karray et al., 2019). High k values represent better compactability.
As mentioned before, all the mixtures studied were compacted at fixed height to reach the same
amount of voids in the mixture. Hence, in order to compare the CEI index results, it is not
useful to consider the compaction area below the target value of V . Consequently, the area of
the triangle is considered and named CEI , as shown in Figure 12.2.
Normally the CEI is calculated as the area under the graph according to the trapezoidal rule.
However, an alternative way to calculate the CEI is proposed in this research, as the area of
the triangle characterized by the parameters V (10) and k:

CEI =
where V

,

V (10) − V
2 ∙ |k|

,

is the target voids in the mixture (15% in this case).

(12.3)
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Figure 12.2 Graphic meaning of CEI+T, Vm (10) and k parameters
12.4.3.2 Water loss

Water loss was monitored along curing, measuring the specimens’ mass after 1, 3, 5, 7, 14, 21
and 28 days for mixes produced with Emulsion A and after 1, 3, 7, 14, 15, 17, 21 and 28 days
for mixes produced with Emulsion B. The water loss was calculated as:
W(t) =

W − W(t)
∙ 100
W

where W(t) is the water loss (%) at the curing time t, W

(12.4)

is the initial mass of the specimen;

W(t) is the mass of the specimen at the curing time t and W

is the total amount of water

in the specimen, constituted by absorbed water, bitumen emulsion water and added water for
compaction.

195

12.4.3.3 Indirect Tensile Strength (ITS)

The Indirect Tensile Strength (ITS) test is used to investigate both the effect of the production
temperature and of the emulsion source, as the resistance of the binding phase is assessed (Du,
2018). The test was performed according to ASTM D6931, at a testing temperature of 25 °C
and on three replicates for each mixture produced. The test measures the tensile strength along
the vertical diametral plane of the specimen as:
ITS(kPa) =

2000 ∙ P(N)
π ∙ D(mm) ∙ l(mm)

(12.5)

where ITS is the tensile strength, P is the maximum compressive load, l is the specimen height
and D is the specimen diameter.
The ITS test was performed on all mixes after the first period of curing (14 days) and after the
second period of curing (14 days), to investigate the evolution of strength due to the additional
curing period.
Indirect Tensile Stiffness Modulus (ITSM)
The Indirect Tensile Stiffness Modulus (ITSM) test, together with the water loss monitoring,
can be carried out during the curing process to evaluate the mechanical properties evolution
(Fang et al., 2016; Serfass et al., 2004). The test was performed according to EN 12697-26
(Annex C), at a testing temperature of 25 °C and on three replicates for each mixture produced
with only Emulsion B. The test measures the average stiffness modulus after the application
of 5 pulses with a rise time of 124 ± 4 ms. For each pulse, the stiffness modulus is obtained as:
ITSM (MPa) =

F (N) ∙ (R + 0.27)
l (mm) ∙ H(mm)

(12.6)

where F is the peak value of the applied repeated vertical load, H is the amplitude of the
horizontal deformation, l is the mean thickness of the specimen and R is the Poisson’s ratio
(assumed as 0.35).
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The test was performed to study the development of stiffness along curing, hence the
measurements were taken after 1, 3, 7, 14, 15, 17, 21 and 28 days.
Scanning Electron Microscope (SEM)
The Scanning Electron Microscope (SEM) was performed on samples obtained from the
broken specimens produced with only Emulsion A, after 14 and 28 days to verify if changes
in the microstructure are seen with different production temperatures. The equipment
employed allowed to have pictures of samples with an average dimension of 20 mm. Although
organic elements are recommended to be treated on the surface before processing with SEM,
no pretreatment was applied in this case, so as not to modify the nature of the material. In other
works, researchers performed SEM analysis to evaluate the microstructure in cold bituminous
mortars containing cement or other additives (Godenzoni, 2017; Richardson, 1999; Rutherford
et al., 2014).
12.5

Results analysis

12.5.1

Workability and compactability

Figure 12.3 shows the compaction curves for the studied mixes. For simplicity, one reference
curve for each mixture was chosen. The experimental points collected start from 1 gyration
although the part after 10 gyrations is highlighted. In fact, points at 10 gyrations represent the
V (10) values, whereas the remaining part of the curves is described with the slope parameter
k (Eq. (6.2)). It can be observed that between 1 and 10 gyrations, mixtures are placed in the
same order. This means that the parameter V (10) is consistent with the value after 1 gyration.
Among the studied mixtures, the difference in workability V (10) is more visible than the
difference in compactability k. As already explained, it is also possible to use these two
parameters to evaluate the area of the triangle CEI . CEI values for all the specimens produced
were calculated following the trapezoidal rule and by Eq. (6.3). It was observed that the values
obtained with both calculations are perfectly superposing. Such results confirm that the
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approximation of the compaction curve in the semi-logarithmic plane as a straight line after 10
gyrations is valid. As a consequence, CEI can be described using two parameters, workability
V (10) and compactability k, and used to evaluate the effect of production temperatures and
of the emulsion source.

Figure 12.3 Compaction curves
12.5.1.1 Correlation between Vm(10), k and CEI+T

Regarding the parameters just described, it is interesting to study the respective relationship
that could exist among them (V (10), k and CEI ). Figure 12.4 shows the correlation between
V (10) and k, between CEI and k, and between CEI and V (10). In Figure 12.4, both
mixtures produced with Emulsion A and B are reported.
Figure 12.4 a) globally shows that for both emulsions used, V (10) decreases when k
decreases. According to this trend, a gain in workability is related to a loss in compactability
(Raschia, Mignini, et al., 2019). However, experimental points related to Emulsion A show
that workability significantly improves when transportation and compaction temperature
increases from 5 °C to 25 °C (average V (10) values of 23% and 19%, respectively). At the
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same time, average values of compactability decrease from 9.5 to 8.0. An exponential trend
line with quite a good R2 value can describe all the points in the picture (for both emulsions
used).
Figure 12.4 b) shows the influence of the compactability parameter k on the CEI value. Also
in this case, all the experimental points can be represented with an exponential trend line. It
can be observed that if the value of k increases, i.e., the slope of the compaction line is higher,
the compaction effort increases. In particular this happens for mixes transported and compacted
at 5 °C. In fact, such mixes are characterized on one side by higher compactability, but at the
same time they showed higher values of V (10), which directly affected the compaction effort
required to reach the target voids in the mixture. A very good correlation between the
compaction effort CEI

and the workability V (10) is shown in Figure 12.4c). The

experimental points are described by an exponential trend line with R2 value of 0.971. In
particular, points with higher V (10) and CEI

values are related to mixtures with

transportation and compaction temperatures of 5 °C. When such temperature is increased to
25 °C, mixtures with increased workability and lower CEI are obtained. This trend is observed
for both emulsions used, even though the Emulsion B gave globally lower values of V (10)
and CEI than Emulsion A.

Figure 12.4 a) Relationship between Vm (10) and k; b) Relationship between
CEIT + and k; c) Relationship between CEIT + and Vm (10)
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The softer residual bitumen contained in Emulsion B probably caused a better workability and
less compaction effort for the mixtures produced. According to the results, the reduced
transportation and compaction temperature (5 °C) lead to an increase of the compaction effort
required by the mixture, acting more clearly on the initial workability (laydown process) rather
than on the compactability (densification process). Because of the good correlation that exists
between the CEI and both parameters k and V (10) (Figure 12.4b) and c), respectively), CEI
can be considered a reliable parameter that can be used to have an idea of the global compaction
effort required by the studied mixes.
12.5.1.2 Effect of mixing and transportation temperatures on CEI+T

Figure 12.5 shows the effect of production temperatures (mixing, transportation and
compaction) on the CEI values of the mixes produced with Emulsion A. Mixtures produced
with Emulsion B are not reported because no distinction was made between mixing and
transportation temperatures. In the graphs, each point represents a compacted specimen, which
were 6 for each mixture. A low mixing temperature (5 °C) did not result critical to the
compaction effort required by the mixture to reach the target voids. In fact, values of CEI are
ranging between 1.1 and 5.2 regardless the mixing temperature.

Figure 12.5 Relationship between CEIT +, mixing
temperature and transportation temperature
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On the other hand, the influence of transportation (and compaction) temperature is more
visible. When the mixture is transported and compacted at 5 °C, the lowest CEI obtained is
around 2.6. Increasing the transportation temperature from 5 °C to 25 °C, a CEI of 1.1 can be
reached. Such results show that, during the production process of CBTM mixtures, the mixing
temperature is not critically affecting the effort required for the mixtures compaction, which is
instead more influenced by the transportation and compaction temperature. This also highlights
that the emulsion did not prematurely break in case of low mixing temperatures (5 °C), because
it is reasonable to assume that this would lead to an increase of the CEI .
In order to prove the above-mentioned statements, an analysis of variance (ANOVA) was also
performed considering only the mixtures with added cement and with a level of
significance α = 0.05 (Table 12.4). It can be observed that both mixing and compaction
temperatures statistically affect CEI , since the F statistic is higher than the critical value.
Among the two temperatures studied, the transportation and compaction temperature
influences more the CEI

value than the mixing temperature. Furthermore, there is no

connection between the two variables.
Table 12.4 Results of two-way ANOVA for CEIT+
Source of variance

SS

df

MS

F

p-value

F crit

33.798

1

33.7978

235.8242

1.56E-12

4.3512

Mixing temperature

3.842

1

3.8419

26.8068

4.58E-05

4.3512

Interaction

0.099

1

0.0986

0.6881

0.4166

4.3512

Error

2.866

20

0.1433

Total

40.605

23

Transportation and
compaction temperature
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12.5.2

Water Loss

Figure 12.6 shows water loss evolution along curing time for all the mixes studied. It is possible
to observe, for both emulsions, the increasing trend of the experimental points, which are
characterized by a step in proximity of the additional curing after the first 14 days.
Experimental data for each mix were modelled thanks to a modified version of the MichaelisMenten model (Graziani, Iafelice, et al., 2018; Michaelis et al., 2007; Raschia, Graziani, et al.,
2019b), which is a non-linear hyperbolic function characterized by three parameters and valid
starting from 1 day:
y(t) = y +

(y − y ) ∙ (t − 1)
(t − 1) + (H − 1)

(12.7)

where y(t) is the material property under investigation (in this case, water loss), t is the curing
time (days), y is the asymptotic value, y is the value related to 1 day and H is the time (days)
for y(t) to reach half of the gap between y and y . It is important to highlight that terms
(t − 1) and (H − 1) are used to describe the function after the first day, since what happens in
the first hours of curing is dominated by a different and faster mechanism. In order to employ
the model also in the second curing, the terms in Eq. (6.7) become (t − 14) and (H − 14),
respectively. In Figure 12.6 the model related to each mix is superposed to the average
experimental points and standard deviation, whereas the model parameters are reported in
Table 12.5. Figure 12.6 a) shows results of mixtures produced with Emulsion A. In the second
part of the curing at 40 °C, water loss was measured only at 21 and 28 days, so the model is
not reported in the period between 14 and 21 days, as well as the parameter H is not listed in
Table 12.5 for the second curing.
It can be observed that in mixtures produced with Emulsion A, lowest values for y

,

are

related to a first curing temperature of 5 °C, which are also characterized by a slower
evaporation rate H . In those two mixes (A_5_5 and A_25_5) only the mixing temperature is
different, and it seems to have affected the water loss after 14 days. This can be due to the
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cement that immediately trapped some water when mixed at 25 °C, leading to a lower water
loss (72.9% instead of 77.9%). However, after a long-term curing of 28 days, all the four mixes
with cement tend to similar values (comprised between 88.8% and 91.2%), whereas the
mixture without cement reached 97.4%, since no water was used for the cement hydration.
Regarding mixtures produced with Emulsion B, mixture B_5_5 lost more water than mixture
B_25_25 after 14 days, which is comparable to the same mixes produced with Emulsion A.
This basically shows that the water evaporation mechanism does not strictly depend on
temperature, but mostly on relative humidity. At the end of curing, at 28 days, the mixture
B_5_5 lost 97.1% of the total water, which is very close to the value obtained for the mix
A_5_5_0C, with no cement. In this case, it could mean that the cement hydration was
eventually prevented in mixture B_5_5. At the same time, comparing mixes A_25_25 and
B_25_25, it is highlighted that the water loss after 28 days was 91.2% and 91.5%, respectively;
hence, at standard production temperatures, the emulsion did not really have an effect on the
water evaporation of the mixture.

Figure 12.6 Water loss experimental data and superposed model for
mixtures with: a) Emulsion A and b) Emulsion B
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Table 12.5 Water loss model fitting parameters
1st curing

2nd curing

Mixtures

y (%)

y

A_5_5

46.7

77.9

5.0

70.6

90.4

A_5_25

50.2

87.8

3.1

82.6

90.6

A_25_5

49.7

72.9

5.0

67.7

88.8

A_25_25

45.9

88.2

4.5

79.3

91.2

A_5_5_0C

53.6

88.3

4.4

81.1

97.4

B_25_25

52.6

86.9

3.4

81.5

91.5

B_5_5

58.6

89.7

4.9

82.5

97.1

12.5.3

,

(%)

H

(days)

y

(%)

y

,

(%)

Indirect Tensile Strength (ITS)

Figure 12.7 shows the influence of the mixing and compaction temperatures on the ITS results
at 28 days. In the picture, all the mixes produced in this study are reported. It can be seen that
for mixtures produced with Emulsion A at different temperatures, both mixing and
transportation temperatures do not affect the ITS. In fact, at the end of curing, all the mixes
show similar strength if compared to the mixture produced at room temperature (A_25_25).
As expected, a drop in the ITS values is observed in the mix without cement (A_5_5_0C).
On the other hand, the Emulsion B used to produce mixes B_5_5 and B_25_25 gives different
results. On one side, the mixture produced at room temperature (B_25_25) shows a remarkable
lower strength compared to the same mixture produced with Emulsion A (A_25_25). This can
be caused by the softer bitumen contained in Emulsion B, which caused a lower ITS resistance
(Komacka et al., 2014). Moreover, Emulsion B results to be more sensitive to low production
temperatures. In fact, at 28 days, the mixture B_25_25 is characterized by an ITS value 24%
higher than the mixture B_5_5.
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Figure 12.7 Effect of mixing and transportation temperatures on
Indirect Tensile Strength (28 days)
Also in this case, a two-way ANOVA analysis was performed with the level of significance
α = 0.05 (Table 12.6). For mixtures with emulsion A, the F statistic is lower than the critical
value, hence it is possible to conclude that both factors (mixing and transportation and
compaction temperatures) do not affect the ITS results and there is no interaction between
them. On the other hand, low production temperatures affect the strength of the samples
produced with Emulsion B. In fact, the t-test confirms that the ITS of mixture B_5_5 is
significantly lower than the ITS of mixture B_25_25 (p-value = 0.0217).
Table 12.6 Results of two-way ANOVA for ITS results (Emulsion A)
Source of variance

SS

df

MS

F

p-value

F crit

4073.2

1

4073.2

1.7391

0.2237

5.3177

Mixing temperature

621.7

1

621.7

0.2655

0.6203

5.3177

Interaction

6490.5

1

6490.5

2.7712

0.1345

5.3177

Error

18736.8 8

2342.1

Total

29922.3 11

Transportation and
compaction temperature
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Concluding, the emulsion source resulted to be critical for the final strength level at 28 days,
as well as in terms of production temperature sensitivity. Figure 12.8 shows the relationship
between the ITS results and the residual water in the mixtures, measured at 14 and 28 days of
curing.
The residual water is simply calculated as the difference between the total water and the water
loss at the moment of testing (Graziani, Iafelice, et al., 2018). The non-evaporable water, i.e.
the amount of water required by the cement hydration, is estimated and reported in the graph
(around 0.4% of the mixture mass). The points related to the mixtures produced with Emulsion
A (only mixtures with cement) and Emulsion B are modelled separately with the original
version of the Michaelis-Menten model:
ITS =

a ∙ ΔW
b + ΔW

where a and b are regression parameters obtained through a least square minimisation.

Figure 12.8 Correlation between residual water and Indirect Tensile
Strength (at 14 and 28 days of curing)

(12.8)
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After defining the parameters a and b, the same model is valid for the representation of the ITS
results in terms of residual water. The points related to the mixtures produced with Emulsion A
at different temperatures show a typical trend which links the increase of ITS with the decrease
of residual water in the mixture, regardless of the mixing and transportation temperatures. This
confirms that for mixes with Emulsion A, the ITS strength is strictly related to the curing
conditions (i.e. residual water), rather than the production temperatures, as also shown in
Figure 12.7. The mixture without cement, A_5_5_0C, is in fact characterized by a residual
water content close to 0% at the end of curing. Hence, for mixtures with Emulsion A, the
production temperatures did not permanently affect the mechanical properties, and the effect
of low curing temperatures is recoverable. Mixtures produced with Emulsion B show more
scattered results than Emulsion A mixes, meaning that the ITS strength is sensitive to both
residual water and production temperatures.
In order to have a broader view on the results obtained, experimental points from (Task, 1998)
are added to the same graph, and modelled in the same way by Eq. (6.8). Such results are
related to two different CBTM mixtures produced in different laboratories and with different
properties (cement, bitumen and water contents, as well as volumetric properties).
Nevertheless, even though everything related to mixture's production is different, the two
mixtures reach the same level of strength after 28 days of curing, close to 800 kPa. In the
present research, mixtures produced at different temperatures with Emulsion A showed a
similar trend, as well as close values of ITS after 28 days.
12.5.4

Indirect Tensile Stiffness Modulus

Figure 12.9 shows results from ITSM development along curing for mixes produced with
Emulsion B. The mixture produced at room temperature, B_25_25, shows a typical increasing
trend of the modulus (also shown by the Michaelis-Menten model), due to the contemporary
presence of cement hydration, emulsion breaking and water evaporation. After 28 days of
curing, the stiffness modulus does not seem to have reached an asymptotic condition, meaning
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that the curing is still occurring and requires more time, even though the water evaporation is
completed (residual water close to 0%).
Regarding mixtures produced at 5 °C, three specimens were tested in the initial 14 days (same
three specimens tested at 3, 7 and 14 days), whereas three additional specimens were tested in
the second curing period, for a total of six measurements. This was done because in the initial
14 days, the testing temperature (25 °C) could have affected the curing process at 5 °C, leading
to unreliable results. The stiffness of the specimens were very low after one day of curing.
Because of this, two specimens were slightly damaged during testing, which did affect the
results for those specimens in the first 14 days. Between 14 and 28 days, the three not-tested
specimens gave reliable results reaching a maximum final value of 2322 MPa. Results between
14 and 28 days of the two damaged specimens were not reported in Figure 12.9. ITSM results
confirmed the temperature sensitivity of Emulsion B also in terms of stiffness. After one day
of curing, it was also impossible to run a test in the small deformation field.

Figure 12.9 ITSM results
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12.5.5

Scanning Electron Microscope (SEM)

Figure 12.10 shows images from SEM taken on samples of mixes produced with Emulsion A.

