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Abstract
In this thesis, cold mix asphalt modified with cementitious materials has been investigated in a
fundamental perspective to gain insight into how the performance of cold mix asphalt can be
improved.
In part I of this thesis, general understanding of cold mix asphalt using bitumen emulsion as
binder and using cement as admixture (CBEA: Cement Bitumen Emulsion Asphalt) developed
from mechanical property measurements provided possibilities to study the behavior of cement
in CBEA. Although CBEA is thought to be a promising substitute for hot mix asphalt (HMA)
because of its low environmental impact and cost-effectiveness, the disadvantages of this
material are obvious, since it takes a long time to reach its full strength and the understanding of
its hardening mechanisms is still inadequate. For these reasons, the study presented in part I of
this thesis aims at accelerating the development of mechanical properties of CBEA while at the
same time gaining a deeper understanding of the role of cement in CBEA. With this purpose,
cold mix asphalt mixtures with cationic and anionic emulsions and different types of cement
(ordinary Portland, calcium sulfoaluminate and calcium aluminate cement) were studied by
means of isothermal calorimetry, measurements of water evaporation and Marshall tests. The
results indicate that both anionic and cationic bitumen emulsions may affect the initial hydration
rates of the cements used but have no significant influence on their degree of hydration after a
few days. The addition of calcium sulfoaluminate and calcium aluminate cement to CBEA leads
to mechanical properties after 1 day-curing similar to those obtained with Portland cement after
1 week-curing. Cement hydration dominates the strength gain, especially for rapid-hardening
cements, and the type of cement influences both the amount of bound water and the rate of water
evaporation from the CBEA.
Based on the studies in part I, the aim of part II of this thesis is to understand the influence of
cement on bitumen emulsion breaking. In particular, the focus is on the influence of cement on
the rheology and stability of anionic bitumen emulsions. With this purpose, an anionic bitumen
emulsion blended with various amounts of cement and limestone filler was studied by means of
a Brookfield viscometer. Optical microscopy was used for investigating the breaking of the
bitumen emulsion and the morphology of bitumen droplets in the presence of cement and filler.
The results indicate that, unlike limestone filler, which has no significant influence on stability
of anionic bitumen emulsion, cement causes flocculation and partial coalescence of bitumen
emulsions. The gelation of cement-bitumen emulsion blends appears to be caused by the
interaction between cement particles and emulsifiers. While a decrease of the pH would lower
the solubility of the emulsifiers, this is not a concern since cement dissolution actually increases
the pH.
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Part III studied the interaction between cement and rosin emulsifiers and identified the breaking
mechanism of rosin-emulsified anionic bitumen emulsion in the presence of cement.
Experiments showed that when adding filler into rosin, the rosin concentration was not
significantly changed and Ca2+ was not detected. However, adding CaCl2 and cement into rosin
solutions caused a linear decrease in the case of diluted rosin samples and a sharp decrease in
concentrated samples. Experiments on both diluted and concentrated rosin solutions were able to
exclude adsorption of emulsifier molecules by cement particles. In addition, experimental data
indicates that the change in rosin concentration is related to the presence of Ca2+ ions in the
solution. When cement is added into diluted rosin, rosin precipitate and in the filtrate the Ca2+
ions concentration increase exponentially, which is determined by the solubility product of
calcium salt of resin acid. In the case of concentrated rosin, both rosin monomers and micelles
are present. Due to the complexation of Ca2+ by micelles, precipitation does not happen when
adding a small amount of cement. As the cement amount increases, complexation of Ca2+ is
saturated and rosin starts to precipitate out of the solution. As a consequence, the rosin
concentration shows a sharp decrease.
In addition, a model for the breaking mechanism of anionic bitumen emulsion in the presence of
cement was put forward based on understanding of the precipitation behavior. Due to the
precipitation of rosin by Ca2+ released by cement hydration, the double layers of bitumen
droplets are destroyed and emulsion flocculate and even coalesce. As a consequence, the
viscosity of bitumen emulsion increases, which indicated the increase of interparticle force
between bitumen droplets.
Part IV studied the microstructure of freshly mixed cement-bitumen emulsion mastic and cured
CBEA mixtures at multiple scales.
X-ray tomography provided very useful and direct information for understanding CBEA. In
freshly-mixed cement-bitumen emulsion mastic, a large amount of air bubbles was observed.
Images of cured CBEA mixture show that there are large amount of air voids which are left by
water evaporating. The air void content of CBEA is much higher than HMA. These air voids are
problematic because they indicate that CBEA may suffer from moisture induced deterioration.
In addition, large aggregates are well coated and glued by bitumen mastic.
ESEM images performed on polished samples indicate that cement appears to be hydrated and
there is no clear difference with the behavior of cement in concrete. Coupled with EDX, bitumen
and cement can be identified by elemental analysis. However, sample preparation is timeconsuming and difficult.
This research revealed that cement is an indispensable additive for cold mix asphalt. For practice,
future study should focus on the mixing stability of bitumen emulsion, which is the critical
factor that affects the homogeneity of the mixture. Further study should also focus on durability,
volumetric properties, modifier development, etc.
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Sommario
Questa tesi è dedicata a comprendere in maniera fondamentale i conglomerati bituminosi
miscelati a freddo con aggiunta di materiali cementizi al fine di migliorare le loro prestazioni.
Nella prima parte di questa tesi, i conglomerati bituminosi miscelati a freddo con aggiunta di
materiali cementizi (CBEA dall’acronimo inglese) sono stati studiati dal punto di vista delle
proprietà meccaniche e dell’idratazione del cemento aggiunto alla miscela. Anche se i CBEA
sono stati sviluppati per fornire un’alternativa al conglomerato bituminoso tradizionale, grazie al
loro basso impatto ambientale e rapporto qualità-prezzo, i loro svantaggi sono evidenti, dal
momento che occorre molto tempo per sviluppare le loro proprietà meccaniche e la
comprensione dei meccanismi di indurimento di questi materiali è ancora incompleta. Per questi
motivi, lo studio descritto nella parte I di questa tesi mira ad accelerare lo sviluppo delle
proprietà meccaniche dei CBEA e allo stesso tempo a comprendere meglio il ruolo del cemento
in questi materiali. A questo scopo, conglomerati bituminosi miscelati a freddo prodotti con
emulsioni bituminose contenenti sostanze tensioattive sia anioniche, sia cationiche e diversi tipi
di cemento (cemento Portland, cemento solfoalluminoso e cemento alluminoso) sono stati
studiati mediante calorimetria isoterma, misure di evaporazione dell'acqua e prove meccaniche
(prove di stabilità Marshall). I risultati indicano che le emulsioni bituminose (sia anioniche che
cationiche) hanno un certo effetto sulla velocità di idratazione iniziale dei cementi utilizzati ma
non hanno alcuna influenza significativa sul loro grado di idratazione a partire da un paio di
giorni e a lungo termine. L'aggiunta di cemento solfoalluminoso e alluminoso nei CBEA
conferisce proprietà meccaniche dopo un giorno simili a quelle ottenute con cemento Portland
dopo una settimana. L’idratazione del cemento domina la resistenza meccanica ottenuta, in
particolare per i cementi a rapido indurimento, e il tipo di cemento utilizzato influenza sia la
quantità di acqua legata sia la velocità di evaporazione dell'acqua dai CBEA.
Sulla base dei risultati ottenuti nella parte I, l'obiettivo della parte II di questa tesi è stato di
comprendere l'influenza del cemento sui meccanismi di rottura delle emulsioni. In particolare,
l'attenzione è rivolta all'influenza del cemento sulla reologia e stabilità delle emulsioni
bituminose anioniche. A tale scopo, un'emulsione bituminosa anionica è stata miscelata con
varie quantità di cemento Portland e filler calcareo e la sua reologia è stata studiata mediante un
viscosimetro Brookfield. La rottura dell'emulsione bituminosa e la morfologia delle particelle di
bitume in presenza di cemento e filler calcareo sono state visualizzate per mezzo di microscopia
ottica. I risultati indicano che, mentre il filler calcareo non influisce in modo significativo sulla
stabilità dell'emulsione bituminosa anionica, il cemento provoca flocculazione e parziale
coalescenza. La gelificazione di emulsioni bituminose contenenti cemento è causata
dall'interazione tra le particelle di cemento e gli emulsionanti. L’interazione tra cemento ed
emulsionanti potrebbe non essere dovuta ad un effetto sul pH. Infatti, mentre una diminuzione
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del pH abbasserebbe la solubilità degli emulsionanti, la dissoluzione del cemento aumenterebbe
il pH dell’emulsione.
La parte III di questa tesi è dedicata allo studio dei meccanismi di interazione tra cemento e
emulsionanti a base di colofonia (rosin in Inglese), e in particolare ad identificare il meccanismo
di rottura di queste emulsioni in presenza di cemento Portland. Una serie di esperimenti hanno
potuto dimostrare come l’aggiunta di filler non cambi la concentrazione di colofonia, mentre
l'aggiunta progressiva sia di CaCl2 sia di cemento causi una diminuzione graduale nella
concentrazione di colofonia nel caso di soluzioni diluite e una riduzione importante e improvvisa
in soluzioni concentrate. Con esperimenti su entrambe le soluzioni di colofonia (diluite e
concentrate) si è potuto escludere l’assorbimento di molecole di emulsionante sulle particelle di
cemento. Inoltre, i dati sperimentali indicano che la variazione della concentrazione di colofonia
è legata alla presenza di ioni Ca2+ nella soluzione. Quando il cemento viene aggiunto in
soluzioni diluite di colofonia, questa precipita e nel filtrato si osserva un aumento esponenziale
della concentrazione di ioni Ca2+, il quale è determinato dal prodotto di solubilità del sale di
calcio dell'acido di colofonia (in prevalenza acido abietico). Nel caso di soluzioni concentrate di
colofonia, sia monomeri di colofonia, sia micelle sono presenti in soluzione. Data la
complessazione degli ioni Ca2+ con le micelle, non si osserva alcuna precipitazione quando si
aggiunge una piccola quantità di cemento. Quando la quantità di cemento aumenta, si raggiunge
la saturazione nella complessazione di Ca2+ e la colofonia comincia a precipitare dalla soluzione.
Di conseguenza, la concentrazione di colofonia in soluzione mostra una forte diminuzione.
Sulla base della comprensione del comportamento di precipitazione, è stato formulato un
modello per il meccanismo di rottura dell'emulsione bituminosa anionica a base di colofonia in
presenza di cemento. A causa della precipitazione di colofonia causata da ioni Ca2+ rilasciati
dall’idratazione del cemento, i doppi strati sulle particelle di bitume divengono instabili, e si
assiste alla flocculazione delle particelle e alla loro coalescenza. Di conseguenza, la viscosità
dell’emulsione bituminosa aumenta, indicando l'incremento della forza interparticellare tra le
particelle di bitume.
La parte IV di questa tesi è dedicata allo studio a diverse scale di osservazione, della
microstruttura di CBEA sia appena miscelati sia dopo l’indurimento.
Misure di tomografia a raggi X hanno fornito informazioni immediate e molto utili per
comprendere la microstruttura dei CBEA. Una grande quantità di bolle d'aria è stata osservata
nei CBEA appena miscelati. Immagini di CBEA induriti confermano la presenza inoltre di un
numero notevole di pori vuoti, i quali sono i residui dell'evaporazione dell'acqua contenuta
nell’emulsione. Il contenuto di pori nel CBEA è molto superiore a quello presente conglomerati
bituminosi tradizionali. Questi pori possono rappresentare un problema perché indicano che i
CBEA potrebbero essere soggetti a deterioramento indotto da infiltrazione di umidità. Un’altra
osservazione basata sulle tomografie è che gli inerti più grandi sono ben rivestiti da bitume.
Uno studio al microscopio elettronico eseguito su campioni impregnati di resina epossidica e
levigati indicano come il cemento sia idratato e non si osservi nessuna differenza con la
morfologia dei prodotti d’idratazione nel calcestruzzo. Combinando le immagini BSE-SEM con
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EDX, si può identificare bitume e cemento mediante analisi elementare. Tuttavia, la
preparazione dei campioni richiede un notevole investimento di tempo e presenta più difficoltà
se paragonata a campioni di calcestruzzo o malte.
Questa ricerca ha rivelato che il cemento è un additivo indispensabile per i conglomerati
bituminosi miscelati a freddo. Per le applicazioni pratiche, in futuro la ricerca dovrebbe
concentrarsi sulla stabilità delle emulsioni bituminose, essendo questo il fattore critico che
determina l'omogeneità della miscela. Ulteriori studi dovrebbero esaminare la durabilità, le
proprietà volumetriche, e sviluppare modificatori specifici per queste miscele.
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Chapter 1
1.1

Introduction and objective

Motivation

Asphalt concrete, consisting of approximately 95% fine and coarse mineral aggregates and 5%
bitumen by mass, is the most commonly-used building material for pavement constructions. A
survey evidenced that asphalt pavements are favored throughout the world [1]. In Switzerland,
the national road network contains 86% asphalt pavements, 9% concrete pavements and 5%
composite pavements, which consist of an asphalt wearing course placed on a concrete
pavement [1]. In the UK, around 95% of roads are paved with asphalt concrete [2]. In the USA,
the number is 96% [3].
Hot mix asphalt (HMA) is usually made by mixing preheated mineral aggregates (180-250°C),
bitumen binder that is usually generated from crude petroleum (160°C), filler and other
additives. Since the working temperature is relatively high, large amounts of fuel are required
for heating up the aggregates and bitumen. A recent survey shows that about 7.6-9.7 litters fuel
are to be burned for producing 1 ton of HMA [4–6], consuming 275 MJ energy [7,8] and
contributing 15% to the total cost of HMA manufacture [6]. Starting with the oil crisis in the
1970s and with the Kyoto Protocol in 1997, researchers paid more attention to the energy
consumption, CO2 emission and sustainability of asphalt because of environmental issues. Low
emission asphalt (LEA) has attracted considerable attention because of its low environmental
impact and cost-effectiveness [9]. In particular, warm-mix asphalt (WMA) which is produced at
temperature 20°C to 55°C lower was thought to be a promising substitute for HMA [5].
However, the burner fuel saved by using WMA is typically in the range 20-35%, which is still
limited [5].
Researchers in asphalt industry are constantly looking for ways to lower the energy
consumption, the greenhouse gas emission and to improve the cost-effectiveness. Cold mix
asphalt is the result of studies in this direction over the last few decades. Cold mix asphalt
usually refers to the asphalt mixture obtained by mixing bitumen emulsion, aggregates and filler
at ambient temperature [10]. By using cold mix asphalt, over 95% of the energy needed during
the HMA manufacturing can be saved [7,8], see Fig. 1-1. The disadvantages of cold mix asphalt
are also obvious. Because water needs to evaporate from bitumen emulsion to develop adhesion
of bitumen with aggregates, it takes a long time for cold mix asphalt (usually several weeks) to
reach its full strength [11]. This can result in inadequate performances (inferior early strength
and high porosity) compared with conventional hot mix asphalt [12–14]. Additionally, because
of the water present in the mixture, the moisture damage potential and the durability are of
concern [15,16]. As a consequence, cold mix asphalt has rarely been used as structural layer for
heavy-duty pavements [17,18].
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Fig. 1-1: The energy consumption and CO2 emissions [17,18]
In order to improve the early performance of cold mix asphalt, Ordinary Portland cement (OPC)
can be added to the mixture: 1-2% cement (by mass) significantly improves the early mechanical
properties [19,20] and the fully cured material acquires comparable or even better mechanical
properties to an equivalent HMA [12,21,22]. Research on these composite materials, also called
CAEC (Cement-Asphalt Emulsion Composite) [23,24], CBEM (cold bituminous emulsion
mixture) [11,14], C-ETM (Cement-Emulsion Treated Mixture) [25], CBTM (cement–bitumen
treated material) [26], started in the 1970s. In all of these materials, the primary binder is
bitumen while cement is used as an admixture. Extensive studies have also been made on one of
these composites called cement asphalt mortar (CA mortar) which was used as an interlayer
between concrete roadbed and slab track for high speed railway [27,28]. However, in the case of
CA mortar, cement is considered as the primary binder.
OPC was initially used in cold mix asphalt as an additive for forest roads [29]. Since then, it has
attracted a lot of attention and was used to promote the curing of cold mix asphalt [25,30].
CBEA (Cement Bitumen Emulsion Asphalt) showed considerable advantages over cold mix
asphalt since the main problem of cold mix asphalt can be overcome by adding cement. In
addition, it carries all of the advantages of cold mix asphalt such as lower energy consumption,
lower gaseous emissions which are potentially harmful for health and environment, and lower
manufacture cost [31]. It was found that small amount of OPC greatly increased the strength of
CBEA at early ages [29], particularly in the first few days, which enabled CBEA to acquire
comparable load-bearing capabilities with HMA. Meanwhile, CBEA shares characteristics of
both cement and asphalt concrete [29]. In particular, compared with conventional HMA, CBEA
showed higher deformation resistance and lower temperature susceptibility [23]. The latest
studies revealed that cement addition is almost indispensable for asphalt mixtures in which
bitumen emulsion was used, such as cold mix asphalt, cold recycling asphalt [32–35].
Although CBEA has logistical advantages over cold mix asphalt and HMA, this material has
only been empirically used for small-scale rehabilitations like cold patch and cold in-place
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recycling because of inadequate understanding of hardening mechanism of these mixtures. In
particular, like for cold mix asphalt, the moisture damage potential and durability of CBEA are
of concern because the water left in the mixture after drying may deteriorate the adhesion
between bitumen and mineral aggregates and consequently result in failure.
On the other hand, cement hydration consumes water which can accelerate bitumen emulsion
breaking and may lower the moisture damage potential. Current studies focus mainly on the
mechanical properties development of CBEA. On the contrary, very little attention has been paid
on the hydration behavior and the specific contribution of cement to the mechanical properties of
CBEA. Cement has usually been used as a substitute for filler. In most circumstances, cement
was only used as so-called active filler in order to improve the moisture susceptibility in HMA
[36]. However, because adding cement can increase the stiffness of CBEA, the role of cement is
actually that of a secondary binder rather than only a filler. This means that cement has the
potential to be used to improve the adhesion between aggregates and the potential to improve the
stripping behavior of CBEA.
Another concern when using CBEA is the compatibility between bitumen emulsion and cement,
which is directly related to the homogeneity of the mixture. Bitumen emulsion usually contains
approximately 60% bitumen, 0.1-3% emulsifiers and water by mass [31]. Emulsifiers are often
insoluble in water and need to be neutralized with acid or alkali to generate bitumen emulsion.
Meanwhile, CaCl2, NaCl or KCl are usually used in cationic and anionic emulsions,
respectively, in order to reduce the osmosis of water into the bitumen droplets [31]. Besides,
other additives such as anti-stripping agents, solvents and polymers may be used [31]. All of
these components may influence cement hydration. On the other hand, adding cement increases
the alkalinity; this has particular effects on the stability of cationic bitumen emulsion. In the case
of anionic bitumen emulsion, the cations caused by cement hydration may destabilize the
bitumen emulsion. Stability is a critical property of bitumen emulsions, especially for CBEA.
Over-stabilized bitumen emulsions retard the strength gain of CBEA. Inadequately stabilized
bitumen emulsions, however, break too fast, even before mixing. The consequences are the
balling of bitumen, high porosity and inadequate coating of aggregates by bitumen. This will in
turn result in stripping and decreasing durability.

1.2

Problem statement

Freshly mixed CBEA consists of 4 phases which are mineral aggregates, air, water and bitumen
droplets suspended in water. By drying of water, bitumen emulsion breaks and develops
adhesion with mineral aggregates, leaving a large amount of pores in the mixture. On the other
hand, cement hydration accelerates emulsion breaking by consuming water. Meanwhile, a large
amount of cations such as Ca2+, Mg2+, Al3+, Fe3+ are introduced into the emulsion and alkalinity
will be greatly increased. This may significantly affect the stability of bitumen emulsions.
Although the early age stiffness can be improved by adding cement, CBEA is thought to be
inherently susceptible to water damage due to the water left at the interface between aggregates
and bitumen binder, and to the large amount of pores left in the mixtures after drying. Compared
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with HMA, durability is the main concern of CBEA for being used as a structural pavement
layer. Some unclear and unsolved issues regarding this material and the factors related to the
durability of CBEA will be discussed in the following.
1.2.1

Bitumen emulsion breaking

Bitumen usually refers to the residue from crude oil distillation. In appearance, bitumen is a
black, visco-elastic solid at ambient temperature. It becomes a viscous liquid at elevated
temperatures (typically between 100°C-200°C) [37]. Bitumen emulsion is a dispersion of hot
bitumen droplets in water. By removing water, bitumen separates from the emulsion and
develops adhesion with mineral aggregates. This process is called breaking. The most
challenging point is that bitumen emulsions are too opaque and too concentrated to be imaged
by conventional imaging method such as optical microscopy. Another very important issue is
the reason for destabilization. It has been documented that there are two main breaking
mechanisms, breaking under the influence of added aggregates and filler, or breaking due to
evaporation of the water [38]. One study also mentioned that changing pH could also lead to
breaking in some circumstances [38].
In the case of CBEA, when cement is used, several factors such as pH change, adsorption of
emulsifier by cements, cations like Ca2+, Mg2+, Al3+, Fe3+ as mentioned before should be
considered. Because cement particles have very high specific surface area, emulsifiers may be
adsorbed onto its surface. Also because addition of cement greatly increases the alkalinity of
bitumen emulsion, this is of particular importance when cationic emulsion is used. However,
when anionic emulsion is used, cations may react with emulsifiers and destabilize bitumen
emulsion. Of course, when dealing with breaking mechanisms, it all depends on the type of
emulsifier that is used in bitumen emulsion.
1.2.2

Strength development

The conventional HMA gains strength after cooling. This is because the bitumen binder is a
viscoelastic solid at ambient temperature, which acts as a glue to bind the aggregates together
[37]. However, in the case of bitumen emulsions, bitumen droplets are suspended in water.
Before breaking, there is no adhesion to the aggregate surface. For this reason cold mix asphalt
shows inadequate mechanical properties. By adding cement, the stiffness and strength can be
greatly increased [21]. Although the mechanism of CBEA is still not clear, a feasible hypothesis
can be made, that cement acts as a secondary binder. In this case, the hydration behavior of
cement is of particular importance to the strength development of CBEA. The main concern of
cement hydration is the degree of cement hydration, because the water for cement hydration
comes only from the bitumen emulsion. Cement hydration may be interfered by bitumen
droplets [39,40]. Additionally, cement hydration in the presence of emulsifiers has rarely been
studied [41,42]. On the other hand, cement may trigger breaking of the emulsion because of pH
change, cations and adsorption of emulsifiers [31]. Although cement hydration consumes some
water, relatively large amount of water remains in the mixtures because the initial water-cement
ratio is rather high, depending on the emulsion content. It is interesting to study the water
content in the mixture quantitatively to indicate the strength development. In general, it is
logically believed that bitumen emulsion cannot achieve equivalent adhesion to mineral
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aggregates as that of hot bitumen. However, testing the mechanical properties provides a way to
gain an insight into the strength gain and adhesion development in CBEA.
1.2.3

Microstructure

CBEA is a composite of mineral aggregate using both bitumen and cement as binder. Basically,
in the dry CBEA mixtures one will find mineral aggregates, filler, hydrated and unhydrated
cement, bitumen and unevaporated water which create a lot of interfaces. For example, the
bitumen-aggregate interface, the bitumen-hydrated cement interface, the aggregate-hydrated
interface. Because of the adhesion failures, stripping usually happen at the interfaces, and studies
of the microstructure in particular of these interfaces are critical for understanding the reasons
for these failures.
1.2.4

Temperature susceptibility and resistance to permanent deformation

Bitumen is a viscoelastic material which is very hard at low temperature but is very soft at high
temperature. Adding cement improves the stiffness at high temperature, which decreases the
temperature susceptibility of CBEA. This will certainly improve the rutting resistance of CBEA
at high temperature. However, on the other hand, adding cement also decreases the flexibility of
CBEA. This should be considered particularly when CBEA is used for heavy traffic roads.
1.2.5

Moisture susceptibility

As mentioned previously, asphalt mixtures using bitumen emulsion as binder are thought to be
inherently susceptible to water damage [13]. Although adding cement has logical potential to
improve the moisture susceptibility of CBEA, no agreement has been achieved on this point due
to the lack of convincing evidence. The moisture susceptibility is generally evaluated by
measuring the resilient modulus or indirect tensile strength before and after conditioning the test
samples in hot water bath (50°C). However, in the case of CBEA, binding of aggregate by
cement hydration products are less sensitive to water and conventional mechanical property tests
cannot reflect the water damage potential caused by bitumen adhesion failures due to the fact
that cement may have dominant effects on resilient modulus or indirect tensile strength.
1.2.6

Durability

Generally, durability of HMA refers to the ability of mixture to maintain the original properties
during its service life. Deterioration usually happens due to thermal cracking, fatigue cracking,
moisture-induced cracking and aging of bitumen binder. In particular, moisture-induced
cracking is the main concern for the durability of CBEA. Attention should be also paid to fatigue
cracking, due to the fact that adding cement increased the stiffness of CBEA.