Figure 12.10 SEM images captured for mixes produced with Emulsion A after 28
days of curing
Pictures reported are only relative to samples cured for 28 days. It is possible to observe that
in mixes A_5_5 and A_5_25, the mastic is visible and the bitumen film looks uniformly spread
on the aggregate faces. On the other hand, it is difficult to recognize the hydration products
from cement reaction, if not for some little spots. Mixtures mixed at 25 °C (A_25_25 and
A_25_5) show similar microstructure, characterized by a bitumen film less dispersed. At the
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same time, particles of cement seem to have reacted sufficiently to observe points in which the
hydration products are visible. These images suggest that both bitumen and cement are
sensitive to mixing temperature. The slow-setting nature of the emulsion particularly suitable
for low temperatures allowed a more uniform dispersion at 5 °C without affecting the
mechanical properties. When the mixture is mixed at 25 °C, the cement hydration is probably
favored, whereas the bitumen assumes a spotted dispersion. However, as ITS results confirm,
the final mechanical properties were not influenced.
12.6

Conclusions

This study focused on the effect of production temperatures on the mechanical properties of
CBTM mixtures produced with two different bitumen emulsions.
In terms of workability and compactability, the compaction energy index CEI was selected to
link both material characteristics. CEI is affected by the low transportation temperature rather
than low mixing temperature. In fact, results showed that mixes transported and compacted at
5 °C required more energy to reach the target volumetric properties. Analysing the relationship
between CEI and the workability parameter V (10), this energy increase can be related to
the workability of the mixture, i.e. the amount of voids after 10 gyrations. This evaluation was
valid for both emulsion sources used, even if the emulsion produced with a softer bitumen was
characterized by a better workability and required less compaction energy.
After both 1 day and 14 days of curing, water loss was lower when curing temperature was
5 °C if compared to 25 °C. However, after the long-term curing (28 days), all mixes lost almost
the same amount of water, which means that it was not negatively affected by the production
temperatures or the emulsion source.
In terms of ITS and ITSM results, the production at 5 °C did not affect long-term strength and
stiffness of mixtures with Emulsion A. This suggests that no premature breaking of the
emulsion has occurred during the production process at 5 °C, even though the compaction
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energy required was higher. On the other hand, mixtures produced with Emulsion B showed
globally low values for ITS and ITSM, as well as a higher production temperature sensitivity.
In general, the CBTM mixtures studied resulted highly affected by the emulsion used, both at
standard (25 °C) and low (5 °C) production temperatures. This means that particular attention
should be paid to the emulsion used for the production of CBTM. Results highlighted that two
similar emulsion sources (both cationic slow-setting emulsions) significantly affected the final
product mechanical properties.
Improved analysis and researches are recommended and strongly encouraged to clarify the
effect of production temperatures on cold mixes, aspect still not standardized. More
temperature and temperature combinations should be analyzed. Furthermore, attention should
be paid to the bitumen emulsion composition and characteristics at the moment of production,
such as storage and application temperatures.
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Abstract

Cold recycled mixtures (CRM) have been introduced as structural materials in road pavement
structures thanks to their significant economical and environmental benefits. Among them,
cement-bitumen treated materials (CBTM) are often employed because of both contributions
given by bitumen (in form of emulsion) and cement. The first confers a bituminous behaviour,
whereas the second ensures good short-term performance otherwise penalized by the presence
of water. Water plays a fundamental role in providing workability of the mixture at the ambient
production temperatures. Due to such peculiarities, CBTM mixtures require attention when
rheological modelling is performed in the small strain domain. This paper provides an
overview on the most common rheological model applied to bituminous mixtures (2S2P1D)
and the main issues related to the application to CBTM mixtures are highlighted. Afterwards,
another model is proposed from the literature, the DBN model, and applied to three mixtures.
The mixtures were prepared to assess the effect of the bitumen emulsion used, as well as the
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type of curing conditions. Results showed that the DBN model seems to be an excellent tool
for not only CBTM rheological modelling in the small strain domain and it is recommended
for applications in wider experimental programs.
13.2

Introduction

The increasing costs related to the road industry to face the necessity of frequent maintenance
and rehabilitation projects have led to the promotion of sustainable technologies characterized
by substantial environmental and economic benefits. Among them, cold recycled mixtures
(CRM) are the most promising materials for structural layers (base or subbase), due to the
possibility of reusing high quantity of reclaimed asphalt and performing the production process
at ambient temperature (ARRA, 2001, 2016; Giani et al., 2015; Lauter & Corbett, 1998;
Stroup-Gardiner, 2011). In fact, the bitumen is used in form of bitumen emulsion or foamed
bitumen, whereas the workability of the mixtures is ensured by the addition of water (Asphalt
Academy, 2009). A specific type of CRM materials is the cement-bitumen treated materials
(CBTM), where the short and long-term properties are improved by the addition of ordinary
Portland cement. Such materials show a dual behaviour (asphalt-like and cement-like) when
bitumen and cement are employed at almost the same dosages (between 1 and 3%) (Bocci et
al., 2011; Cardone et al., 2014; Grilli et al., 2012). In addition to the low amount of bituminous
binder and the presence of cement, an important difference between CBTM and the traditional
hot mix asphalts (HMA) is the use of reclaimed asphalt pavement (RAP) as a black rock
(Raschia, Graziani, et al., 2019b). The RAP is generally employed in high amount in the CBTM
aggregate gradation and it is reasonable to assume that, at ambient temperature, the aged binder
coating the aggregate particles does not blend with the added virgin binder (emulsion or foam).
In the literature, mechanical characterization of CBTM mixtures is commonly performed by
means of traditional tests, often empirical, determining the resistance at high deformations
(failure) (Dal Ben et al., 2014; Graziani, Iafelice, et al., 2018; Hodgkinson et al., 2004; Kim et
al., 2011). Only few feedbacks can be found on CBTM (or CRM) mixtures characterization in
the small strain domain (Gandi et al., 2017; Godenzoni et al., 2015; Godenzoni, Graziani, et
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al., 2016; Saleh, 2007), even though in many cases sigmoidal functions characterized by
experimental parameters are preferred instead of rheological models composed by specific
elements (springs and/or dashpots) (Graziani et al., 2020). In particular, the determination and
modelling of rheological properties, such as complex modulus and phase angle, allow a better
understanding of the material behaviour by means of the application of a valid rheological
model. In case of bituminous mixtures, the Huet-Sayegh model was widely used in the past,
even though it does not allow to well represent the material behaviour at very low frequencies
(or very high temperatures) (Olard et al., 2003; Pronk, 2006). For this reason, the 2S2P1D was
introduced to obtain a complete rheological description of bituminous mixtures and binders in
the linear viscoelastic field (Olard et al., 2003). Of course, the application of this model is valid
in any case where the loading conditions (number of cycles, strain amplitude, temperature)
keep the material in the linear domain. When non-linearities are present, a more versatile model
can be used, like the DBN model (Di Benedetto, Mondher, et al., 2007). In fact, the DBN
model can be applied depending on the strain level and the formulation can be quite simple (in
case of linear viscoelasticity) or more complex (permanent deformation or fatigue).
It is assumed that the 2S2P1D model could not perfectly describe the behaviour of CBTM
mixtures, being a LVE model normally used for bituminous mixtures. In fact, CBTM mixtures
have peculiar characteristics that do not allow the assumption of an only-viscous response to
cyclic loading. Hence, the objective of this paper is to introduce a suitable rheological model
to investigate the properties of CBTM mixtures in the small strain domain. The most common
models proposed by the literature are applied, describing the main issues observed. Moreover,
the analysis of the models’ parameters will assess the influence of the type of bitumen emulsion
used and the type of curing condition adopted.
13.3

Thermo-rheological modelling of HMA and CBTM

The main characteristic of CBTM mixtures is the contemporary presence of bitumen and
cement. The contribution of both binding agents makes the thermo-mechanical and rheological
description of such materials different from the traditional approaches followed for HMAs. In
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fact, CBTM mixtures could be considered as an intermediate material between unbound
granular mixtures, cement treated mixtures and bituminous mixtures. Rheological models
developed so far are suitable for systems where the dissipation at small strain level can be
explained when considering LVE behaviour. This assumption is considered valid probably
because HMA are characterized by higher effective bitumen content and lower voids when
compared to CBTM mixtures. For these mixtures, the aggregates are not completely coated by
the bitumen film, which is instead dispersed irregularly, and the use of RAP as a black rock
implies the presence of the aged binder in addition to the virgin binder (Asphalt Academy,
2009). Such considerations can explain, at a local scale, the observed behaviour during
rheological testing and must be taken into account for the rheological modelling of CBTM
mixtures.
The linear viscoelastic Huet-Sayegh model is a rather good tool to represent the rheological
properties of bituminous mixtures but not binders, especially at low frequencies (or high
temperatures). The analytical expression of the Huet-Sayegh complex modulus is described in
Eq. (6.9):
E ∗ (iωτ ) = E

+

E −E
1 + δ(iωτ ) + (iωτ )

(13.1)

where i is the complex number defined as i = −1, ω is the pulsation defined as ω = 2πf, f is
the frequency, k and h are constant exponents (0 < k < h < 1), δ is a constant, E

is the static

modulus for ω → 0, E is the glassy modulus when ω → ∞, and τ is the characteristic time,
which is the only parameter depending on the temperature:
τ (T) = a (T) ∙ τ
where a (T) is the shift factor at a temperature T, τ (T) = τ

(13.2)
at the reference temperature T

and τ (T) is determined at each isotherm by minimizing the error between the measured and
modelled norm of the complex modulus, │E*│.
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It was recently observed that applying the Huet-Sayegh model to CBTM and focusing the
fitting on the │E*│ led to a systematic error in the modelling of the phase angle (φ), parameter
characterizing the viscous energy dissipation (Graziani et al., 2020). In particular, a constant
phase lag independent of temperature and frequency was observed between the modelled and
experimental values, stressing the fact that the model underestimates the total energy
dissipation considering only the viscous component. As a result, it seemed that CBTM
mixtures are characterized by a total energy dissipation composed of a viscous component and
non-linear phenomena (non-viscous). The authors described this aspect as energy dissipation
probably due to the aggregate-to-aggregate contact and friction. As a solution, they proposed
an analytical modification to the Huet-Sayegh equation, which consists in the addition of a
constant phase angle and expressed by Eq. (6.11).
E∗

(iωτ ) = E ∗ (iωτ ) ∙ exp iq

π
2

where E ∗ (iωτ ) is the Huet-Sayegh model (Eq. (6.9)) and the term exp iq
additional dissipation element with an angle, φ

(13.3)
represents an

, equal to q without affecting the absolute

value of the complex modulus.
Such correction led to a better fitting of the experimental data obtained for CBTM mixtures,
but in this form, the model is only suitable for sinusoidal loading and cannot be used to extend
the material representation in the time domain for another loading path. This drawback does
not exist for the DBN model presented below. In the literature, the 2S2P1D model is
extensively used to describe the rheological behaviour of bituminous mixtures in the LVE field
with good approximation. In addition, the parameters that define the 2S2P1D model are used
in the calibration process of the DBN model.
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13.3.1

2S2P1D model

The 2S2P1D model is a linear viscoelastic rheological model composed of 2 springs, 2
parabolic elements and 1 dashpot. In particular, one spring is placed in parallel with a series of
the remaining elements (Figure 13.1). Thanks to its nature, this model is largely employed to
model unidimensional or tridimensional behaviour of bituminous materials (binders, mastics
and mixtures) (Di Benedetto, Delaporte, et al., 2007; Di Benedetto et al., 2004; Tiouajni et al.,
2011). The analytical expression of the complex modulus in the 2S2P1D model is given in Eq.
(6.12) for a fixed reference temperature:
E∗

(iωτ ) = E

+

1 + δ(iωτ )

E −E
+ (iωτ )

(13.4)
+ (iωβτ )

where some parameters are already explained, and β is a parameter linked to the dashpot
viscosity η = (E − E )βτ when ω → 0.
As already mentioned, this model is particularly suitable for bituminous mixtures or materials
with almost only viscous dissipation and with seven constants can fully describe the
rheological behaviour of HMA mixtures. However, it is possible that, in case of CBTM
mixtures, the 2S2P1D is not able to well represent the material behaviour.

Figure 13.1 2S2P1D analogical
representation (taken from Gayte et al., 2016)
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Analyzing the model parameters in the literature, it is observed that E and E

are significantly

different between HMA and CBTM mixtures (Carret et al., 2018; Gandi et al., 2017; Lamothe
et al., 2017). In fact, springs stiffness depends mainly on the aggregate skeleton and the air
voids content. In general, E in CBTM mixtures is lower than in HMA due to the higher air
voids and the lower bitumen dosage. On the other hand, the value of E

in CBTM mixtures is

usually higher than in HMA due to the presence of cement, which constitutes a stiffening phase
also at very high temperatures (or very low frequencies), when the bitumen phase is considered
as fluid. Moreover, the dashpot viscosity and the related parameter β is around 10 times higher
in CBTM than in HMA, indicating the small role played by the dashpot when cement is used
with bitumen.
13.3.2

DBN model

The DBN model (named after the authors Di Benedetto and Neifar) was specifically proposed
to introduce non-linearity phenomena and to describe large-strain plastic behaviour of granular
soils (Blanc et al., 2011; Di Benedetto et al., 2014). Later, its application was extended to
analyze plastic dissipation phenomena in bituminous mixtures (Di Benedetto, Mondher, et al.,
2007; Gayte, 2016; Neifar et al., 2001). In the model, the non-linearity is represented by means
of elasto-plastic (EP) bodies in series with viscous dashpots, the latter representing the timetemperature dependency. The combination is then repeated n times (n elements) in order to
increase the model precision (Figure 13.2a). When the strain level tends to 0, the DBN model
takes its asymptotic form as a Generalized Kelvin-Voïgt (GKV), and the EP bodies are
replaced by springs (Figure 13.2b). When the number of elements tends to the infinite, the
representation passes from a discrete spectrum to a continuous spectrum. Thanks to the high
versatility, this model is able to describe behaviour for a wide range of solicitations,
temperatures and cycle numbers.
The EP bodies, that represent a non-viscous behaviour, are generally adopted for non-cohesive
(or elastoplastic) granular materials (Ashmawy et al., 1995; Blanc et al., 2011; Di Benedetto
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et al., 2014; Tatsuoka et al., 2008). Plastic dissipation can be observed in sands for cycles at
small strain amplitude, characterized by a hysteretic stabilized behaviour. Considering
materials composed of aggregates and bituminous binder, the non-viscous behaviour should
be attributed to aggregates (or RAP in this case), whereas the viscous contribution to the binder.
With such considerations, it can be assessed that the non-viscous behaviour is independent
from temperature (and frequency, if the Time-Temperature Superposition Principle stands),
which is instead affecting the purely viscous part. In case the DBN model is applied to
represent plasticity phenomena at small cycles number (and small strain domain), it can take a
simplified form (Attia, 2020).

Figure 13.2 a) DBN model for bituminous mixtures, b) Generalized Kelvin-Voïgt model,
which gives an asymptotic representation of the DBN model when strain tends to 0
The cyclic response of EP bodies is characterized by a function linking the strain and the stress,
called “virgin curve” (Figure 13.3). One property of this function is that the unloading (or
loading) curve joins tangentially the virgin unloading (or loading) curve at the inverse value of
the reversal stress (Di Benedetto, Mondher, et al., 2007).
For many construction materials, including metals, concrete and soils, the dissipation behavior
may be expressed by the specific damping capacity ψ, which, for the KV body and small
dissipation energy, is calculated as follows (Genta, 2009):
ψ=
where ΔW

ΔW
W

=

πε σ sin ϕ
= 2π sin φ
1⁄2 ε σ

(13.5)

is the area of the hysteresis loop with elliptical shape (energy dissipated at each

cycle), W is the energy stored by the spring at each cycle, ε is the amplitude of the sinusoidal
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strain, σ is the amplitude of the sinusoidal stress and φ is the frequency-dependent phase
angle describing the lag between stress and strain in the linear viscoelastic response.
The EP bodies store elastic energy and dissipate through time-temperature independent
mechanisms. As a result, a sinusoidal loading is represented by an hysteresis loop as in Figure
13.3. The energy ΔW

dissipated by the EP body is computed as:
ΔW

= W ψ = 1⁄2 ε σ ψ = 2πDε σ

(13.6)

where D = ψ⁄4π is an adimensional time-temperature independent damping ratio.

Figure 13.3 Cyclic loading behaviour of elasto-plastic element for small number of
cycles (path ABCB)
In case the number of cycles applied and the deformation are small, the plastic energy
dissipation ΔW

can be expressed as an equivalent linear viscoelastic dissipation ∆W

through the definition of an equivalent phase angle, by fixing ΔW
sin(φ ) = 2D

= ΔW

(Figure 13.3):
(13.7)

The version of the DBN model presented in this paper is obtained by the series arrangement
of units consisting of a viscous and temperature-dependent dashpot η (T) in parallel with a EP
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body (E , D ). Moreover, the dashpot is not present in the first unit (η = 0) and all units are
characterized by the same dissipation parameter (D = D) (Figure 13.4).
As a consequence, the DBN model phase angle φ

is expressed as the total contribution by

the viscous and non-viscous components (Figure 13.5):
sin(φ

) = sin(φ
=

where ∆W

+φ )=

+ ∆W
∆W
∆W
=
πε σ
πε σ

ωη
2∙D∙E
+
E + (ωη )
E + (ωη )

(13.8)

∙ |E ∗ |

is the total cycle dissipation (viscous and non-viscous), E and η are the

Young’s modulus and the Newtonian viscosity of the i element, respectively, ω is the
pulsation, φ

is the phase angle of the viscous dashpot, φ

is the phase angle of the non-

viscous damping, and D is the damping ratio (Ashmawy et al., 1995).

Figure 13.4 Representation of the DBN model applied in the small strain
domain, EP are represented by a spring (modulus, E) and a non-viscous
dissipation (D)
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Figure 13.5 Energy dissipation during cyclic loading in the small strain
domain (experimental data superposed to an equivalent sinusoidal loading)
It is assumed that the addition of non-viscous dissipation does not influence the value of the
complex modulus, which can be expressed from the GKV configuration:

E∗

(iω, T) =

1
+
E

1
E + iωη (T)

(13.9)

where i, ω and T were previously explained, E is the Young’s modulus of the first element,
E and η were previously explained. The number of elements n can be chosen arbitrarily to
reduce the distance between the discrete GKV configuration and the 2S2P1D. In particular, the
2S2P1D model should be initially fitted on the norm of the complex modulus of the material,
and then the GKV model is calibrated according to the 2S2P1D (Figure 13.6).

Figure 13.6 Correlation between: a) GKV model, and b) 2S2P1D
model (taken from Di Benedetto, Delaporte et al., 2007)
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Consequently for any chosen number of elements (n), the DBN model only needs seven
constants from 2S2P1D plus an additional parameter (φ ) to take into account plasticity at
small strain levels.
13.4

Materials and methodology

13.4.1

Materials and mixtures

The CBTM mixtures produced for this study are characterized by an aggregate distribution
composed of 94% of RAP and 6% of limestone filler. The correction with filler allows having
a gradation close to the maximum density curve (Figure 13.7). The properties of the RAP
aggregate are listed in Table 13.1. The ordinary Portland cement dosage was fixed at 1.5% by
mass of dry aggregates. The cement was a GU type (standard CSA A3000) with compressive
strength at 28 days of 43.9 MPa (standard ASTM C109).

Figure 13.7 Maximum density curve,
RAP and blend gradations
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Mixtures were produced with two bitumen emulsions. The main properties of both emulsions
are listed in Table 13.2, and they are named from now on as Emulsion A and Emulsion B. In
both cases, the bitumen emulsion dosage was fixed at 5% (3% of residual bitumen) by mass of
aggregates. The total water dosage was fixed at 4.0% by mass of aggregate, in order to reach
the target air voids of 15% without employing high compaction energy and to avoid any
material loss (water, bitumen and/or fine particles) during compaction.
Table 13.1 RAP aggregate properties
Property

Standard

Unit

Value

Binder content

ASTM D6307

%

5.5

Nominal maximum particle dimension

ASTM D448-03

mm

16

Maximum specific gravity

ASTM C127-128

-

2.482

Average bulk density

LC 21-065, -066 and -067

-

2.323

Water absorption

ASTM C127 and C128

%

1.1

Table 13.2 Bitumen emulsions properties
Bitumen emulsion

Standard

Unit

Emu. A Emu. B

Density

ASTM D6397-16

g/cm3

1.0

N/A

Viscosity @ 40 °C

EN 13302

s

N/A

42.5

Residual bitumen content

EN 1428 or ASTM D6997-12 %

60.3

60.0

properties

Storage stability @ 24 hours ASTM D6930-10

%

0.6

N/A

Breaking Index

EN 13075

%

N/A

2

Penetration @ 25 °C

EN 1426 or ASTM D5-13

mm

4.1

10.0

Softening point

EN 1427 or ASTM D36-14

°C

48.6

43.0

Residual bitumen properties
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13.4.2

Mixtures production

After mixing, the specimens were compacted by means of a gyratory compactor (GC) with
mould diameter of 100 mm, constant pressure of 600 kPa, gyrations rate of 30 rpm and internal
angle of 1.16°. The volumetric composition of the specimen is monitored with compaction,
which is performed at fixed height to obtain the target value of voids in the mixture (V ) of
15% ± 1% (Grilli et al., 2016):
V =

V

,

+V
V

,

∙ 100 =

V − (V + V + V
V

,

)

∙ 100

(13.10)

where V is the total volume of the specimen, V is the bulk volume of aggregates (in saturated
surface dried condition), V is the volume of cement, V
from emulsion, V

,

,

is the volume of residual bitumen

is the volume of intergranular water and V

,

is the volume of air. A total

of nineteen (19) specimens were produced, but only three (3) are considered in this study.
After compaction, the specimens followed a curing process as shown in Table 13.3 (Raschia
et al., 2020). The period lasted 1 year, simulating a long-term curing to reach a quite stable
condition of the physical and mechanical properties. The first and second curing periods, for a
total of 28 days, was same for the three specimens. After that, two specimens were kept in
unsealed conditions for the third curing period, whereas one specimen was wrapped in plastic
foil and sealed with several layers of wax for a final coating thickness of around 5 mm.
The sealed condition after 28 days was chosen to stop the curing and/or ageing of the material,
which instead were promoted in the unsealed specimens. At the end of the third curing period,
the three specimens were cored at a diameter of 75 mm and prepared for complex modulus
testing (Figure 13.8).
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Figure 13.8 SGC specimen of Ø100 mm x 140mm: a) un-sealed
condition, b) sealed condition and, c) coring and sawing to
obtain the testing specimens of Ø75 x 120mm

Table 13.3 Mixtures naming and curing process
Curing types
Emulsion

A
B
(1)

13.4.3

Mixture

1st

2nd

3rd

14 days

14 days

11 months

A_Unsealed
A_Sealed

25 °C

B_Unsealed

40 °C (1)
40 °C

Room temperature (Unsealed)
Room temperature (Sealed)
Room temperature (Unsealed)

The curing was performed with controlled relative humidity at 55 ± 5%
Experimenatal devices

The experimental program was carried out in two laboratories, and for this reason, with two
different apparatus. In case of mixtures with Emulsion A, specimens were tested with an MTS
press, whereas specimens with Emulsion B were tested with an asphalt mixture performance
tester pro (AMPT PRO) servo-hydraulic press. However, complex modulus tests were
performed in both cases in only compression configuration (haversine loading) and the axial
strain was measured by placing three extensometers in the middle part of the specimen and
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120° apart (Figure 13.9). The target axial strain was 50 and 30 microstrain for Emulsion A and
Emulsion B mixtures, respectively. Specimens with Emulsion A were tested at a temperature
range between -20 °C and 40 °C with 10 °C steps, while frequencies ranged between 0.1 Hz
and 10 Hz. In case of Emulsion B, temperature ranged between 0 °C and 40 °C with 10°C
steps, and frequencies varied between 0.1 Hz and 10 Hz.