1.3

Research objective

The general goal of this thesis is to develop a comprehensive understanding of cold mix asphalt
and cold mix asphalt mixtures modified by cement. In particular, several objectives have been
indentified.
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Cold mix asphalt is not extensively used. One of the problems is the early-age strength. The first
objective of this thesis is to understand how CBEA gains strength, how cement hydrates in the
presence of bitumen emulsion and what is the contribution of cement to the strength
development.
The second objective is to understand how bitumen emulsion breaks and how cement affects
bitumen emulsion breaking.
The third objective is to understand the breaking mechanism of bitumen emulsion in the
presence of cement and interpret why cement destabilizes bitumen emulsion.
The fourth objective is to point out how to optimize the material. The focus will be on the
hardening mechanisms of CBEA, on the distribution of hydrated cement and pores and on the
development of adhesion to aggregate.

1.4

Thesis outline

The thesis has 4 main parts, as shown in Fig. 1-2, which all bring new insight into the effect of
cement on cold mix asphalt. Chapter 1 introduces cold mix asphalt and presents the main
problems of cement bitumen emulsion asphalt. Chapter 2 summarizes the experimental
background of this work. Chapter 3 presents the work of Part I, which focuses on cement
hydration in the presence of bitumen emulsion and on the strength development of cement
bitumen emulsion asphalt. Chapter 4 is devoted to Part II, which studies the effect of cement on
rheology and stability of bitumen emulsions. Part III is shown in Chapter 5, which discusses the
interaction between emulsifier and cement, and interprets the breaking mechanism of bitumen
emulsion in the presence of cement. Part IV focuses on the micro-structure of cement asphalt
bitumen emulsion and is presented in Chapter 6. The most important conclusions and an outlook
are given in Chapter 7.
1.4.1

Part I – The impact of cement on mechanical property of cement bitumen emulsion
asphalt

The objective of Part I is to investigate cement hydration in the presence of bitumen emulsion
and its contribution to mechanical properties of cement bitumen emulsion asphalt. The focus is
on the degree of hydration of the cement and on the amount of water bound by cement hydration
products. By further monitoring the water content of CBEA during the curing process, the
residual evaporable water content was quantified. Finally, when the development of cement
hydration and moisture content of the mixtures are correlated with the mechanical properties, the
contribution of cement hydration to the strength development of CBEA can be assessed.
1.4.2

Part II – The influence of cement on rheology and stability of bitumen emulsion

Part II aims at understanding the influence of cement on the rheology and the stability of
bitumen emulsions. The viscosity change caused by adding cement and limestone filler into
bitumen emulsion was determined by a Brookfield viscometer. An optical microscope was used
to observe the emulsion breaking and the interaction between particles and emulsion. In
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addition, different materials including limestone filler, cement and calcium chloride were
blended with an anionic bitumen emulsion, in order to evaluate its stability.
1.4.3

Part III – Why cement breaks bitumen emulsion

The objective of Part III is to identify the mechanism of reaction between anionic emulsifiers
and cement, and its contribution to the stability of bitumen emulsion. With this purpose, UV-Vis
spectrometer was used to quantify the emulsifier content in the filtrate. On the other hand, the
Ca2+ concentration was measured by chromatography. By studying the correlations between
emulsifier concentration and Ca2+ concentration, the reaction between emulsifier and cement
particles was identified.
1.4.4

Part IV– Microstructure of CBEA

In this part, the objective is to understand the microstructure of CBEA. For this purpose, the
microstructure of cement-bitumen emulsion mastic and of cured CBEA mixtures was studied at
multiple scales with different 2D and 3D microscopy techniques.
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Emulsifier
Part III
OPC*

Effect of
Precipitation on
stability

* OPC: Ordinary Portland Cement
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Microstructure

Fig. 1-2: Outline of the research strategy for cold mix asphalt mixtures modified by cement
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2.1

State of the art

Summary

This chapter summarizes the background of this work. To be specific, section 2.2 and 2.3 give a
comprehensive literature review of bitumen emulsion and cold mix asphalt. 2.4 and 2.5
introduce CBEA and cement hydration, respectively.

2.2

Bitumen emulsions

Bitumen emulsion is a dispersion of small bitumen droplets in water. An extensive literature
review has been made regarding classification of emulsions, stabilization and destabilization
theory of bitumen emulsions (including the role of solid particles in the stability of bitumen
emulsions) and imaging techniques for bitumen emulsions.
2.2.1

Classification

Emulsions can be classified according to the droplet size and the surface charge of the dispersion
phase, as well as the emulsification techniques and the setting time.
According to the droplet size of the dispersion phase, emulsions fall into two categories: i)
macrocemulsions and ii) microemulsions. This method classifies emulsions from
thermodynamics point of view. Thermodynamically-stable emulsions are called
microemulsions. Metastable (or unstable) systems are known as macroemulsions.
Microemulsions typically involve smaller length scales than macroemulsions (as indicated by
the prefixes). While droplets in a microemulsion are 5–100 nm in diameter, a typical diameter in
a macroemulsion is of the order of the wavelength of visible light (0.5–10 μm) [31].
Macroemulsions are usually opaque, because the droplets are large enough to scatter light. In
contrast, microemulsions are transparent; the droplets are too small to scatter the light
effectively. From a practical point of view, micro- and macroemulsions are very different.
Macroemulsions tend to separate into two phases. This is called demulsification.
Demulsification can be very slow, so that even a macroemulsion might appear stable. In
practical applications, macroemulsions are just called emulsions because all classical dispersions
of oil and water were macroemulsions [31].
From the currently-available references in which the bitumen droplet sizes in the emulsions were
measured, bitumen emulsions are typical macroemulsions because the mean particle size of the
bitumen droplets varies from 0.1 to 20 μm [31,43–48]. Several techniques have been used to
measure the droplet size of bitumen in emulsions. Over 30 years ago, disc centrifugation [46], a
coulter counter [48] and the light transmission method [48] were used by Tausk and Wilson.
More recently, Laser Diffraction Particle Size analysis was extensively used to determine the
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droplet size of emulsified bitumen [43,45]. This method is based on the principle that particles
of a given size diffract light by a given angle, the angle increasing with decreasing particle size.
Generally, bitumen emulsions are too concentrated for direct measurements. To overcome this
obstacle, diluted bitumen emulsion samples were measured [43,45]. The distribution of bitumen
droplet size is influenced by the emulsion recipe, by the mechanics and the operation conditions
of bitumen emulsions [31]. For example, in the case of constant emulsifier content, the bitumen
droplet size decreases with increasing the stirring speed. In the case of constant stirring speed,
the bitumen droplet size increases with decreasing emulsifier content [43].
According to the surface charge, emulsifiers fall into three categories: i) anionic, which are
negatively charged; ii) cationic, which are positively charged; iii) nonionic, which are not
charged [31]. Emulsifiers used for bitumen emulsion are often supplied in a water-insoluble
form to the emulsion producer and need first to be neutralized with acid or alkali to generate the
anionic or cationic water-soluble form used to prepare the soap solution [31]. A typical
emulsifier has a hydrophilic “head” group and hydrophobic hydrocarbon “tail” comprising 12 to
18 carbon atoms. It is most often derived from natural fats and oils, tall oil, wood resins, or
lignin [31]. Bitumen droplets in the emulsions are generally charged, since the charged
emulsifiers concentrate at the bitumen/water interfaces. A typical cationic-emulsified bitumen
droplet is schematically shown in Fig. 2-1. The pH of typical bitumen emulsions varies from 1-7
(cationic) to 10-12 (anionic) [31,44,45]. The most commonly-used bitumen emulsions are
cationic bitumen emulsions, because they lead to favorable interfacial electrostatic interactions
[49]. This is of particular importance when acidic aggregates containing high amount of silica,
which have negative surface charges, are used. These negative charges make the adhesion bond
between the aggregate the cationic emulsion much stronger [24,50].

Fig. 2-1: Schematic representation of a single bitumen droplet in a cationic emulsion
(modified from an online tutorial [51])
According to the setting time or reactivity, bitumen emulsions fall into 3 categories: i) rapidsetting (RS) emulsions set quickly in contact with clean aggregates of low surface-area, such as
the chippings used in chip seals (surface dressings); ii) medium-setting (MS) emulsions set
9
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sufficiently less rapidly that they can be mixed with aggregates of low surface area, such as
those used in open-graded mixtures; iii) slow setting (SS) emulsions will mix with reactive
aggregates of high surface area [31]. In the case of cold mix asphalt, slow setting bitumen
emulsion was usually used [31,41]. In fact, the use of rapid-setting bitumen emulsions in cold
mix asphalt results in balling of bitumen and insufficient coating when fine aggregates and filler
that have relatively high specific surface area are added. Even in the case of slow-setting
bitumen emulsion, premixing water is necessary to avoid balling of bitumen [11,14,24].
The most commonly used emulsions, water/oil emulsions, can be classified according to the
continuous phase. All bitumen emulsions used for pavement purposes are oil-in-water
emulsions; namely, the continuous phase is water (“oil” in this context refers to the bitumen).
Bitumen-in-water emulsions have lower viscosity than water-in-bitumen emulsions [52]. As
shown in reference [52], these two types of bitumen emulsion can be readily distinguished by
conductivity.
In particular, an extraordinarily stable emulsion was firstly documented by Ramsden and
Pickering in 1901, called Pickering emulsion [54]. Pickering emulsions are stabilized by solid
particles that are adsorbed onto the interface of two immiscible liquids. The particles used for
producing Pickering emulsions are usually colloid particles. The extraordinary stability of these
emulsions is due to the huge detachment free energies of the adsorbed particles at the interface.
In case of particles with radius=10 nm and γow=50 mN/m, at contact angles around 90°, even
nanoparticles can be trapped at the fluid interface with energies that are several orders of
magnitude greater than kT (the Boltzmann constant, k, times the temperature, T) and sufficient
to make their attachment irreversible [54]. Fig. 2-2 shows examples of Pickering emulsion.
Although Pickering emulsion has not been applied to bitumen, it may provide an alternative
technique to create extreme stable bitumen emulsions using particles instead of emulsifiers.

Fig. 2-2: Examples of particle-stabilized emulsions (image from [53])
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2.2.2

Ingredients of bitumen emulsion

Generally, bitumen emulsion has three basic ingredients, which are bitumen, water and
emulsifiers. However, emulsifiers are often supplied in a water-insoluble form to the emulsion
producer and need to be neutralized with acid or alkali by the emulsion manufacturer to generate
anionic or cationic water-soluble form used to prepare soap solution [31]. The most common
acid and alkali used in bitumen emulsions are hydrochloride acid and sodium hydroxide or
potassium hydroxide, which are also the source of surface charge of bitumen droplets. Besides,
in order to obtain specific properties, additives are added such as polymers, stabilizers, antistripping agents, coating improvers [14,31,38]. The typical emulsion recipes given by Salomon
[31] are shown in Table 2-1.
Table 2-1: Typical emulsion recipes (from [31], CRS-Cationic rapid setting, CSS-Cationic
slow setting, RS-Rapid setting, SS-Slow setting)

Emulsifiers are essential ingredients in bitumen emulsions; they have nonpolar hydrophobic and
polar hydrophilic portions in the same molecules. Emulsifier molecules concentrate at the
bitumen/water interfaces, orientated with hydrophobic portions in bitumen and hydrophilic
portions in water [31]. Without emulsifiers, the two immiscible phases will separate rapidly. The
surface charges make bitumen droplets repel each other and maintain the stability of bitumen
emulsion.
2.2.3

Breaking mechanism of bitumen emulsions

Bitumen is used as a glue to bind mineral aggregates in road construction. In conventional
HMA, bitumen must be heated up to 150-170°C to obtain working viscosity. Using bitumen
emulsion enables people to use it at ambient temperature. However, bitumen emulsion must
revert to bitumen in order to act as binder. This process is called breaking or demulsification.
The exact nature of bitumen emulsion breaking is not completely understood in detail but it
basically consists of three essential steps, which are flocculation, coalescence and removal of
water [31,38]. In a stable bitumen emulsion, the repulsive force dominates the interaction force
between two bitumen droplets. Due to a number of factors, the repulsive force decreases and the
bitumen droplets may come into contact with each other, in a process called flocculation. In this
process, water is still the continuous phase. As the flocs grow, bitumen droplets are bridged by
forming cross-links between these flocs. In this process, called coalescence, bitumen becomes
the continuous phase. In the third step, water will be removed from bitumen phase and bitumen
droplets eventually become continuous bitumen.
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Although bitumen emulsion has been using for decades, the breaking mechanism is still poorly
understood. However, mostly based on application experiences, hypotheses have been made by
researchers to explain the breaking mechanism. To sum up, four main theories have been put
forward.
• Water evaporation
It is understandable that water evaporation can lead to emulsion breaking. Specifically, bitumen
droplets become concentrated due to water evaporation, resulting in direct contact between
bitumen droplets. As the bitumen droplets start merging together, the interfacial area decreases
and emulsifiers diffuse from the interfaces to the solution, forming emulsifier micelles.
Emulsifiers can precipitate out from solution when they are saturated. As water can be kept in
the closed pores within the bitumen, this evaporation process can take years. This was thought to
be the reason that cold mix asphalt can slowly gain strength even after years. When the weather
is cold and humid, breaking can be retarded or even stopped. The hypothesis that emulsion
breaks due to water evaporation is particularly true when it comes to slow-setting anionic
emulsions [14,38].
• pH change
Because emulsifier soaps are generated by reacting emulsifiers with acid or alkalis, the surface
charge of emulsifiers depends on the pH. Take fatty amines for example, which is a cationic
emulsifier, it is insoluble in water but soluble in acid. HCl is usually used to dissolve fatty
amines to obtain water-soluble soap. Water-soluble soap is then blended with hot bitumen in a
colloid mill to produce bitumen emulsion. Therefore, when cationic emulsions come into contact
with mineral aggregate or cement particles, the emulsifiers may lose their function due to pH
rise. In particular, when cement is blended with cationic emulsion, the pH can be reversed
immediately. Cement has also been used to test stability and setting time of bitumen emulsions.
However, it should be noted that some emulsifiers such as quartenary amines may not lose their
function when the pH is changed [38].
• Reaction
Some anionic emulsions using fatty acid as emulsifier can be easily destabilized by adding salt
solutions containing divalent metal ions, for example calcium ions [21,38]. Because calcium
ions are very common in tap water, the quality of water when producing anionic emulsions
using fatty acids should be carefully controlled [38]. The principle is that the functional group of
the fatty acids can react with divalent metal ions and form a water-insoluble salt.
• Adsorption of emulsifiers
When bitumen emulsions come into contact with mineral aggregates, positively-charged cationic
emulsifiers can be adsorbed by negatively-charged mineral aggregates such as granite and
quartzite. Therefore, the breaking rate of the emulsion depends on the rate of adsorption of the
emulsifiers onto mineral aggregate, which is governed by the surface area and the chemical
nature of mineral aggregate [14,21]. This theory is supported by most of researchers
[14,21,31,38,45,55]. For example, Plank et al. have found that both anionic and cationic latex
can be adsorbed by cement particles [56].
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To sum up, the breaking mechanism is highly emulsifier dependent. Cationic emulsions are
more sensitive to pH rise and emulsifier adsorption but anionic emulsions are more affected by
loss of water and by reaction with divalent metal ions.
2.2.4

Imaging techniques for emulsions

The most commonly-used imaging techniques for bitumen emulsions and mixtures are optical
microscope and Scanning Electron Microscope (SEM). Plank et al. confirmed with ESEM that
cationic and anionic latex particles can be adsorbed on the surface of Portland cement particles,
see Fig. 2-3. The adsorption process conformed to a Langmuir isotherm. The adsorption of latex
by cement particles caused the decrease of its zeta potential [56].

Fig. 2-3: ESEM micrograph of a cement particle showing domains of adsorbed anionic
latex particles A1 (w/c ratio of paste: 0.5) (from [56])
Wang. et al. photographed bitumen emulsion in the presence and in the absence of cement by
means of optical microscopy [45]. Diluted bitumen emulsions were used in this study, in which
the adsorption of bitumen droplets on the surface of cement particles was imaged. The addition
of cement particles caused bitumen emulsion flocculation by consuming water in the bitumen
emulsion, see Fig. 2-4 [45].

Fig. 2-4: Optical microscope image of bitumen emulsion in the presence of fresh cement
(from [45])
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More extensive studies were conducted on solid particles-stabilized bitumen-in-water emulsions
or oil-in-water emulsions. The most commonly and successfully used technique for imaging
regular emulsions or emulsions in the presence of nano-scale solid particles is optical
microscopy [57–60].
Laser scanning confocal microscopy was used by Legrand et al. [58] and by Forbes et al. [61],
see figure Fig. 2-5. Clearly, emulsion droplets can be identified. Other methods, such as
micropipette techniques, have been used to characterize the coalescence of two bitumen droplets
[62,63]. Besides, atomic force microscopy and environmental scanning electron microscopy
have also been employed to study the bitumen emulsion surfaces [64,65]. However, concerning
stability and droplet size, not much useful information could be obtained by these techniques.

Fig. 2-5: Laser scanning confocal microscopy image of a monodisperse emulsion (from
[61])
It seems that besides optical microscopy, the most promising imaging techniques for
photographing bitumen emulsion are freeze-fracture SEM, which can be found in reference [67]
and cryo-SEM, which has been use in reference [66] (see Fig. 2-6). Both were performed at low
temperature. For example, cryo-SEM uses liquid nitrogen (-200°C) to prepare the sample and
the experiment carried out at -180°C. Only at such low temperatures, the sample surface can be
coated with a fine layer of chromium. Cryo-SEM provided a way to image the liquid samples
which contain water such as bitumen emulsion. In particular, reference [66] provided a method
to characterize the distribution of solid particles and interfacial properties by using EDX
(Energy-dispersive X-ray spectroscopy).
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Fig. 2-6: EDX detection of oxygen and silicon (top) cryo-SEM images (middle) and EDX
silicon cartography (bottom) from emulsions with particles in crude oil or its fractions
(from [66])

2.3

Cold mix asphalt

Cold mix asphalt is an asphalt mixture manufactured at ambient temperature, using liquid
bitumen as binder. Over the last century, it has been recognized that cold mix asphalt has several
advantages over conventional hot mix asphalt in terms of simplicity and energy saving, as it
almost produces no emissions to the environment.
2.3.1

Cold mix practices

Cold mix techniques have been in use in a number of countries and areas including Europe,
USA, Canada, New Zealand, South Africa for almost a century [13,14,31]. New techniques and
equipment have been widely developed for specified applications such as in-site cold recycling
asphalt, surface treatments [31].
2.3.1.1

Grave emulsion

Grave emulsion is originally developed in France using bitumen emulsion as binder [14,68].
Grave emulsion generally has a lower binder content than other cold mix asphalt and was
thought to be a promising alternative road material for HMA in warmer and drier regions due to
the water sensitivity of the mixture [14]. It can be used for both base courses and wearing
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courses for light traffic roads using continuously graded virgin aggregates. Grave emulsion can
be moved or levelled before compaction, yet the laid product can be trafficked within
approximately two hours depending on ambient conditions [68]. However, this material has
rarely been studied. Due to this reason, performance of this material can be hardly found in the
literature.
2.3.1.2

Cold recycling asphalt

Cold recycling asphalt uses foamed asphalt or bitumen emulsion as binder. Aggregates are
reclaimed asphalt pavement (RAP) with or without virgin aggregates [69,70].
Foam asphalt is produced by injecting a small quantity of cold water (usually with a mass ratio
of 1% to 5% to the bitumen binder) together with compressed air into hot asphalt (140°C to
170°C) in a specially designed chamber. This means that foam asphalt is more suitable to be
produced in a mixing plant.
Cold recycling asphalt can be accomplished by center plant recycling and cold in-place
recycling [69]. The great majority of cold recycling projects are carried out by in-place recycling
because it is more economical, although plant recycling gives better results in terms of
homogeneity [69]. Cold in-place recycling (CIR, see Fig. 2-7) using bitumen emulsion as binder
has been systematically studied over the last few decades [69,72]. Studies focused on the
gradation, binder content optimization, lab and field evaluation of cold recycling [69,72,73].
More recently, additives such as cement, lime have been used to improve the early strength
[73,74].

Fig. 2-7: Cold in-place recycling [71]
2.3.1.3

Cold rehabilitation and maintenance

Bitumen emulsion has also been extensively used for cold maintenance and rehabilitations. Fig.
2-8 shows the processes of repairing a pothole. In this case, when only small quantities of
mixture are needed, cold mix is particularly economical compared with conventional HMA.
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Fig. 2-8: Cold rehabilitation using bitumen emulsion as binder [75]
Because bitumen emulsion is worker-friendly and easy to handle, it is widely used for
maintenance. Chip seals, for example, use bitumen emulsion coupled with additives as binder.
Aggregates can be single-size or graded. Chip seals can be used to prevent deterioration and to
prevent ingress of moisture. Chip seal is a thin overlay, it does not change the vertical
alignments and reconstructions of pavement shoulders are not needed [69].
2.3.2

Energy usage and emissions of cold mix asphalt

The benefits of cold mix asphalt include reduced fuel usage and greenhouse gas emissions in
support of sustainable development, better working conditions, and improved field compaction,
which can facilitate cool weather pavement and long distance transportation. Cold mix asphalt
reduces fuel usage and greenhouse gas emissions because aggregates do not need to be heated
up and mixing and laying can be carried out at ambient temperature. The reduction of fuel usage
and greenhouse emissions can be quantified using life cycle analysis [76].
Chappat et al., Chehovits et al. and Santero et al. have extensively studied the energy
consumption and emissions of various pavement materials [7,8,76]. In the life cycle analysis, all
the constituent materials of a pavement and all the phases and stages of production, manufacture,
transport, laying, etc. have been taken into consideration. In Chappat’s research, the average
distances to manufacture one ton of mix are [7]:
•

300 km between the refinery for bitumen production and the mixing plant;

•

150 km between the cement works and the plant where the concrete or the treated gravel
is manufactured;
500 km between the steel factory and the site where the concrete or steel safety barriers
are installed;

•
•

75 km between the aggregate quarry and the manufacturing site.

•

20 km between the manufacturing site and the construction site.
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Fig. 2-9 shows the energy consumption per ton of pavement materials. Compared with
conventional bituminous concrete, low emission and low energy asphalts including warm mix
asphalt, cold mix asphalt and cold in-situ recycling show lower energy consumption. The slight
reduction of energy consumption of warm mix asphalt is due to the fact that lower temperature
is needed for heating up aggregates. However, because aggregates can be used at ambient
temperature, the energy consumption of cold mix asphalt can be dramatically reduced (the blue
part of the bar chart). The energy consumption of binders and transport of cold mix asphalt is
slightly higher than for asphalt concrete. This is because bitumen emulsion contains water. Cold
in-situ recycling shows the lowest energy consumption because less binder is needed and
aggregates are reclaimed. To manufacture 1 ton of pavement material, conventional HMA
consumes 680 MJ energy. Cold mix asphalt and cold in-situ recycling consumes only 2/3 and
1/5 of that in HMA, respectively.

Fig. 2-9: Energy consumption of the manufacture and laying of main road technologies [7]
Corresponding to the energy consumption, the greenhouse gas emissions of pavement materials
is shown in Fig. 2-10. Cold mix asphalt shows much lower CO2 emission than HMA. However,
if cement is added, CO2 emission will be dramatically increased. This is because Portland
cement production results in approximately 0.87 t of CO2 for every ton of cement produced [77].
The production of cement contributes to the emission of CO2 through the combustion of fossil
fuels, as well as through the decarbonization of limestone [77]. From Fig. 2-10, we can see that
production of 1 ton of HMA and cold mix asphalt result in 53.6 and 36.1 kg CO2 emission,
respectively.
In the case of CBEA, the addition of 2% cement in cold mix asphalt will result in the same CO2
emission as HMA, which is 53.7 kg/t. The corresponding energy consumption is 546.3 MJ/t,
which is 80% of that in HMA.
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Fig. 2-10: Greenhouse emissions of the manufacture and laying of main road technologies
[7]
2.3.3

Current research and problem statements

Previous research (1997-2003) focused on developing mix design procedures and performance
tests in the laboratory for cold recycling asphalt. Based on a literature review and field
observations, Salomon et al. summarized the performances of cold recycling asphalt in practice
[69]. In laboratory studies, specimens were prepared mostly with a gyratory compactor and a
few with a Marshall hammer. Bitumen emulsions were used as binder, varying from 1-3% by
mass of mixture. The performance was evaluated using gyratory volumetric testing, indirect
tensile strength testing and Marshall volumetric testing. This research showed that the gradation
and binder content varied considerably from one source of RAP to another [69]. Although air
voids of cold recycling asphalt are much higher than that of HMA, the mechanical properties
were not the main concern [69]. This study gave practical insights into cold recycling asphalt
using RAP and bitumen emulsions. However, it did not reveal the hardening mechanism of cold
recycling asphalt. Earlier research focused on evaluation methods [78,79] and on field
performance observation [80,81] of cold in-place recycling.
More recently, research focused on how to improve the performance of cold recycling asphalt.
For example, Woodside et al. tried to increase the RAP content [82], while other researchers
tried to use additives such as cement [73,83], Ca(OH)2 [73,74], waste materials [12,34]. In
particular, cement has been used as an additive to improve early performance and to accelerate
curing of cold mix asphalt [29]. Research on these composite materials, also called CAEC
(Cement-Asphalt Emulsion Composite) [23,24], CBEM (cold bituminous emulsion mixture)
[11,14], C-ETM (Cement-Emulsion Treated Mixture) [25], CBTM (cement–bitumen treated
material) [26], started in the 1970s [29]. In the present thesis, this composite is called cement
bitumen emulsion asphalt (CBEA) since in Europe, bitumen refers to the binder while asphalt
refers to the mixture. Further details of CBEA will be discussed in section 2.4.
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2.4

Cement bitumen emulsion asphalt

Bitumen emulsions are water-based materials, which means that they are also compatible with
hydraulic binders like cement and lime as well as water-based dispersions like latex [35]. As
previously mentioned, cement has been extensively used in cold mix asphalt. The new
composite material including cement and bitumen emulsion showed considerably improved
properties compared with cold mix asphalt.
2.4.1

The combination of cement and bitumen emulsion

In some studies on cold mix asphalt described in section 2.3, ordinary Portland cement (OPC)
was used to improve the early mechanical properties. In this section, studies are reviewed which
focused on pavement materials using bitumen emulsion coupled with cement as binder. We will
call this material always CBEA, although different names were used in other publications.
2.4.1.1

The initiation of CBEA

There were three distinction period of interest in CBEA studies. The first was in 1970s. Initiated
by Terrell and Wang, who were considered to be the pioneers of this topic [29]. In their study, 0
to 3% of OPC were added as catalyst to accelerate the curing of bitumen emulsion mixtures.
Dense grade mixtures were used and specimens were conditioned at different temperatures and
relative humidity before testing. The authors used repeated loading tests to evaluate the
mechanical properties at varying ages. In the pioneering studies on this topic, cement was
confirmed to have beneficial effect on the curing of bitumen emulsion mixtures [29].
Further studies were carried out by Schmidt et al. 3 years later [25]. Same as Terrell and Wang,
the authors used resilient modulus (MR) to evaluate the mechanical properties of emulsion
treated mixtures (ETM), CBEA and HMA. This study revealed that both ETM and CBEA
develop MR on curing that varies directly as the hardness of the bitumen used to make the
emulsion. CBEA was found to be resistant to water damage. Unfortunately, the type of bitumen
emulsion was no pointed out in this study. In addition, field studies were carried out, showing
that the beneficial effect of using cement in laboratory in terms of water resistance and stiffness
could be reproduced in field.
An extension work based on Terrell and Wang’s study was performed by Head in 1974 [30].
This study focused on the strength of CBEA, which was expressed by stability at various curing
conditions. In particular, this study introduced a field application of CBEA. The mixture
appeared to be satisfactory for local service and secondary roads with low traffic count.
2.4.1.2

The development of CBEA

Little research about this topic was published in the 1980s. It was not until 1996 that CBEA
attracted attention again. This was the second impulse of interest in CBEA studies, which lasted
for around 10 years. The fundamental research, which was carried out by Needham as the core
study of his PhD research, was a milestone in the development of CBEA [13]. An extension
study was published a few years later [21]. After a comprehensive review of the practical
applications of bitumen emulsion and cold mix asphalt, the author introduced the field trials
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carried out in the UK. Cold mix asphalt which looked perfectly good in laboratory was found to
be difficult to reproduce on the large scale due to quality control issues. Additionally, the
mixtures were not suitable for laying in wet conditions. Consequently, OPC was used with the
purpose of addressing problems found in the field trials. Experimental results showed that OPC
had beneficial effects on stiffness and resistance to permanent deformation. On the contrary,
hydrated lime and CaCl2 did not show any effects on the performance of the mixtures. The
breaking and zeta potential of bitumen emulsion, the rheological properties of bitumen emulsion
and emulsion residues in the presence of OPC, lime and CaCl2 were studied to understand the
breaking mechanism of emulsion breaking in the presence of cement. Although a considerable
amount of work has been carried out on the problem, the author did not clearly point out why
cement accelerated emulsion breaking.
In 2003, a remarkable work was published by Pouliot et al. [41], who brought a deep insight into
the hardening mechanism and microstructure of CBEA mortars. Techniques used to characterize
cement mortar and concrete were employed. It was the first time that cement hydration was
thought to be an important factor that may affect the mechanical properties of CBEA mortar.
Experiments performed on both cationic and anionic emulsion showed that bitumen emulsion
may slightly retard cement hydration but has no significant influence on the degree of hydration.
Pouliot et al. also studied the microstructure of CBEA mortar and correlated to the volumetric
properties. They concluded that cationic mixtures showed higher air contents but had a tighter
bond with aggregates. In the same year, Thanaya published his PhD thesis, which highlighted
the CBEA design procedure and was an important complement to the development of CBEA
[14].
2.4.1.3

Recent studies on CBEA

CBEA has been attracting increasing attention in the past decade. Attention has been paid
mostly to the mechanical properties such as stiffness [22,24,26], moisture susceptibility [24,26],
resistance to permanent deformation [24,26], temperature susceptibility [24], and to rheological
properties [84], as well as to the strength development of CBEA at different curing conditions
[22,35].
Oruc et al. studied the resilient modulus of CBEA over curing time and compared with HMA
[24]. Fig. 2-11 shows typical result of indirect tensile test of CBEA. Clearly, adding cement can
significantly increase the stiffness of CBEA, which furthermore increases linearly over curing
time. The most important information that can be inferred from this figure is that when 1%
cement is added, CBEA shows lower stiffness than HMA initially, but higher after about 3
months curing. When over 2% cement is added, CBEA shows equivalent stiffness with HMA
after 3 days curing but higher at later ages. This result is in agreement with Brown’s findings
[21]. The research of Brown et al. and Oruc et al. indicated that CBEA has potential to acquire
equivalent mechanical properties with HMA.
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Fig. 2-11: Resilient modulus of CBEA over curing time (the legend shows the cement
amount) ([24])

Fig. 2-12: Effect of cement content on resistance to water damage ([24])
CBEA was thought to have less resistance to water damage than HMA [13,21,24], due to the
relatively high void content [41] and poor interfacial adhesion of bitumen emulsion binder
[13,50]. However, it is generally believed that adding cement can dramatically improve the
resistance to water damage. Resistance to water damage is also described as moisture
susceptibility, which is usually evaluated by comparing the resilient modulus or indirect tensile
strength before and after conditioning in water bath (BS EN 12697-12:2008). Oruc et al. found
that, when over 3% cement was added, CBEA shows equivalent resilient modules with HMA
after soaking [24], see Fig. 2-12. Nevertheless, this is probably unfair for HMA, which uses only
bitumen as binder. Because cement acts as a secondary binder which determines the stiffness of
CBEA, but the stiffness of hydrated cement is not sensitive to water soaking.
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CBEA shares characteristics of both cement and asphalt concrete [29,33]. In particular,
compared with conventional HMA, CBEA has higher permanent deformation resistance and
lower temperature susceptibility due to cement addition [23,24]. Understandably, CBEA shows
higher resistance to rutting at high temperature and lower creep than HMA [19,24,85].
Based on understanding the strength development of CBEA, researchers have realized the
critical role of cement and attention was then paid to cement hydration and its effect on stability
of bitumen emulsion. Tan et al. [39] studied cement hydration in the presence of emulsifiers.
Results show that both cationic and anionic emulsifier retarded cement hydration but most
emulsifiers had no significant influence on the long-term cement degree of hydration. This is in
agreement with Pouliot’s results [41]. However, some researchers reported that the degree of
hydration in the presence of bitumen emulsion is lower than the one of cement paste [42]. A
reasonable explanation is that the samples with bitumen emulsion had lower water/cement ratio
than the reference cement paste sample.
In addition, the stability of bitumen emulsion is another critical factor that affects performance
of CBEA. Wang et al. [45] and Ouyang et al. [86] studied the stability of bitumen emulsion in
the presence of cement and found that cement caused coalescence of bitumen emulsion. This
was attributed to the adsorption of emulsifier molecules by cement particles [45]. A number of
studies used scanning electron microscope (SEM) to image the microstructure of CBEA [42,87].
However, not much useful information could be obtained from these images, because it is very
difficult to identify different phases such as hydrated cement, bitumen and water. And in
particular, it was very difficult to quantify their volume fraction as a function of time and curing
conditions.
2.4.2

The role of solid particles

The role of solid particles in stabilizing the emulsion depends heavily on the particle sizes. It is
clear that nano-particles are able to stabilize macroemulsions [59]. In the case when the
emulsion droplet size is much larger than the solid particles, Pickering emulsions can be formed
by adsorbing solid particles onto the surface of emulsion droplets [59].
In the case of CBEA, the bitumen droplet size (3 µm) is much smaller than the average cement
particle (10 µm). It is therefore likely that cement particles adsorb bitumen droplets onto the
surface and thereby cause flocculation of bitumen emulsion. Flocculation of bitumen emulsion
upon cement addition was confirmed by Wang et al., who thought that loss of water caused by
cement hydration was the main reason for bitumen emulsion breaking [45]. However, in this
paper, experiments were performed on diluted bitumen emulsion. Flocculation of bitumen
emulsion was found and no significant coalescence was observed.
The time between cement addition and the sudden change of viscosity of the mastic is defined as
the gelation time. The gelation time differs with cement content, stirring speed, and the cement
particle size. Similar work was performed by Legrand et al. by using silica particles, see Fig.
2-13 [58]. Another study by Simon et al. regarded the rheological properties of particlestabilized emulsion [88]. Probably, this phenomenon is caused by the thixotropic properties of
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cement paste [89–91] (see Fig. 2-14), which shows the reversible coalescence of cement
particles.

Fig. 2-13: Evolution of viscosity with different particle content under constant shear rate
(from [58])

Fig. 2-14: Different connections that are assumed to be present in the cement paste ([90])
It has been evidenced that that cement has significant influence on emulsion breaking
[13,21,31]. It is likely that in the case of rapid-setting bitumen emulsions, emulsifiers are
insufficient to prevent the coalescence. Even a slight disturbance can trigger the phase separation
of emulsion breaking. In general, solid particles including cement, filler, silica, lime have
relatively high specific surface area and these particles may reduce the free surfactant
concentration in bitumen emulsions. These surfactants on the surface of bitumen droplet then
diffuse into the water in order to compensate the reduction of free surfactant in the water,
leading to the decrease of repulsion between bitumen droplets. This can be confirmed by the
decrease of zeta potential. When the surfactants adsorbed onto the bitumen droplets are not
sufficient to prevent the coalescence of the bitumen emulsion, breaking will happen. Although
several hypotheses about the breaking process in the presence of solid particles have been
advanced by different researchers [92], the role of cement on bitumen emulsion stabilization is
still poorly understood.
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2.4.3

Techniques for characterizing the microstructure

Current studies on CBEA have concentrated mainly on the macroscopic properties (e.g. indirect
tensile tests, Marshall tests, dynamic mechanical property tests, etc.). The microstructure of
CBEA has rarely been studied, due to the inadequate understanding of this material. Although
this material has been developed in the 1970s [25,29], research on this material is still on the
early stage. The focus is mainly on the mechanical properties and the factors that may affect the
mechanical properties, e.g. cement content, bitumen emulsion, curing time, water susceptibility
etc. However, the microstructure of CBEA is of great importance because microstructure
directly affects all macroscopic properties of CBEA.
The microstructure of asphalt has been extensively studied. Techniques which have been widely
used are: atomic force microscopy (AFM) [93], scanning electron microscopy (SEM)
[21,41,94], X-ray computed tomography [95]. Besides, although neutron imaging has drawn
increasing attention, it has rarely been used due to the limited accessibility of the facilities [96].

Fig. 2-15: (a) AFM topography and phase image of typical bitumen microstructure. (b)
Surface height oscillations perpendicular to long axis of the elliptical (or bee-shaped)
domain, designated throughout the text as wrinkling pattern [93].
AFM has long been used to characterize the microstructure of bitumen binders. An example is
the research of Nahar et al., who used AFM to study the effects of temperature on the
microstructure of bitumen, see Fig. 2-15 [93]. AFM has also been used to study the morphology
of Sasobit-modified warm mix asphalt binder [97], the adherence energy of bitumen film [98],
the stress–damage initiation and recovery of bitumen binder [99]. Although AFM can be used to
study bitumen binder at the nanometer scale, it however provides only the surface properties of
bitumen binder [100].
Scanning electron microscopy has also been used to characterize the microstructure of CBEA
[21,41,94]. An example is given in Fig. 2-16, in which C-S-H gel, pores and bitumen binder can
be identified [95]. Like AFM, although very high resolution images of the surface can be
obtained using SEM, the internal structures such as air voids distribution, air void size etc.
cannot be characterized.
As mentioned previously, X-ray tomography is one of the most promising methods for imaging
the structure of asphalt mixtures, due to its longer penetration length [101,102]. In the case of
CBEA, water and bitumen droplets, aggregates and cement cannot be distinguished by
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conventional X-ray-adsorption contrast microscopy methods, due to the similar adsorption of Xrays in water and bitumen [101–103]. However, it is possible to monitor the air void evolution
during curing by X-ray computed tomography.

Fig. 2-16: SEM image of CA mortar binder [95]
2.4.4

The application of X-ray computed tomography to asphalt

X-ray computed tomography (CT) was used to study the structure of asphalt since the end of
1990s [104,105]. It was used to characterize the distribution, the connectivity of air voids as a
function of depth [104,105]. Image analysis methods related to X-ray CT were then developed
for asphalt concrete modeling [106] and for analyzing the micro-damage of asphalt [107].
Several applications of X-ray computed tomography have been developed for asphalt research in
the last 20 years. Generally, it can be used to analyze the air voids distribution [104,105], the
connectivity and air void flow paths [106,108], to simulate the fluid flow [109], permeability
and moisture transport [110], to characterize the mastic and asphalt mixture damage [111–115],
to analyze the shape of the aggregates [106], to characterize the 3D distribution of aggregates
due to loading [116–118].
2.4.5

Interfacial adhesion

The adhesion between bitumen and aggregates is one of the most significant factors that affect
durability, which has been extensively studied and has historically been related to moisture
damage [50]. It was known that the adhesion failure or simply tripping is due to the water entry
at the interface between aggregate and bitumen film, which increases the surface energy. Early
research mainly focused on the development of adhesion promoters and on quantitative
assessment methods of moisture susceptibility [50]. Recent studies focused on surface energy
characterization of bitumen and aggregate (using contact angle tests [119]), and the effect of
water with reference to the pH of the interfacial water [50].
In the case of CBEA, interfacial adhesion refers to the adhesion in the early stage, which affects
the early strength development and to the adhesion after drying, which affects the durability.
Wang et al. studied the interfacial adhesion between cement bitumen emulsion mastic and
aggregate and indicated that the type and the fineness of both cement and filler directly affect the
interfacial adhesion [87]. In order to assess the tensile strength of bitumen film between mineral
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aggregates, a micro scale device was developed by Poulikakos et al. [120], see Fig. 2-17. In this
test, the film thickness was strictly controlled and the failure process was filmed to analyze the
failure mode.

Fig. 2-17: Adhesion failure of bitumen film [120]

2.5

Cement hydration

Cement is the most common hydraulic binder used in concrete buildings and infrastructure
worldwide, because of the low cost and widespread availability of the raw materials. Cement has
also been long used in cold mix asphalt to accelerate the emulsion breaking. In this section, both
ordinary Portland cement and rapid-hardening cements will be discussed in term of chemical
composition as well as hydration products.
2.5.1

Ordinary Portland cement

Typically, OPC has a composition in the region of 67% CaO, 22% SiO2, 5% A12O3, 3% Fe2O3
and 3% other components, and normally contains four major phases, called alite, belite,
aluminate and ferrite [121]. Alite (3CaO·SiO2) is tricalcium silicate modified in composition and
crystal structure by ionic substitutions, which is usually denoted as C3S. Alite makes up 50-70%
by mass of OPC and it is the most important constituent of OPC for strength development at
ages up to 28 days. Belite (2CaO·SiO2, denoted as C2S) is dicalcium silicate and makes up about
15-30% of OPC. It reacts slowly with water and contributes little to strength in the first 28 days.
Aluminate is tricalcium silicate denoted as C3A, which reacts rapidly with water and can cause
flash set unless gypsum is added. Aluminate constitutes approximately 5-10% of OPC. Ferrite is
tetra-calcium aluminoferrite (Ca2AlFeO5), which constitutes about 5-15% of OPC [121].
The hydration products of C3S and C2S are C-S-H gel and portlandite
3CaO ∙ SiO2 + (3 + m − n)H2 O
= nCaO ∙ SiO2 ∙ mH2 O + (3 − n)Ca(OH)2

Eq. 2-1

C-S-H is the most abundant reaction product, occupying about 50% of the paste volume. C-S-H
gel forms a continuous layer that binds together the original cement particles into a cohesive
whole. In the first few days, the other phase than alite that most affect the hydration kinetics is
C3A. The reaction of C3A in the absence of gypsum is almost instantaneous. For this reason,
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gypsum is added to cements to control the reaction of the aluminate phase. In the presence of
gypsum, C3A shows an initial period of rapid reaction, after which hydration rate decreases
rapidly within a few minutes. During the initial reaction, ettringite (3CaO ∙ Al2 O3 ∙ 3CaSO4 ∙
32H2 O) is formed, which is the main hydration phase.
In the first few seconds, C3S dissolves rapidly and releases large amounts of Ca2+, SiO42- and
OH-, which can be shown as [122]:
−
C3 S + 3H2 O = 3Ca2+ + H2 SO2−
4 + 4OH

Eq. 2-2

Where, C=CaO, S=SiO2.
2.5.2

Calcium sulfoaluminate cement (CSA)

Calcium sulfoaluminate cement (CSA) is a promising low-CO2 alternative to OPC, in which
ye’elimite (4CaO ∙ 3Al2 O3 ∙ SO3 , also written as C4 A3 S�) is the main phase of the clinker. Besides
ye’elimite, CSA clinkers usually contain other phases like dicalcium silicate (belite),
tetracalcium aluminate ferrate, anhydrite, gehlenite or mayenite [123]. Usually, about 15–25 wt.%
of gypsum is interground with the clinker to optimize the setting time, the strength development
and the volume stability [124]. CSA cement is rapid hardening cement. Studies have shown that
most of hydration heat evolution occurs during 2 to 12 hours [124] (see Fig. 2-18).

Fig. 2-18: Hydration of CSA cement [124]
Ettringite is the main hydration product of CSA, which precipitates together with amorphous
Al(OH)3 until the calcium sulfate is consumed after around 1–2 days of hydration (see Fig.
2-18). Afterwards, monosulfate is formed [124]. The ratio of calcium sulfate to ye’elimite
determines the final hydration product. When it is above 2, only the following reaction will
occur:
C4 A3 S� + 18H = C3 A ∙ C S� ∙ 12H + 2AH3

C4 A3 S� + 2C S�H2 + 34H = C3 A ∙ 3C S� ∙ 32H + 2AH3
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Where, A=Al2O3, C=CaO, H=H2O, S=SiO2, S�=SO3.

In addition, CSA cement hydration binds much more water than OPC. 1 g OPC binds 0.42 g
water. However, in the case of CSA cement, the number is 0.75 (details are shown in Appendix
A).
2.5.3

Calcium aluminate cements (CAC)

CAC is made by fusing together a mixture of limestone and bauxite or other high-alumina
materials. Chemical composition analysis shows that SiO2 and Al2O3 accounts for
approximately 80% or even more of the total [125]. CAC is usually used as rapid hardening
cement. For example, CAC can develop strength in 24 hours as high as OPC develops in 28 days
[126]. Other benefits are also used such as resistance to high temperature and sulfate attack
[127]. Monocalcium aluminate (CA) is the main phase of CAC, which reacts with water and
forms calcium aluminate hydrates. C12A7 (mayenite) is another main phase in CAC which helps
to trigger the setting process [125]. Cement phases rich in alumina such as CA2 (grossite), CA6
(hibonite) and α-Al2O3 account for the minor components [125]. Similar as CSA cement, CAC
binds more water than OPC. (1 g CAC binds 0.7 g water. Details are shown in Appendix A).
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Influence of bitumen emulsion on cement hydration 1

Summary

Cement Bitumen Emulsion Asphalt (CBEA) is obtained by mixing bitumen emulsion, cement,
aggregates and filler at ambient temperature. CBEA is thought to be a promising substitute for
hot mix asphalt (HMA) because of its low environmental impact and cost-effectiveness.
Disadvantages of this material are the long time required to reach its full strength and the
inadequate understanding of the hardening mechanisms. The study in this chapter aims at
accelerating the development of mechanical properties of CBEA while at the same time gaining
a deeper understanding of the role of cement in CBEA. With this purpose, cold mix asphalt
mixtures with cationic and anionic emulsions and different types of cement (ordinary Portland,
calcium sulfoaluminate and calcium aluminate cement) were studied by means of isothermal
calorimetry, measurements of water evaporation and Marshall tests. Results indicate that both
anionic and cationic bitumen emulsions may affect the initial hydration rates of the cements
used but have no significant influence on their degree of hydration after a few days. The addition
of calcium sulfoaluminate and calcium aluminate cement to CBEA leads to mechanical
properties after 1-day curing similar to those obtained with Portland cement after 1-week curing.
Cement hydration dominates the strength gain, especially for rapid-hardening cements, and the
type of cement influences both the amount of bound water and the rate of water evaporation
from the CBEA.