Figure 13.9 View of a specimen with measurement system
in: a) MTS press and, b) AMPT PRO press
13.5

Results analysis

Figure 13.10 shows results from the tested mixtures in the Cole-Cole plan and Black space. It
can be observed that in all the cases the experimental points follow a continuous line, indicating
that the Time-Temperature Superposition Principle (TTSP) is respected and the rheological
models described above can be applied. The range of |E ∗ | values is quite the same for the three
mixtures studied indicating that the emulsion type and the type of curing did not significantly
affect the stiffness of the mixtures (Figure 13.10b). On the contrary, it can be observed that
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mixture B_Unsealed is characterized by a different trend of the phase angle when compared to
both mixtures with Emulsion A (Figure 13.10b). It is reasonable to expect that changing the
emulsion, and hence the residual binder, the viscous properties could have been affected.
Moreover, comparing the two mixtures, A_Unsealed and A_Sealed, it is noted that the
experimental points are superposed and a distinction is not possible. Therefore, the sealing
condition during the third stage of curing had a clear effect on mixtures produced with
Emulsion A, since the material properties did not change as expected (no further curing and
apparently no ageing).

Figure 13.10 Experimental results showed in: a) Cole-Cole plan and, b) Black space
13.5.1

Time-Temperature Superposition Principle (TTSP)

The experimental data show that the TTSP is applicable to CBTM mixtures. As a consequence,
the isothermal curves of the norm of the complex modulus, │E*│, and of the phase angle, φ,
can be shifted in order to obtain the respective master curves (Figure 13.11).
Figure 13.11 shows the master curves of the norm of the complex modulus and phase angle at
a reference temperature T

= 20 °C. As in the previous representation, the effect of the
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emulsion is highlighted on the mechanical properties of mixtures studied. In particular,
mixture B_Unsealed showed lower modulus at low frequencies (or high temperatures) and
higher modulus at high frequencies (or low temperatures), confirming the crucial role of the
bituminous binder used in the thermal sensitivity of the mixture. Such effect is also visible in
the master curve of the phase angle, which is globally higher for mixture with Emulsion B
compared to mixtures with Emulsion A (Figure 13.11b). Considering that the dosage of
residual bitumen is the same, this difference could be explained by the fact that the bitumen
from Emulsion B is more time-temperature dependant than bitumen from Emulsion A.

Figure 13.11 At Tref = 20°C, master curves of: a) The norm of the complex modulus │E*│
and, b) The phase angle φ
Figure 13.12 shows the shift factors in function of the temperature. The experimental points
are modelled by the Williams–Landel–Ferry (WLF) model, mathematically expressed as:
log(a ) = −

C (T − T )
C +T−T

(13.11)

where a is the shift factor, C and C are constants, T is the temperature and T is the reference
temperature (Ferry, 1980). It is observed that the shift factors of the three mixtures are
significantly close at all the temperatures tested. The obtained values of a can be compared

229

to the ones obtained for HMA mixtures in the literature, tested in the same range of
temperatures (Di Benedetto et al., 2004). Moreover, such dependency on temperature
highlights the thermo-mechanical response of CBTM mixtures. It has been shown that in HMA
the a coefficients are very close between the binder and the related mixture (Di Benedetto et
al., 2004). Hence, assuming this is also valid for CBTM, it would be possible to have the same
shift factors for both residual bitumen of the emulsions used.

Figure 13.12 Shift factors, aT, and WLF model
related to the studied mixtures

Table 13.4 WLF parameters

13.5.2

Parameters

A_Unsealed

A_Sealed

B_Unsealed

C1

34.7

34.7

38.7

C2

258.5

258.5

258.2

The 2S2P1D model

Figure 13.13 shows the experimental data obtained for one mixture (B_Unsealed) modelled
with the 2S2P1D model. According to the LVE theory for bituminous materials, if the TTSP
is respected, the rheological model should be unique and valid in all the representations: master

230

curves, Black space and Cole-Cole plan. In Figure 13.13, three calibrations of the 2S2P1D
model are presented:
•

optimization from the data in the Cole-Cole and Black spaces, minimizing the error as in
Eq. (6.20) (named: 2S2P1D_CC+BS);

•

optimization from the data plotted in the master curve of the |E*|, minimizing the error as
in Eq. (6.21) (named: 2S2P1D_|E*|);

•

optimization from the master curve of φ minimizing the error as in Eq. (6.22) (named:
2S2P1D_φ).
|ΔE ∗ | =

E

,

−E

dev |E ∗ | =

,

|E ∗ |

Δϕ = ϕ

+ E
− |E∗ |
|E ∗ |
−ϕ

,

−E
∙ 100

(13.12)
,

(13.13)
(13.14)

In Figure 13.13, it is observed that none of the three optimizations superpose among them and
with the experimental data in all the four representations. The calibration 2S2P1D_CC+BS
does not well represent the master curves trend at both low and high reduced frequencies (high
and low temperatures, Figure 13.13c-d). Furthermore, the optimization 2S2P1D_Φ done on
the phase angle master curve significantly underestimates the norm of the complex modulus,
|E*|, visible in the three other representations (Figure 13.13a-b-d). However, the
model 2S2P1D_|E*| calibrated on the master curve of the |E*| underestimates the φ of a
constant value on the full frequencies range (around 2°, Figure 13.13c). This result can be
justified by the presence of a non-viscous dissipation which cannot be taken into account with
a LVE rheological model such as 2S2P1D.
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Figure 13.13 Optimization of the 2S2P1D model for B_Unsealed mixture according to:
a) Cole-Cole plan, b) Black space, c) phase angle master curve and, d) complex modulus
master curve (Tref = 20°C)
As a consequence, the results from the three mixtures studied are modelled fitting the 2S2P1D
on the norm of the complex modulus (calibration : 2S2P1D_|E*|) (Figure 13.14). It is observed
that the phase angle master curve is not well represented for all the mixtures and this is visible
also in Black space and Cole-Cole plan (Figure 13.14a-b). For this reason, the DBN model
should be applied to consider also the non-viscous contribution in the complex behaviour. The
shifting was done by means of a closed-form shifting (CFS) algorithm which minimizes the
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area between two successive isothermal curves of |E*| and estimates the shift factors
(Gergesova et al., 2011).

Figure 13.14 Application of 2S2P1D model fitted on the master curve of the norm of the
complex modulus (calibration : 2S2P1D_|E*|) for: a) Cole-Cole plan, b) Black space, c)
phase angle master curve and, d) complex modulus master curve (Tref = 20°C)
13.5.3

The DBN model

Figure 13.15 shows the experimental results of the three studied mixtures modelled with the
2S2P1D and DBN models. In order to obtain a good level of precision and correlation with the
2S2P1D, the number of elements in the GKV model was fixed at 40. The values of E and η
for each element of the model are listed in the appendix (Annex VI). It can be observed that
the two models are superposed in the plan of the norm of the complex modulus (Figure 13.15a),
whereas in the other plans the difference between the two models is due to the introduction of
an equivalent phase angle representing the non-viscous dissipation, φ . This additional
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parameter is visible as a shifting of the model in the Black space and phase angle master curve,
and as a rotation in the Cole-Cole plan (Figure 13.15a-b-c).

Figure 13.15 Application of the 2S2P1D (dashed line) and DBN (continuous line) models
to the studied mixtures (n = 40): a) Cole-Cole plan, b) Black space, c) phase angle master
curve and, d) complex modulus master curve (Tref = 20°C)
13.6

Discussion

Figure 13.16 shows the accuracy of the DBN model according to the experimental data on the
whole frequency and temperature ranges. It is highlighted the good fitting in both plans: norm
of the complex modulus (± 5%) and phase angle (± 2°).
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Figure 13.16 Accuracy of the DBN model for: a) norm of complex modulus and,
b) phase angle
Table 13.5 lists the model parameters related to the DBN model and the modified version of
the Huet-Sayegh model (Eq. 6.11). It is highlighted that the same values can be used by both
approaches, even if the parameter β needs to be defined in case of DBN model. However, such
high values make the contribution given by the dashpot almost negligible. This shows that the
two approaches are able to fit the experimental data adopting the same parameters, but only in
the case of DBN the material is represented by a rheological model which can be fully applied
in the time domain and for higher strain rate (out of the LVE field).
Table 13.5 Rheological modelling parameters for the studied mixtures
Mixture
A_Unsealed
A_Sealed
B_Unsealed

Model

E

E

k

(MPa) (MPa) (-)

h

δ

β

τ (20°C) φ

φ

(-)

(-)

(-)

(-)

(°)

(°)

DBN

350

6,900 0.14 0.37 2.25 10E+10 15.0

1.3

-

HSq

350

6,900 0.14 0.37 2.25 -

-

1.3

DBN

350

6,900 0.14 0.37 2.25 10E+10 20.0

1.3

-

HSq

350

6,900 0.14 0.37 2.25 -

-

1.3

DBN

120

7,850 0.18 0.39 2.65 10E+05 2.5

1.4

-

HSq

120

7,850 0.18 0.39 2.65 -

-

1.4

15.0
20.0
2.5
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Comparing parameters for mixes A_Unsealed and A_Sealed it is observed that the same are
adopted, meaning that the sealed curing prevented further curing and ageing of the mixtures.
The first two curing periods for a total of 28 days (14 days at 25 °C and 14 days at 40 °C) were
enough to reach a stable condition of the material properties, which were not affected by ageing
as much.
The most important factor that affected the rheology of CBTM mixtures was the different
emulsion (i.e. different residual bitumen) used to produce the mixtures. In particular, important
differences could be highlighted comparing model parameters for mixes A_Unsealed and
B_Unsealed. Bitumen from Emulsion B conferred to the CBTM mixture a higher modulus
value at high frequencies (or low temperatures) and lower modulus at low frequencies (or high
temperatures), which means a global higher temperature dependency. Moreover, the
parameters related to the viscous part of the model k, h, δ are lower for mixture A_Unsealed,
highlighting the fact that bitumen from Emulsion A gives a less viscous response compared to
Emulsion B. The same conclusion can be confirmed by the values of the characteristic time
τ . Generally, the higher the value of τ , the lower is the viscous contribution given by the
binder. From these results, the difference between Emulsion A and B is one order of magnitude.
The non-viscous parameter φ

is almost the same for curing confinement and emulsion used,

meaning that it does not depend on the residual bitumen and confirming that the curing
confinement did not change the rheological response of mixtures. Being a parameter used to
represent frictional or slightly plastic phenomena it is reasonable to assume that it could depend
on the air voids content, bitumen dosage and/or the type of aggregates used. Since these aspects
were not analyzed in this study, further work is needed to clarify the role of the non-viscous
component in CBTM mixtures.
13.7

Conclusions

This paper deals with the thermo-rheological modelling of CBTM mixtures in the small strain
domain. An innovative approach is proposed employing the visco-plastic model DBN
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proposed in the literature. After having validated the good representation of the material
properties, the model parameters are analyzed to study the effects of curing confinement type
and emulsion source in the long-term properties of the CBTM mixtures studied. The following
conclusions can be drawn:
•

DBN is a suitable rheological model to well represent the thermo-rheological behaviour of
cement-bitumen treated materials (CBTM) in the small strain domain. With 8 parameters
it is possible to include in the same model both viscous and non-viscous responses
obtaining an optimal fitting of the experimental results. The equivalent phase angle, φ ,
represents a non-viscous dissipation parameter typically observed at higher levels of
deformation, but useful in this study to consider frictional and/or plastic phenomena for the
CBTM mixtures. From the results obtained, the φ

does not seem to depend on binder

type and curing procedure. Additional work is needed to improve the knowledge with
regards to such new aspects in cold materials;
•

Mixtures were cured for 14 days at 25 °C and 14 days at 40 °C in unsealed conditions.
After that, a curing process of 11 months in sealed and unsealed conditions was followed,
after which rheological properties were measured. Results showed that in both conditions
the same stiffness was reached, meaning that the evolution of properties was not influenced
by sealed or unsealed curing. It was assumed that in sealed condition stiffness evolution
was slowed down or stopped. As a consequence, the initial 28 days proposed as curing
protocol were probably enough to reach a quasi-stable condition of the CBTM mixtures
stiffness;

•

The same mixture composition was employed to produce CBTM mixtures with two
different emulsion sources, hence different residual binder. The emulsions chosen are
present in the market as specific for cold recycling projects and they have the same raw
characteristics: cationic, slow-setting emulsions with unmodified binder. Nonetheless,
results obtained are significantly affected by the type of residual bitumen, meaning that it
is not an aspect that should be neglected in the mix design.
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Future studies should focus on improving the application of the DBN model for cold materials
to enhance the currently missing scientific knowledge of the material.
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14.1

Abstract

In the framework of recycling techniques employed in maintenance and rehabilitation projects
for the road industry, cement-bitumen treated materials (CBTM) provide good performance as
well as economic and environmental benefits. Being produced with bitumen emulsion at
ambient temperature, the environmental factors during production are extremely important to
guarantee the quality of the final product. This paper focuses on the stiffness of CBTM
produced and conditioned at low temperatures, and cured in two different conditions (sealed
and unsealed). The mixtures were evaluated in terms of rheological properties using complex
modulus (E*) tests performed one year after production. Results were modelled with an
adapted version of the DBN (Di Benedetto-Neifar) model called DBNPDSC (Plastic
Dissipation for Small Cycles). Results showed that the curing conditions, as well as the low
production temperatures, significantly changed the rheological properties of the material. In
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fact, mixing or compacting the mixtures at 5 °C, compared at 25 °C, resulted in a loss in
stiffness of around 30 % in the small strain domain. This model is a good tool to describe, in
the small strain domain, such material behaviour, which shows plastic non-viscous
phenomena.
14.2

Introduction

Cold recycling is an innovative technology introduced in the construction materials framework
to face the economical and environmental crisis related to the road pavement industry (Čížková
et al., 2014; Jacobson, 2002; Kim & Lee, 2006; Sebaaly et al., 2004; Timm et al., 2018). The
possibility to produce cold recycled materials (CRM) at ambient temperature means significant
advantages in terms of energy consumption (Xiao et al., 2018). This is possible thanks to the
use of bitumen in form of emulsion or foam. In addition, the major part of the aggregate phase
consists of reclaimed asphalt pavement (RAP), available in large quantities and suitable to
obtain good performance (Gandi et al., 2017; Godenzoni et al., 2015). Cement-bitumen treated
materials (CBTM) are a particular type of CRM, in which short-term and long-term mechanical
properties are enhanced by the addition of a co-binder, in particular Portland cement (Du, 2018;
Mignini et al., 2018b; Miljković et al., 2019; Ouyang et al., 2018). In order to fully develop
their properties, cement and bitumen emulsion (or foamed bitumen if used) require a certain
curing time during which the emulsion breaking process, cement hydration and evaporation of
the water employed to improve workability occur (Godenzoni, Cardone, et al., 2016; Graziani,
Iafelice, et al., 2018; Ojum et al., 2014). Because of this, properties of CBTM materials are
characterized by an evolutive behaviour (Graziani et al., 2017).
Bitumen emulsion is a component highly sensitive to temperature. In particular, it is usually
stored at temperatures ranging between 20 °C and 40 °C, in order to maintain an acceptable
level of stability of the suspended bitumen droplets (Needham, 1996). At the same time, the
other materials used in CBTM mixtures, such as RAP, aggregates, cement and water, are
generally stored at ambient temperature. In case where the CBTM are produced at low
temperatures (below 10 °C), the bitumen emulsion can experience a thermal shock in contact
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with the other cold components, especially aggregates. A study has shown that a compaction
temperature of 5 °C increased significantly the energy required to reach the target volumetric
properties (Raschia et al., 2020).
With years, pavements can experience different factors affecting the remaining service life
compared to the initial design. In particular, the high uncertainty related to the long-term
properties of CBTM mixtures limited the use of such material to low-volume pavements
(Chesner et al., 2011). However it was shown that with the right awareness, a CBTM
rehabilitated pavement can have a service life increased up to 12 years (Chesner et al., 2011).
In the latest years, CRM and CBTM mixtures have been also applied to high-volume traffic
roads, and several trial sections have not shown specific criticalities throughout the service life
(Gu et al., 2019; Guatimosim et al., 2019; Sangiorgi et al., 2017). One fundamental step to
have a performant CBTM layer is at the moment of production, in particular the curing time
allowed before the upper layer is laid and compacted. If the CBTM mixture still contains water
and the curing process did not develop sufficiently before being covered with HMA, it is
possible that the combination of traffic and environmental factors compromise permanently its
properties. In fact, when a mixture produced with bitumen emulsion is submerged with water
to simulate a raining condition, the mechanical properties significantly decrease (Kim et al.,
2011). In particular, it was found that the rigidity of mixtures is inversely proportional to the
amount of water present (Du, 2018; García et al., 2013). In the field, the curing process mainly
depends on construction (CBTM layer thickness, drainage condition of the underlying layer)
and environmental factors that are variable according to season and site. Grilli et al. (2019)
observed that cores taken from a CBTM field test section (cured for 2 days before the upper
layer was laid) were characterized by an increase of stiffness during curing time. However
such increase was slower if compared to the same specimens additionally cured at 40 °C in a
laboratory after extraction. So, it was clear how the boundary conditions caused by the upper
layer (in terms of temperature, drainage and oxidation) significantly slowed down the
development of mechanical properties.
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In the literature, the simulation of long curing times of CBTM in the laboratory is performed
by a constant monitoring of properties (water loss, resistance and/or stiffness) and it generally
shows that after 28 days of curing the material has reached quite a stable condition (Dolzycki
et al., 2017; Yan et al., 2017). However, the conditions of curing are not always representative
of the field conditions, and no reference is found on the effect of low production temperatures
on the CBTM mechanical properties after a long curing period. Both the production (mixing,
transportation and compaction) temperatures and the curing conditions could influence
properties such as stiffness and ageing.
The objective of this paper is to evaluate the effect of low production temperatures on the
visco-plastic properties of CBTM mixtures cured for one year. Moreover, two different types
of curing, sealed (S) and unsealed (U), are evaluated as field limit conditions, since the real
curing probably occurs in between. A visco-plastic rheological model, the DBN model, is
chosen from the literature and applied to the results obtained for the CBTM mixtures tested
(Di Benedetto, Mondher, et al., 2007). The description of the model, as well as the reasons
why it was adopted, are provided in the document.
14.3

Materials and methodology

In order to reach the goal of this study, a single cold recycled mix treated with bituminous
emulsion was produced and cured at different temperature. Complex modulus tests were
performed on the laboratory produced mixes before modelling.
14.3.1

Materials and mixtures

Mixtures grading were composed mainly of RAP aggregate, for which the main characteristics
are listed in Table 14.1. To respect the target grading (maximum density curve with exponent
0.45), the aggregate blend was composed of 94 % of RAP and 6 % of limestone filler (Figure
14.1). A GU type cement (CSA A3000) with compressive strength at 28 days of 43.9 MPa
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(ASTM C109) was used as mineral additive, which dosage was fixed at 1.5 % by mass of
aggregates.
A cationic slow-setting bitumen emulsion, classified as CSS-1 (ASTM D2397), was produced
in the United Kingdom and provided by an industrial supplier generally involved in cold
recycling projects. The main properties of the emulsion are listed in Table 14.2. The residual
bitumen dosage of the CBTM mixtures was fixed at 3 % by aggregate mass in accordance to a
previous mix design process, which corresponds to 5 % of emulsion dosage. As for the water,
the total content was also fixed preliminarily at 4 %. This amount is composed of the bitumen
emulsion water and the water added manually, which is in part absorbed by the RAP aggregate.
On the contrary, the residual bitumen of the emulsion is considered totally effective. The water
dosage was chosen in order to reach the fixed voids in the mixture avoiding high compaction
effort and material loss during compaction.