3.2

Introduction

Cold mix asphalt consists of bitumen emulsion, water, unheated aggregates and filler. This
material has low environmental impact and is cost-effective [12,128,129]. However, it has rarely
been used as structural layer for heavy-duty pavements [12,129], mainly because of the long
time (several weeks) required to reach its full strength [11], resulting in inadequate performance
(inferior early strength and high porosity) compared with conventional HMA [12–14].
In order to improve the early performance of cold mix asphalt, cement can be added to the
mixture: 1 - 3% of cement (by mass) significantly improve the early mechanical properties [20]
and the fully cured material acquires comparable mechanical properties to an equivalent HMA
[12,21,22]. CBEA shares characteristics of both cement and asphalt concrete [29,33]. In
particular, compared with conventional HMA, CBEA has higher deformation resistance and

1

The most important findings of this chapter have been published in: Fang X, Garcia A, Winnefeld F, Partl MN,
Lura P. Impact of rapid-hardening cements on mechanical properties of cement bitumen emulsion asphalt.
Materials and Structures (2016) 49:487–498. Doi:10.1617/s11527-014-0512-3.
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lower temperature susceptibility [23]. Additionally, the introduction of cement in cold mix
asphalt accelerates emulsion breaking [13], because cement hydration consumes water in the
emulsion and meanwhile it increases its alkalinity. In particular, when cationic bitumen
emulsion is used, the cationic emulsifiers are supposed to become ineffective as soon as they
come into contact with a very alkaline solution [41], resulting in balling of bitumen and
inadequate coating of aggregates. This will consequently increase the stripping potential and
decrease the durability of the cold mix asphalt.
By using rapid-hardening cements, the strength gain of CBEA may be accelerated. However,
only in a couple of studies [130–132] blends of calcium aluminate cements (CAC) and calcium
sulfate or calcium sulfoaluminate (CSA) cements were used to obtain rapid hardening mixtures.
In reference [22] it was observed that the mechanical properties of CBEA are related to the
amount of evaporable water still present in the mixture. Therefore, it may be possible to increase
the early strength of CBEA by using CSA and CAC not only because of their rapid setting and
hardening (a process in which hydration products form bridges between the aggregates), but also
because they bind a higher amount of water than the hydration products of ordinary Portland
cement (OPC). For example, ettringite (the main hydration product of CSA cement) contains 32
molecules of water in its crystal structure and aluminium hydroxide gel has both bound and
adsorbed water [121]. Meanwhile, compared with OPC, the CO2 emissions can be substantially
decreased by using CSA and CAC [133,134].
Although cement has been extensively used in cold mix asphalt, the function of cement in cold
mix asphalt was still not clear. Cement was used only as active filler and cement hydration was
rarely studied. Cement hydration is of great importance for understanding the contribution of
cement to the curing of CBEA because on one hand, the degree of cement hydration is directly
related to the bound water and to the mechanical properties of CBEA. On the other hand, people
have widely concerned that bitumen could encapsulate cement particles [39,40] which results in
the incomplete cement hydration [41,42].
Research in this chapter aims at understanding the role of cement in CBEA. In particular, the
objective of this chapter is to study the influence of bitumen emulsion on cement hydration. The
focus is on the degree of hydration of the cement and on the amount of water bound by cement
hydration products. By further monitoring the water content of CBEA during the curing process,
the residual evaporable water content was quantified. Finally, when the development of cement
hydration and moisture content of the mixtures are correlated with the mechanical properties, the
contribution of cement hydration to the strength development of CBEA can be assessed. In
particular, the role of rapid-hardening cement in the early performance of CBEA can be
investigated by comparison with OPC.

3.3
3.3.1

Materials and Methods
Materials

A uniform dense aggregate gradation for asphalt concrete AC-8 was used in this research (EN
13043:2002/AC, see Fig. 3-1; this gradation comes from industry). The aggregates were quarry
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material (quartz, size between 2 and 8 mm, density of 2770 kg/m3), crushed sand (quartz, size
between 0.063 mm and 2 mm, density of 2688 kg/m3), and limestone filler (size < 0.063 mm and
density of 2638 kg/m3). The total amount of filler in the mixture was 6% by mass of dry mineral
mixture (aggregates + filler).

Fig. 3-1：Size distribution of the aggregates (0/8) in the cold mix asphalt concrete (black
curve – upper and lower limit of specification. The short horizontal tick marks are control
points for asphalt mixing plant).
Two types of commercially-available bitumen emulsions, with 60% of residual bitumen content,
were used: an unmodified, rapid-setting cationic emulsion (residual bitumen after breaking:
softening point of 63.6°C, penetration at 25°C of 24 (0.1mm)) and a solvent-free, slow-setting
anionic emulsion (residual bitumen after breaking: softening point of 58.5°C, penetration at
25°C of 41 (0.1mm)). Additionally, to facilitate the mixture preparation, tap water was added to
the mixture. Three types of cement were used: OPC CEM I 42.5 N (density of 3130 kg/m3 and
Blaine fineness of 2810 cm2/g); CAC (density of 3240 kg/m3 and Blaine fineness of 3710
cm2/g); CSA cement, produced by blending 80% CSA clinker (density of 2780 kg/m3, Blaine
surface area of 4860 cm2/g) and 20% of gypsum. The hydration and hardening behavior of rapid
hardening cements is discussed in detail in [123,124,133]. The cement was added to the mixture
by replacing either 0%, 3% or 6% of filler by weight of dry aggregate (6% indicates all filler
replaced). The chemical analysis and the phase composition of the cements and of the gypsum
are listed in Table 3-1.
The mixture compositions by mass are summarized in Table 3-2. In the names of the mixtures
throughout this thesis, OPC, CSA and CAC designate ordinary Portland cement, calcium
sulfoaluminate cement and calcium aluminate cement, respectively. The attached numbers 3 and
6 represent 3% and 6% cement by mass of dry aggregate, while A and C denote anionic and
cationic bitumen emulsion, respectively. An example is CSA3C-7d, which refers to a cationic
bitumen emulsion mixed with 3% calcium sulfoaluminate cement by mass of dry aggregate at a
sample age of 7 days after compaction.
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Table 3-1: Chemical analysis and phase composition (by mass %) of the cements and gypsum used
OPC CSA CAC Gypsum OPC
CSA
CAC
Gypsum
[135] [136]
[136]
[135]
[136]
[136]
a
CaO
61.9 36.1 38.0
33.30
C3 S
56.1 C4A3s 62.8
CA
60.1
SiO2
19.6
4.5
4.0
C2 S
15.5
CT
5.7
C12A7
3.3
Al2O3
5.1
45.0 38.4
C3 A
4.8
C2AS
18.3
C4AF
11.1
Fe2O3
2.9
1.5
16.5
C4AF
11.5
CA
8.1
C2 S
10.9
MgO
2.3
0.91 0.47
0.30
MgO
1.0
CA2
3.1
C2AS
3.5
K2O
1.0
0.35 0.12
K2SO4
1.6
MA
1.8
CT
4.0
Na2O 0.26 0.07 0.07
Na2SO4 0.26
Cs
3.3
SO3
3.0
8.6
0.06
46.70
K2O
0.13
CsH2
96.7
TiO2
0.28
2.2
1.9
Na2O
0.15
MgO
0.2
C3FT
0.9
CaO
CaO
P2O5
0.20 0.08 0.06
0.27
0.01
Ff
3.4
free
free
SrO
0.15 0.09
CaCO3
4.8
K2SO4 0.06
MA0.1F0.9
0.9
Mn2O3 0.00 0.02 0.05
CSH2
4.0 Na2SO4 0.01 C20A13M3S3 1.8
L.O.I. 2.68 0.70 0.19
21.50
Total 99.4 100.2 99.7
101.8
100.1
100.1
99.9 100.0
a
According to cement chemistry notation: A = Al2O3, C = CaO, F = Fe2O3, S = SiO2, s = SO3, T = TiO2, f = FeO, M = MgO.
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Table 3-2: Amount of materials by 100 g of mixture
Aggregate Water Emulsion Filler
Cement
[g]
[g]
[g]
[g]
[g]
[%]a
5.04
0
0
78.99
2.52
13.45
2.52
2.52
3
0
5.04
6
a

3.3.2

Percentage of cement by mass of dry aggregate

Preparation of specimens

The materials were mixed in a 20-L Hobart mixer. The amount of materials in each mixture was
5.95 kg and the temperature during mixing was 20±1°C. The raw materials were added to the
bowl in this order: first the coarse aggregates, then water and emulsion, followed by the sand
and finally, the filler and the cement. The materials were mixed during 1 minute. One mix was
used to make 9 cylindrical Marshall specimens with 101.6 mm diameter, approximately 70 mm
height and 1190 g of mass. Immediately after mixing and placing the specimens in the mould,
they were compacted with 100 blows of the Marshall hammer, 50 on each side of the specimens.
The specimens, still in their moulds, were left in a humidity-controlled room (relative humidity
90±3% and temperature 20±1°C) for one day. After this, the specimens were demoulded and the
lateral and bottom surfaces were sealed with aluminium foil to simulate the actual drying
conditions of CBEA on the construction site. Then, the specimens were conditioned in the
humidity-controlled room during the required curing time of 1, 3, 7, 14, 21 and 28 days.
Throughout the curing period, water evaporation could occur from the specimens’ upper side
only.
Additionally, 3 HMA specimens were prepared with the residual bitumen obtained from both
the anionic and the cationic emulsion. The bitumen was obtained by evaporating the water from
the bitumen emulsion at 105°C during 24 hours. Based on results presented in reference [137], it
is assumed that this temperature is low enough to exclude any substantial effect of aging during
temperature treatment on the stability of the HMA specimens. After the water evaporation step,
aggregates and bitumen, without water, were heated to 160°C and mixed in the same laboratory
mixer used for making the CBEA. The exact mass of materials for each specimen before
compaction was 1190 g and the bitumen content was the same as in the CBEA samples. Finally,
the specimens were compacted using 100 blows of the Marshall hammer, 50 on each flat face of
the specimens.
3.3.3

Isothermal calorimetry

Isothermal calorimetry measurements were conducted at 20°C with a TAM Air instrument
(Thermometric) calibrated at 600 mW. The rate of heat release was measured on mixtures
containing the three types of cement and the two types of bitumen emulsions, with duplicate
specimens for each mixture. The water to cement ratio (w/c) of the CBEA mixtures was 3.14 for
mixtures with 3% cement and 1.57 for mixtures with 6% cement, including both the water in the
emulsions and the extra water added for workability. In addition to the CBEA mixtures, cold
mix asphalt mixtures without cement and cement pastes with w/c 1.00 were measured for
comparison purposes. A w/c of 1.00 was chosen to ensure enough water for full hydration (i.e., a
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further increase in w/c would not substantially affect hydration) and at the same time limit
sedimentation of the cement pastes. About 20 g of freshly-mixed CBEA were inserted into glass
vials of internal diameter 22.5 mm, sealed with a tight lid and placed in the measuring cell. The
rate of heat release was measured and integrated to obtain the cumulative heat release.
Upon cement hydration in the CBEA mixture, an amount of water becomes bound into the
hydration products (both chemically and physically). In order to calculate the amount of free
water present in the CBEA mixture, it is necessary to know the amount of water bound by the
cement. The amount of bound water is proportional to the amount of cement present in the
systems and to its degree of hydration. The degree of hydration can be calculated by dividing the
amount of heat developed at time 𝑡 (see Fig. 3-3, Fig. 3-5 and Fig. 3-7) by the potential heat of
the cement, which corresponds to the heat that is developed when all the cement has hydrated
[138]:
𝛼(𝑡) =

𝐻(𝑡)
𝐻𝑐𝑐𝑐

Eq. 3-1

Where 𝛼(𝑡) is the degree of hydration at time 𝑡 and 𝐻(𝑡) is the cumulative heat measured at
time 𝑡, expressed as J/g of cement in the mixture and 𝐻𝑐𝑐𝑐 is the total hydration heat of the
cement, measured in J/g of cement.
In the case of OPC, the potential heat can be calculated with good approximation with the
following formula [121]:
𝐻𝑐𝑐𝑐 = 517(𝐶3 𝑆) + 262(𝐶2 𝑆) + 1144(𝐶3 𝐴) + 418(𝐶4 𝐴𝐴)

Eq. 3-2

Where the mass fractions of the main phases in OPC are given in Table 3-1 and the coefficients
are in J/g of cement. By using this formula, a value of 434 J/g was calculated for the OPC used
in this study.
For the CSA and CAC, the enthalpies of the reactions taking place during hydration are not as
well established as for OPC. The approach followed in this case was measuring the heat evolved
during one week on several cement pastes made of different w/c with the same CSA and CAC
used in the CBEA mixtures. After 7 days hydration, the degree of reaction was assessed with
quantitative XRD [139]. With this approach, the potential heat values of 438 J/g of cement
reacted for CSA cement and 560 J/g of cement reacted for CAC were calculated [139]. Details
can be found in Appendix A.
3.3.4

Moisture loss and amount of trapped water

The moisture loss of the Marshall specimens during curing was monitored by weighing them
regularly during 28 days. Simultaneously, the Marshall specimens without cement were cured in
a humidity-controlled room (relative humidity 90±3% and temperature 20±1°C) for 4 months
until mass loss due to evaporation stopped. Then they were crushed, loosened up at room
temperature (the pieces were a maximum of 5 mm in size) and oven-dried at 105°C to obtain the
trapped water content. The trapped water was defined as the water adsorbed on the surfaces of
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aggregate and filler as well as the water trapped in the closed pores within the bitumen and that
cannot evaporate. In this study, the amount of trapped water was determined from the average of
20 samples.
Because the cationic emulsion broke immediately when fine aggregates were added to the
mixture, a considerable amount of water was lost during the compaction process. For this
reason, it was possible to quantify the water content evolution only for the mixtures with anionic
emulsion. The initial water content in the mixtures is made up by the water in the bitumen
emulsion and by the extra water used to wet the aggregates. As 2.52 g of water and 13.45 g of
bitumen emulsion were added per 100 g of mixture and 40% by mass of the bitumen emulsion
was composed by water (Table 3-2), the total initial mass percentage of water in the mixtures
was 7.9%.
In reference [22], it was shown that a decrease of the evaporable water content corresponded to
an increase of the mechanical properties of the CBEA (see in particular Fig. 12 in reference
[22]). Additionally, the residual water in CBEA gives an indication of stripping potential and
moisture susceptibility of CBEA which are highly concerned by other researchers [12–14]. The
water in the mixtures at a certain time 𝑡 falls into three categories: i) residual water, consisting
of residual evaporable water at time 𝑡 and of trapped water, ii) physically bound water on the
surface of the cement hydration products and iii) chemically bound water within the hydration
products [140]. The evaporable water is defined as the water within the capillary pores (ranging
from a couple of µm to several nm in size) that are present in the hydration products of the
cement and in the pores between the aggregates and the binder. The driving force for water
evaporation is the difference in the water potential between the interior of the CBEA specimens
and the air in the climate chamber, which progressively decreases due to evaporation and
binding by cement hydration products, until equilibrium with the ambient relative humidity is
eventually reached.
3.3.5

Marshall tests

The Marshall stability of CBEA was measured after 1, 3, 7, 14, 21 and 28 days. The tests were
carried out immediately after the specimens had left the humidity-controlled room and were
completed within 10 min. The testing room temperature was 20±1°C. Every Marshall stability
value is the average of 3 specimens. The maximum force was taken as the Marshall stability
value. In case a clear peak load could not be identified, the force measured when the
displacement reached 10 mm was considered as the maximum force. The Marshall stability test
was used since it is a conventional and widely applied test for asphalt mixtures and it gives both
the maximum force (expressed by Marshall stability) and the flexibility (expressed by flow). In
this thesis, the Marshall test was not performed in the standard way. It was used only as a
method to characterize the strength development. The Marshall test was also carried out at 20 °C
instead of 60 °C. This is because increase the temperature would accelerate water evaporation
and cement hydration. Although the indirect tensile test is more commonly used in asphalt
research and it shows a number of advantages over the Marshall test, the sample preparation is
very difficult especially at early ages, because it takes a long time for the CBEA mixture to cure.
While this research did not take the volumetric properties (void content, pore size and pore size
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distribution) into consideration, it is expected that they will affect to a certain extent both the
residual evaporable water content and the Marshall stabilities of the CBEA mixtures.

3.4
3.4.1

Results
Isothermal calorimetry

Mixtures without cement did not show any heat liberation. This confirms that all the heat
liberated by the CBEA mixtures is the product of cement hydration. The rate of heat liberation
and the cumulative heat of all the CBEA mixtures and of cement pastes with w/c 1.0 are shown
in Fig. 3-2 to Fig. 3-7.

Fig. 3-2: Rate of heat liberation of OPC: cationic emulsion with 3% (green) and 6%
cement (purple), anionic emulsion with 3% (blue) and 6% cement (red) and cement paste
with w/c 1.0 (black).

Fig. 3-3: Cumulative heat released of OPC: cationic emulsion with 3% (green) and 6%
cement (purple), anionic emulsion with 3% (blue) and 6% cement (red) and cement paste
with w/c 1.0 (black).
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The rate of heat liberation and cumulative heat of mixtures with 3% and 6% OPC are shown in
Fig. 3-2 and Fig. 3-3, respectively. Compared with the cement paste, the main hydration peak of
mixtures with anionic emulsion is wider and occurred significantly later, which indicates a
retardation of the OPC hydration. However, the main hydration peak of OPC in the presence of
the cationic emulsion occurred almost at the same time as in the OPC paste. The cumulative heat
release of OPC in the presence of anionic emulsion is initially lower than for the cement paste,
but increases steadily and surpasses the heat release of the cement paste. While in the case of
cationic mixtures, there is no substantial difference with cement paste.

Fig. 3-4: Rate of heat liberation of CSA: cationic emulsion with 3% (green) and 6%
cement (purple), anionic emulsion with 3% (blue) and 6% cement (red) and cement paste
with w/c 1.0 (black).

Fig. 3-5: Cumulative heat released of CSA: cationic emulsion with 3% (green) and 6%
cement (blue), anionic emulsion with 3% (purple) and 6% cement (red) and cement paste
with w/c 1.0 (black).
Fig. 3-4 and Fig. 3-5 show the rate of heat liberation and cumulative heat of mixtures with 3%
and 6% CSA cement, respectively. The CSA cement paste exhibits a main hydration event that
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peaked about 5.5 h, with a shoulder after 11h. The mixture with anionic emulsion shows two
sharp and separated hydration peaks at approximately 1h and 5h. However, in the case of
cationic emulsion mixture only one peak, occurring at about 5h after mixing, was evident. It can
be concluded that both the anionic and the cationic emulsions accelerated the CSA cement
hydration compared to the cement paste with w/c 1.0 (Fig. 3-5). However, no significant
difference in the measured cumulative heat was observed between CBEA and net cement paste
after 24 h hydration.

Fig. 3-6: Rate of heat liberation of CAC: cationic emulsion with 3% (green) and 6%
cement (purple), anionic emulsion with 3% (blue) and 6% cement (red) and cement paste
with w/c 1.0 (black).

Fig. 3-7: Cumulative heat released of CAC: cationic emulsion with 3% (green) and 6%
cement (blue), anionic emulsion with 3% (purple) and 6% cement (red) and cement paste
with w/c 1.0 (black).
The isothermal calorimetry results of mixtures containing 3% and 6% CA cement are shown in
Fig. 3-6 and Fig. 3-7, respectively. Mixtures with cationic emulsion appear to retard slightly the
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CAC hydration, while a slight initial acceleration followed by a slower development of
hydration heat is observed in the mixtures with anionic emulsion (Fig. 3-7). Also in this case, at
24 h hydration the difference between the CBEA mixtures and the net cement paste is minimal.
The calculated degrees of cement hydration calculated by Eq. 3-1 in all CBEA mixtures in the
first 3 days are shown in Table 3-3. CSA samples and CAC samples showed substantially higher
hydration degree during the first 3 days and already after 1 day.
Table 3-3: Degree of hydration of the cement in the CBEA mixtures
cement
degree of hydration [%]
paste
1d
2d
3d
OPC3A
20
53
72
OPC6A
16
54
70
CSA3A
75
82
85
CSA6A
74
81
83
CAC3A
72
81
85
CAC6A
70
76
79
3.4.2

Moisture loss and amount of trapped water

The mass loss from all the mixtures with anionic emulsion as a function of time, corresponding
to the amount of evaporated water, was measured by regular weighing. The results revealed that
water evaporated rapidly during the first week after compacting, while only little moisture loss
was observed from 7 to 28 days. In the absence of cement, the mass loss due to water
evaporation was substantially higher, while in the mixtures with cement a part of the water
became bound into the hydration products and could not evaporate, see Fig. 3-8. The amount of
trapped water (obtained from weighing 20 duplicate samples) was 1.21%. In this study, it is
assumed that the amount of trapped water is the same for all mixtures, regardless of the amount
and type of cement.

Fig. 3-8: Amount of evaporated water from Marshall specimens after 1, 7 and 28 days
curing
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3.4.3

Marshall stability

In the case of the reference HMA, the Marshall stabilities of samples made with the residual
bitumen obtained from the anionic and cationic emulsions were 25.9 kN and 36.5 kN,
respectively. Cold mixture samples after drying showed lower stability than HMA is probably
due to inadequate coating of aggregates, unevaporated water and presence of pores left by water
evaporation.
The evolution of the Marshall stability with 0%, 3% and 6% of OPC is shown in Fig. 3-9. In
case of mixtures without cement, only bitumen acts as a binder. The Marshall stabilities of
mixtures with cationic emulsion and no cement show a linear growth in the stability (Fig. 3-9a).
For the slow setting anionic emulsion with no cement, the test samples deformed under their
own weight after demoulding (Fig. 3-9b) and the Marshall stabilities could not be determined.
For this reason, only the trend of the measured stability is shown in Fig. 3-9b. The Marshall
stability of mixtures with both cationic and anionic emulsions increased significantly with the
addition of cement. The stability increased steadily during the 28 days curing period except for
OPC3C, which remained almost constant after 7 days. The stability of OPC6C at 28 days was
lower than that of the corresponding reference HMA, while the stability of test samples made
with anionic emulsion (OPC3A and OPC6A) was similar to that of the reference HMA. In
particular, after 1 day-curing, the stability of mixtures containing OPC and cationic emulsion is
higher than the stability of mixtures without cement (see Fig. 3-9a). However, in case of
mixtures with anionic emulsion, no significant differences in the Marshall stability were
measured after 1 day between mixtures with and without OPC (see Fig. 3-9b).

Fig. 3-9: Evolution of the Marshall stability with curing time (a. OPC-C, b. OPC-A, the
Marshall stabilities of HMA samples, made with the residual bitumen obtained from the
anionic and cationic emulsions, were 25.9 kN and 36.5 kN, respectively).
The evolution of Marshall stability with curing time in test samples with CSA and CAC is
shown in Fig. 3-10 and Fig. 3-11, respectively. The early mechanical properties of CBEA with
CSA and CAC were dramatically improved in comparison to mixtures with OPC. Mixtures
made with anionic bitumen emulsion appeared more homogenous than mixtures with cationic
emulsion. As a result, a linear growth of the Marshall stability was observed in CSA and CAC
mixtures with the anionic emulsion. However, in the case of cationic emulsion, the Marshall
stability increased only during the first week and remained constant from 14 days to 28 days. In
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the case of mixtures with 3% of cement, the stabilities varied from 10 kN to 15 kN after 2 weeks
curing time and were lower than the reference HMA. However, for mixtures with 6% cement,
the stabilities at 28 days were lower than the reference HMA in the case of cationic emulsion,
while for anionic emulsion, the stabilities at 28 days were much closer to the reference HMA in
the case of CSA cement or even higher in the case of CAC.

Fig. 3-10: Evolution of the Marshall stability with curing time (a. CSA-C, b. CSA-A, the
Marshall stabilities of HMA samples, made with the residual bitumen obtained from the
anionic and cationic emulsions, were 25.9 kN and 36.5 kN, respectively).

Fig. 3-11: Evolution of the Marshall stability with curing time (a. CAC-C, b. CAC-A, the
Marshall stabilities of HMA samples, made with the residual bitumen obtained from the
anionic and cationic emulsions, were 25.9 kN and 36.5 kN, respectively).

3.5
3.5.1

Discussions
Effect of emulsions on the initial rate of cement hydration

The initial retardation or acceleration observed in Fig. 3-2 to Fig. 3-7 may be due to the pH of
the bitumen emulsions [41], while no significant effect of the emulsion or of the bitumen could
be observed on the later development of hydration. In reference [39], Tan et al. observed that
both anionic emulsifiers and especially cationic emulsifiers retarded OPC hydration. However, a
high concentration of emulsifiers and a low w/c of 0.28 were used in reference [39]. Also in
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reference [41] the addition of asphalt emulsions retarded OPC hydration; however, the effect
was more pronounced for an anionic emulsion than for a cationic one, a result which agrees with
Fig. 3-2. No data were found in the literature about the effect of bitumen emulsion on hydration
of CSA and CAC.
3.5.2

Degree of cement hydration

As the initial w/c in the CBEA is rather high (3.14 for 3% cement and 1.57 for 6% cement), it is
assumed in this study that the loss of water due to evaporation in the Marshall specimens has
little impact on cement hydration in the first few days. Thus, the degree of hydration reached in
the first three days is assumed to be equal to that of the mixtures hydrating in sealed condition in
the isothermal calorimeter. In fact, considering the moisture loss by evaporation (Fig. 3-8), for
the OPC mixtures after 3 days the w/c of the Marshall specimens is approximately between 0.9
and 1.7.
After 3 days, the degree of hydration was considered to remain constant up to 28 days. Of course
this approach will lead to an underestimation of the amount of bound water, which in reality will
continuously grow, albeit at a low rate. However, since the degree of hydration at 3 days is
already rather high, especially for the CSA and CAC, and considering the unknown effect of
evaporation on the rate of hydration in the CBEA, this approach is considered to yield less
uncertainties than a possible estimation of the degree of hydration at 28 days based on the rate of
hydration in the first three days.
An alternative to this approach would be measuring directly the degree of hydration of the
Marshall specimens, e.g. by thermogravimetry. This approach would have a high degree of
uncertainty, due to the small amount of cement present in the mixture and especially to the
superposition of mass losses due to the decomposition of the bitumen and of the hydration
products.
3.5.3

Water content evolution

The bound water (both chemically bound and physically bound, see categories ii) and iii) in
section 3.3.4) was determined according to the procedure explained in reference [139]. In
particular, 1 g of fully reacted OPC binds a total amount of about 0.42 g of water, which
corresponds to the results obtained with Powers model [140,141]. For the CSA and the CAC,
these values are much higher, 0.75 g and 0.70 g of water, respectively (more details can be
found in Appendix A).
The residual evaporable water in specimens used for the Marshall tests was calculated by
subtracting the water that had already evaporated at time t, the water bound by the cement and
the trapped water from the initial water present in the samples. Thus the residual evaporable
water content was quantified as:
𝑝𝑒𝑒,𝑟𝑟𝑟 (𝑡) = 𝑝𝑡𝑡𝑡 − 𝑝𝑏𝑏𝑏 (𝑡) − 𝑝𝑡𝑡𝑡𝑡 − 𝑝𝑒𝑒 (𝑡)

Eq. 3-3

Where 𝑝𝑒𝑒 (𝑡) is the percentage of water by initial mass of mixture that has evaporated at time t,
𝑝𝑏𝑏𝑏 (𝑡) is the percentage of water bound by the cement and 𝑝𝑡𝑡𝑡𝑡 is the water trapped in the
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mixture. The residual evaporable water was quantified by Eq. 3-3 instead of quantifying it by
oven drying because heating to temperatures higher than 100°C for prolonged time would have
both induced further hydration of the cement and loss of volatile components from the bitumen.
Furthermore, 𝑝𝑏𝑏𝑏 (𝑡), the water bound by cement hydration, was quantified as [140,141]:
𝑝𝑏𝑏𝑏 (𝑡) = 𝜆 · 𝐶 · 𝛼(𝑡)

Eq. 3-4

Where 𝜆 is the amount of water bound by 1 g of cement, which is 0.42 g/g of OPC, 0.75 g/g of
CSA and 0.70 g/g of CAC (more details can be found in Appendix A); 𝐶 is the percentage of
cement in the mixture, 2.52% and 5.04% for mixtures with 3% and 6% of cement, respectively
(see Table 3-1) and 𝛼(𝑡) is the degree of hydration at curing time 𝑡 (Table 3-3). The water
evaporated after 1 day, 3 days, 7 days and 28 days are shown in Fig. 3-8 and the water bound by
the cement (quantified according to Eq. 3-4) are shown Fig. 3-12. In the case of C0A, obviously,
the water could only be lost by evaporation. When cement was added, a part of the free water
was bound by the cement. Thus the content of water available for evaporation was reduced. Fig.
3-13 shows the content of residual evaporable water in every mixture studied, quantified by
means of Eq. 3-3. The water content at 28 days varied from 1.5% to 3.5% (by initial mass of the
Marshall specimens) and decreased very slowly after the first week.
Although the initial volumetric structure of the mixtures may influence to some extent the water
evaporation, the amount of water evaporated and the kinetics of moisture loss are expected to be
dominated by the total moisture content of the mixtures and by the amount of water that
becomes bound into the hydration products of the cement. The amount of empty voids will on
the contrary have a negligible effect on the water retention and evaporation. Based on these
considerations, we believe that our set of experiments is still able to give a sufficiently complete
picture about the evolution of the moisture content of the studied CBEA mixtures. The
volumetric structure will certainly change from mixture to mixture; this will be the object of
further studies.

Fig. 3-12: Amount of water bound by hydration products of cement in Marshall specimens
after 1, 7 and 28 days curing.
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Fig. 3-13: Evolution of residual evaporable water content
3.5.4

Contribution of bitumen emulsion and cement to mechanical properties of CBEA

The linear stability growth of the samples without cement was probably caused by bitumen
emulsion breaking and by drying of water. The same results were also found by R.L. Terrel [29].
The stability of cationic samples after one day was increased by adding cement while anionic
samples were not. This is caused by cement hydration. Evidence can be found in Fig. 3-2 which
shows that in presence of cationic emulsion, a substantial amount of hydration occurred before 1
day, while in mixtures with anionic emulsion the hydration was retarded. On the contrary, for
CSA and CAC, the main hydration peak occurred well before 1 day (see Fig. 3-4 and Fig. 3-6).
A clear impact of this faster hydration is evident in Fig. 3-10 and Fig. 3-11, where the Marshall
stability after 1 day was higher than for OPC mixtures. For example, in the cases of CSA3A and
CSA6A, the stabilities after 1 day were already 83% and 77%, respectively, of those at 28 days.
Fig. 3-14a shows the Marshall force-displacement curve of OPC-containing specimens over
time, according to which both the stiffness and the maximum force increased gradually as a
function of time and cement hydration. On the contrary, mixtures with CAC (Fig. 3-14b)
showed an almost constant stiffness, while the increase of maximum force after 1 day was
limited. By comparing Fig. 3-14a and Fig. 3-14b, it is very clear that cement hydration
dominates both the stiffness and stability. Take the Fig. 3-14a for example, the increases in both
stiffness and stability from 1 day to 7 days after mixing are mainly caused by OPC hydration.
After 14 days-curing when most of cement has hydrated, the stiffness kept constant. The further
increase in stability was mainly due to drying of water, which allows bitumen to adhere to
aggregates. In the case of Fig. 3-14b, because most CAC has hydrated after 1 day-curing, the
stiffness kept constant. The further increase in stability was likely also in this case due to drying
of residual evaporable water. These results are in agreement with the residual evaporable water
content, which is shown in Fig. 3-13. We can reasonably infer that on one hand, cement hydrates
linked aggregates by forming elastic cross links between them, which consequently increased
the stiffness of CBEA [22]. On the other hand, by binding water, cement hydration further
increased the stability of CBEA. To gain a deeper understanding of the mechanisms governing
the mechanical properties of CBEA, the distribution of hydrated cement and contribution of
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cement hydrates to the microstructure of CBEA could be imaged by X-ray computed
tomography [22] or by Scanning Electron Microscopy (SEM).

Fig. 3-14: Force-displacement curve of a) OPC6C and b) CAC6A as a function of curing
time
The most important contribution of the bitumen emulsions to CBEA is to provide water for the
cement hydration and to increase the flexibility of the composite. Based on the results of the
present study, it appears that the only effect of bitumen emulsions on cement hydration is some
retardation or acceleration.
On the one hand, bitumen emulsion provides water for cement hydration and on the other hand,
bitumen forms adhesion to aggregates and contributes to the further increase of stability. By
quantifying the moisture losses in CBEA, it was found that the residual evaporable water content
in the mixtures is relatively high after 28 days curing (from 1.5% to 3.5% by mass of mixtures).
The slow reduction in moisture content might be the reason for the slow, long-term strength
increase in these mixtures [22]. The contribution of bitumen emulsion to the mechanical
properties of CBEA cannot be precisely quantified at this stage and needs to be characterized in
future studies. This is particularly true with respect to creep, low temperature cracking and
fatigue behavior.
3.5.5

Hardening mechanism

Conventional HMA gains strength after cooling. This is because the bitumen binder acts as a
glue at ambient temperature, which binds the aggregates together [37]. However, in the case of
bitumen emulsions, bitumen droplets are suspended in water. Fig. 3-15 shows the hardening
mechanism of a CBEA mixture, which is divided in 3 stages. As shown in Fig. 3-15, in the first
stage, before breaking, there is no adhesion to the aggregate surface. For this reason cold mix
asphalt shows inadequate mechanical properties at early ages. By adding cement, the stiffness
and the stability can be greatly increased [21]. Cement and bitumen emulsion interact with each
other and both are acting as binders. On the one hand, bitumen emulsion provides water for
cement hydration. On the other hand, cement hydration accelerates bitumen emulsion breaking
and benefit the strength development of CBEA. As bitumen emulsion breaks and cement
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hydrates, bitumen and cement start to bind aggregates. This is the second stage, in which the
strength increases over time. At the third stage, as water evaporates, bitumen emulsion reverses
to bitumen and binds the aggregates.

Fig. 3-15: Schematic representation of bitumen emulsion breaking in the presence of
cement

3.6

Conclusions

In this chapter, isothermal calorimetry applied to CBEA mixtures showed that bitumen emulsion
may slightly retard or accelerate cement hydration, but has no significant effect on the degree of
cement hydration after a couple of days. This research demonstrates that the early strength of
CBEA can be improved by adding small amounts of rapid-hardening cements (CSA and CAC).
In addition, CSA and CAC bind more water than OPC, which may lower the stripping and
moisture damage potential of CBEA. While cement is considered to be a secondary binder in
CBEA, its role appears however to be significant, since cement hydration dominates both the
stiffness and stability of CBEA and comparable mechanical properties to hot mix asphalt can be
eventually reached by using cementitious materials.
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4.1

Influence of cement on shear rheology and stability of
bitumen emulsion 2

Summary

Ordinary Portland cement (OPC) has been extensively used in cold recycling asphalt and cold
mix asphalt as an additive in order to improve the early age performance of these mixtures. The
main purpose of its application is that cement hydration benefits the strength development by
consuming water and by accelerating bitumen emulsion breaking.
The aim of this chapter is to investigate the influence of cement on the rheology and stability of
rosin-emulsified anionic bitumen emulsions. With this purpose, an anionic bitumen emulsion
blended with various amounts of cement and limestone filler was studied by means of a
Brookfield viscometer. Optical microscopy was used to investigate the breaking process of the
bitumen emulsion and the morphology of bitumen droplets in the presence of cement and filler.
In addition, the stability of anionic bitumen emulsions was studied in dependence of the pH and
the calcium ion concentration. The results indicate that, unlike limestone filler, which has no
significant influence on anionic bitumen emulsion, cement causes flocculation and partial
coalescence of bitumen emulsions. This gelation of cement-bitumen emulsion blends appears to
be caused by the interaction between cement particles and emulsifiers. While a decrease of the
pH would lower the solubility of the emulsifiers, this is not a concern since cement dissolution
increases the pH.

4.2

Introduction

Bitumen emulsion is a dispersion of small bitumen droplets in water. This system is
thermodynamically unstable and coalescence happens spontaneously, which eventually results
in phase separation. While coalescence of bitumen emulsions can happen without any
disturbances, several factors, such as settlement under gravity [31], evaporation of water [31],
shear [31,62] or freezing [31,62], swelling of bitumen droplets [48], diffusion of surfactants
[43], sudden changes of pH [57], addition of salts or of small solid particles [31,58,142,143] and
heating [144], all accelerate the coalescence of bitumen emulsions.
The stability of bitumen emulsions can be evaluated by the DLVO theory [44,63,143,145],
which quantitatively describes the interactions between two approaching charged particles in an
2

The most important findings of this chapter have been published in: Fang X, Garcia-hernandez A, Winnefeld F,
Lura P. Influence of Cement on Rheology and Stability of Rosin Emulsified Anionic Bitumen Emulsion. J Mater Civ
Eng 2016, 28(5): 04015199. Doi:10.1061/(ASCE)MT.1943-5533.0001454.
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aqueous phase. The interaction energy is mainly governed by electrostatic repulsion and van der
Waals attraction [143], [44]. The DLVO theory can be applied based on measurements of zeta
potential and particle size and some reasonable assumptions [67]. From a macroscopic point of
view, stability of bitumen emulsion can be directly reflected by rheological properties [58,146].
It has been documented that the instability of bitumen emulsion can lead to an increase in its
viscosity [58,146].
In the case of CBEA, the addition of cement was confirmed to accelerate bitumen emulsion
breaking, although the mechanism is not yet fully understood [13,21]. Several factors that may
affect bitumen emulsion breaking have been addressed. It is known that adding cement increases
the pH [21] and decreases the zeta potential [45] of the emulsion. However, the increase in Ca2+
ions concentration by adding cement was not found to have any significant influence on both
cationic and anionic bitumen emulsion breaking [21,45]. Furthermore, the increase in pH
triggers the flocculation of cationic bitumen emulsions but stabilizes anionic bitumen emulsions
[45]. In addition, the loss of water due to cement hydration was thought to be the main reason
for the accelerated breaking of bitumen emulsions [45]. This might be correct in some
circumstances, but it is certainly not the only acting mechanism. In fact, as previously
mentioned, solid particles are themselves able to accelerate bitumen emulsion breaking [31,58].
This is a general phenomenon and it depends only in part on the nature of the solid particles,
since one can induce instability in bitumen emulsions by adding either anionic polystyrene
spheres, clay particles or carbon black particles [58]. The fineness of the solid particles should
be also taken into consideration, since particles with higher specific surface area are more active
with bitumen emulsion [31,59,147]. This is also corresponding to my observation that rapid
setting bitumen emulsion breaks immediately when fine aggregates are added [10]. However, it
should be noted that researchers have evidenced that both cationic and anionic latex or
emulsifiers and superplasticizer can be adsorbed by cement particles [45,55,56]. In particular,
anionic latex is adsorbed by cement as a consequence of the interaction between Ca2+ ions and
carboxyl group [56].
In chapter 3, a general understanding of CBEA has already been obtained [10,22]. The critical
factor that affects hardening of CBEA, namely water content, has been quantified and
meanwhile, the bitumen emulsion was confirmed to have no significant influence on cement
hydration. Besides, rapid hardening cement can be used to enhance the early strength of CBEA.
Cement improves the early strength of CBEA mainly by acting as a binder for the aggregates
and partly by binding water.
This chapter aims at understanding the influence of cement on the rheology and the stability of
bitumen emulsions. The viscosity change caused by adding cement and limestone filler was
determined by a Brookfield viscometer. An optical microscope was used to observe the
emulsion breaking and the interaction between particles and emulsion. In addition, different
materials including limestone filler, cement and calcium chloride were blended with an anionic
bitumen emulsion, in order to evaluate its stability.
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4.3
4.3.1

Experimental
Materials

Stable Premix Emulsion, a cold applied stable anionic bitumen emulsion designed for use in
highway and general maintenance applications was used in this study. The measured pH is 10.0.
This bitumen uses rosin as emulsifier. Since rosin, in which the main effective constituent is
abietic acid (shown in Fig. 4-1), is insoluble in water, potassium hydroxide is used to dissolve
the emulsifier. The final pH of the concentrated emulsifier is 11.8. Cationic emulsion was not
used in this chapter, based on observations in previous work, where it was found that addition of
even a small amount of cement can trigger sudden breaking in cationic emulsions [10,22]. Two
types of particles were used: OPC CEM I 42.5 N (density 3130 kg/m3 and Blaine fineness 2810
cm2/g) and limestone filler. The particle size distribution of both cement and limestone filler,
measured by laser diffraction, are shown in Fig. 4-2.

Fig. 4-1: The main effective constituent of rosin used in anionic bitumen emulsion: abietic
acid (C20H30O2).

Fig. 4-2: Particle size distribution of cement and filler (solid red-cement cumulative
percentage passing; solid blue-filler cumulative percentage passing; dashed red-cement
volumetric percentage; dashed blue-filler volumetric percentage).
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4.3.2

Test specimens preparation

The samples were made by blending particles (cement and oven-dried filler) with bitumen
emulsion at 60 rpm for 1 min. In this chapter, time zero 𝑡0 was defined as the moment when
cement was added. These samples were then poured into a container and tested immediately in
order to minimize the effects of sedimentation, gelation or formation of large flocs. When both
filler and cement were used, they were premixed dry before adding them to the bitumen
emulsion. The ratio between particles and bitumen emulsion was defined according to typical
ratios of filler and bitumen employed in hot mix asphalt. To simplify the calculation, I assumed
6% bitumen (by mass of dry aggregate and filler) and 6% filler. This means the ratio between
filler and bitumen is 1:1 by mass. Therefore, the ratio between filler and bitumen emulsion is
6:10, considering that the bitumen emulsion contains 60% bitumen by mass. In a further step,
part of the filler was replaced by an equal mass of cement.
Although the rheological property of suspensions depends on the volume fraction of the
dispersed phase, the particles were added by mass of bitumen emulsion to simplify the
calculation. In the case of bitumen emulsion blended with filler only, the filler was added from 0
to 100% by mass of bitumen emulsion. On the contrary, at most 8% cement could be added
before gelation occurred (at cement amounts >8% by mass of bitumen emulsion). When both
filler and cement were added, the total mass of particles was 60%, for a filler replacement by
cement from 1% to 5%. Also in these samples, once more than 5% of the filler was replaced by
cement, the samples were solidified and could not be poured out from the mixer. All ratios were
calculated by mass of bitumen emulsion.
4.3.3

Brookfield viscometer

The viscosity of the fresh bitumen emulsion blends was measured by a Brookfield viscometer,
which is an accepted standard for measuring shear stress and apparent viscosity of bitumen. The
measurements can be done at different temperatures and at different shear rates. A serial of
spindles were designed for different samples. In this chapter, the measurements were carried out
by using a cylindrical spindle at room temperature (20±1°C). Three types of sample were
measured: bitumen emulsion blended with filler (BEF), with cement (BEC), and with both filler
and cement (BEFC).
The viscosity of test samples was obtained as:
𝜂=

𝜏
𝛾̇

Eq. 4-1

Where, 𝜂 is apparent shear viscosity, [Pa∙s]; 𝜏 is shear stress, [Pa]; 𝛾̇ is shear rate [s-1].

The Brookfield viscometer displays rotational speed expressed in rpm rather than shear rate. The
shear rate can be quantified as:
𝛾̇ = 0.34𝑁

Eq. 4-2
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Where, N is the rotational speed, expressed in rpm; 0.34 is a constant parameter related to the
spindle dimensions [148].
Yield stress was obtained by fitting the shear stress curves using the Herschel-Bulkley model
[149]:
𝜏 = 𝜏𝐻𝐻 + 𝑐 ∙ 𝛾̇ 𝑝

Eq. 4-3

Where, 𝜏𝐻𝐻 is the yield stress, Pa; 𝑐 is the flow coefficient, measured in Pa·s; 𝑝 is the HerschelBulkley index.
4.3.4

Optical microscope

The coalescence of bitumen droplets was imaged using diluted bitumen emulsion and sheet mica
that was peeled from a natural rock. Mica was used because it is thin and transparent and its
multi-layered structure enables us to create a monolayer of bitumen droplets. Furthermore, mica
is one of the common components in natural aggregates such as gneiss and diorite [150]. The
bitumen emulsion was diluted by deionized water (4 times deionized water by volume), since
the original bitumen emulsion is too concentrated to be imaged. Because mica is thin and
transparent, the interface between bitumen droplets and mica can be easily identified. The sheet
mica was placed between a microscope slide and a glass sheet, creating a tiny gap between them
(approximately 10-20 µm). Subsequently, a small droplet of diluted bitumen emulsion was
placed on one side of the cover sheet. The bitumen emulsion was then instantly sucked into the
gap between the glass surfaces because of capillary forces and adsorbed onto the other side of
the mica sheet (see Fig. 4-3). Images were captured every minute until all water had been
drained out of the gap. Instead of mica, also filler and cement particles were placed between
these two glass sheets to show the influence of different particles on the stability of bitumen
emulsions. All the images were captured at room temperature (20±1°C).