Figure 14.1 Gradation of RAP and
aggregate blend
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Table 14.1 RAP aggregate properties
Property

Standard

Unit

Value

Binder content

ASTM D6307

%

5.51

Nominal maximum dimension

ASTM D448-03

mm

16

Maximum specific gravity

ASTM C127-128

-

2.482

Average bulk density

LC 21-065-066-067

-

2.323

Water absorption

ASTM C127-128

%

1.1

Standard
ASTM D6937-16
ASTM D6997-12
ASTM D6930-10

Unit
g/cm3
%
%

Value
1.019
60.3
0.6

ASTM D5-13
ASTM D36-14

mm/10 41
°C
48.6

Table 14.2 Bitumen emulsion properties
Bitumen emulsion properties
Density
Residue content
Storage stability @ 24 hours
Residual bitumen properties
Penetration @ 25 °C
Softening point
14.3.2

Mixing, compaction and curing

The production process was divided in three (3) main steps: mixing, transportation and
compaction, and curing (Figure 14.2). Each of these steps was characterized by a specific
temperature. The mixing process was carried out adding to the humid blend (RAP, filler and
absorption water), cement, additional water and emulsion, in this order. After mixing, the loose
mixture was sealed in a plastic bag and placed in an environmental chamber for two (2) hours
to simulate the transportation process in the field. Compaction was performed right after at
5 °C or 25 °C by means of a Shear Gyratory Compactor (SGC). A mould diameter of 100 mm,
constant pressure of 600 kPa, internal angle of 1.16 °, revolution speed of 30 rpm and fixed
height of 140 mm were adopted for compaction. This height allowed to reach a content of
voids in the mixture (air and intergranular water) of 15 ± 1 %.
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Figure 14.2 Laboratory production and experimental program: a) mixture A_5_25, b) mixture
A_5_5, c) mixture A_25_25 and, d) mixture A_25_5
During mixing and compaction processes, all the tools and materials used were conditioned
previously for at least 12 hours at the target temperature (5 °C and/or 25 °C), except for the
emulsion which was stored at 25 °C in all cases. Transportation, compaction and first curing
(initial 14 days) were performed at the same temperature, since it is assumed that in field the
three processes are exposed to similar temperatures. After this, an additional curing period of
14 days at 40 °C and 55% of relative humidity (RH) was applied to all mixtures to accelerate
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the development of the material properties (Figure 14.2). After the first 28 days, specimens
were stored for additional 11 months at room temperature in sealed (S) and unsealed (U)
conditions to evaluate the influence of production temperatures (mixing, transportation and
compaction) and curing conditions on the rheological properties. The complete organization
of the experimental program is shown in Figure 14.2.
Table 14.3 Mixtures code, production steps (laboratory time), conditioning temperatures and
number of specimens
Mixtures code(1)

Mixing

Curing

Transportation +
SGC compaction

1st

2nd

3rd

Specimens

(14d) (14d)

(330d(3))

(number)

25°C

25°C

25°C (U)

1

25°C

25°C

25°C

25°C (S)

1

A_25_5_1.5C_U

25°C

5°C

5°C

25°C (U)

1

A_25_5_1.5C_S

25°C

5°C

5°C

25°C (S)

1

A_5_25_1.5C_U

5°C

25°C

25°C

25°C (U)

1

A_5_25_1.5C_S

5°C

25°C

25°C

25°C (S)

1

A_5_5_1.5C_U

5°C

5°C

5°C

25°C (U)

1

A_5_5_1.5C_S

5°C

5°C

5°C

25°C (S)

1

A_5_5_0C_U(2)

5°C

5°C

5°C

25°C (U)

1

A_5_5_0C_S(2)

5°C

5°C

5°C

25°C (S)

1

(5 min)

(2 hrs + 30 min)

A_25_25_1.5C_U

25°C

A_25_25_1.5C_S

(1)

40°C

Emulsion source_Tmixing_Ttransportation+compaction_Cement dosage by dry aggregate
mass_Unsealed or Sealed condition

(2)

Cement dosage of 0%. The volume of cement is replaced by limestone filler

(3)

Sealed (S) and Unsealed (U) conditions

Table 14.3 shows the conditioning process applied to each mixture and the corresponding
nomenclature coding. It can be observed that more combination of mixing/transportation and
compaction temperatures were evaluated. Ten specimens were produced, half of which was
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stored in unsealed (U) conditions (Figure 14.3a) and half in sealed (S) conditions (Figure
14.3b). The sealing was realized by wrapping the specimen with plastic foil and sealing it with
several layers of wax for a final coating thickness of around 5.0 mm (Figure 14.3b). The sealed
condition after 28 days was chosen to stop the curing and/or ageing of the material, which
instead was promoted in the unsealed specimens. Moreover, the sealed material is more
representative of the field condition, where the cold layer is compacted and sealed by the upper
layer(s). At the end of the additional curing period, all 10 specimens produced were cored at a
diameter of 75 mm and prepared for complex modulus testing (Figure 14.3c).

Figure 14.3 SGC specimen of Ø100mm x 140mm: a) unsealed
condition, b) sealed condition and, c) coring and sawing for testing
specimens of Ø75 x 120mm
14.3.3

Complex modulus test

The complex modulus tests were carried out with an MTS press under sinusoidal straincontrolled loading in compression only (haversine loading). The loading was applied on the
top face of the specimen through an aluminum cap (not glued), whereas the bottom face was
glued to an aluminum cap with a thermo-resistant epoxy. The axial strain of 50 μm/m
(measuring base of 50 mm) was measured by placing three extensometers in the middle part
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of the specimen and 120° apart. Specimens were tested at a temperature range between -20 °C
and 40 °C with 10 °C steps, while frequencies ranged between 0.1 Hz and 10 Hz.
The sinusoidal strain, ε(t), and stress, σ(t), curves were fitted to the experimental data and
used to calculate the norm |E*|, and phase angle, ϕ , of the complex modulus E* based on
Equations 14.1 to 14.3:
ε(t) = ε sin(ωt)

(14.1)

σ(t) = σ sin(ωt + ϕ )
σ
E∗ = e
= |E ∗ |e
ε

(14.2)
(14.3)

where ε(t) is the strain function, ε is the strain amplitude, ω is pulsation, t is time, σ(t) is the
stress function, σ is the stress amplitude, ϕ is the phase angle and represents the time delay
∆t between strain (ε) and stress (σ) under cyclic conditions, ϕ = 2πf∆t, and j is the
imaginary unit defined as j = −1.
14.3.4

Rheological modelling

Graziani et al. (2020) pointed out for the first time that CBTM mixtures show dissipation
mechanisms that are irreversible and time-temperature independent. A modified version of the
Huet-Sayegh model was proposed for the rheological modelling, but in this research a further
improvement is proposed. The DBN model is considered particularly suitable for the purpose,
since it introduces non-linearity and/or plastic phenomena which are not considered with the
linear viscoelastic law (Di Benedetto, Mondher, et al., 2007; Gayte, 2016; Neifar et al., 2001).
Such model takes into account non-viscous dissipation represented by means of elasto-plastic
(“EP”) bodies in series with viscous dashpots (Figure 14.4). The number of elements selected
in the model increases the precision and when only viscous dissipation is present, springs are
used instead of the EP bodies obtaining a Generalized Kelvin-Vöigt (GKV) model.
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Considering the nature of CBTM materials, they can be characterized by an intermediate
behaviour between bituminous mixtures, cement bounded materials and granular materials. In
the first case, the material response is highly linear visco-elastic and dependent on frequency
and temperature (Perraton, Di Benedetto, et al., 2016). In the second case, the material shows
time-temperature independent behaviour (stiffness and dissipation ability), whereas in the third
case the material presents plastic dissipation and is basically slightly viscous and the response
is few dependent on frequency and temperature (Di Benedetto et al., 2002; Enomoto et al.,
2009). For these reasons, the DBN model including EP bodies could be reliable tools to
adequately represent CBTM materials. In fact, EP bodies are characteristic of non-cohesive
granular materials. In case of small strain and a small number of cycles applied, its
configuration is simplified (Attia, 2020) and it is called DBNPDSC (for Plastic Dissipation for
Small Cycles).
Specific damping capacity ψ for many materials can be computed for Kelvin-Vöigt (KV)
elements and small dissipation energy as:
ψ=
where ΔW

ΔW
W

=

πε σ sin ϕ
= 2π sin ϕ
1⁄2 ε σ

(14.4)

is the area of the LVE hysteresis loop with elliptical shape (energy dissipated at

each cycle), W is the energy given by 1⁄2 ε σ and ϕ is the frequency-dependent phase
angle describing the lag between stress (σ ) and strain (ε ). The energy dissipated by EP
bodies, ΔW , which are characterized by time-temperature independent dissipation, is
calculated as:
ΔW

= W ψ = 1⁄2 ε σ ψ = 2πDε σ

(14.5)

where D = ψ⁄4π is an adimensional time-temperature independent damping ratio classically
used in soils dynamic (Ashmawy et al., 1995).
When cycles number and strain are small, it can be assumed that ΔW

can be interpreted as

an equivalent linear visco-elastic dissipation, meaning that the plastic energy dissipation can
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be approximated as a linear viscoelastic dissipation by the definition of an equivalent elastoplastic phase angle ϕ

(Equation 14.6).
sin(ϕ ) = 2D

(14.6)

As a consequence, the DBN model corresponds to a Generalized Kelvin-Vöigt (GKV) model
with viscous dissipation (η (T)) and an additional non-viscous dissipation Di in the springs
with stiffness Ei (Figure 14.4). The first DBNPDSC element does not have a dashpot and Di is
chosen to be the same (D) for all the elements considered in the model.

Figure 14.4 Representation of the DBN model
applied in the small strain domain (few cycles)
The new coefficient D (or ϕ

from Equation 14.6) is considered in the calculation of the

phase angle in the DBN model, which then considers viscous and non-viscous dissipations
(Equation 14.7).
sin(ϕ

) = sin(ϕ ) + sin(ϕ ) =
=

where ΔW

ΔW
ΔW
+ ΔW
=
πε σ
πε σ

ωη
2∙D∙E
+
E + (ωη )
E + (ωη )

(14.7)

∙ |E ∗ |

is the total dissipation (viscous and non-viscous), E and η are the Young’s

modulus and the Newtonian viscosity of the i element, respectively, ϕ is the phase angle of
the viscous part, ϕ

is the phase angle conferred by the EP bodies, and D is the damping ratio.

The addition of non-viscous dissipation does not influence the absolute value of the complex
modulus, which is indeed expressed from the GKV configuration (Equation 14.8).
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|E ∗

(jω, T)| =

1
+
E

(14.8)

1
E + jωη (T)

where T is the temperature and E is the Young’s modulus of the first element.
The calibration of the model is initially done by fixing the seven constants of the 2S2P1D
model on the norm of the complex modulus |E*|, and choosing the number of elements, n, to
reduce the error between the discrete GKV configuration and the 2S2P1D. The complex
modulus value computed by the 2S2P1D model is (Olard et al., 2003):
E∗

(jωτ ) = E

+

1 + δ(jωτ )

E −E
+ (jωτ )

(14.9)
+ (jωβτ )

where k and h are constant exponents (0 < k < h < 1), δ is a constant, E00 is the static modulus
for ω → 0, E0 is the glassy modulus when ω → ∞, β is a parameter linked to the dashpot
viscosity η = (E − E )βτ when ω → 0, and τE is the characteristic time, which is the only
parameter depending on the temperature:
τ (T) = a (T) ∙ τ
where a (T) is the shift factor at a temperature T, τ (T) = τ

(14.10)
at the reference temperature T0

and τ (T) is determined for each isotherm.
The shift factors of the isothermal curves can be estimated by a closed-form shifting (CFS)
algorithm that minimizes the area between two successive curves (Gergesova et al., 2011). The
values obtained are modelled by the Williams-Landel-Ferry (WLF) equation:
log(a ) = −

C (T − T )
C +T−T

(14.11)

where C and C are constants (Ferry, 1980).
After the calibration of the 2S2P1D model on the master curve of |E*|, the additional parameter
to consider non-viscous dissipation D is fitted. As a consequence, the DBNPDSC model needs
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seven constants from 2S2P1D (E , E , k, h, δ, β and τ ) and an additional constant D (or ϕ )
to represent CBTM behaviour in the small strain domain.
In this paper, the DBN model is applied and part of the analysis was performed considering
the ratio between the experimental data (measurements) of each mixture and a reference
mixture simulated by the DBN model:
|E∗ |

− |E ∗ |
|E ∗ |
,
ϕ

−ϕ

,

∙ 100
,

(14.12)
(14.13)

This approach has been applied in other researches (Lachance-Tremblay et al., 2017; Lamothe
et al., 2017), and it is a reliable analysis when different specimens are tested in similar (but not
exactly the same) conditions (frequencies, temperature, type of loading, etc.). Furthermore, it
is a useful tool to observe the difference between the different mixtures in the whole range of
frequencies.
14.4

Results Analysis

The analysis of the results shows, at first, the DBN model applied to the experimental data
obtained, and treats afterwards two specific parameters, the characteristic time (τ0E) and the
glassy modulus (E0). The effect of curing conditions and low production temperatures is then
evaluated in the tested frequency range.
14.4.1

Rheological Modelling

Figure 14.5 shows the experimental data in Cole-Cole plane (Figure 14.5a) and Black space
(Figure 14.5b) representations for the mixtures tested. It can be observed that data from all
mixtures are close and follow similar trends, however a part of the analysis will focus on the
model parameters in order to evaluate differences not visible at this stage.
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Figure 14.5 Experimental data from complex modulus tests: a) Cole-Cole plan and,
b) Black space
Furthermore, the experimental data related to each mixture in both the Cole-Cole plane and
Black space are disposed along a continuous curve (Figure 14.5). This is a fundamental aspect
for the validation of the Time-Temperature Superposition Principle (TTSP). When this
principle is valid, the isothermal curves of |E*| and ϕ can be shifted with the same value
according to a reference temperature (T0) to build master curves. CBTM being hybrid materials
between granular, cementitious and viscoelastic bituminous mixtures, this is an important
aspect that highlights the high impact of the residual binder employed. compared to the rest of
the mixtures produced. This was expected, since the action of cement increases the material
stiffness especially at high temperatures, when the bituminous phase is considered as fluid.
However, a deeper analysis of the results is performed considering the effect of production
temperatures (5 °C and 25 °C) and of the curing conditions (sealed and unsealed) separately.
Table 14.4 contains the WLF model constants C and C . It is noted that values of C and C
are similar for the same mixture, meaning that sealed and unsealed conditions did not affect
the shift factors. Figure 14.6 shows the master curves of the studied mixtures shifted according
to the shift factors estimated. It is possible to note that the mixtures without cement
(A_5_5_0C), sealed and unsealed, show lower modulus (Figure 14.6a) and higher phase angle
(ϕ ) at low frequencies or high temperature (Figure 14.6b) compared to the rest of the mixtures
produced. This was expected, since the action of cement increases the material stiffness
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especially at high temperatures, when the bituminous phase is considered as fluid. However, a
deeper analysis of the results is performed considering the effect of production temperatures
(5 °C and 25 °C) and of the curing conditions (sealed and unsealed) separately.
Table 14.4 WLF shifting parameters (T0 = 20 °C)
Mixture

C

C

A_25_25_1.5C_S

34.4

258.5

A_25_25_1.5C_U

35.0

258.4

A_25_5_1.5C_S

34.5

261.0

A_25_5_1.5C_U

38.2

259.6

A_5_25_1.5C_S

31.2

214.6

A_5_25_1.5C_U

28.5

215.6

A_5_5_1.5C_S

41.4

265.0

A_5_5_1.5C_U

37.4

214.9

A_5_5_0C_S

29.9

216.4

A_5_5_0C_U

30.0

216.5

Figure 14.6 Master curves at reference temperature T0 = 20°C of: a) norm of the
complex modulus and, b) phase angle
To do so, the DBN model has been first optimized to obtain a good description of the mixtures
analyzed (Figure 14.7). In Table 14.5, the model parameters k, h, δ and β were fixed for all the
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mixtures, as such parameters depend on the viscous components, emulsion residual bitumen
and RAP aged binder (Di Benedetto et al., 2004). In this case, both residual and aged binder
were the same for all the mixtures investigated. On the other hand, the static modulus E00
depends on the aggregate skeleton structure and the presence of cement. E00 is quite difficult
to determine with precision and an accurate distinction cannot be made based on this
parameter.