Fig. 4-3: Schematic representation of microscopy samples (a) and coalescence of bitumen
droplets with mica after emulsion breaking (b)
4.3.5

Stability and pH measurements

The pH of bitumen emulsion and of bitumen blended with filler and cement was measured by a
digital pH meter. Before each measurement, the pH meter was calibrated by appropriate buffer
solutions at 20°C. Each reported value is the average of 3 measurements.
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The stability tests were carried out by adding various amounts of different materials, including
limestone filler, OPC, CaCl2 and KOH, to 20 g of bitumen emulsion. The pH of the blend was
monitored after addition and the states of the blends at 2 hours after blending were determined
by visual observation. Although the stability samples were left at rest while the samples for
rheology measurements were stirred, the two different samples are expected to be comparable
due to the very low shear rate in the rheology measurements (<1 s-1 [149]). All the
measurements were performed at room temperature (20±1°C).
4.3.6

Rosin emulsifier adsorption test

The actual emulsifier used for producing the anionic emulsion was used in these measurements.
The emulsifier solution (rosin and KOH solution) is opaque and dark brown with pH 11.8 at
room temperature. The mass content of rosin according to the producer is 18.1%. The original
emulsifier solution was diluted 500 times using KOH solutions (pH 11.8). Thereafter, the diluted
emulsifier solution was filtered after blending with different amounts of filler, cement and CaCl2
using filter paper (Whatman Grade No. 40 Quantitative filter paper, 8 μm). The solution was
imaged before and after filtration to qualitatively show the rosin concentration change, which
was indicated by the color of the solutions.

4.4
4.4.1

Results
Influence of shear rate on viscosity

Fig. 4-4 (a) shows the viscosities of bitumen emulsion only and of bitumen emulsion samples
with different amounts of limestone filler. Each measurement was at least twice duplicated to
ensure the average coefficient of variation was no more than 5%. All samples showed shear
thinning properties, which means that the viscosity decreases with an increasing shear rate. It is
evident that adding filler slightly increases the viscosity of the blends. Fig. 4-4 (b) shows the
increasing shear stress of test samples as a function of increasing shear rates. The shear stress
increases considerably when more than 60% filler was added. The shear stress was fitted using
the Herschel-Bulkley model (Eq. 4-3) and the parameters are shown in Table 4-1. The yield
stress 𝜏𝐻𝐵 increases progressively with filler contents, shown as black squares in Fig. 4-5
(secondary axis). In particular, Fig. 4-5 also shows the increasing viscosity of samples as a
function of increasing volume fractions of filler from 0 to 0.4 (corresponding to mass fractions 0
to 1). This graph reveals that at a given volume fraction of filler, the lower was the shear rate,
the higher was the viscosity. It was remarked that, unlike in reference [58], the bitumen
emulsion/filler blends did not show any significant time-dependent change of viscosity during 2
hours.
Table 4-1: Parameters of shear stress curves fitted by Herschel-Bulkley model (filler)
Filler content BE only BE:F=1:0.2 BE:F=1:0.4 BE:F=1:0.6 BE:F=1:0.8 BE:F=1:1
0
0.68
1.18
1.52
2.42
2.62
τHB [Pa]
1.19
0.75
0.61
0.86
1.33
3.48
c [Pa·s]
0.20
0.29
0.64
0.73
0.69
0.56
p [-]
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Fig. 4-4: a) Viscosity of bitumen emulsion blended with different amounts of filler vs. shear
rate (the values in the legend show the mass ratio between bitumen emulsion denoted as
BE and filler denoted as F); b) Shear stress of bitumen emulsion blended with different
amounts of filler vs. shear rate

Fig. 4-5: Viscosity at different shear rates of bitumen emulsion blended with different
amounts of filler
On the contrary, cement showed a markedly different influence on the viscosity of bitumen
emulsion/cement blends. Although small amounts of cement were added into the bitumen
emulsion, the viscosity increased by up to three orders of magnitude. In order to better identify
the influence of cement amount on the viscosity of the bitumen emulsion, it is convenient to plot
the results in a log-log diagram, see Fig. 4-6 (a). When the mass of cement was lower than 6%,
the viscosity of the blend is lower than that of the net emulsion at low shear rates. However, at
higher rates it surpasses the viscosity of the bitumen emulsion, crossing at 0.51 s-1. When over
6% of cement (by mass) is added, the viscosity increases dramatically. This sudden increase of
viscosity is more specifically shown in Fig. 4-7. Fig. 4-6 (b) shows the increasing shear stress of
test samples as a function of increasing shear rates. The shear stress was fitted by the HerschelBulkley model and the parameters are shown in Table 4-2. It was found that the yield stress 𝜏𝐻𝐻
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increases exponentially with cement contents and shows a sudden increase when the cement
content is over 6%, see Fig. 4-7 (black squares shown in secondary axis). In summary, when the
mass of added cement is less than 6% (corresponding to volume fractions lower than 0.02),
adding cement makes the blends more elastic and less shear-thinning, while at higher
concentrations also the viscosity at low shear rates is dramatically increased. 6% is usually
called critical concentration, denoted as 𝑐𝑐𝑐𝑐𝑐 , see Fig. 4-7.

Fig. 4-6: a) Viscosity of bitumen emulsion blended with different amounts of cement vs.
shear rate (the values in the legend show the mass ratio between bitumen emulsion denoted
as BE and cement denoted as C); b) Shear stress of bitumen emulsion blended with
different amounts of cement vs. shear rate.
Table 4-2: Parameters of shear stress curves fitted by Herschel-Bulkley model (cement)
Cement
BE
BE:C=1
BE:C=1
BE:C=1
BE:C=1
BE:C=1
content
only
:0.04
:0.05
:0.06
:0.07
:0.08
0
0.20
0.24
0.35
1.55
7.06
𝜏𝐻𝐻 [Pa]
1.19
1.00
1.35
1.18
2.37
3.29
𝑐 [Pa·s]
0.20
0.55
0.68
0.69
0.63
1.00
𝑝 [-]

Fig. 4-7: Viscosity at different shear rates of bitumen emulsion blended with different
amounts of cement
55

Chapter 4: Influence of cement on shear rheology and stability of bitumen emulsion

4.4.2

Time-dependency of viscosity

In the previous section, it has been observed that cement shows a significant influence on the
viscosity of bitumen emulsion. In this section, the time-dependent rheological properties of
different blends were characterized by measuring the viscosity at a certain shear rate (starting
from 0.51 s-1, a lower shear rate was used when the torque exceeded 90%) over time.
Although in both cases the blends (bitumen emulsion blended with filler and cement) exhibit
non-Newtonian behaviors, they demonstrate very different time-dependent properties. The
viscosity of bitumen emulsion and bitumen emulsion with filler does not change with time (see
BE only in Fig. 4-8 and BE:F=1:0.6 in Fig. 4-9, corresponding to bitumen emulsion only and
bitumen emulsion with 60% filler without cement, respectively). However, when cement was
added, the viscosity increased over time. Fig. 4-8 shows the increase in viscosity of
cement/bitumen emulsion blends, where it is clear that the viscosity increases progressively with
time when cement was added. In particular, when the cement content is higher than 6%, the
viscosity shows initially a gradual increase until about 20 Pa·s and then it grows suddenly. After
peaking at a certain value, the viscosity shows a clear decrease. The occurrence of peaks in
viscosity is usually due to gelation [58], which occurred earlier when higher amounts of cement
were used. The viscosity decrease after the peak may be a consequence of wall-slip effects
[149].

Fig. 4-8: Viscosity of cement/bitumen emulsion blends (the values in the legend represent
the mass ratio between bitumen emulsion and cement)
Fig. 4-9 shows the viscosity of bitumen emulsions blended with 60% particles (filler and
cement) by mass of bitumen emulsion. The values in the legend show the mass ratios between
bitumen emulsion, filler and cement. In the absence of cement (60% filler only), the viscosity is
almost constant during the measured period. When no more than 2% cement is added, the
viscosity of the blends starts at a lower value than in the plain emulsion but it increases steadily
and then surpasses the viscosity of the filler/bitumen emulsion blends. However, when more
than 2% cement is added, the viscosity shows a sudden, asymptotic increase, which is likely due
to gelation.
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Fig. 4-9: Viscosity of bitumen emulsion blended with different amount of cement and filler
(the values in the legend represent the mass ratio between bitumen emulsion, filler and
cement; the total percentage of particles is 60%)
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b
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Water
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2 min

60 min
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Water-air
boundary
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Air
50 μm

120 min

50 μm

150 min

Fig. 4-10: Steps (1-4) in the breaking process of bitumen emulsion on sheet mica surface.
The steps and their correspondence to images a-f are discussed in the text.
4.4.3

Morphology of bitumen droplets

The breaking process of bitumen emulsion at the edge of a mica sheet was captured by optical
microscope and is shown in Fig. 4-10. In each image from a to f, the mica sheet can be found in
the upper right corner. At the interface between bitumen droplets and mica, the multiple layers
of sheet mica were evident. Once bitumen emulsion was placed on one side of the cover sheet, it
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was adsorbed to the other side instantly. Since bitumen emulsion flowed from left to right (see
Fig. 4-3a), bitumen droplets were stopped by the mica sheet and enriched at its edge. The
imaging process started about 2 minutes after adding bitumen emulsion.
Four distinct steps in the process of bitumen emulsion breaking can be identified in Fig. 4-10.
Step 1: Since bitumen emulsion was sucked from one side to the other, bitumen droplets were
halted by the mica sheet and enriched at the interface. The bitumen droplets were forced to come
into contact with each other (Fig. 4-10 (a)). Very clear and distinct boundaries between these
bitumen droplets in the red circle can be easily identified. Step 2: 1 h later (Fig. 4-10 (b)), the
boundaries dissolve, forming a neck between two bitumen droplets. In this step, usually called
coalescence, bitumen droplets started to merge together. By merging together, the mean droplet
size of bitumen emulsion became larger. Step 3 (Fig. 4-10 (c-d)): the coalesced bitumen droplets
merged with neighboring droplets, linking all the bitumen droplets in the red circle together. As
part of the water evaporated, the remaining water was sucked to the other side instantly, leaving
a clear water-air boundary (marked in Fig. 4-10 (d)). Step 4 (Fig. 4-10 (e-f)): as the water
evaporates, the water-air boundary shrinks, pushing the bitumen droplets to the mica sheet.
Meanwhile, the water and air bubble in the merged bitumen was squeezed out. Eventually, after
150 minutes, all the bitumen droplets merged together, forming a thin bitumen film on the edge
of the mica sheet.

Fig. 4-11: Bitumen emulsion diluted by deionized water
Fig. 4-11 shows the diluted bitumen emulsion. Although some flocculation occurred, most of
bitumen droplet existed as a single droplet or in a small floc of 2 to about 30 droplets. Fig. 4-12
(a-f) shows the bitumen droplets in different scales in the presence of filler and cement,
respectively. When filler was added, bitumen droplets were still mostly visible as discrete
droplets although some of them came into contact with each other, see Fig. 4-12 (a-d). No
substantial interaction between filler particles and bitumen droplets was observed. In other
words, limestone filler did not show any significant influence on the distribution of bitumen
droplets. However, when cement was added, cement caused the formation of much larger
interconnected flocs (see Fig. 4-12 (c)), to the point that only a handful of flocs is observed in
the whole sample (Fig. 12 (a)). Because a part of the bitumen droplets merged together, larger
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bitumen droplets were generally observed. Furthermore, some bitumen droplets were adsorbed
on the surface of cement particles (Fig. 12 (e)).

Fig. 4-12: Diluted bitumen emulsion in the presence of cement (a, c, e) and filler (b, d, f)
Because filler and cement showed very distinct effects on bitumen emulsion, image analysis was
performed to quantitatively describe these effects. Each bitumen droplet was numbered and its
diameter was measured automatically using Nikon image analysis software. It should be noted
that Fig. 4-12 (e) and (f) just show a zoom in on few droplets while the actual image analysis
was performed on much larger samples. Fig. 4-13 shows the diameter distribution of bitumen
droplets in the presence of filler and cement. The diameter distribution without filler and cement
was omitted due to the fact that filler did not show any substantial effect on bitumen droplets.
Fig. 4-13 (a) and (b) show the number percentage of bitumen droplets versus diameter. The
average total number of bitumen droplets in the presence of filler and cement are 722 and 265,
respectively. Although both curves are peaking at approximately 3 μm, the diameter distribution
of bitumen droplets in the presence of cement shows a long tail. The corresponding cumulative
number percentage shows that about 85% bitumen droplets (in terms of total number) are
smaller than 5 μm. However, the diameters of bitumen droplets in the presence of filler are all
smaller than 5 μm.
Because part of bitumen droplets merged, the total number of bitumen droplets was reduced
when cement was added. However, the total volume should remain constant. In order to describe
these different effects, it is more precise to count the bitumen droplets in terms of volumetric
percentage. In Fig. 4-13 (c) and (d), the volumetric percentage was calculated based on the
hypothesis that each bitumen droplet is a perfect sphere, which means that no deformation
happened during the measurement (for example, because of the gravity or pressure between the
microscope slides). The mean particle volume of bitumen droplets in the presence of cement is
much larger than that in the presence of filler. The cumulative volumetric percentage of bitumen
droplets smaller than 5 μm is around 40%, see Fig. 4-13 (d). This means that approximately 60%
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percent bitumen droplets have merged together. The result also reveals that bitumen droplets
showed larger total volume in the presence of cement than that in the presence of filler (total
volume of bitumen droplets in the presence of filler and cement are 9135.4 µm3 and 12032.8
µm3, respectively). This may be a consequence of sampling or indicate that the bitumen droplets
are not perfect spheres, which is of particular importance in the case of larger droplets because
they are more likely to be deformed under gravity or pressure.

Fig. 4-13: Diameter distribution of bitumen droplets in the presence of filler and cement
particles (total number of bitumen droplets in the presence of filler and cement are 722
and 265, respectively; total volume of bitumen droplets in the presence of filler and cement
are 9135.4 µm3 and 12032.8 µm3, respectively).
4.4.4

Stability and pH

The results of stability measurements on bitumen emulsions blended with different amounts and
types of materials are shown in Table 4-3. Adding filler had no significant effect on the stability
of bitumen emulsions, although the blend became more viscous. The effect of cement on the
stability of bitumen emulsions depends on the cement amount. For example, adding 1.0 g
cement in 20 g bitumen emulsion caused partial sedimentation and inhomogeneity, but the blend
was still liquid 2 h after mixing (see brown triangle curve in Fig. 4-8).
On the contrary, adding 1.4 g cement in 20 g bitumen emulsion resulted in gelation after 20 min
(see blue oblique cross curve in Fig. 4-8) and the blend became a homogeneous and rigid solid.
Adding CaCl2 (0.1-1.0 g) showed the same final states as adding 1.0 g cement. Although adding
0.1 g KOH significantly increased the pH (from 10.0 to 12.8), the bitumen emulsion was still
stable and homogeneous. Furthermore, adding 1 g cement together with 11 g filler showed the
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same final states as adding 1.4 g cement. All these additives also changed the pH, as shown in
Table 2. In summary, addition of cement and CaCl2 destabilized the bitumen emulsion, while
filler and KOH (or an increase in pH) did not show any significant effect. Adding a small
amount of cement caused inhomogeneity, while adding slightly larger amounts of cement caused
gelation.
Table 4-3: pH and final state of bitumen emulsions blended with different materials
pH
Final states (after 120
Bitumen
Cement
Filler
Calcium
Potassium
(120
min)
emulsion [g]
[g]
[g]
chloride [g] hydroxide [g]
min)
20

-

-

-

-

10.0

20

1.0

-

-

-

12.2

20

1.4

-

-

-

12.2

20

-

10.0

-

-

10.0

20

-

-

0.1-1.0

-

10.0

0.1

12.8

-

12.2

20
20

1.0

11.0

-

stable, homogeneous
sedimentation,
inhomogeneous, liquidlike
gelation, homogeneous,
solid-like
viscous, stable,
homogeneous, liquidlike
sedimentation,
inhomogeneous, liquidlike
stable, homogeneous,
liquid-like
viscous, gelation,
homogeneous, solidlike

Fig. 4-14: a) Emulsifiers precipitated by different amounts of filler after filtration (from
left to right, filler concentration decreases from 100 g/L with interval of 10 g/L); b)
Emulsifiers precipitated by different amounts of cement after filtration (from left to right,
cement concentration decreases from 3 g/L with interval of 0.3 g/L); c) Emulsifiers
precipitated by different amounts of CaCl2 after filtration (from left to right, CaCl2
concentration decreases from 1.5 mmol/L with interval of 0.1 mmol/L).
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4.4.5

Adsorption of rosin emulsifiers

Fig. 4-14 shows the filtrates of emulsifier solutions after blending with various amounts of filler,
cement and CaCl2, respectively. The filler filtrates do not show any significant color change,
although the amount of filler is relatively high. On the contrary, cement and CaCl2 filtrates show
significant color changes, which is further proportional to the cement and CaCl2 amount that was
used. This result indicates that the addition of cement and CaCl2 decreases the rosin
concentration in the solutions.

4.5
4.5.1

Discussions
Rheology of bitumen emulsion and filler/bitumen emulsion blends

Unlike bitumen, bitumen emulsion is a typical non-Newtonian fluid [151,152]. Its shearthinning behavior (decreasing viscosity with increasing shear rate) is evident from the ‘BE only’
curve in Fig. 4-4. The rheology of bitumen emulsion is determined by the volume bitumen
fraction and the bitumen droplet size distribution [151]. As the bitumen fraction increases, both
the interpenetration of the adsorbed surfactant layers and the friction increase, causing an
increase in viscosity [151]. Generally, the rheological behavior of bitumen emulsion depends on
the thickness of the thin liquid films, which is determined by the mean droplet diameters and by
the bitumen concentrations, and on the interactions between the surfactant molecules adsorbed
on adjacent bitumen droplets, which depends on the length of the hydrophilic chain [151,153].
When filler was added, the system consists of 3 phases: bitumen droplets, water and filler
particles. The viscosity showed a progressive increase at lower filler concentration but an
exponential increase at higher filler concentration due to the increasing hydrodynamic forces.
This result is also corresponding to previous findings [152].
4.5.2

Rheology of cement/bitumen emulsion blends

Unlike limestone filler, cement showed a markedly different influence on bitumen emulsion,
although at rather low cement amounts. The most distinct effect of cement on the rheology of
bitumen emulsion is the sudden increases in viscosity when the cement amount is higher than
6% by mass of bitumen emulsion, see Fig. 4-6. This sudden increase is also evidenced by the
yield stress (see 𝜏𝐻𝐻 in Table 4-2), which shows a sudden increase when over 6% cement was
added. The yield stress corresponds to the force that must be applied to let the sample start to
flow [149]. Because the yield stress is rather high, the samples behaved like a rigid solid when
over 6% cement was added. The cement amount corresponding to this behavior is usually called
critical concentration and denoted as 𝑐𝑐𝑐𝑐𝑐 , see Fig. 4-7. From a practical point of view, 𝑐𝑐𝑐𝑐𝑐 is of
great importance for CBEA because 𝑐𝑐𝑐𝑐𝑐 is the maximum cement amount that can be used.
When higher amounts are used, the large aggregates may not be coated sufficiently due to the
fact that the bitumen emulsion is not sufficiently fluid to wet them. It should be noted that the
viscosity of cement/emulsion blends at 𝑐𝑐𝑐𝑐𝑐 cannot be directly compared with the viscosity used
in hot mix asphalt (the viscosity range of 0.17±0.02 Pa·s is used for mixing temperatures and
0.28±0.03 Pa·s is used for compaction temperatures during Superpave mix design [154]). This is
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because hot bitumen is a Newtonian fluid, while cement/emulsion blends show shear thinning
properties whose viscosity is shear-rate dependent.
Sudden increases in viscosity of bitumen emulsions have also been observed by Legrand et al.
[58] and Guery et al. [146]. According to Legrand et al. [58], the partial coalescence of bitumen
droplets in the presence of solid particles is the main reason for the sharp viscosity increase.
Guery et al. [146] confirmed that this increase is irreversible, since there is an energy barrier that
must be overcome in this process. In the present chapter, the coalescence of bitumen droplets
has been evidenced by optical microscopy (see Fig. 4-12), in which approximately 60% of
bitumen droplets merged when cement was added.
However, in this case, the partial coalescence of the bitumen droplets is not the reason for the
measured sudden increase in viscosity (see Fig. 4-6 and Fig. 4-7). This is because the partial
coalescence actually increased the thickness of the thin liquid films, thus decreased the viscosity
of bitumen emulsion [151,153]. Studies in reference [151] and [153] confirmed that at constant
bitumen fraction, viscosity decreases with increasing bitumen droplet size.
On the other hand, it should be noted that cement addition also triggered the flocculation of
bitumen droplets, which in turn formed a number of cross-links both among the bitumen
droplets, and between the bitumen droplets and the cement particles. The formation of large
flocs of bitumen droplets, including cement particles in their structure (Fig. 4-12) appears to be
the main reason for the sudden increase in viscosity. Evidences can be found in Fig. 4-11 and
Fig. 4-12. Although diluted bitumen emulsion also formed flocs due to the dilution, flocs were
relatively small (estimated mean floc size is around 10 µm) and were discrete. When filler was
added, the estimated mean floc size slightly increased (approximately 10-20 µm). This explained
the slight increase in viscosity. However, when cement was added, almost all flocs became
connected, leading to a sudden increase in viscosity, see Fig. 4-6 to Fig. 4-9.
Fig. 4-15 is a schematic representation of how bitumen emulsion flocculates in the presence of
cement, based on both microscopy and rheology measurements. Before cement addition, each
bitumen droplet was isolated because of the repulsive forces, namely no cross-links between
bitumen droplets existed. Upon cement addition, bitumen droplets in the vicinity of cement
particles were attracted by them, forming small flocs. Meanwhile, the neighboring bitumen
droplets of cement particles were more liable to come into contact with each other because the
cations released by cement neutralized the negatively-charged bitumen droplets. As the cement
dissolved, the floc size grew larger and eventually several flocs became interconnected by
developing cross-links between them. This process is able to explain the increase in viscosity
when cement was added. As the cement amount increased, the size of the interconnected flocs
grew. At a certain point (in Fig. 4-6 >6%, in Fig. 4-8 >5%, in Fig. 4-9 >2%), all the flocs
became linked and formed a continuous 3D network. This gelation process may explain the
sudden increase in viscosity observed in the rheology experiments. Since in Fig. 4-8, the sudden
increase in viscosity of bitumen emulsion with 6% cement took place at about 37 min after
blending, it is not surprising that in Fig. 4-6 this sudden increase was not observed because this
measurement was completed in a few minutes (approximately 3 min) after blending. When the
gel formed, there was only friction between test samples and lateral surface of the spindle after
63

Chapter 4: Influence of cement on shear rheology and stability of bitumen emulsion

gelation happened (wall-slip). This can explain the following decrease in viscosities after the
sudden increase at the gelation point.