Figure 14.7 Experimental data and DBN model (T0 = 20°C) for n = 40: a) Cole-Cole
plan, b) Black space, c) master curve of the norm of the complex modulus |E*| and, d)
master curve of the phase angle φEP (φEP is shown and represents the elasto-plastic
phase angle)
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The elasto-plastic phase angle ϕ

is mainly dependent on the strain amplitude, which in this

case was the same for all the studied mixtures. In fact, all the values for ϕ

were between

1.0 ° and 2.2 ° and were not affected by either the production temperatures or the curing
conditions. However, some differences can be highlighted in terms of glassy modulus E0 and
characteristic time τ0E. A part of our analysis particularly focuses on these properties. The
glassy modulus E0 is the asymptotic material stiffness at low temperatures (or high
frequencies). The characteristic time τ0E (considered at the reference temperature of 20°C) is
affected by the binder stiffness.
Figure 14.8 shows the accuracy of the model in terms of norm of complex modulus |E*| and
phase angle ϕ . It is remarked the good fitting of the model in both representations, showing
less than ± 15 % difference for |E*| and ± 3 ° difference for ϕ (Figure 14.8a-b). From other
studies, a difference of 20% for |E*| is considered acceptable (Lachance-Tremblay et al., 2017;
Lamothe et al., 2017).
Table 14.5 DBN model parameters for the studied mixtures (T0 = 20 °C)
Mixtures
(code)

E

E

k

h

δ

τ0E (at 20°C)

β

ϕ

(MPa) (MPa) (-)

(-)

(-)

(s)

(-)

(°)

(°C)

Teq (τ0E =19s)

A_5_5_0C_S

90

5 650

0.2

1.6

6.6

A_5_5_0C_U

100

5 200

0.4

1.0

8.2

A_5_5_1.5C_S

320

4 800

2.5

1.8

14.5

A_5_5_1.5C_U

300

4 400

7.5

1.3

17.7

A_5_25_1.5C_S

280

4 950

2.2

12.5

A_5_25_1.5C_U

150

5 550

1.8

17.0

A_25_5_1.5C_S

250

5 300

2.0

1.6

12.8

A_25_5_1.5C_U

300

4 850

7.5

1.6

17.3

A_25_25_1.5C_S 360

6 850

19.0

1.3

20.0

A_25_25_1.5C_U 340

6 900

19.0

1.0

20.0

0.15 0.35 2.42

1.4
7.5

1E+10
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Figure 14.8 Accuracy of the DBN model according to experimental results
(T0 = 20 °C): a) norm of the complex modulus and, b) phase angle
14.4.2

Characteristic Time τ0E

In the master curves representations (|E*| and ϕ ), a change in τ0E value represents the shifting
in the frequency domain. In Table 14.5, values of τ0E refer to a reference temperature of 20 °C
and are different among the mixtures. However, if the TTSP principle is respected, a reference
τ0E can be fixed (τ0Eref) and an equivalent temperature Teq can be calculated. In this particular
case, the reference τ0E was assumed from both mixtures produced at room temperature
(A_25_25_1.5C), i.e. 19.0 s. It is observed that for these two mixtures, Teq = T0 = 20 °C. All
other mixtures were characterized by lower values of τ0E, which can be linked to softer
bituminous phases (residual emulsion bitumen and RAP binder). In fact, τ0E depends on
bitumen consistency and it increases if the bitumen is harder, perhaps due to the effect of
ageing or curing. Hence, it is assumed that if a mixture has a lower τ0E compared to another
one, the equivalent temperature to obtain the same stiffness should be lower. From the results
obtained, this assumption is respected and all the mixtures produced at low temperatures are
characterized by a lower equivalent temperature compared to the mixtures produced at
standard temperature (25 °C). With high probability the thermal shock conferred by low
temperatures accelerates the emulsion breaking and alters the formation of bituminous bonds.
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As a consequence, the micro-structure could have higher dissipative ability. Furthermore, the
effect of cement has to be highlighted. In fact, the addition of cement caused an increase in τ0E
(and a decrease of Teq), meaning an increase in the binding structure consistency. However,
hydrated cement and bitumen do not form a unique material and they contribute to the stiffness
as separate elements. The increase of τ0E in HMA mixtures is observed in case that harder
bitumen is used (Mangiafico et al., 2014). Figure 14.9 shows the effect of production
temperatures on the characteristic time τ0E and only on mixtures produced with cement. In both
sealed and unsealed conditions, it is shown that when mixing and/or transportation
temperatures are 5 °C (lower part of the pyramid), the values of τ0E are quite similar, whereas
there is a clear peak when considering the mixture produced at 25 °C. This aspect is also
visible in Table 14.5, where all specimens cured in sealed conditions have a lower Teq
compared to unsealed specimens. This indicates that in sealed conditions the bituminous
phases (residual bitumen and RAP binder) are globally softer. Such difference can be explained
by a higher ageing or curing on the unsealed specimens compared to the sealed ones. As a
consequence, the three values of τ0E related to low production temperatures can be considered
as three repetitions to run a single factor ANOVA analysis to evaluate the difference between
sealed and unsealed conditions. Of course, this analysis involves only a limited number of
specimens and for future studies more repetitions are needed. The analysis was performed
assuming the null hypothesis H0: αi = 0, meaning that all the samples’ means are equal to the
total mean. In this case, i = 2, i.e. sealed and unsealed conditions. The analysis was performed
assuming a significance level α = 0.05 and the results are shown in Table 14.6. It is remarked
that F > Fcrit and that p-value < 0.05, meaning that the null hypothesis can be rejected and there
is a significant difference between the characteristic times τ0E obtained in sealed and unsealed
conditions when mixtures are produced at low temperatures.
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Figure 14.9 Effect of production temperatures on τ0E: a) unsealed specimens and,
b) sealed specimens

Table 14.6 Single Factor ANOVA analysis for τ0E in mixtures produced at low temperatures
Source of Variation SS (1)

df (2)

MS (3)

F

Sealed vs Unsealed

45.9267

1

45.9267

302.8132 6.4018E-05 7.7086

Within Groups

0.6067

4

0.1517

Total

46.5333

5

(1)

Sum of squares

(2)

Degrees of freedom

(3)

Mean square (=

14.4.3

p-value

Fcrit

)

Glassy Modulus E0

Figure 14.10 shows the effect of mixing, transportation and compaction temperature on the
glassy modulus E0 for the mixtures produced with cement. In general, all the mixtures
characterized by mixing and/or transportation and compaction temperature of 5 °C showed a
range of E0 comprised between 4,400 and 5,550 MPa, regardless the curing conditions (sealed
or unsealed). If the production process was performed entirely at 25 °C, E0 was 6,850 and
6,900 MPa for sealed and unsealed conditions, respectively. As a consequence, low production
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temperatures generally caused a decrease in E0. In other terms, by performing only one of the
two processes (mixing or transportation and compaction) at 5 °C lead to lower values of E0
compared to a full production process performed at 25 °C. As for the previous analysis of τ0E,
the thermal shock given to the bitumen emulsion altered the formation of continuous
bituminous bonds. However, more repetitions are recommended for future analysis.

Figure 14.10 Effect of production temperatures on E0: a) unsealed specimens and,
b) sealed specimens
Also in this case a single factor ANOVA analysis was performed to evaluate the difference
between S and U conditions in mixtures produced at low temperatures. The same null
hypothesis H0: αi = 0 was adopted, meaning that all the samples’ means are equal to the total
mean. Also in this case a significance level α = 0.05 was selected, and the results are shown in
Table 14.7. It is noted that F < Fcrit and that p-value > 0.05, meaning that the null hypothesis
cannot be rejected and there is no significant difference in E0 between sealed and unsealed
conditions. As a consequence, for the same mixture, E0 values in sealed and unsealed
conditions can be assumed as two replications to run a Two-Factor ANOVA analysis to
evaluate the separate effect of mixing and transportation and compaction temperatures on the
value of the glassy modulus. Results are shown in Table 14.8.
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Table 14.7 Single Factor ANOVA analysis for E0 in mixtures produced at low temperatures
Source of Variation SS

df

MS

F

P-value Fcrit

Sealed vs Unsealed

10 416.6667

1

10 416.6667

0.0518

0.8310

Within Groups

803 333.3333 4

Total

813 750

7.7086

200 833.3333

5

Table 14.8 Two-Factor with replication ANOVA analysis for E0 to evaluate production
temperatures
Source of Variation

SS

df

MS

F

P-value

Fcrit

Mixing temperature

2 205 000

1

2 205 000

24.3310

0.0079

7.7086

3 001 250

1

3 001 250

33.1172

0.0045

7.7086

Interaction

661 250

1

661 250

7.29655

0.0540

7.7086

Within

362 500

4

90 625

Total

6 230 000

7

Transportation and
compaction temperature

In case of only mixing temperature is considered, the conditions for the rejection of the null
hypothesis are respected, meaning that there is a significant difference in E0 if the mixture is
mixed at 5 °C or 25 °C. In the same way, in case of only transportation and compaction
temperature is considered, results showed that transporting and compacting the mixtures at
5 °C or 25 °C led to a significant difference in E0. Analyzing the interaction between the two
factors, F < Fcrit and p-value > 0.05, meaning that the two factors cannot be considered
separately.
14.4.4

Analysis in the frequency range

Figure 14.11 shows the relative difference between mixtures cured in S and U conditions. In
this case, Equations 14.12 and 14.13 were used assuming as a reference mixture the respective
mixture that was cured in unsealed conditions. Regarding the ratio of |E*|, it can be observed
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that the cloud of points is mainly distributed around 0 % with the majority of points included
in a range of ± 10 %. Even if this difference can be contained in the model precision, the trend
seems to be lower than 0% at low frequencies (or high temperatures) and higher than 0% at
high frequencies (or low temperatures). In terms of ϕ , the relative difference is small
(between 0° and 4°) but results show that in general the S curing condition promoted the
increase of the ϕ . In sealed condition, the specimens were not exposed to environmental
factors, and this could have slowed down the ageing/curing process of the material, resulting
in a higher dissipation ability.

Figure 14.11 Relative difference values between mixtures cured in sealed conditions and
unsealed conditions: a) norm of the complex modulus and, b) phase angle
Figure 14.12 shows the effect of production temperatures as relative difference between the
mixtures produced at low temperatures and the reference mixture A_25_25_1.5C_U produced
at room temperature. For simplicity, this analysis is performed only on specimens cured in
unsealed conditions. In terms of difference on the |E*|, all the mixtures that were mixed and/or
compacted at 5 °C show a global loss of stiffness of around 30% compared to the reference
mixture. Such loss is quite constant for all the range of frequencies analysed, with exception
for the mixture without cement (A_5_5_0C_U). As expected, the loss in stiffness is higher (up
to 60%) at low frequencies, due to the lack of contribution of cement at high temperatures. In
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terms of difference of the ϕ , all the mixtures with cement show quite similar values, and the
range obtained can be considered in the variability due to testing conditions (between 0 ° and
2 °). At the same time, the mixture without cement A_5_5_0C_U showed phase angle values
higher than the reference mixture, due to the bigger viscous contribution given by the only
presence of bitumen.

Figure 14.12 Relative difference values between mixtures produced
at low and standard temperatures: a) norm of the complex modulus
and, b) phase angle
14.5

Conclusions

This paper investigated the effect of low production temperatures and curing conditions (sealed
and unsealed) in the properties of CBTM materials in the small strain domain. Experimental
results from complex modulus test were analyzed by means of the DBNPDSC model and the
following conclusion can be drawn:
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•

The DBN model is a good tool that allows representing the material behaviour taking into
account plastic non-viscous phenomena. Such aspect cannot be considered by LVE
rheological models typically used for bituminous mixtures. The reliability of the
rheological model is of extreme importance if the model is employed as a tool to compare
different aspects, which in this case were curing conditions and production temperatures
(Figure 14.8);

•

Sealed and unsealed conditions were evaluated analyzing in particular the characteristic
time τ0E and the glassy modulus E0. It was observed that the glassy modulus E0 was not
significantly affected by the sealing conditions (Figure 14.10). On the other hand, the
characteristic time was higher (Figure 14.9) and phase angle lower (Figure 14.11b) in case
of unsealed conditions. Probably the hardened bitumen under the effect of ageing or curing
affected the viscous dissipation ability. In terms of |E*| in the reduced frequencies range
analyzed, it was not possible to observe a significant difference between the two curing
conditions (Figure 14.11a);

•

Low production temperatures (5 °C for mixing and/or compaction) globally penalized the
stiffness of the mixtures produced after a year of curing, in particular affecting the
characteristic time τ0E and the glassy modulus E0. In fact, in the reduced frequencies range
considered, a uniform stiffness loss of around 30% was observed (Figure 14.12a). If the
mixture is produced at 5 °C and without cement, this additionally negatively influences its
properties at low frequencies (high temperatures). In general, when producing CBTM
mixtures at low temperatures (mixing and/or transportation and compaction at < 10 °C),
performance are expected to decrease (Figure 14.10 and Figure 14.12a). Probably the
thermal shock caused by the low production temperature negatively affects the bituminous
structure (coating and bonding) inside the mixture.

The production of CBTM materials at low temperatures is still an open issue which needs
further studies. However, it can be assumed that the key element is the bitumen emulsion,
which needs a deep characterization prior the execution of recycling projects in cold climates.
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Moreover, as bitumen emulsions are particularly sensitive to low temperatures, a similar study
on foamed bitumen is recommended to overcome the issues highlighted.

CHAPTER 15
SUMMARY OF SECTION 3
In CHAPTERS 12, 13 and 14 the research focused on the effect of production temperatures on
the properties of CBTM mixtures. The mixtures were produced following the same formulation
with two emulsion sources and an attempt to simulate production (mixing, transportation,
compaction and curing at 25 °C or 5 °C) was made. The two chosen emulsion sources are
typical market products used for cold recycling projects. The mechanical properties of the
mixtures were mainly investigated after 28 days of curing (14 days at 5 °C or 25 °C, plus 14
days at 40 °C) to simulate 1-3 years of service life, and after 1 year of curing/ageing at room
temperature.
Results in CHAPTER 12 showed that, during compaction, low temperatures negatively
affected the energy required to reach the target volumetric properties, probably because of a
change in the bitumen viscosity. In terms of mechanical properties, the bitumen emulsion type
(and the residual bitumen from the emulsion used) influenced the CBTM mixtures properties
at standard production temperatures (25 °C). Furthermore, only one emulsion was negatively
affected after 28 days of curing by low production temperatures. In fact, if the material
produced with such emulsion was not cured for at least 3 days at 5 °C (elastic modulus >
1000 MPa), even a light load could cause a permanent loss in adhesion and performance.
Specimens not tested during the first 28 days were cured for additional 11 months (for a total
of 1 year), after which visco-plastic properties were tested and an approach for rheological
modelling was proposed. This additional curing was adopted to investigate the material’s
properties in the long-term, assuming that a stable condition was reached. Results in
CHAPTER 13 showed that the response of the CBTM mixture in the small strain domain is
related to the properties of the bitumen used to produce the bitumen emulsion. It was found
that LVE theory does apply to CBTM mixtures, since their response to cyclic loading in the
small strain domain can be approximated as intermediate between bituminous mixtures and
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granular materials. For this reason, it was observed that the energy dissipation is mainly
viscous, but also a small contribution given by non-viscous dissipation should be considered.
To take that into account, a simplified version of the DBN model was applied introducing an
equivalent phase angle additional to the viscous phase angle (Attia, 2020). It is assumed that
such parameter can represent frictional or visco-plastic phenomena in the material, due to the
low bitumen content and dispersion, the high air voids content or the aggregates used. Further
studies are needed on this topic.
According to modelling parameters in CHAPTER 14, it was observed that the characteristic
time τ0E, linked to the bitumen consistency, was higher for specimens cured in unsealed
conditions. This suggests that the ageing process of the virgin binder is not negligible. In the
frequency range analyzed, low production temperatures (5 °C) lead to a loss in complex
modulus of 30%, while the phase angle was not affected significantly. Probably the thermal
shock caused by the low production temperature negatively affects the bituminous structure
(coating and bonding) inside the mixture. The results and model related to each mixture studied
in CHAPTER 14 are reported in Annex II.
Further research is recommended to better understand the behaviour of CBTM mixtures when
tested in the small strain domain. In particular, the concept of “black rock” applied to the RAP
aggregate needs more studies. If the assumption of RAP as a black rock is valid, a multi-scale
approach from mixtures to mastics to virgin binder would be possible and will allow a better
understanding of the material properties. Moreover, more effort should be addressed to the
application of the DBN model to CBTM mixtures, which are subjected to non-viscous energy
dissipation (Graziani et al., 2020).

CONCLUSION

This thesis aimed to improve the knowledge on aspects of cement-bitumen treated materials
(CBTM) related to the production process. In the majority of the cases, several factors
regarding the production of cold mixtures in general are provided by local guidelines or the
past experience on the field, without having a solid scientific approach. At the same time, this
technique is still considered quite new and more effort should be put in terms of research in
order to avoid issues related to the service life. An adequate knowledge will positively
influence the future spread of a correct know-how during production.
All the experimental work done in the thesis is based on the application of the volumetric
approach for mix design. The application of volumetric parameters is extensively used in case
of hot mix asphalt mixtures and it is believed that a better control on production can be
achieved if applied to CBTM mixtures too. Of course, new parameters were adopted, as voids
in the mixture and voids filled with liquids. The recommendation to use the volumetric mix
design in cold mixtures is motivated by the possibility to optimize at the same time water
dosage, bitumen dosage and energy of compaction for a target air voids content. It was also
shown the change of air voids content of the mixture due to the effect of cement hydration.
The experimental work carried out in this thesis was divided in three sections.
Section 1 investigated the effects of mineral additions and water in CBTM mixtures. Hydrated
lime, which is often employed as mineral addition in the cold mixtures instead of cement, was
combined with silica powder obtained from micronized glass. In this way, it would be possible
to further improve the environmental footprint of such materials. This combination showed
better properties than the hydrated lime itself, but it did not allow to reach the same mechanical
properties conferred by ordinary Portland cement. The drawback of this concept is also
represented by the lightness of both hydrated lime and micronized glass, which obviously
represents a higher danger for operators during production. Cement is not replaceable yet, but
its dosage can be kept low (maximum of 1.5%) by decreasing the air voids. For this, water is
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often considered a key component for workability and compactability, but the effect on
mechanical properties needed to be studied too. Mixtures with different water contents did not
show significantly different mechanical properties, which were more influenced by the air
voids content. However, a mix design for the optimum water content should not take into
account only workability and compactability, but consider the balance between energy of
compaction and degree of saturation of the voids in the aggregate skeleton. In fact, the VFL
(voids filled with liquids) could be a useful tool to ensure a good level of coating, since the
water drives the bitumen droplets of the emulsion in the mixture. To achieve this, the
volumetric mix design is highly recommended. However, when CBTM are produced in plant,
it is believed that the humidity of the RAP aggregate and the water contained in the emulsion
is enough to ensure a workable mix.
Section 2 deals with the effect of RAP aggregate (gradation and source) on the mechanical
properties of the cold mixture produced. In this thesis, different gradations were investigated
and the results highlighted the maximum density curve as a good reference for mixture
gradation to obtain good results. However, since RAP is often composed of clusters, the fillersized particles fraction is missing and a correction with virgin filler is usually needed and
recommended. In fact, it was observed that the increase in filler dosage improved both
workability and mechanical properties. Assuming the maximum density curve as reference
gradation, the influence of the nominal maximum aggregate size (NMAS) was also evaluated.
For the same RAP source, a reduction in the NMAS from 16 mm to 10 mm lead to a better
performant material in terms of different properties: stiffness, strength and fracture. Due to the
finer gradation in case of NMAS = 10 mm, the mastic dispersed in the coarse aggregates
skeleton probably improved the mechanical properties.
At this point, two RAP sources (RAP1 and RAP2) with a maximum diameter of 10 mm were
compared. The two RAP sources were characterized by a fragmentation test, which evaluates
the amount of clusters in the RAP aggregate and the change in gradation due to fragmentation.
RAP2 was characterized by a higher fragmentation index than RAP1, i.e. it contained more
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clusters and the change in gradation is significant when fragmented. The sensitivity to
fragmentation can be linked to the RAP binder stiffness. Using the same RAP sources to
produced CBTM mixtures, RAP2 mixture required less compaction energy than RAP1 to reach
the target volumetric properties, despite the mix formulation and the shape parameters of both
RAPs particles were the same. In terms of tensile strength and cracking resistance, RAP2 was
less performant than RAP1. At the same, the analysis in the small strain domain highlighted a
better affinity of the RAP2 with the bitumen emulsion used, showing a more viscous response
under cyclic loading. As a consequence, the fragmentation index of a RAP source cannot be
directly linked the global properties of the CBTM mixtures produced, since an additional key
parameter seems to be the affinity between RAP aggregate and bitumen emulsion. Concluding,
to know the effect of the RAP source used in the CBTM mixture produced in a mixing plant,
it is extremely important to monitor constantly the properties of the RAP aggregate and to
produce the mixture with a stable bitumen emulsion.
In Section 3 the production process of CBTM was simulated at low temperatures, 5 °C. This
step was needed in order to consider the possibility of cold mixtures application also in harsh
climates as in Québec. In particular, the production process was divided in mixing,
transportation, compaction and curing and one or more of these steps were performed at 5 °C,
while the rest was performed at 25 °C and a part of curing at 40 °C. The transportation and
compaction temperature affects the energy required for compaction, acting on the bitumen
viscosity. However, resistance of mixtures was not penalized by this aspect. It was observed
that a loss in stiffness modulus can be expected up to 30% (50% if no cement is used), even if
only the mixing or compaction processes was done at 5 °C. This was observed after one year
of curing, meaning that the material reached a quasi-stable condition. However, even though
the material is less performant, this will expand the time gap during the year in which the
production can be carried out (from 5 to 7 months). Moreover, when the material is produced
and cured at 5 °C, it is recommended to wait at least around 3 days before applying any load.
Another important step is to deeply characterize the bitumen emulsion and the residual
bitumen, which can be more or less sensitive to low temperatures, as well as affecting the
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material performance at standard production temperatures. In a production plant, it is possible
to evaluate the properties of the bitumen emulsion at low temperatures by producing several
specimens at the same time of when the CBTM layer is put in place. The curing of the
specimens can be done externally (in the same conditions of the pavement), and the
development of strength and stiffness can be evaluated. In this way, it is possible to monitor at
the same time the curing of the pavement and figure out critical aspects.
In the thesis, a rheological model was proposed to describe the thermo-visco-plastic behaviour
of CBTM mixtures in replacement of traditional linear visco-elastic models employed for
bituminous mixtures. The DBN model takes into account non-viscous contribution in the
computation of the energy dissipated in the small strain domain. This is a characteristic aspect
of cold mixtures due to the presence of cement, low bitumen dosages, high air voids content
and frictional phenomena between aggregates. It is believed that such new approach could give
an indication of the affinity between bitumen emulsion and RAP aggregate, but more studies
are strongly encouraged in this direction.

RECOMMENDATIONS

According to the results obtained in this thesis, the following points are recommended to be
considered for future works:
1) The effect of aggregate gradation was investigated by mechanical tests addressed to
measure the stiffness or strength of the material. However, it is recommended to investigate
the effect of different aggregate distribution and/or RAP source on long-term performance
of the mixtures, such as fatigue or permanent deformation;
2) Part of the work involved only two RAP sources, which had an impact on the short-term
mechanical properties of CBTM mixtures (maximum of 28 days of curing). Due to the
large availability and the several factors affecting the properties of a RAP source, more
sources should be characterized and considered to evaluate the above-mentioned long-term
properties. Being cold recycled mixtures a construction material oriented to improve the
environmental and economic footprint of the pavement, much effort should be put during
mix design to ensure a longer life service of the new pavement. As a consequence, it is
important to understand to what extent the RAP source needs to be considered;
3) The fragmentation test is a useful test to quickly characterize the RAP source. However,
the fragmentation index is not enough to assess the global behaviour of the mixtures
produced. Hence, it is recommended to follow a step-by-step approach which links the
fragmentation test (step 1) to the final properties of the material (step n), perhaps
considering a multi-scale study (from binder to mixture);
4) The visco-elastic properties and the failure resistance can be highly affected by the affinity
between bitumen emulsion and RAP source, as well as the cement content defines the
initial and final strength. So, it is recommended to take into account a 3-parameters
approach during mix design, i.e. cement content, bitumen emulsion type and dosage and
RAP source, in addition to water, in order to ensure better performance both in terms of
initial strength and viscous response. As first assumption, the DBN model and the non-

274

viscous dissipation could be used to define the affinity between RAP and emulsion sources,
even though additional studies are required;
5) The production of CBTM mixtures at 5 °C is possible. However, in such case, longer
curing periods than usual are strongly recommended before the laying of the upper layer.
In addition, some characterization tests on the bitumen emulsion should be carried out at
low temperatures. Standard tests like storage stability, viscosity and breaking index should
be carried out to characterize the bitumen emulsion at low temperature and compared to
the values obtained at room temperature. Furthermore, also in this case the affinity between
bitumen emulsion and RAP source could be considered for further studies regarding low
production temperature;
6) One big issue of bitumen emulsions at low temperatures is stability and demulsification.
However, as an alternative, foamed bitumen could be studied and considered for
production of CBTM mixtures at low temperature. Foamed bitumen does not require time
for breaking, process which is highly dependant on temperature and humidity. Moreover,
being the foam produced at high temperatures (> 150 °C), some of the heat would be
transferred to the aggregates ideally conferring better bonding. In both cases (bitumen
emulsion and foamed bitumen), when production processes are carried out at low
temperatures, it is recommended to limit as much as possible transportation times and
proceed with CIR techniques. Some results related to the production of CBTM mixtures
with foamed bitumen at room temperature are presented in Annex III, IV and V;
7) The field production of CBTM is still limitated and the major part of the investigative work
is performed in the laboratory. As a consequence, it is essential to extend the interest and
the research effort on trial sections realized on full-scale pavements. This would give a
significant contribution to the comprehension of the material.
According to the results obtained in this thesis, the following list of recommendations are
proposed for the control of CBTM materials during production:
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1) Frequent control of the RAP aggregate present in the production plant, especially in terms
of gradation and water content (humidity). If necessary, move the RAP stockpile in a
protected area to partially or totally block the environmental conditions;
2) Preliminar study of the recipe in order to fix the optimum water content (according to the
RAP humidity), the cement content and the residual bitumen content. If possible, it is
recommended to carry out this step with more than one bitumen emulsion, and eventually
choose the more suitable;
3) In case of instable weather conditions, consider to increase the cement content to accelerate
the material resistance in the first days. The maximum cement content should be fixed on
the material produced taking into account values of strength, stiffness and fatigue life;
4) In general, it is recommended to wait at least 24 hours before the laydown of the upper
layer;
5) In case of critical conditions (production temperature lower than 10 °C), it is possible to
evaluate the properties of the bitumen emulsion at low temperatures by producing several
specimens at the same time of when the CBTM layer is put in place. The curing of the
specimens can be done externally (in the same conditions of the pavement), and the
development of strength and stiffness can be evaluated. In this way, it is possible to monitor
at the same time the curing of the pavement and figure out critical aspects.

ANNEX I
PROPERTIES OF MATERIALS EMPLOYED IN THE THESIS

A-I.1 RAP Chambly (CA)

Figure-A I-1 Black curve, white curve and
maximum density curve

Table-A I-1 RAP aggregate properties
Property

Standard

Unit

Value

Bitumen content

LC 26-006

%

6.10

PCS5/10 @20 °C

ASTM D1557-12

%

9.60

Apparent density of the aggregate blend LC 26-045

g/cm3 2.577

Absorption

EN 1097-06

%

1

Maximum aggregate size

ASTM D 448-03

mm

14
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A-I.2 RAP St. Isidore (CA)

Figure-A I-2 Black curve, white curve and
maximum density curve

Table-A I-2 RAP aggregate properties
Property

Standard

Unit

Value

Bitumen content

LC 26-006

%

5.02

PCS5/10 @20 °C

ASTM D1557-12

%

8.25

Apparent density of the aggregate blend LC 26-045

g/cm3 2.545

Maximum aggregate size

mm

14

ASTM D 448-03

Table-A I-3 RAP binder properties
Property

Standard

Unit

Value

Brookfield viscosity at 135 °C

ASTM D2196

Pa*s

1.727

Brookfield viscosity at 165 °C

ASTM D2196

Pa*s

0.391

Penetration @ 25 °C

ASTM D5

dmm

11

Softening point

ASTM D36

°C

69.7
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A-I.3 RAP-CBR (IT)

Figure-A I-3 Black curve, white curve and
maximum density curve

Table-A I-4 RAP aggregate properties
Property

Standard

Unit

Value

Bitumen content

LC 26-006

%

5.51

PCS5/10 @20 °C

ASTM D1557-12

%

7.85

Apparent density of the aggregate blend LC 26-045

g/cm3 2.486

Absorption

EN 1097-06

%

1

Maximum aggregate size

ASTM D 448-03

mm

20

Figure-A I-4 Master curves of RAP binder: a) Complex modulus, b) phase angle
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A-I.4 RAP-NCAT (USA)

Figure-A I-5 Black curve, white curve and
maximum density curve

Table-A I-5 RAP aggregate properties
Property

Standard

Unit

Value

Bitumen content

LC 26-006

%

5.49

PCS5/10 @20 °C

ASTM D1557-12

%

13.60

Apparent density of the aggregate blend LC 26-045

g/cm3 2.498

Absorption

EN 1097-06

%

1

Maximum aggregate size

ASTM D 448-03

mm

10

Figure-A I-6 Master curves of RAP binder: a) Complex modulus, b) phase angle
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A-I.5 Limestone sand 0/2 (IT)

Figure-A I-7 Sand gradation and maximum
density curve

Table-A I-6 Limestone sand properties
Property

Standard

Unit

Value

Absorption

EN 1097-06

%

1

Rigden voids

EN 1097-04

%

26.2

A-I.6 Fillers
Table-A I-7 Limestone fillers properties
Property

Standard

Unit

Limestone filler (CA) Limestone filler (IT)

Particle density

EN 1097-06

g/cm3

2.650

2.650

Rigden voids

EN 1097-04

%

50.1

23.8

Stiffening power

EN 13179-1

°C

11.5

N/A

Passing 80μm

EN 933-1

%

91.0

N/A
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A-I.7 Cements
Table-A I-8 Cement properties
Property

Standard

Unit

Cement GU (CA) Cement II/B-S (IT)

Density

ASTM C188

g/cm3

3.150

3.090

Blaine fineness

ASTM C204

cm2/g

4100

4090

Cumulative< 90 μm ASTM C430

%

N/A

99.5

Cumulative< 45 μm ASTM C430

%

95.5

N/A

Initial settling time

CSA A3004-B2

Min

180

180

Final settling time

CSA A3004-B2

Min

277

245

Compressive

CSA A3004-C2

MPa

43.9

56

strength at 28 days
A-I.8 Bitumen emulsions
Table-A I-9 Bitumen emulsions properties
Property of bitumen

Standard

Unit

emulsion
Storage stability at 24

CSS-1

CSS-1

C60B10

(CA)

(UK)

(IT)

ASTM D6930

%

0.1

0.6

N/A

EN 13302

s

28.1

N/A

N/A

EN 13302

s

N/A

N/A

42.5

ASTM D6997

%

62.8

60.3

60.0

Density

ASTM D6397

g/cm3

N/A

1.0

N/A

Breaking index

EN 13075

%

N/A

N/A

2

hours
Viscosity saybolt
furol at 25 °C
Viscosity saybolt
furol at 40 °C
Residual bitumen
content
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Table-A I-10 Residual bitumen properties
Property of

Standard

Unit

residual bitumen

CSS-1

CSS-1

C60B10

(CA)

(UK)

(IT)

Penetration @ 25 °C

ASTM D5

dmm 170

41

100

Softening point

ASTM D36

°C

48.6

43.0

N/A

Figure-A I-8 Master curves of emulsion residual bitumen:
a) Complex modulus, b) phase angle

ANNEX II
GRAPHIC REPRESENTATION OF THE RESULTS FOR COMPLEX MODULUS
TESTS TO EVALUATE THE EFFECT OF LOW PRODUCTION TEMPERATURES
ON CBTM MECHANICAL PROPERTIES
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CBTM MIXTURE MIXED AT 25 °C, TRANSPORTED AND COMPACTED AT
25 °C, CURED FOR THE FIRST 14 DAYS AT 25 °C AND KEPT SEALED FOR THE
LONG TERM CURING (A_25_25_S)

Figure-A II-1 Graphic representation of the complex modulus results for the mixture
A_25_25_S (T0 = 20 °C)
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CBTM MIXTURE MIXED AT 25 °C, TRANSPORTED AND COMPACTED AT
25 °C, CURED FOR THE FIRST 14 DAYS AT 25 °C AND KEPT UNSEALED FOR
THE LONG TERM CURING (A_25_25_U)

Figure-A II-2 Graphic representation of the complex modulus results for the mixture
A_25_25_U (T0 = 20 °C)
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CBTM MIXTURE MIXED AT 5 °C, TRANSPORTED AND COMPACTED AT 5 °C,
CURED FOR THE FIRST 14 DAYS AT 5 °C AND KEPT SEALED FOR THE LONG
TERM CURING (A_5_5_S)

Figure-A II-I Graphic representation of the complex modulus results for the mixture
A_5_5_S (T0 = 20 °C)
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CBTM MIXTURE MIXED AT 5 °C, TRANSPORTED AND COMPACTED AT 5 °C,
CURED FOR THE FIRST 14 DAYS AT 5 °C AND KEPT UNSEALED FOR THE
LONG TERM CURING (A_5_5_U)

Figure-A II-4 Graphic representation of the complex modulus results for the mixture
A_5_5_U (T0 = 20 °C)
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CBTM MIXTURE MIXED AT 5 °C, TRANSPORTED AND COMPACTED AT 25 °C,
CURED FOR THE FIRST 14 DAYS AT 25 °C AND KEPT SEALED FOR THE
LONG TERM CURING (A_5_25_S)

Figure-A II-5 Graphic representation of the complex modulus results for the mixture
A_5_25_S (T0 = 20 °C)
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CBTM MIXTURE MIXED AT 5 °C, TRANSPORTED AND COMPACTED AT 25 °C,
CURED FOR THE FIRST 14 DAYS AT 25 °C AND KEPT UNSEALED FOR THE
LONG TERM CURING (A_5_25_U)

Figure-A II-6 Graphic representation of the complex modulus results for the mixture
A_5_25_U (T0 = 20 °C)
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CBTM MIXTURE MIXED AT 25 °C, TRANSPORTED AND COMPACTED AT 5 °C,
CURED FOR THE FIRST 14 DAYS AT 5 °C AND KEPT SEALED FOR THE LONG
TERM CURING (A_25_5_S)

Figure-A II-7 Graphic representation of the complex modulus results for the mixture
A_25_5_S (T0 = 20 °C)
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CBTM MIXTURE MIXED AT 25 °C, TRANSPORTED AND COMPACTED AT 5 °C,
CURED FOR THE FIRST 14 DAYS AT 5 °C AND KEPT UNSEALED FOR THE
LONG TERM CURING (A_25_5_U)

Figure-A II-8 Graphic representation of the complex modulus results for the mixture
A_25_5_U (T0 = 20 °C)
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CBTM MIXTURE WITHOUT CEMENT MIXED AT 5 °C, TRANSPORTED AND
COMPACTED AT 5 °C, CURED FOR THE FIRST 14 DAYS AT 5 °C AND KEPT
SEALED FOR THE LONG TERM CURING (A_5_5_0C_S)

Figure-A II-9 Graphic representation of the complex modulus results for the mixture
A_5_5_0C_S (T0 = 20 °C)
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CBTM MIXTURE WITHOUT CEMENT MIXED AT 5 °C, TRANSPORTED AND
COMPACTED AT 5 °C, CURED FOR THE FIRST 14 DAYS AT 5 °C AND KEPT
UNSEALED FOR THE LONG TERM CURING (A_5_5_0C_U)

Figure-A II-10 Graphic representation of the complex modulus results for the mixture
A_5_5_0C_U (T0 = 20 °C)

ANNEX III
REPEATABILITY STUDY ON THE LABORATORY PRODUCTION PROCESS OF
CEMENT BITUMEN TREATED MATERIALS WITH FOAMED BITUMEN
Simone Raschiaa, Amir Rahmanbeikia, Daniel Perratona, Alan Cartera, Andrea Grazianib,
Andrea Grillic
a

Construction Engineering department, École de technologie supérieure (ÉTS) 1100, NotreDame Street West, Montreal, Canada
b
Department of Civil and Building Engineering, and Architecture, Università Politecnica
delle Marche, Via Brecce Bianche, 60131 Ancona, Italy
c
Department of Economics, Science and Law, University of the Republic of San Marino,
San Marino
Article accepted for presentation on July 2020 at the 9th International Conference on
Maintenance and Rehabilitation of Pavements (MAIREPAV9), Zurich, Switzerland

A-III.1

Abstract

Cold recycled materials are mixes with high percentages of reclaimed asphalt (RA), while the
binding phase is commonly composed of Portland cement and bitumen (emulsion or foam).
The reproduction of such materials in the laboratory is an im-portant issue for an accurate mix
design, even more when applying a volumetric approach. Particularly, the lack of a specific
control on the reliability of the foaming bitumen machine seems to hinder the potentiality of
these mixtures. Hence, the goal of this study is to assess the composition variability of several
batches produced in the laboratory starting from a specific cement-bitumen treated materials
(CBTM) recipe and production procedure. An ignition oven was used to measure RA binder
and the effective foamed bitumen amounts in produced specimens and a compari-son between
maximum dry density and theoretical maximum dry density was car-ried out.
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The results have shown that the volumetric approach is a suitable tool to obtain the desired
volumetric properties in CBTM produced with foamed bitumen. A certain variability between
the theoretical maximum dry density and the measured value can be caused by the variability
of bitumen content in the mixture.
A-III.2

Introduction

Cold recycling of bituminous pavements can be processed in-place or in-plant, and the
reclaimed asphalt (RA), up to 100% of the granular mass, is usually treated with a bituminous
binder in form of bituminous emulsion or foamed bitumen, and cement (Bowering, 1970;
Jenkins, 2000a). Even if many successful sections using cement-bitumen treated materials
(CBTM) have been built over the past 25 years (Bergeron, 2005; Kowalski & Starry, 2007),
the use of cold recycling seems still limited to specific project and commonly not adopted as a
design tool. The gaps among scientific knowledge and relationship between the laboratory
procedures and field performances and the definition of a rep-resentative curing methodology
are still open challenges (Cardone et al., 2014; Gandi, 2018).
A-III.3

Background and research objective

The intrinsic heterogeneity of the tested materials related to the sampling, preparation and
testing methods cause a certain variability of the results. When using RA, the result variability
is generally greater than when using virgin aggregates (Copeland, 2011; Zaumanis et al., 2018).
Obviously, this discrepancy can be reduced when the RA storage and treatment processes are
managed properly (Nady, 1997; West, 2009). For CBTM, there is limited information on the
acceptable variability for the different characteristics and mix performance. For example,
Carter et al. (2007) have shown a coefficient of variation (COV) of 11% on Marshall Stability
measured on 106 specimens of the same field samples of cold recycled material. This is higher
than the maximum 6% COV limit according to ASTM D6927-15 standard for asphalt mixtures.
High variability has also been shown for laboratory measured rutting and fatigue resistance in
the project “Characterization of Advanced Cold-Recycled Bitumen Stabilized Pavement
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Solutions” (COREPASOL) project (Čížková et al., 2014) that was done specifically on cold
recycled materials. According to the authors, the variability may be due to the variability of
the RAP itself and also because of the different compaction method used. The variability in
the maximum specific gravity was also evaluated in COREPASOL, and the highest standard
variation measured was 0.288 (Batista et al., 2014) which is higher than the usual 0.016 limit
used for asphalt mixtures for different laboratories according to ASTM D2041-19.
In most of the studies available in the literature, part of the variability measured can be linked
to the different compaction methods, the variability of the RAP source and to the mix design
methodology. Differently to hot mix asphalt (HMA), most CBTM mix design are not based on
the volumetric properties. An accurate volumetric approach for CBTM in the fresh state can
help in reducing the variability of the mix and results (Grilli et al., 2012). The aim of the study
is to evaluate the composi-tion variability of CBTM with foamed bitumen and cement
following a volumetric mix design procedure.
A-III.4

Materials and methdology

A-III.4.1 Materials
Main properties of the RA aggregate employed in the CBTM produced are listed in Table-A
III-1, whereas the characteristics of the bitumen used for foaming are collected in Table-A III2. Foamed bitumen was produced by a laboratory unit at a temperature of 170 °C and a foaming
water content of 1.9% by bitumen weight. The cement is a general use (GU) type (CSA A3000)
with compressive strength at 28 days of 43.9 MPa (ASTM C109).
Table-A III-1 RA aggregate properties
Property

Standard

Unit Value

Binder content

ASTM D6307

%

Nominal maximum particle dimension ASTM D448-03
Maximum specific gravity

4.79

mm 16

ASTM C127-128 -

2.482
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Table-A III-2 Basic properties of bitumen for foaming
Property

Standard Unit

Value

Penetration

EN 1426 0.1 mm 64

Softening point

EN 1426 °C

52

A-III.4.2 Mixtures
Table-A III-3 shows the typical mix composition for a 30 000 g batch, containing 90% of RAP,
5.7% filler (virgin aggregate), 1.4% Portland cement and 2.9% of foamed bitumen. Six
different 30 kg CBTM batches (Table-A III-4) were prepared in this study to limit the effect
of the possible variability of the foam dosage.
Table-A III-3 CBTM mixes composition
Components
RAP

Filler

Cement Bitumen

MRAP

MFILL

MCEM

Intergranular Absorbed

Total

water

water

MBIT

MWI

MWA

26005.2 1659.9 415.0

830.0

830.0

260.1

2.486

2.650

3.015

1.015

1.000

1.000

Volume

VRAP

VFILL

VCEM

VBIT

VWI

VWA

(cm3)

10486.0 626.4

137.4

817.7

830.0

260.1

482.4

86.7

5.5

1.4

2.8

2.8

0.9

100.0

79.7

4.8

1.0

6.2

6.3

2.0

100.0

Mass (g)
Density
(g/cm3)

30000.0

Proportion
(% by mass
of mix)
Proportion
(% by
volume of
mix)
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In fact, the capacity of the pug mill is suitable for 30 kg batches and a reduced amount would
probably mean a not uniform blending between the granular material and the foamed bitumen.
Each batch produced was then compacted in laboratory with different techniques (Marshall
hammer, Shear Gyratory Compaction (SGC) 100mm and 150mm, and Proctor rammer). After
curing for 14 days at 40 ± 2 °C and RH of 55 ± 5% specimens were tested and the remaining
material was crashed to conduct control tests on the mixtures, such as maximum dry density
tests by pycnometer (Gmm) and bitumen content by ignition oven (3 repetitions of each test on
each batch produced).
Table-A III-4 CBTM batches produced and experimental tests
Batch number