Fig. 4-15: Schematic representation of bitumen emulsion flocculation in the presence of
cement
4.5.3

Stability of bitumen emulsion

A number of factors may cause the instability of bitumen emulsion, as briefly discussed in the
introduction of this chapter. In the following sections, the focus will be on the chemical factors.
Bitumen emulsion is generated by dispersing hot bitumen in emulsifier solutions. Emulsifiers
are surface active agents with a hydrophilic head and a hydrophobic tail [31]. In rosin (abietic
acid), the hydrophobic tail comprises 19 carbon atoms (Fig. 4-1). The hydrophilic head is
represented by a carboxyl group. The emulsifier molecules concentrate at the interface between
bitumen and water with carboxyl groups oriented toward the water phase and thereby reduce the
interfacial energy and prevent the coalescence of bitumen droplets [31,38]. Since rosin is
insoluble in water but soluble in alkaline solutions, it is reacted with potassium hydroxide
solution to obtain the water-soluble anionic form (C19H29COOK). Emulsifiers are adsorbed at
the interface between bitumen and water until equilibrium between adsorption and desorption is
eventually reached. A certain concentration of free emulsifiers in the water phase is needed to
prevent coalescence of bitumen droplets. In fact, an increase of emulsifier content increases the
stability of bitumen emulsion [31,146].
The stability of bitumen emulsions can be quantitatively described using the DLVO theory,
according to which the interaction energy is the sum of attractive interaction energy and
repulsive interaction energy [44,63,143,145]. To coalesce, the first and the most important step
for two bitumen droplets is to come into contact with each other. Afterwards, because of the
diffusion of the emulsifiers, the border between two droplets disappears and the droplets
eventually merge together (see Fig. 4-10). Any factor which can decrease the emulsifier
concentration at the interface will destabilize bitumen emulsions. Cement has been used to
characterize the mixing stability of bitumen emulsion due to the fact that cement destabilizes
bitumen emulsion (EN 12848). By adding cement, two main different aspects should be
considered: pH and calcium ions.
Since an increase in pH increases the solubility of anionic emulsifiers, the increase in pH due to
cement addition increases the stability of bitumen emulsions. This has been proven by the
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stability test results (Table 4-3), where it is evident that adding KOH did not have significant
effects on bitumen emulsion. Cement and filler had about the same surface area and cement
destabilized the emulsions at relatively low concentration, which points to a chemical
mechanism. On the other hand, addition of CaCl2 caused the sedimentation of bitumen
emulsion, which points to a role of calcium ions. Fig. 4-14 directly evidenced that addition of
cement and CaCl2 decreased rosin emulsifier concentration while addition of filler did not. A
possible mechanism is the reaction of calcium ions with carboxyl groups (–COO-) in the
emulsifier, to form insoluble calcium carboxylate [38]. It may be then supposed that addition of
cement decreased the emulsifier concentration in the water phase of the emulsion. This decrease
was then quickly compensated by the diffusion of emulsifier molecules from the bitumen-water
interface to the water phase. This in turn resulted in an insufficient concentration of emulsifier at
the interface between bitumen and water to maintain a sufficiently high interfacial energy. As a
consequence, bitumen droplets were more liable to flocculate and even merge together.
This conclusion is also supported by Redelius and Walter [38] and Plank and Gretz [56], who
found that cement particles adsorb both cationic and anionic latex. After measuring zeta
potential, Wang et al. [45] concluded that the effect of Ca2+ on the stability of both cationic and
anionic bitumen emulsions is negligible. However, lignin-amine was used in [45] as the anionic
emulsifier, which may not react with Ca2+. It should be noted that the zeta potential of anionic
emulsion still showed a slight increase (became more positive) as the Ca2+ ions concentration
increased (see reference [45] Fig. 6).
4.5.4

Formation of gel

The sudden increases of viscosity observed in Fig. 4-6, Fig. 4-8 and Fig. 4-9 are all caused by
the gelation of cement-bitumen emulsion blends. The theory used for colloids [155,156] and
cement paste [157] can be utilized to explain the gelation triggered by cement particles and rosin
emulsifier molecules. When cement is added into bitumen emulsion, cement dissolution releases
Ca2+ ions which react with emulsifiers. Meanwhile, rosin emulsifiers may be adsorbed onto the
surface of cement particles. Because the local emulsifier concentration is reduced, the bitumen
droplets around cement particles flocculate and form small flocs, see Fig. 4-15 (b). As the
cement progressively interacts with rosin emulsifiers, these flocs grow by developing cross-links
with other flocs until a continuous 3-D network (in other words, a gel, Fig. 4-15 (c)) forms at
high cement contents. On the other hand, when CaCl2 is added, Ca2+ ions are released instantly
and a continuous 3-D network cannot be formed, leading to local coagulation and sedimentation.
It is observed that the gelation of bitumen emulsion is reversible, which means the solid-like
bitumen emulsion gel can become liquid again by stirring.

4.6

Conclusions

The rheological property tests carried out with a Brookfield viscometer evidenced that, although
cement has similar particle size distribution as limestone filler, cement showed completely
different effects on the viscosity of bitumen emulsions. While adding limestone filler increased
the viscosity of bitumen emulsion only slightly, a comparatively small amount of cement caused
a dramatic increase in viscosity. Besides, bitumen emulsion and bitumen emulsion blended with
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filler did not show time-dependent properties. On the contrary, when blended with cement,
bitumen emulsion showed a progressive increase in viscosity over time. In particular, at cement
amounts higher than 6% by mass of bitumen emulsion, gelation happened within 120 minutes,
which resulted in a peak in the curve of viscosity versus curing time. 6% was found to be the
critical concentration, which also corresponds to the maximum cement amount that can be used
in CBEA in the case of rosin-emulsified bitumen emulsion.
Further studies performed by optical microscope found that cement caused a partial coalescence
and flocculation of bitumen emulsion, while limestone filler did not show any significant effect.
By reacting with emulsifiers, cement decreased the emulsifier concentration in bitumen
emulsion and thus destabilized it. This means that bitumen emulsion is more liable to flocculate,
while small bitumen droplets merge together. By developing cross-links between bitumen
droplets and between bitumen droplets and cement particles, flocs were formed that caused a
viscosity increase. As the flocs grew, the small flocs were interconnected and the blend became
a gel, leading to a sudden increase in viscosity. In parallel, stability and pH tests indicated that
cement destabilized anionic bitumen emulsion due to the interaction between cement particles
and anionic emulsifiers.
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Summary

Cement has traditionally been used to accelerate bitumen emulsion breaking in cold mix asphalt
and cold recycling asphalt. For cold emulsion mixtures, the mixing stability of bitumen emulsion
is a crucial property, because it determines the distribution of bitumen and eventually affects the
microstructure and the strength development of asphalt mixtures. Recent studies have proven
that the interaction between cement and emulsifiers causes the destabilization of bitumen
emulsions.
The objective of this study is to understand the interaction between cement particles and
emulsifiers. With this purpose, the Ca2+ ions and emulsifier concentration after filtration were
measured to identify the interaction between cement and emulsifiers. The consumed emulsifier
increases linearly with the amount of added cement or CaCl2 concentration in the case of diluted
rosin solutions, in which the rosin concentration is below CMC (critical micelle concentration).
In the case of concentrated rosin solutions (above CMC), the rosin concentration shows a sharp
decrease when a certain amount of cement or CaCl2 is added. This study indicates that cement
destabilizes anionic bitumen emulsion due to the precipitation of rosin emulsifiers caused by
Ca2+ ions, which are released by early cement hydration. Further studies on precipitation
behavior have shown that micelles of rosin emulsifier can complex Ca2+ ions but do not
precipitate. This might explain why slow-setting bitumen emulsions, which contain higher
concentration of emulsifier, show better mixing stability.

5.2

Introduction

Cementitious materials are hydraulic binders which are widely used in cold mix asphalt, cold
recycling asphalt and in Cement Asphalt Mortar. In cold mix asphalt and cold recycling asphalt,
cementitious materials have been used as a curing accelerator because cement hydration
consumes water in bitumen emulsion [13,14,21,25,29,30,158,159]. Similarly, hydrated lime
[21,74,160], fly ash [11,81,161,162] and some other waste materials [11,12,14] have also been
used either alone or in combination with cement. In all these composite materials, bitumen has
been considered as the main binder and the main focus was on emulsion performance [13,21].
On the other hand, the hydration process of the cementitious materials as well as their

3

The most important findings of this chapter have been published in: X. Fang, F. Winnefeld, P. Lura (2016).
Precipitation of anionic emulsifier with ordinary Portland cement. Journal of Colloid and Interface Science 479
(2016) 98–105.
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contribution to mechanical properties of cement bitumen emulsion asphalt (CBEA) or cement
asphalt emulsion composite (CAEC) has rarely been investigated [41].
Another issue in these systems is mixing stability. In conventional HMA, aggregates are well
coated and glued by bitumen. In the case of bitumen emulsion asphalt, to obtain equivalent
mechanical properties to hot mix asphalt, homogeneity is the most critical factor [21,128].
Studies have shown that, due to inadequate mixing stability, bitumen emulsion may separate
from water during mixing, forming bitumen balls rather than coating aggregates [10,128,163].
That is why rapid setting bitumen emulsions are generally not recommended for bitumen
emulsion mixtures [31], although they are expected to shorten the curing time and have better
early performance [22].
However, in the case of Cement Asphalt Mortar (CA mortar), which is a material used between
high speed railway concrete roadbeds and track slabs, cementitious materials are used as the
main binder and bitumen emulsions as admixtures to improve the flexibility of the mortar
[28,41,45,164–166]. In investigations on CA mortars, attention has been paid to mechanical
properties [28,33,40,167], to cement hydration [28,39,168,169] and to microstructure
development [87,94,95] at early ages. Due to their relatively high amount of cement [165,166],
CA mortars show much higher stiffness than conventional HMA, but much lower than
conventional cement mortars [23,167].
Although extensive studies have been performed by researchers in the past decade
[28,39,168,169], no agreement has been achieved on cement hydration processes in the presence
of bitumen emulsion. In chapter 3, we have found that bitumen emulsion may slightly retard or
accelerate cement hydration, but has no significant effect on the degree of cement hydration
after a couple of days [10]. This conclusion has also been supported by some studies [39,41,168].
However, other researchers maintain that emulsifiers affect cement hydration [39] and in
addition, cement particles may be encapsulated by a bitumen membrane [33,40,169] and thus
cement cannot fully hydrate in these systems at later ages. Although this latter concern does not
appear to be comprehensively supported by experimental data, it is often repeated in the
literature [33,40,169]. To address this issue, one has to understand how bitumen emulsion breaks
and how cement affects emulsion breaking. Another aspect of interest in CA mortars is the
mechanical properties [28,33,40,167] and in particular the distribution of bitumen, which is also
related to the microstructure of CA mortars [87,94,95]. However, the focus of these studies is
essentially the mixing stability of bitumen emulsion (or compatibility in some research)
[128,170].
The mixing stability of bitumen emulsions is controlled by the emulsifier [47,92] and in
particular by the interaction between cement and emulsifiers. When cement is added into
bitumen emulsion, two effects have to be considered. One is the pH, which is of particular
importance when cationic emulsions are used [45,171]. Depending on the dosage of cement, the
pH value can increase up to 13 or higher [172]. Most cationic emulsifiers are insoluble in high
pH environment [31,173], which means that the emulsifier will be nonfunctional and the
emulsion will rapidly break when cement is added [171].
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The other phenomenon of concern when cement is added into bitumen emulsion is the
interaction with emulsifiers. In particular, adsorption can be problematic when anionic
emulsifier is used. There is a general agreement in the literature that the strongly charged cement
particles’ surface adsorbs negatively charged superplasticizer molecules [56,174–178]. It is
remarked that emulsifiers have a number of properties in common with superplasticizers (which
are also anionic polyelectrolytes) used for cementitious materials. Ferrari et al. [179] and Zingg
et al. [55] directly proved the adsorption of superplasticizers on cement particles. Plank et al. [56]
also found that cement particles can adsorb both anionic and cationic latex. Based on these
studies, Wang et al. [45,180] claimed that cement destabilizes bitumen emulsion due to the
adsorption of emulsifiers.
In addition, divalent metallic ions, mainly Ca2+ [172], can interact with emulsifiers and induce
precipitation [31,56,92]. Pioneering studies [25,29,30] indicated that hydrated lime has similar
effect to cement on the breaking of bitumen emulsion and curing of mixtures. This evidence
points to the role of Ca2+ ions in destabilizing bitumen emulsions [21]. In the early phases of
cement hydration, Ca2+ ions are released into the fluid phase as a consequence of cement
dissolution. Ca2+ ions can precipitate emulsifiers and thus destabilize bitumen emulsion. This is
of particular importance when a carboxylate is used as emulsifier, because most calcium salts of
carboxylic fatty acids are insoluble in water [92,181]. Ca2+ ions have also been considered to
participate in the adsorption process. In the past two decades, researchers have consistently
studied the adsorption mechanism of polyelectrolytes on cement and several adsorption theories
have been put forward. Anionic polyelectrolytes such as superplasticizers can directly adsorb
onto positively charges surfaces of cement hydration products such as ettringite. In the case of
negatively-charged cement surfaces such as calcium silicate hydrates the adsorption of Ca2+ ions
is needed, yielding positively-charged sites onto which negatively-charged superplasticizer
molecules can adsorb [174,175,178,182,183].
In chapter 4, the rheological properties of bitumen emulsions in the presence of cement and
limestone filler have been studied. The results indicated that adding limestone filler increased
the viscosity of bitumen emulsion only slightly, whereas a comparatively small amount of
cement caused a dramatic increase in viscosity. Besides, bitumen emulsion and bitumen
emulsion blended with filler did not show any appreciable change of viscosity over time. On the
contrary, when blended with cement, bitumen emulsion showed a progressive increase in
viscosity over time. In particular, at cement amounts higher than 6% by mass of bitumen
emulsion, gelation happened, which resulted in a peak in the curve of viscosity versus curing
time. Further studies performed by optical microscopy found that cement caused a partial
coalescence and flocculation of bitumen emulsion, while limestone filler did not show any
significant effect. By reacting with emulsifiers, cement decreased the emulsifier concentration in
bitumen emulsion and thus destabilized bitumen emulsion. This means that bitumen emulsion is
more liable to flocculate, while small bitumen droplets merge together. By developing crosslinks between bitumen droplets and between bitumen droplets and cement particles, clusters
were formed that caused a viscosity increase. In parallel, stability (assessed by visual
observation) and pH tests confirmed that Ca2+ ions can destabilize anionic bitumen emulsion as
well. To sum up, in this previous study [184], we have found that cement can cause flocculation
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and partial coalescence of anionic bitumen emulsion, which are the reasons for the measured
sudden increase in viscosity.
The objective of this chapter is to explain the mechanisms by which cement destabilizes anionic
emulsions, a process described in detail in my previous work [184]. In particular, the objective
of this chapter is to identify the mechanism of reaction between anionic emulsifiers and cement
particles and its contribution to the stability of bitumen emulsions. With this purpose, UV-Vis
spectrometry was used to quantify the emulsifier content in solutions after filtration. On the
other hand, Ca2+ concentration was measured in the solution after filtration by ion
chromatography. By studying the correlations between emulsifier concentration and Ca2+
concentration, the interaction between emulsifier and cement particles can be identified.

5.3
5.3.1

Materials and Methods
Materials

Rosin emulsifiers which were used to produce anionic bitumen emulsion in my previous work
[184], were used in this study. Cationic emulsion was not used in this chapter, based on
observations in previous work, where it was found that addition of even a small amount of
cement can trigger sudden breaking in cationic emulsions [184]. Rosin is a pale yellow, glasslike solid which is composed primarily of resin acids, a class of tricyclic carboxylic acids, but
also contains minor amounts of dimerized rosin and unsaponifiable matter [185]. Because rosin
is a complex mixture, the chemical composition was not measured in the present chapter. As
reported by Joye et al. [186], the rosin acid composition varies considerably from one species to
another. Joye et al. [186] studied various types of commercial rosin and the compositions are
shown in Table 5-1.
Table 5-1: Composition of typical commercial rosins [186]
Elliotino- Pimar Sandaracopim Palustr Isopima Dehydroabi Abiet Neoabie Unidentif
Samples
mic
-ic
-aric
-ic
-ric
-etic
-ic
-tic
-ied
American
2.8
5.1
1.8
25
17
5.7
22
20
0.9
Burmese
0
7.9
3
44
8.3
6
30
2.2
1.6
Chinese
0
9.2
2.7
22
1.5
4.3
44
15
0
French
0.3
10
2.2
22
7
4.9
36
17
0
Greek
0
0
1.9
14
11
4.5
50
13
0
Honduran
0
9.6
2.2
21
17
12
22
15
0.5
Indian
0
9.2
1.5
11
20
2
38
18
0
Portuguese
0.7
8.8
1.9
30
5.3
5.1
32
16
0
Russian
0
7.8
2.4
27
5.6
5.3
35
17
0
Spanish
0
8.7
1.5
27
0
1.9
36
24
0
Tall Oil 1
1.1
0.6
1
14
7.7
29
37
3.8
5.2
Tall Oil 2
3.3
1.7
1.6
9.9
15
29
27
5.3
5.1
Turkish
0
0
1.3
24
13
5.1
41
15
0
S. D.
0
5.8
0.8
7.1
12
15
59
0
0
Wood 1
S. D.
0
7.4
1.8
18
14
11
39
9.6
0
Wood 2
*Adapted from reference [186]
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As shown in Table 5-1, the primary compositions are abietic acid, neoabietic acid,
dehydroabietic acid, isopimaric acid and palustric acid which account for over half of the total.
Minor compositions including pimaric acid, sandarcopimaric acid, elliotinomic acid and other
unidentified compounds make up the rest. Although rosin is a complex mixture, all the
compositions have the same hydrophilic group, which is carboxyl. The structural formulas of
these compositions are shown in Fig. 5-1 [185]. Since rosin is insoluble in water, potassium
hydroxide and water are used to dissolve the emulsifier and the final pH of the concentrated soap
is 11.8. Rosin is a commonly used anionic bitumen emulsion emulsifier because it can be easily
prepared by simple equipment [181]. As stated by M. Rosen [181], its disadvantages are also
obvious. Rosin emulsifiers are insoluble at pH below 7 and can react with divalent and trivalent
metallic ions, forming water-insoluble soaps.
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Fig. 5-1: Representative resin acids found in rosin and its derivatives (Adapted from
reference [185])
Two types of particles were used: OPC CEM I 42.5 N (density 3130 kg/m3 and Blaine fineness
2810 cm2/g) and limestone filler. The particle size distribution of both cement and limestone
filler, measured by laser diffraction, are shown in Fig. 5-2.
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Fig. 5-2: Particle size distribution of cement and limestone filler
5.3.2

Test specimens preparation

Original rosin soap provided by the producer is too concentrated to be used directly. To facilitate
the mixing, it was diluted with a KOH solution. Studies show that the critical micelle
concentration (CMC) of potassium rosin soap is in the range 7-10 mM [187,188]; however,
CMC may vary widely depending on rosin type, solvent and electrolytes in solution. In the
present chapter, two concentrations (above and below CMC, respectively) have been considered.
One is denoted as concentrated sample, which is prepared by 10 dilutions and contains around
67 mM rosin (24 mM abietic acid). Another is prepared by 1500 dilutions and denoted as diluted
sample; it contains about 0.035 mM rosin (0.014 mM abietic acid), much less than the CMC.
Besides, 3 additional rosin solutions with concentration between these two (15 mM, 7 mM and
1.5 mM, respectively) are prepared to determine the precipitation boundary. Because the
solubility of the rosin is pH-dependent, all emulsifier samples were precisely maintained at
pH=11.8.
20 mL of rosin solution was used to prepare samples for testing. Various amounts of Portland
cement, varying from 0 to 0.8 g for diluted samples and 0 to 1.2 g for concentrated samples,
were added into the solutions. After 2 min mixing, the liquid phase was removed through a 0.45
µm nylon filter. Each filtrate was used to prepare two samples, one for UV-Vis spectroscopy and
the other for ion chromatography. Samples used for ion chromatography were further diluted
with ultrapure water (obtained from Q-POD® Ultrapure Water Remote Dispenser) before
testing. In order to calibrate the calcium ions released by early cement hydration, an increasing
amount of cement was added into ultrapure water. The concentration of calcium ions was
measured by ion chromatography after filtration. The same sample preparation procedure was
used for addition of CaCl2 in the case of concentrated rosin samples.
In addition, only for the diluted rosin samples, test samples were also prepared with addition of
CaCl2 solutions. CaCl2 solutions with different concentrations were prepared prior to mixing. It
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should be noted that KOH was also used to maintain the required pH level (pH=11.8). Ca(OH)2
did not precipitate in the test range because the solubility product of portlandite is not reached.
In order to maintain rosin concentration, 1 part of less diluted rosin solution (3 times the
concentration that was used in the previous sample preparation) was mixed with 2 parts of CaCl2
solution. The mixing and filtration procedure are the same as employed for cement filtrates. In
this experiment, reference samples are not needed because the total amount of added Ca2+ is
known. Similarly, another group of samples were prepared by mixing 1 part of less diluted rosin
solution with 2 parts of cement filtrates that were prepared by adding different amounts of
cement into 20 mL of ultrapure water.
In addition, 5 series of solutions, each with the same initial concentration of rosin but with
varying CaCl2 concentrations, were prepared for precipitation experiments. The same process
described earlier was followed but filtrations were done 24 h after adding CaCl2 when the
precipitation reaction had completed. Rosin concentration and Ca2+ concentration were then
measured in the filtrates.
5.3.3

UV-Vis spectroscopy

In the previous study [184] we have found that both cement and CaCl2 have caused color change
of rosin solutions due to reduction of rosin (see Fig. 14). In order to quantitatively analyze the
rosin concentration change, UV-Vis spectroscopy was used in the present chapter. The
mathematical-physical basis of light-absorption measurements on gases and solutions in the UVVis and IR-region is Bouguer-Lambert-Beer law which can be stated as Eq. 5-1 [189].
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Where 𝐴𝜈� = 𝑙𝑙 � 𝐼0 � is the absorbance; 𝑇𝜈� = 𝐼 ∙ 100 in % is the transmittance; 𝜀𝜈� is the molar
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𝜈

0

decadic extinction coefficient; 𝐼0 is the intensity of the monochromatic light entering the sample
and 𝐼 is the intensity of this light emerging from the sample; 𝑐 is the concentration of the lightabsorbing substance and 𝑑 is the pathlength of the sample in cm.

Although rosin is a complicated mixture and its compositions show different absorption
maximums, UV-Vis spectroscopy still can be used to indicate the rosin concentration changes if
wavelength is appropriately selected. A typical absorption spectrum is shown in Fig. 5-3. Rosin
has a long wavelength band in UV region with two absorption peaks at λ= 210-220 nm and λ=
293 nm (caused by changing light resource), respectively. The first absorption peak shows a
small shoulder at around λ= 240 nm. This is the absorption caused mainly by abietic acid
because references have shown that abietic acid has an absorption maximum at λ= 241 nm
(extinction coefficient 24150 𝑀−1 𝑐𝑐−1) [186,190,191]. Joye et al. [186] have reported molar
absorption coefficients of other compositions: neoabietic acid at 252 nm (24540 𝑀−1 𝑐𝑐−1 ),
dehydroabietic acid at 268 nm (698 𝑀−1 𝑐𝑐−1) and 276 nm (774 𝑀−1 𝑐𝑐−1), leopimaric acid at
272 nm (5800 𝑀−1 𝑐𝑐−1) and palustric acid at 266 nm (9060 𝑀−1 𝑐𝑐−1). Kersten et al. [190]
have studied the absorption spectrum of different compositions and it shows that both abietic
acid and neoabietic acid are detected with the same response at 240 nm with little interference
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from levopimaric and palustric acids. However, because abietic acid is the predominant
composition in rosin [185], absorbance at 241 nm can be used to indicate concentration of rosin.
Prior to the absorption measurement, a series of rosin solutions with known concentrations were
prepared to determine concentration of abietic acid. As shown in Fig. 5-4, the concentration of
abietic acid is calculated by absorbance at 241 nm according to Bouguer-Lambert-Beer law (Eq.
5-1), which is 0.3552. This means 1 g rosin contains 0.3552 g abietic acid. Because abietic acid
is the predominant composition in rosin, concentration of abietic acid is used to indicate rosin
concentration in the following of the chapter.