Compaction technique

Experimental tests

B1

Marshall

B2

SGC 100

B3

SGC 150

3 x Gmm (total of 18)

B4

SGC 150

3 x Ignition oven (total of 18)

B7

Proctor 150

B8

Proctor 150

A-III.4.3 Methodology
A CBTM mixture was produced in the laboratory using fixed constituent materials and
dosages. After checking the bitumen content by ignition testing, the theoretical maximum
specific gravity was calculated and compared with the maximum specific gravity measured on
laboratory samples.
Considering that replicate batches of a homogeneous mix have to show the same value of the
maximum specific gravity, the variability of the mixes was assessed by monitoring the
maximum specific gravity on the cured samples (after 14 days at 40 °C and 55% of RH) from
each batch according to the ASTM D2041/D2041M − 19 standard.
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The total bitumen content (bitumen in the RA and added foamed bitumen) was measured with
the ignition oven. The theoretical maximum specific gravity can be calculated through Eq.
(A III-1) and (A III-2). With Eq. (A III-1), the Gmm is calculated according to the total volume
of the loose mix, with no voids, and with Eq. (A II-2) the Gmm only considers the solid particles,
not the bitumen.
G

=

M
V

=

M
M
ρ

+M
M
+
ρ

+M
M
+
ρ

+M
M
+
ρ

(A III-1)

Theoretical Gmm,s (with respect to the solid phase: RAP, filler and cement)
G

,

=

M
V

=

M
M
ρ

+M
M
+
ρ

+M
M
+
ρ

(A III-2)

The theoretical percentage of foamed bitumen (%b ) content can be calculated with respect
to the solids volume (RAP, filler and cement) by using both G

calculated from Eq. (A III-

1) and (A III-2):
%b =

ρ
G

∙ (G
∙ (G

,
,

−G
−ρ

)
∙ 100
)

(A III-3)

The %b value obtained with Eq. (A III-3) represents the target value for mix design. Using
equation (A III-3), it is possible to calculate the percentage of bitumen according to the
measured G

( )

(%b

) corresponding to each G

test, using the measured value of G

( )

instead of the theoretical one.
In addition to this, ignition oven test was also performed to assess the total bitumen content of
( )

the mixtures (%b

). From previous RAP characterization tests, the RAP binder is fixed at

4.79% by mass of the RAP aggregate (10 samples with standard deviation s = 0.229), which
corresponds to 4.31% by dry mass (RAP, Filler, cement and foamed bitumen).
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Using again Eq. (A III-3), it is possible to evaluate the values for G

( )

by calculation knowing

the foamed bitumen by ignition test.
G

A-III.5

( )

=

ρ

G , ∙ρ
∙ (1 − %b ( ) ) + (G

,

∙ %b ( ) )

∙ 100

(A III-4)

Results and discussion

A-III.5.1 Laboratory tests
According to the considerations previously made, values related to Eq. (A III-1) and (A III-2)
for this study are G

= 2.396 kg/dm3 and G

,

= 2.496 kg/dm3. As a consequence, by Eq.

(A III-3), %b = 2.87% by solids weight (RA, filler and cement). It is important to remark that
these are theoretical (and target) values related to the mix design.
As already mentioned, G

values and the bitumen content by ignition oven were measured

on eighteen samples. For both tests, average value X, standard deviation s and confidence
interval μ± (Eq. (A III-5)) were calculated on a sample of 18 values, fixing a level of
confidence α = 99.9%.
μ± = X ± t
Figures A III-1 and A III-2 show the G

;

∙

s

(A III-5)

√n

and bitumen content values in relationship with their

confidence intervals, respectively.
The average value of bitumen content is 8.28% with a standard deviation of 0.783 while the
average value of G
the G

is 2.420 with a standard variation of 0.013. According to these results,

values are 67% reproducible (12 values on 18 are in the confidence interval). On the

other hand, ignition oven tests were 83% reproducible (15 values on 18 are in the confidence
interval).
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Figure-A III-1 Measured Gmm for all 18 specimens

Figure-A III-2 Measured bitumen content in
comparison with confidence interval
( )

Moreover, the value %b
( )

to %b

is linearly related to G

( )

, whereas the value G

( )

is linearly related

, as shown in Figure-A III-3. It is important to remark that such calculations are valid
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assuming that the solid phase composition (RAP, filler and cement), and then the G

,

, are

consistent with the mix design.
From the results shown on Figure-A III-3, it can be observed that the ignition oven test
overestimates the values of the added foamed bitumen in the mix, affecting in this manner the
respective G

( )

values. This can be caused by an undesired material loss in the oven due to the

high temperatures. According to Rodezno et al. (2017), using lower temperature with the
ignition oven when RAP is present should reduce the variability.
At the same time, values obtained by the pycnometer test for the maximum specific gravity
overestimate the G

( )

, if compared to the theoretical value. Those higher values mean lower

amount of foamed bitumen in the mix. This is, in some way realistic, because during the
production and mixing of the foam mixture, it is clearly visible that not all the foamed bitumen
is spread in the granular material. In fact, a significant amount tends to stick on the internal
walls or the beaters of the pug mill. Moreover, a higher G

than the theoretical value (and a

lower amount of foamed bitumen) can also be an indicator of bitumen absorption from the
granular components. This would be unexpected in this case since the mix is made with RAP
that should not absorb bitumen, and filler that also does not absorb bitumen.

Figure-A III-3 Bitumen content according to Gmm
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Figure-A III-4 Relationships between G

The correspondence between G

( )

and G

( )

( )

and G

( )

, and %b

( )

( )

, as well as between %b

and %b

( )

( )

and %b

, can be

observed in Figure-A III-4. Having found two different ranges of values for the G

, the

evaluation of the air voids in the specimens should be carried out considering separately with
G

( )

and G

( )

. The density of the compacted specimens has been assessed by geometrical

measurements and recording the weight at the end of curing (G ). For the volume
measurements, three measures of diameter and three measures of the height of the specimens
were used. The air voids are calculated using Eq. (A III-6).
Air voids (%) =

G

−G
G

∙ 100

In the analysis, three different air voids content (Figure-A III-5) were calculated:
•

%Vth, which refers to the theoretical value of G

•

%V(1), which refers to G

( )

(pycnometer test);

•

%V(2), which refers to G

( )

(calculated from ignition oven results).

;

(A III-6)
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Figure-A III-5 The three different calculated air voids
according to the different compaction methods
The air voids of the specimens made from the two batches compacted with the Proctor rammer
were not measured because the height of the specimens were difficult to evaluate. The top
surface of those specimens were uneven making an average height not representative. For all
the compaction methods, the highest air voids is the one calculated according to the
pycnometer test. It is interesting to note that even if the ranking of the different air voids
remains the same for each compaction methods, the amplitude of the differences are quite
different. Higher variability can be observed for batch 1, which are the specimens compacted
with the Marshall hammer.
Figure-A III-6 shows that the air voids measured decrease with the decrease of the Gmm and
the increase in the foamed bitumen content. The values related to the theoretical value of Gmm
are placed in between the two calculations made using the pycnometer test and the ignition
oven test.
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Figure-A III-6 Air voids vs Gmm and foamed bitumen content
A-III.4

Conclusion

In this study, the variability of a CBTM mix made with foamed bitumen was tested. The
variability in the components was evaluated based on the maximum specific gravity, Gmm, and
the bitumen content. The theoretical values based on volumetric calculations and the laboratory
measured values were compared. The main conclusions are:
•

The amount of bitumen measured with the ignition oven and the one calculated from the
Gmm are different. The bitumen content from the ignition oven is higher than the target
value. This is probably due to the loss of fine particles during the ignition test;

•

The measure Gmm is higher than the theoretical value. This is normally explained by lower
bitumen content which is not the case here according to the ignition oven results. However,
as mentioned previously, we believe that the ignition results are too high.

•

The volumetric approach can’t be validated by the two chosen test, but it can be used as a
tool to estimate real foam bitumen content.

The next step in this study is to test a greater number of specimens to have a better
understanding of the variability. Different mix design should also be tested. The same exercise
should also be carried out with mixes made with bituminous emulsion.
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A-IV.1

Abstract

Cold recycling of reclaimed asphalt (RA) is a promising technique to build or to maintain
roads, combining performance and environmental advantages. Although this technique has
been extensively used worldwide, there is no unique and internationally-shared method to
characterize cold recycled mixtures. The previous work of the RILEM TC 237-SIB TG6
successfully attempted to characterize different RA sources with both traditional parameters
(gradation, bitumen content and geometrical properties) and non-conventional properties
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(fragmentation and strength testing). The current RILEM TC 264-RAP TG1 mainly focuses
on the influence of different RA sources on physical and mechanical characteristics of cementbitumen treated materials (CBTM) using foam or emulsified bitumen, taking into consideration
compaction and curing methods. This paper presents results from the first step of the interlaboratory project in which foamed bitumen and cement were used as binders. The influence
of two RA sources, one from Alabama (USA) and one from San Marino, were investigated
through the collaboration of several laboratories. Specimens were manufactured with the same
diameter by means of both Marshall and gyratory compactors and then cured following two
procedures: free surface drying (FSD) and partially-surface drying (PSD). A preliminary study
allowed obtaining specimens with similar volumetric properties. Along with compactability
and water loss, the indirect tensile stiffness modulus was measured and analyzed. The results
have shown that the RA source and curing procedure influence the CBTM mechanical
properties.
A-IV.2

Introduction

Cement-bitumen treated materials (CBTM) are produced with a significant amount of
reclaimed asphalt (RA), bitumen emulsion or foamed bitumen, cement and water. CBTM is a
hybrid material which inherits properties from both asphalt concrete (AC), since the
bituminous component plays a significant role, and cement-treated materials (CTM), since the
cement influences stiffness and curing of the mixture (Cardone et al., 2014; Grilli et al., 2012).
The RILEM TC 237-SIB TG6 on cold recycling worked in 2012-2018 on the characterization
of reclaimed asphalt to be used for cold recycling (Tebaldi et al., 2019). This characterization
differs from the commonly used RA characterization when used in hot recycling where the
aged bitumen softens, and the aggregate gradation combines with the virgin materials that
usually are the dominant component. In cold recycling, the RA behaves as it is and for instance
black gradation, fragmentation resistance and geo-metric properties of particles have a
significant influence on the performance of the final product. At the end of the TG6 mandate,
the RILEM TC 264-RAP launched a new TG, so-called TG1, on cold recycling with the
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purposes of sharing mix design and curing procedures that can better support the selection of
the optimum mixture in relationship with RA characteristics and product performance. A new
inter-laboratory testing program has been proposed to the TG1 members to evaluate the
influence of different RA sources, appropriately selected and characterized, on strength and
stiff-ness of cold recycled mixtures. The objectives of this paper were to assess both the
influence of the RA source and curing conditions on properties of CBTM, such as water loss
and stiffness.
A-IV.3

Materials

Two RA sources, one from the Republic of San Marino so-called RA1 and another one from
NCAT-USA so-called RA2, were preliminary characterized by means of the fragmentation
test which measures the amount of produced fines (passing material to 1.7 mm sieve size) after
modified Proctor compaction (Perraton, Tebaldi, et al., 2016). The RA1 and RA2 properties
are reported in Table-A IV-1. The two RA sources mainly differ each other by fragmentation
resistance, gradation and maximum size. A mineral filler characterized by 91% of passing
material at 0.080 mm sieve size, 50.1% voids of dry compacted filler measured by means of a
Rigden apparatus (EN 1097-4) and a stiffening power ΔR&B of 11.5 °C (EN 13179-1) was
selected to adjust both RA gradations following the respective maximum density curves. A
GU type cement (CSA A3000) with compressive strength at 28 days of 43.9 MPa (ASTM
C109) and Blaine surface area of 410 cm2/g was chosen to improve the bituminous mastic
consistency and short-term resistance. The bitumen has a penetration value of 64 mm·10-1 (EN
1426) and a softening point of 52 °C (EN 1427). A preliminary study established 1.9% of water
by bitumen weight to achieve at 170 °C an expansion ratio of 10 and half-life of 6 s considered
suitable for foam applications.
The two CBTM mixtures consisted of 4.0% of added water, 3.0% of bitumen, 1.5% of cement,
5.5% and 10.0% of filler and 93.0% and 88.5% of RA, for RA1 and RA2 respectively. Dosages
refer to the total solid weight (RA, filler and cement). The dosages of water and bitumen were
chosen according to common values typically used for cold recycled materials (Grilli et al.,
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2016). Mixtures were coded as CBTM16RA1 and CBTM10RA2 using RA1 and RA2
respectively. CBTM16RA1 and CBTM10RA2 gradation follow the Fuller distribution with
Dmax = 16 mm and Dmax = 10 mm, respectively.
Table-A IV-1 Properties of RA1 and RA2
Property

Standard

Unit

RA1

RA2

Bitumen content

ASTM D6307

%

5.51

5.49

Nominal maximum particle size

ASTM D448-03

mm

16

10

Maximum specific gravity

ASTM C127-128

-

2.482

2.498

Water absorption

ASTM C127-128

%

1.10

1.08

Fragmentation @ 5 °C

ASTM D1557

%

7.6

-

Fragmentation @ 20 °C

ASTM D1557

%

6.7

13.9

Flakiness index

EN 933-3

%

5

-

Shape index

EN 933-4

%

3

-

A-IV.4

Testing methods and procedure

According to a preliminary study, the two mixtures were compacted to get a representative air
void content of 14.3% ± 1% using both Marshall and Shear Gyratory Compactor (SGC). The
compaction with Marshall was performed employing around 1100 g of mixture placed in the
mould and compacted with 50 blows on each side. The same amount of material was used for
specimens compacted with the SGC. In this case, the compaction was carried out at fixed
specimen height, 67.7 mm, which was reached with an average of 40 gyrations for mixtures.
Compacted specimens were demoulded and divided into two subseries following two
protocols: free surface drying (FSD) and partially sealed drying (PSD). FSD required
specimens to be cured in the air so they can dry from all sides, whereas PSD required to seal
the cylinder sides of the specimen by a plastic film to allow drying only from the specimen top
surface.

313

Specimens were cured in a climatic chamber for 14 days at 40 ± 2 °C and 55 ± 5% of relative
humidity and weighted every day to monitor the water loss over time. Both mixtures were
characterized in terms of the indirect tensile stiffness modulus (ITSM) test at 2, 10 and 20 °C
(EN 12697-26). ITSM was measured after 3 hours conditioning at the testing temperature. At
least 3 test repetitions for each series were performed.
A-IV.5

Results

A-IV.5.1 Water loss
Figure-A IV-1 shows the average values of water loss as a function of curing days at 40 °C for
both CBTM16RA1 and CBTM10RA2. The results shown are related only to Lab.1 and each
curve is an average of 10 specimens.

Figure-A IV-1 Experimental data of water loss for the studied mixtures
Water loss evolution appears to follow a bilinear trend changing rate significantly after 3-day
curing period. As can be noticed in Figure-A IV-1, the general trend does not seem influenced
by the compaction method and mix type, whereas the curing method influenced the water loss
evolution, considerably. PSD method showed a lower water loss than FDS method. At the
same time, Marshall compacted specimens showed higher water loss than SGC compacted
specimens, probably caused by the different intergranular voids dispersion and size.

314

The experimental data were analyzed by a bilinear regression considering the inter-section
point at a 3-day curing time and Table-A IV-2 shows the regression factors (s = slope; k =
intercept value and R2 = regression coefficient) for all series. FSD implied a fast decrease of
water content until 3 days (phase 1) then a rather flat evolution (phase 2). This evolution was
less remarkable for PSD series. FSD showed a higher rate difference between phase 1 and
phase 2 than PSD. By extending the regression equation, PSD required more than 10 additional
days to reach the FSD final water content.
Table-A IV-2 Properties of RA1 and RA2

Series

Regression factors

Regression factors

0-3d (Phase 1)

3-14d (Phase 2)

s1

k1

R2

s2

k2

Phase1 PSD
vs

vs

Phase2 FSD
R2

s2 / s1
(%)

Δdays

CBTM16RA1 Marshall FSD

-0.823 3.845 0.934 -0.025

1.629 0.858 3.094

-

CBTM10RA2 Marshall FSD

-0.856 3.724 0.952 -0.010

1.381 0.779 1.116

-

CBTM16RA1 Marshall PSD

-0.499 3.909 0.962 -0.085

2.731 0.977 16.988

16

CBTM10RA2 Marshall PSD

-0.563 3.798 0.951 -0.051

2.341 0.871 9.027

21

CBTM16RA1 SGC 100 FSD

-0.516 3.977 0.956 -0.024

2.494 0.854 4.695

-

CBTM10RA2 SGC 100 FSD

-0.507 3.525 0.739 -0.016

2.222 0.692 3.119

-

CBTM16RA1 SGC 100 PSD

-0.417 4.001 0.973 -0.074

2.885 0.967 17.720

9

CBTM10RA2 SGC 100 PSD

-0.406 3.635 0.786 -0.058

2.684 0.944 14.264

11

A-IV.5.2 ITSM
Figure-A IV-2 depicts the ITSM values at 2, 10 and 20 °C for all series. It can be affirmed that
PSD allows higher ITSM values than FSD. Moreover, CBTM10RA2 seems stiffer than
CBTM16RA1 as well as SGC specimens seems to have higher stiffness than Marshall
specimens. Slow water evaporation and a higher water content allows more effective cement
hydration to be achieved with direct effect on stiffness values. However, the results from
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different laboratories showed a notable scattering of values. Probably 3 repetitions for each
series are not enough and the reproducibility of the testing method has to be improved.

Figure-A IV-2 ITSM results for: a) CBTM16RA1, b) CBTM10RA2
A-IV.6

Conclusions

This paper shows the results from the first phase of the RILEM 264-RAP TG1 inter-laboratory
project focused on cold recycling. Particularly, the influence of two RA sources in two
mixtures using foamed bitumen and cement as binders were investigated. The results showed
that even if RA2 has fragmentation value poorer than RA1, the correction of the gradation
curve through mineral filler following the respec-tive maximum density gradation (Fuller
distribution) allows CBTM10RA2 to behave similarly to CBTM16RA1. Water loss evolution
followed a bilinear trend changing rate after a 3-day curing period, significantly. FSD induced
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a fast decrease of water content until 3 days (phase 1) then a rather flat evolution (phase 2)
with the highest rate difference between phase 1 and phase 2. PSD prevented water evaporation
and potentially required more than 10 additional days to reach the FSD final water content.
The higher water content probably allows a more effective cement hydration in PSD entailing
higher ITSM values than FSD. Moreover, SGC specimens seems to show higher stiffness
values than Marshall specimens. However, the results from different laboratories showed a
remarkable scattering of values and reproducibility of the testing method has to be improved.
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A-V.1

Abstract

The use of reclaimed asphalt (RA) in road pavements is continuously gaining interest thanks
to the technical, economic and environmental advantages guaranteed by such sustainable
practice. Cold recycling techniques compared to traditional asphalt mixes allows a significant
reduction of energy, fume emissions, use of natural resources, etc. In this perspective, the Task
Group 1 on “Cold Recycling” of the RILEM Technical Committee on “Asphalt Pavement
Recycling” (TC 264-RAP) launched an interlaboratory test program (ITP) aimed at ensuring a
better understanding for cold recycled mixtures. The paper presents the results collected by a
restricted group of the participating laboratories testing cement-bitumen treated materials that
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included a single RA source and prepared with foamed bitumen. Gyratory compacted
specimens were used to evaluate the influence of curing (free, partial or restricted-surface
drying for 14 days at 40 °C at a relative humidity of 55±5%). Stiffness was evaluated as a
function of the curing stage and the corresponding water loss; strength was tested after 14 days
of curing testing specimens in both dry and wet conditions to also determine the water
sensitivity. As expected, the different curing conditions clearly influenced the rate of water
loss of tested samples with clear effects on mechanical properties and durability.
A-V.2

Introduction

The growing consciousness on the environmental sustainability is promoting the re-use of
reclaimed asphalt (RA) in road pavements to avoid disposal and preserve natural raw materials.
In this regard, cold recycling in road pavements is continuously gaining interest thanks to the
technical, economic and environmental advantages that could be guaranteed (Grilli et al.,
2018). Cold recycling of RA is usually performed in cement-bitumen treated materials
(CBTMs) produced at ambient temperature; this construction technology allows a sensible
reduction of energy consumptions and emissions with respect to traditional hot mix asphalt.
Successful CBTMs applications have been worldwide demonstrated, particularly in the case
of base and subbase layers (Cardone et al., 2014; Hugener et al., 2014). The presence of cement
and water determines an evolutive behavior of CBTMs strictly related to the curing processes
which in turn are clearly affected by the adopted construction procedures (Graziani et al.,
2016). Significant efforts have also been made by research-ers to properly characterize the
mechanical properties of RA aggregates to be used in cold recycled mixes (Tebaldi et al.,
2019). Given this background, Task Group 1 (TG1) on “Cold Recycling” of the RILEM
Technical Committee TC 264-RAP on “Asphalt Pavement Recycling” launched an
interlaboratory test program (ITP) investigating, among others, the effect of the curing
conditions on the evolutive behavior as well as on the final properties of CBTMs prepared with
different RAs and bituminous binders (foamed bitumen or bituminous emulsions). A total of
12 laboratories from 10 countries are actively involved in the TG1 activities.
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A-V.3

Background and research objective

One of the crucial aspects related to the CBTM pavement layers is related to the construction
procedures and, in particular, to the operations planned after the laying and compaction of such
layers. The environmental site conditions, the possible different treatments of the upper surface
as well as the scheduled time of the construction phases strongly affect the evolution of the
moisture content within the mixtures with clear effects on the effective properties of CBTMs
thus influencing the final behavior of the whole pavement. In this regard, the present paper
illustrates a part of the above-mentioned ITP carried out in the framework of the activities of
RILEM TG1 TC 264-RAP and specifically aimed at investigating the influence of curing
conditions on the performance of CBTMs. CBTMs were produced using the same physical
raw materials: single source of RA (RA1) and foamed bitumen (FB). The experimental results
were collected by a restricted group of the TG1 participants, i.e. the University of Padova
(Italy), the École de Technologie Supérieure (Canada) and the University of Parma (Italy),
using a specific sample size compact-ed with the same technology: 150 mm cylinder from
Shear Gyratory Compactor (SGC).
A-V.4

Experimental approach

A-V.4.1 Materials and mixtures
TG1 provides the same constituent raw materials (RA, filler, cement and bitumen for foaming)
to all the involved laboratories along with a specific mix design to be followed. Based on the
volumetric approach described in Grilli et al. (2012), the total solid part of the studied CBTMs
was composed of RA, filler and cement. For this research, a RA1 with maximum aggregate
size of 16 mm was used. The RA1 was characterized by a target gradation whose envelope is
reported in Table-A V-1. In the final aggregate composition, the RA1 was integrated with filler
(particle size < 0.063 mm) dosed at 5.5% of the total solid weight. A cement GU type (CSA
A3000) with compressive strength at 28 days of 43.9 MPa dosed at 1.5% of the total solid
weight was selected as co-binder. A bitumen for foaming was used at 3.0% by the total solid
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weight. Such a 2:1 bitumen to cement ratio avoided excessive brittleness of the mixture (Grilli
et al., 2012). Figure-A V-1 shows linear viscoelastic properties in terms of master curves of
complex modulus G* and phase angle δ of the base binder. The basic binder characteristics
provided by the producer are shown in Table-A V-2. Mix design also required 3.0% added
water by the total solid weight. The overall mix design is summarized in Table-A V-3.
Table-A V-1 RA1 target gradation envelope
Size [mm]

20

16

8

4

2

1

0.5

0.25

0.125

0.063

Min. passing [%]

96

93

73

49

31

17

9.5

7.5

5

3

Max. passing [%]

100

100

79

53.5

37

25

17.5

10

5.5

4

Figure-A V-1 Foamed bitumen master curves (34 °C): shear complex
modulus G* (a) and phase angle δ (b)

Table-A V-2 Basic properties of bitumen for foaming
Property

Standard Unit

Value

Penetration

EN 1426 0.1·mm 64

Softening point

EN 1426 °C

52
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A-V.4.2 Mixing, compaction and curing
After oven-drying at 40 °C, the selected RA1 was adequately mixed with filler and cement
according to the mix design formulation achieving a homogeneous blend which was then
accurately mixed with the added water. At the mixing time, the foamed bitumen was added to
the wet aggregate blend immediately before the final mixing process carried out by an
automatic equipment. In particular, the foamed bi-tumen was produced using a foaming unit
adopting standardized temperature and water flow rate (170 °C and 1.9% of the bitumen
content, respectively) based on a preliminary optimization study. In this regard, the spraying
time was set to obtain an expansion ratio of 10 and a half-time of about 6 s. Lab_1 used a
mortar mixer while pugmill mixing unit was used by Lab_2 and Lab_3.
Table-A V-3 CBTM adopted mix design
Component RA1

Filler

Cement

Bitumen Water

Dosage [%] 93.0*

5.5*

1.5*

3.0**

*

3.0**

of the total solid weight (RA1 + filler + cement)

** by the total solid weight (RA1 + filler + cement)
The 150-mm diameter samples were compacted using an undrained SGC mold to target void
content of 14.3% (pressure of 600 kPa; rotation speed of 30 rpm; angle of inclination of 1.25 °).
In this regard, the following Table-A IV-4 reports the actual average bulk densities (Gmb)
measured by the different laboratories based on the geometric dimensions of specimens at the
beginning of curing. The theoretical maximum specific gravity (Gmm) of the CBTM is also
reported. Samples were then subjected to a curing period of 14 days at 40 °C with a relative
humidity of 55±5% in three different conditions. In particular, the so-called Free-Surface
Drying (FSD) allows free evaporation from the lateral and top specimens’ surfaces whereas
the Partial-Surface Drying (PSD) was achieved by sealing the lateral surface of cylindrical
samples, thus allowing evaporation only from the top surfaces. Finally, Restricted-Surface
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Drying (RSD) was also evaluated by curing the specimens wrapped in sealed bags to avoid
any free evaporation.
Table-A V-4 Volumetric properties of CBTM samples
Property

Lab_1

Lab_2

Lab_3

Average bulk densities (Gmb) [g/cm3]

2.124

2.035

2.035

Maximum specific gravity (Gmm) [g/cm3] 2.396

2.396

2.396

A-V.4.3 Experimental plan and testing methods
Indirect Tensile Stiffness Modulus (ITSM) tests were carried out at 25 °C at different curing
stages (from 1 to 14 days) in order to relate the evolution of the material properties with the
corresponding moisture loss (ML). ML is the percentage of mass loss in accordance to the
initial sample weight (fresh). At the end of the curing stage (14 days) ITSM was also measured
at 2, 10 and 20 °C to evaluate the temperature sensitivity of the mixture. Tests were executed
according to EN 12697-26/Annex C applying load pulses with 124 ms of rise-time at a target
peak horizontal deformation of 7 μm (Poisson’s ratio was fixed at 0.35). Stiffness properties
at 25 °C at the different curing stages were also assessed using the Ultrasonic Pulse Velocity
(UPV) non-destructive test according to ASTM C 597. The pulse waves propagation through
the mix was used to estimate the dynamic modulus of elasticity at a reso-nant frequency of 54
kHz. Prior to the test, samples were conditioned 3 hours at the testing temperature.
The cured specimens were also subjected to indirect tensile strength ITS tests (EN 12697-23).
ITS was evaluated at 25 °C for all samples. Wet conditioning was 3 days in water at 40 °C
according to EN 12697-12. This allowed calculating the Indirect Tensile Strength Ratio (ITSR)
as an indicator of the water resistance of the tested CBTMs. A summary of experimental plan
is schematized in Figure-A V-2.
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Figure-A V-2 Schematic summary of the experimental plan
A-V.5

Results and discussion

A-V.5.1 Moisture loss
Figure-A V-3 shows the evolution of the moisture loss ML in accordance to the curing time.
Figure-A V-3a depicts the results obtained by different laboratories in the case of FSD cured
samples (6 specimens for Lab_1 and 10 specimens for Lab_2; Lab_3 did not assess ML)
whereas Figure-A V-3b shows the comparison among the different curing procedures (FSD,
PSD and RSD) by reporting the average data along with the corre-sponding error bars at 90%
confidence level.
It can be clearly observed that the curing condition strongly influenced the ML evolution.
Obviously, the higher the “restrictions” to the water evaporation is, the lower the moisture loss
is during time. This happened till the end of the fixed curing phase. After 14 curing days at
40 °C, the residual water content by the mix weight was 0.60% for FSD, 1.25% for PSD and
1.93% for RSD samples bearing in mind that the total water content (wmix) is 2.83% by mix
weight. Indeed, specimens in a completely-cured state are expected to exhibit a ML equal to
the wmix minus the water of ce-ment hydrated products, thus not countable for evaporation.
Therefore, in the case that 0.53% of the total water would be part of the hydrate products
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(cement hydration degree of 90%), a maximum water loss could be estimated around 2.30%
by mix weight (Cardone et al., 2014). In this respect, regardless the testing laboratories, FSD
specimens (Figure-A V-3b) effectively approached such value also showing a quasi-constant
behavior after 7 days curing at 40 °C (after one curing day the ML is already more than 50%).
This finding suggests that the ML can be considered sub-stantially concluded after 14 days in
this curing condition. On the other hand, lower ML values and more progressive evolution of
ML during the whole curing phase can be observed for PSD and RSD denoting that water is
still remaining in samples even after 14 days curing in the established conditions. Comparable
findings were obtained by other researchers testing similar materials under analogous curing
conditions (Pasetto et al., 2019).

Figure-A V-3 Evolution of the ML in accordance to the curing time (40 °C): FSD
samples (a); average trend of Lab_1 and Lab_2 for the three surface drying
conditions tested (b)
A-V.5.2 Stiffness properties
The effect of curing on the CBTMs stiffness properties is depicted in Figure-A V-4 in terms
of ITSM (Figure-A V-4a) and UPV (Figure-A V-4b) test results; for each data group the
average ML is also reported. Results from both tests show similar trend and values (between
3000 and 7000 MPa) also consistent with field measurements from literature (Godenzoni et
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al., 2017; Graziani et al., 2017). As regards ITSM data, no difference was found between the
two methods of drying. In contrast, UPV data seem to show some differences. Based on UPV
data, RSD conditioning generally led to higher average stiffness values than the FSD during
the whole curing process, even if the experimental points are scattered. In this regard, it is
worth noting that the curing time affects the stiffness development of cold mixes due in
particular to the cement hydration process. Higher water content into CBTMs cured in RSD
conditions during the curing process could reasonably encourage cement hydration process
that could be beneficial to stiffness increase.
At the same time, specimens cured in FSD condition could be characterized by an incomplete
cement hydration and a slight oxidation process of the virgin binder. In this way, both FSD
and RSD conditions were able to reach similar stiffness values, despite the very different
residual water.

Figure-A V-4 ITSM (a) and UPV (b) stiffness test results vs. curing time
(test temperature = 25 °C)
Figure-A V-5 depicts the same stiffness data as a function of the corresponding ML. Results
show that RSD samples were characterized by higher stiffness at a given moisture loss level.
Moreover, the rate of stiffness increase seems similar in both FSD and RSD curing conditions
thus demonstrating the crucial role of the moisture loss. According to previous studies
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(Dulaimi et al., 2015), the experimental data also show that stiffness was still increasing at the
end of the curing period (14 days) at the given curing conditions, suggesting a still incomplete
development of the ultimate mix properties.

Figure-A V-5 ITSM (a) and UPV (b) test results vs. ML (tests temperature = 25 °C)
The influence of test temperature on the stiffness properties can be observed in Figure-A V-6.

Figure-A V-6 ITSM test results after 14 days curing at 40 °C: influence of
temperature (a) and ML (b)
In particular, Figure-A V-6a plots ITSM at 2, 10 and 20 °C test temperature for 14 days cured
FSD and PSD specimens. Again, PSD specimens were characterized by higher stiffness than
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FSD ones but the temperature sensitivity of the two samples appears almost equivalent.
Moreover, Figure-A V-6b summarizes the stiffness properties of the selected CBTM tested at
the end of curing by the different laboratories. Besides the already discussed aspects
concerning the influence of test temperature, curing conditions and moisture loss, it is worth
highlighting the higher stiffness measured by Lab_1 at 25 °C in FSD conditions with respect
to that detected by Lab_2 at the same curing conditions but at lower temperature (20 °C). This
fact can be likely explained by the higher bulk density of specimens tested by Lab_1 (Table-A
V-3).
A-V.5.3 Strength and moisture resistance
Strength and moisture resistance characteristics of 14 days cured samples are illustrated in
Figure-A V-7. Firstly, it is worth noting that the measured ITS values were similar to those
recently presented by other researchers investigating analogous materials in similar conditions
(Gandi et al., 2019).

Figure-A V-7 ITS and ITSR results at 14 days
Moreover, a good repeatability among the three involved laboratories can be detected by
observing the average dry ITS of specimens cured in FSD conditions. In this sense, Table-A
V-5 reports the main outcomes of the ANalysis Of VAriance (ANOVA) carried out at 95%
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confidence level in order to assess the statistical significance of the different measured average
values.
Table-A V-5 ANOVA test: laboratory’s reliability for dry ITS at 14 curing days
(FSD samples)
Property
ITSdry (FSD)

Lab_1 vs. Lab_2

Lab_1 vs. Lab_3

Lab_2 vs. Lab_3

Signif.?

p-value

Signif.?

p-value

Signif.?

p-value

Yes

0.046

No

0.552

Yes

0.049

On the other hand, the different curing procedures did not seem to strongly influence the tensile
strength of the CBTM tested in dry condition whereas a higher influence can be clearly
observed for wet conditioned samples, thus deeply affecting the related moisture resistance in
terms of ITSR. Reasonably, the greater wet ITS determined for PSD and RSD specimens could
be ascribed to the higher residual moisture at the time of wet conditioning. In any case, it is
worth specifying that the water resistance of the tested material can be considered still
acceptable in all the investigated conditions since an ITSR of 70% is commonly recognized as
threshold value for material acceptance (Kennedy & Anagnos, 1984).
A-V.6

Summary and conclusions

The present paper discusses a part of the results achieved during the first phase of the ITP
carried out in the framework of the activities of TG1 on “Cold Recycling” of RILEM TC 264RAP on “Asphalt Pavement Recycling”. Specifically, the influence of different curing
conditions (free, partial and restricted-surface drying) on the evolution of stiffness, strength
and moisture resistance properties of CBTMs with foamed bitumen was analyzed. Results from
three involved laboratories testing 150 mm diameter specimens prepared with SGC using
common source of RA, cement and filler were used to accomplish this objective. Based on the
experimental findings, the following main conclusions can be drawn:
•

CBTMs mechanical properties strongly depend on curing and water evaporation
conditions.
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•

Well-designed cured CBTMs are able to achieve noticeable stiffness and strength
properties, particularly when the curing conditions allow for a “controlled” water
evaporation with beneficial effects on cement hydration.

•

The studied CBTMs in cured state demonstrate an acceptable water resistance, regardless
the curing conditions.

Findings mainly highlighted that a “restrained” curing (e.g. early laying down of the upper
layer during field construction) causes a higher amount of water in the mixture at the end of
the process compared to the free-surface drying condition (i.e. extended field curing time
without restrictions). Nevertheless, this is not affecting mechanical properties in terms of
stiffness, strength and water sensitivity. More studies are encouraged to further investigate the
role of water and cement in CBTM mixtures, especially when foamed bitumen is used.

ANNEX VI
THERMO-RHEOLOGICAL MODELLING IN THE SMALL STRAIN DOMAIN OF
CEMENT-BITUMEN TREATED MATERIALS
Table-A VI-1 Generalized Kelvin-Voïgt (GKV) parameters for 40 elements
Element

A_Unsealed

A_Sealed

B_Unsealed

n

Ei

ηi

Ei

ηi

Ei

ηi

0

6.90E+03

-

6.85E+03

-

7.85E+03

-

1

2.73E+06

1.92E-12

3.35E+06

2.35E-12

8.64E+06

6.08E-12

2

4.28E+06

1.33E-11

5.17E+06

1.61E-11

1.23E+07

3.82E-11

3

2.90E+06

3.99E-11

3.54E+06

4.87E-11

9.43E+06

1.30E-10

4

2.97E+06

1.81E-10

3.76E+06

2.29E-10

1.31E+07

7.95E-10

5

3.86E+06

1.04E-09

4.76E+06

1.28E-09

7.62E+06

2.05E-09

6

2.57E+06

3.06E-09

2.96E+06

3.52E-09

7.00E+06

8.33E-09

7

2.40E+06

1.26E-08

2.88E+06

1.51E-08

4.66E+06

2.45E-08

8

1.75E+06

4.07E-08

2.00E+06

4.66E-08

3.96E+06

9.21E-08

9

1.55E+06

1.59E-07

1.81E+06

1.86E-07

2.79E+06

2.87E-07

10

1.18E+06

5.34E-07

1.33E+06

6.06E-07

2.27E+06

1.03E-06

11

1.01E+06

2.02E-06

1.15E+06

2.32E-06

1.66E+06

3.33E-06

12

7.84E+05

6.97E-06

8.79E+05

7.81E-06

1.31E+06

1.17E-05

13

6.58E+05

2.59E-05

7.40E+05

2.91E-05

9.77E+05

3.84E-05

14

5.21E+05

9.06E-05

5.76E+05

1.00E-04

7.63E+05

1.33E-04

15

4.32E+05

3.32E-04

4.77E+05

3.67E-04

5.73E+05

4.41E-04

16

3.45E+05

1.17E-03

3.76E+05

1.28E-03

4.43E+05

1.51E-03

17

2.84E+05

4.27E-03

3.08E+05

4.63E-03

3.35E+05

5.04E-03

18

2.28E+05

1.52E-02

2.45E+05

1.63E-02

2.57E+05

1.71E-02

19

1.86E+05

5.48E-02

1.99E+05

5.85E-02

1.95E+05

5.72E-02
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20

1.50E+05

1.95E-01

1.59E+05

2.06E-01

1.48E+05

1.93E-01

21

1.22E+05

7.00E-01

1.28E+05

7.36E-01

1.12E+05

6.44E-01

22

9.78E+04

2.49E+00

1.02E+05

2.59E+00

8.47E+04

2.15E+00

23

7.88E+04

8.86E+00

8.17E+04

9.17E+00

6.35E+04

7.13E+00

24

6.29E+04

3.12E+01

6.46E+04

3.21E+01

4.74E+04

2.36E+01

25

5.00E+04

1.10E+02

5.12E+04

1.12E+02

3.51E+04

7.71E+01

26

3.92E+04

3.81E+02

4.00E+04

3.89E+02

2.57E+04

2.50E+02

27

3.05E+04

1.31E+03

3.11E+04

1.34E+03

1.86E+04

7.99E+02

28

2.34E+04

4.44E+03

2.39E+04

4.53E+03

1.33E+04

2.52E+03

29

1.77E+04

1.48E+04

1.81E+04

1.52E+04

9.34E+03

7.85E+03

30

1.31E+04

4.87E+04

1.36E+04

5.05E+04

6.47E+03

2.40E+04

31

9.64E+03

1.58E+05

1.01E+04

1.66E+05

4.43E+03

7.27E+04

32

7.05E+03

5.12E+05

7.53E+03

5.47E+05

3.01E+03

2.19E+05

33

5.21E+03

1.67E+06

5.66E+03

1.82E+06

2.06E+03

6.61E+05

34

3.99E+03

5.66E+06

4.39E+03

6.23E+06

1.45E+03

2.06E+06

35

3.27E+03

2.05E+07

3.61E+03

2.26E+07

1.08E+03

6.80E+06

36

2.98E+03

8.28E+07

3.24E+03

9.00E+07

9.05E+02

2.51E+07

37

3.10E+03

3.80E+08

3.27E+03

4.01E+08

8.81E+02

1.08E+08

38

3.62E+03

1.97E+09

3.65E+03

1.98E+09

1.02E+03

5.54E+08

39

4.55E+03

1.09E+10

4.34E+03

1.04E+10

1.37E+03

3.28E+09

40

4.37E+03

4.64E+10

3.64E+03

3.86E+10

9.48E+02

1.01E+10
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