Fig. 5-3: Typical UV-Vis absorption spectrum of rosin

Fig. 5-4: Calibration line for abietic acid in solutions
Assuming that other constituents who have similar molecule weights have equivalent function
with abietic acid, rosin concentration can be obtained by measuring absorbance. Eq. 5-2 shows
the relationship between absorbance at λ= 241 nm and rosin concentration in solutions.
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[𝑅𝑅𝑅𝑅𝑅] = 𝐴𝜈� /(𝜀 𝜈� ∙ 𝑑 ∙ ∝)

Eq. 5-2

Where, [𝑅𝑅𝑅𝑅𝑅] is rosin concentration, measured in M; 𝜀 𝜈� is the extinction coefficient at λ=
241 nm which is 24150 𝑀−1 𝑐𝑐−1); ∝ is the abietic acid concentration in rosin, which is 0.3552.
5.3.4

Ion Chromatography

Ion chromatography is widely used for water chemistry analysis. Compared with conventional
wet-chemical methods such as titration, photometry, gravimetry, turbidimetry, and colorimetry,
ion chromatography offers speed, sensitivity, selectivity, simultaneous detection and stability of
the separator columns [192]. In this chapter, ion chromatography based on ion exchange method
was used. This separation method is based on ion-exchange processes occurring between the test
samples and columns which are filled by ion-exchange resin particles. Because anionic
emulsifiers were used in this study, the primary concern of cement is Ca2+ though there are very
little of metallic ions such as Al3+, Mg2+ [186]. In the present chapter, we only measured Ca2+ in
solutions. This measurement was performed immediately when samples were prepared in order
to avoid precipitations.

5.4
5.4.1

Results
Rosin solutions blended with limestone filler

The red line in Fig. 5-5 shows the rosin concentration in solutions after blending with various
amounts of limestone filler. It should be noted that a relatively large amount of filler was added,
with filler/rosin ratio varying from 0 to over 50. Although the rosin concentration shows a slight
decrease, no substantial difference has been found before and after adding filler. On the other
hand, the Ca2+ concentration (blue squares in Fig. 5-5) shows that only a very small amount of
Ca2+ ions were released by the limestone filler.

Fig. 5-5: Concentration of rosin and Ca2+ after filtration (blended with filler)
Fig. 5-6 shows the viscosity of bitumen emulsion in the presence of different amounts of filler.
The data is adapted from my previous study [184], in which the details of sample preparation
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and measurement methods can be found. As shown in Fig. 5-6, the viscosity of each sample was
measured at an increasing RPM (revolutions per minute). Clearly, every sample shows shear
thinning properties, which means that the viscosity decreases with increasing shear speed
(shown vertically in Fig. 5-6). Due to the increase of interparticle forces by adding filler, the
viscosity slightly increases as the filler concentration increases. In our previous study it was also
found that limestone filler addition has no significant influence on the stability of bitumen
emulsion [184]: the anionic emulsion was still liquid-like and very fluid, although the viscosity
was slightly increased. In addition, the viscosity did not significantly change over time.

Fig. 5-6: Viscosity of bitumen emulsion blended with various amount of filler

Fig. 5-7: Concentration of rosin and Ca2+ after filtration (diluted rosin blended with
CaCl2)
5.4.2

Rosin solutions blended with CaCl2

In chapter 4, we have found that CaCl2 can cause local sedimentation of bitumen emulsion. In
the present chapter, CaCl2 was also used to identify the interaction with emulsifiers. Fig. 5-7
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shows the concentration of rosin and Ca2+ when adding CaCl2 solutions into diluted rosin
emulsifier solutions. The primary axis shows rosin concentration (red line). When adding CaCl2,
as the Ca2+ concentration increases, rosin concentration shows a linear decrease. When over 3
mM CaCl2 is added, rosin concentration shows first a sudden decrease, followed by a slower,
linear decrease. Fig. 5-7 also shows that approximately 50% rosin had depleted when 6 mM
CaCl2 was added (shown by the difference between added Ca2+ and Ca2+ after filtration).
Because the Ca2+ concentration is much higher than the concentration of rosin, it is shown on the
secondary axis. Clearly, when rosin concentration decreases, very limited Ca2+ is detected. When
the rosin concentration reaches a plateau, the Ca2+ concentration shows a linear increase that
indicates the accumulation of Ca2+ in the filtrate.

Fig. 5-8: Concentration of rosin and Ca2+ after filtration (concentrated rosin blended with
CaCl2)

Fig. 5-9: Clear and transparent rosin sample
In the case of concentrated rosin solutions, increasing amount of solid CaCl2 were added. As
shown in Fig. 5-8, the concentration of rosin remained almost constant until over 10 mM of
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CaCl2 was added. With the increase of CaCl2, the rosin concentration shows a sharp decrease
and then it remains almost constant at about 10 mM, which means that over 83% of rosin has
been depleted. On the other hand, very little amount of Ca2+ ions were detected in solution when
adding CaCl2, even after the point in which the rosin concentration remained constant. For
example, when 30 mM Ca2+ ions were added, only less than 3 mM Ca2+ ions were detected after
filtration. Unlike in the diluted samples, no accumulation of Ca2+ was detected in these
experiments. Fig. 5-9 shows the clear and transparent rosin solution sample. Fig. 5-10 shows
rosin solution after adding an increasing amount of CaCl2. When adding a small amount of
CaCl2, rosin solution became turbid. While if more CaCl2 was added, lamination was observed.

Fig. 5-10: Concentrated rosin mixed with CaCl2 (CaCl2 concentration increases from left to
right)
5.4.3

Rosin solutions blended with cement

Prior to the measurement, an increasing amount of cement was added into KOH solutions
(pH=11.8) with the purpose of calibrating the amount of Ca2+ ions released by early cement
hydration. Due to the rather low concentration of cement, Ca2+ concentration shows a linear
increase with increasing cement content. The molar concentration of Ca2+ as a function of mass
concentration of cement can be described by Eq. 5-3, assuming that rosin has no influence on
cement dissolution. In order to directly compare the effect of cement with that of CaCl2, an
equivalent Ca2+ concentration has been calculated from the amount of cement added:
[𝐶𝐶2+ ] = [𝐶𝑒𝑒] ∗ 8.45

Eq. 5-3

Where, [𝐶𝐶2+ ] is the molar concentration of Ca2+, measured in mM; [𝐶𝐶𝐶] is the mass
concentration of cement, measured in g/L, [𝐶𝐶𝐶] <80 g/L.

Fig. 5-11 shows the rosin concentration and Ca2+ concentration change when adding cement into
20 mL diluted rosin solution. The rosin concentration (red line) shows a linear decrease when
adding an increasing amount of cement. When 2.4 mM Ca2+ was added in total (equivalent to
0.3 g cement), adding more cement just slightly decreased rosin concentration. The blue squares
show the Ca2+ concentration after filtration and the blue dashed line shows the added Ca2+
concentration. Clearly, the Ca2+ concentration did not change significantly.
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Fig. 5-11: Concentration of rosin and Ca2+ after filtration (diluted rosin blended with
cement)
In the case of concentrated rosin solutions, the rosin concentration decreased sharply when 4
mM Ca2+ were added in total and then slightly decreased when larger amounts of Ca2+ were
added (see Fig. 5-12). Approximately 80% rosin had been removed after filtration. However, the
corresponding concentration of Ca2+ remained at a very low level in the filtrate.

Fig. 5-12: Concentration of rosin and Ca2+ after filtration (concentrated rosin blended with
cement)
Fig. 5-13, adapted from the my previous work [184], shows the viscosity of bitumen emulsion in
the presence of an increasing amount of cement. While for small amounts of cement the
viscosity of bitumen emulsion increased only slightly, when larger amounts of cement were
added a sharp increase in viscosity was observed.
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Fig. 5-13: Viscosity of bitumen emulsion blended with various amount of cement
5.4.4

Rosin solutions blended with cement filtrate

In addition to cement particles, cement filtrates were also blended with rosin solutions. Similarly
as in the case of cement particles, the rosin concentration decreased linearly until 4 mM Ca2+
were added. After that, adding more cement filtrate did not significantly decrease the rosin
concentration. The Ca2+ concentration measured by ion chromatography did not show any
significant change until over 2 mM Ca2+ was added (see Fig. 5-14). The same experiments were
also performed with concentrated rosin samples. The result shows that the rosin concentration
sharply decreased when 7 mM Ca2+ were added and then remained almost constant at 10 mM.
On the other hand, a very small amount of Ca2+ was detected in the filtrate, showing that most
Ca2+ ions have likely been depleted, see Fig. 5-15.

Fig. 5-14: Concentration of rosin and Ca2+ after filtration (diluted rosin blended with
cement filtrate)
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Fig. 5-15: Concentration of rosin and Ca2+ after filtration (concentrated rosin blended with
cement filtrate)

Fig. 5-16: Precipitation diagram of rosin in the presence of CaCl2 (green markers linked by
blue curve show the precipitation boundary and the legend shows the rosin concentrations
before adding CaCl2).
5.4.5

Precipitation

Fig. 5-16 shows the rosin concentration in dependence of the amount of CaCl2 added to the
solution. Clearly, as the Ca2+ concentration increased, the rosin concentration remained almost
constant until a turning point. After that, adding more Ca2+ significantly decreased the rosin
concentration. The turning point is usually called hardness tolerance [193–196]. In the cited
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papers, the hardness tolerance of an anionic surfactant is defined as the minimum concentration
of multivalent cations necessary to cause precipitation of the surfactant. In Fig. 5-16, the
hardness tolerance roughly corresponds to the Ca2+ concentration which can cause a dramatic
decrease in rosin concentration (shown by green markers). The hardness tolerance decreases
linearly with rosin concentration in a log-log diagram until close to the CMC. After that, as the
rosin concentration decreases, the hardness tolerance increases linearly again. It should be noted
that the Ca2+ concentration in Fig. 5-16 is the total amount of Ca2+ added to the solution.

5.5
5.5.1

Discussions
Emulsion breaking mechanism

The emulsion breaking mechanism is highly emulsifier dependent. Cationic emulsions are more
sensitive to pH rise and emulsifier adsorption, but anionic emulsions are more affected by loss
of water and by reaction with divalent metal ions. When cement is added into bitumen emulsion,
pH can be instantly increased from 11.8 to about over 13 pH value which has been found in my
previous work [184]. However, pH is not a concern in the case of anionic emulsions, because the
rise of pH does not reduce the effectiveness of rosin emulsifiers. In addition, early cement
hydration only consumes very little amount of water [10], so water evaporation is not the main
reason. Keep this in mind, we can conclude that the reason why cement destabilizes anionic
emulsion can be either reaction or adsorption. Nevertheless, researchers have long been
confused with understanding the adsorption mechanism in the past 2 decades. As stated in the
introduction section, most findings have pointed to Ca2+. Based on the present work, we
confirmed the precipitations caused by Ca2+ when adding CaCl2 and cement filtrate. However, to
exclude adsorption caused by cement particles, one has to understand the classic adsorption
theory.
5.5.2

Adsorption mechanism

When cement is added into bitumen emulsion, cement particle surfaces are strongly charged
which provide large number of adsorption sites for surfactant such as emulsifier and
superplasticizer molecules. Rosen et al. [181] have summarized a number of mechanisms by
which surfactant may adsorb onto solid substrate from aqueous solution. Rosen et al. [181] have
also emphasized that adsorption of surfactants involves single ions rather than micelles. In the
case of cement-emulsion system, ion exchange, ion pairing and hydrophobic interaction should
be taken into consideration. Ion exchange refers to the replacement of counterions adsorbed onto
the substrate from the solution by similarly charged surfactant ions [181]. Similarly, ion pairing
refers to adsorption of surfactant ions from solution onto oppositely charged sites unoccupied by
counterions [181]. Hydrophobic interaction often happens within two immiscible liquids such
as oil and water. This is due to minimization of free energy associated with minimizing
interfacial areas.
Because cement particle surfaces are strongly charged, if adsorption happens, rosin emulsifiers
must be adsorbed by ion exchange (shown by Fig. 5-17). Namely, rosin emulsifier molecules
must be adsorbed by positively charged cement surfaces. These adsorbed emulsifiers act as
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anchors which provide adsorption sites for oncoming emulsifiers. However, this is not likely to
happen because cement particles are generally thought to be negatively charged. Taking the
electrical double layer into consideration, Chatterji et al. have put forward a so-called double
layer model to interpret adsorption mechanism in 1990s [183], which has been quickly accepted
by other researchers [174,175,178,182]. This model believes that negatively charged cement
particle surfaces absorb Ca2+ which provide large amount of adsorption sites for superplasticizer
molecules (illustrated by Fig. 5-18). This model successfully solved the same surface charge
problem of superplasticizers and cement particles.

Fig. 5-17: Adsorption of anionic surfactant onto an oppositely charged substrate by ion
exchange (a-b) and by agglomeration (b-c) (adapted from reference [181])

Fig. 5-18: Double layer adsorption model (adapted from reference [175,178,182])
Nevertheless, this model cannot explain zeta potential change after adsorption and the
agglomeration of cement particles in early hydration. What’s more, further studies have found
that cement particle surfaces are heterogeneous which have both positively charged sites and
negatively charged sites [55,197], but the sum of negatively charged sites are more than
positively charged sites, so the entire cement particle still shows negative surface charge. A
modified adsorption model was then put forward [55,179,182]. This model believes that only
positively charged sites such as ettringite and monosulfate adsorb superplasticizer molecules.
Portlandite and gypsum which show zero or negative zeta potential don’t adsorb superplasticizer
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molecules [182]. Clearly, in the superplasticizer studies, there is no agreement on adsorption
mechanism. But all experimental data and adsorption models have pointed to Ca2+ ions.
In this chapter, it was found that very little amount of Ca2+ was detected in all concentrated
samples (see Fig. 5-8, Fig. 5-12 and Fig. 5-15). In diluted samples, accumulation of Ca2+ only
happened when most abietic have been precipitated. This result indicated that Ca2+ are attributed
to the decrease in abiecit. It is likely that due to slow release and transport of Ca2+ into the bulk,
cement particles showed some local positively charged sites which adsorb negatively charged
rosin molecules in the interfacial region. This is so-called surface precipitation or chemisorption
[198]. Consequently, cement particles cannot agglomerate because of mutual electrostatic
repulsion and thus cement product shows better fluidity [178,199]. In the bulk, reaction between
abietic and Ca2+ inhibited nucleation and precipitation of Ca-containing species such as ettringite
and portlandite, which explained the longer setting time of cement paste [178,200]. It should be
noted that, the content of superplasticizer is relatively low in cement product, complexation
rather than precipitation may happen. In the present work, large amount of rosin are used, so
precipitations were directly observed. To sum up, anionic surfactant such as emulsifier and
superplasticizer molecules are bounded by Ca2+ due to precipitation rather than by physical
adsorption of cement particles.
5.5.3

Solubility product

Precipitation between multivalent cations and anionic surfactants is a critical phenomenon
because it potentially limits the usefulness of anionic surfactants. Matheson et al. [193], Stellner
and Scamehorn [194,195] and Rodriguez et al. [196] have extensively studied the precipitation
behavior of sodium dodecyl sulfate (SDS) triggered by Ca2+ ions. They have demonstrated that
below the CMC, when no micelles are present, surfactant precipitation can be described by the
solubility product between the surfactant and Ca2+ ions. In the present chapter, a rosin surfactant
molecule is denoted as 𝑅𝑅𝑅𝑅− . The solubility product is written as:
𝐾𝑠𝑠 = [𝐶𝐶2+ ] ∙ [𝑅𝑅𝑅𝑅− ]2

Eq. 5-4

[𝐶𝐶2+ ] = 𝐾𝑠𝑠 /[𝑅𝑅𝑅𝑅− ]2

Eq. 5-5

Where, 𝐾𝑠𝑠 is solubility product, measured in M; [𝑅𝑅𝑅𝑅− ] is rosin concentration, measured in
M. 𝐾𝑠𝑠 can be obtained by Fig. 5-7, which is 2.94×10-11 M3. Due to the impurity of rosin, 𝐾𝑠𝑠 of
calcium salt of resin acid is not found in references. However, as reported by Stellner and
Scamehorn [194,195], 𝐾𝑠𝑠 of Ca(SD)2 is 5.02×10-10 M3, which is reasonably closed to our value.
It should be noted that [𝐶𝐶2+ ] in Eq. 5-4 refers to the Ca2+ concentration after filtration. This
yields the Ca2+ concentration below the CMC:

Fig. 5-19 shows the precipitation boundary (black dashed curve), which is essentially a phase
diagram. The line segment SPL (surfactant precipitation line) represents the solubility limit of
rosin in the presence of Ca2+. It is a straight line on a log-log diagram given by Eq. 5-5. Above
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SPL, solutions are oversaturated and will eventually precipitate out. Below SPL, rosin molecules
are present as monomers.
5.5.4

Complexation of Ca2+ ions

Above the CMC, the surfactant molecules are oriented with their polar heads predominantly
towards the aqueous phase and their hydrophobic groups away from it [181], forming large
amount of micelles. The CMC used in this chapter was determined by the precipitation boundary
diagram. When Ca2+ ions are present in rosin solutions, part of surface charges of rosin micelles
can be complexed by Ca2+. Earlier studies have found that the complexation ratio 𝛽𝑐𝑐 , which is
defined as the total number of charges of the micelle that are neutralized by calcium , is constant
[195] for a surfactant. Based on this, the complexation ratio 𝛽𝑐𝑐 can be determined by the
precipitation boundary above the CMC. From precipitation data, the complexation ratio 𝛽𝑐𝑐 is
obtained as 0.12, which is reasonably closed to the value of sodium dodecyl sulfate and calcium
(0.16) that reported by Stellner and Scamehorn [195]. This yields the Ca2+ concentration as a
function of rosin concentration.
[𝐶𝐶2+ ] = [𝑅𝑅𝑅𝑅− ]𝑚𝑚𝑚 ∙ 0.5𝛽𝑐𝑐 + [𝐶𝐶2+ ]𝑓𝑓𝑓𝑓

Eq. 5-6

Where, [𝑅𝑅𝑅𝑅− ]𝑚𝑚𝑚 represents concentration of rosin present in micelles, measured in M; 𝛽𝑐𝑐 is
the complexation ratio of 𝐶𝐶2+ , 0.12; [𝐶𝐶2+ ]𝑓𝑓𝑓𝑓 is the concentration of free Ca2+ ions in
solutions, measured in M.
[𝑅𝑅𝑅𝑅− ]𝑚𝑚𝑚 can be calculated by total rosin concentration minus CMC, which is shown by Eq.
5-7.
[𝑅𝑅𝑅𝑅− ]𝑚𝑚𝑐 = [𝑅𝑅𝑅𝑅− ]𝑡 − 𝐶𝐶𝐶

Eq. 5-7

Where [𝑅𝑅𝑅𝑅− ]𝑡 is the concentration of total rosin in solution, measured in M; CMC is 0.7 mM,
obtained from precipitation data. CMC is much smaller than the one measured by other authors
[187,188]; this might be due to the Ca2+ added in solution, which was demonstrated to decrease
CMC [193,196].
As defined earlier, the complexation ratio 𝛽𝑐𝑐 is given by:

𝛽𝑐𝑐 = 2[𝐶𝐶2+ ]𝑐𝑐𝑐 /[𝑅𝑅𝑅𝑅− ]𝑚𝑚𝑚

Eq. 5-8

because the total number of charges of the micelle that are neutralized by calcium is twice the
concentration of Ca2+ bound on the micelle.
The free Ca2+ concentration [𝐶𝐶2+ ]𝑓𝑓𝑓𝑓 is obtained from the solubility product 𝐾𝑠𝑠 :
[𝐶𝐶2+ ]𝑓𝑓𝑓𝑓 = 𝐾𝑠𝑠 /𝐶𝐶𝐶 2

Eq. 5-9
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The curve segment MSL (micelle saturation line), given by Eq. 5-10, represents the micelle
saturation of rosin in the presence of Ca2+. Above MSL, rosin and Ca2+ precipitate out of
solution. Below MSL, both micelles and monomers are present and Ca2+ can be complexed by
micelles thus precipitation will not happen. The cross of SPL and MSL determines the CMC of
rosin which is used in this chapter.

Fig. 5-19: Precipitation boundary diagram of rosin in the presence of CaCl2
Assuming that one Ca2+ ion precipitates out with two rosin monomers, a group of precipitation
curves can be generated, as shown by the blue dashed curves in Fig. 5-19, the derivation of
which is given by Matheson [201]. These curves roughly predict how rosin concentration will
change with Ca2+ because of precipitation. As Ca2+ increases, calcium salt of resin acid begins to
oversaturate and will undergo changes in solution concentration by following along the curve
passing through or nearest to the point marking the initial concentrations of surfactant and Ca2+
ions. Equilibrium is reached at the intersection of the precipitation boundary with the
precipitation curve corresponding to the initial concentrations of rosin [201]. For example, if 2
mM CaCl2 is added (shown as point A in Fig. 5-19), rosin will precipitate, following the nearest
blue dashed curve and eventually stopping at point B, which is the intersection with the
precipitation boundary. This explains all the rosin concentration changes in the case of
concentrated samples (see Fig. 5-8, Fig. 5-12 and Fig. 5-15). When adding CaCl2, Ca2+ ions are
complexed by micelles, thus rosin concentration is not significantly changed. However, when
Ca2+ ion complexation is saturated, rosin starts to precipitate out of the solution, which is
accompanied by a sudden decrease in rosin concentration. From Fig. 5-19 we can deduce that,
although rosin concentration dramatically decreased from nearly 70 mM to less than 15 mM, the
Ca2+ concentration remained almost constant at around 1 mM.
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Below the CMC, Ca2+ ions and rosin concentrations are determined by the solubility product.
Therefore, Ca2+ concentration increases exponentially (see Fig. 5-7 and Fig. 5-11) as rosin
concentration decreases (linearly in log-log diagram, see SPL). We also noticed that in Fig. 5-11,
the Ca2+ concentration change is negligible. This is because the presence of cement particles
tends to buffer the Ca2+ concentration. This also explains the lower hardness tolerance of cement
than cement filtrate and CaCl2.
Fig. 5-20 shows the comparison of precipitation boundary between experimental data and
modeling. The experimental data is obtained from Fig. 5-7 to Fig. 5-11 while prediction values
are calculated by Eq. 5-5 and Eq. 5-6. It should be noted that Ca2+ concentration represents the
Ca2+ concentration after filtration rather than the Ca2+ added in total. The experimental data are
reasonably close to the prediction values, which indicate that precipitation of rosin caused by
Ca2+ is the main interaction between cement and emulsifier molecules.

Fig. 5-20: Precipitation boundary diagram obtained by model and by experiments
Cement has long been used to test mixing stability and setting time of bitumen emulsion. For
anionic emulsions, mixing stability essentially indicates the precipitation boundary. Slow setting
anionic bitumen emulsions use very concentrated emulsifiers, whose concentration is much
higher than the CMC. On the contrary, rapid setting anionic emulsion can use lower emulsifier
concentration, close to the CMC.
5.5.5

Emulsion breaking process

Mixing stability of bitumen emulsion is maintained by emulsifiers which are adsorbed by
bitumen droplets due to hydrophobic interactions. Because emulsifiers are ionized and
negatively charged, bitumen droplets have same surface charges. They prevent bitumen droplets
coming into contact with each other and keep them relatively stable. Counter-ions (K+) are then
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adsorbed to the droplet, creating a so-called double layer. As is shown in Fig. 5-21, due to Ca2+
released by the dissolution of cement which react with the emulsifier molecules, the emulsifier
concentration at the surface of the droplets is decreased. As a consequence, the double layer at
the interface is destroyed, the repulsive force is reduced and the bitumen droplets were more
likely to flocculate and merge together. Due to the hydrophobic interactions, bitumen droplets
tend to clump up together rather than distributing itself in a water medium, because this allows
the bitumen to have minimal contact with water and cement. In this case, cement particles will
not be encapsulated by bitumen phase and cement can hydrate completely as long as water is
enough for hydration. This in consistent with the my previous work [10].
On one hand, cement increases the interparticle forces which can increase the viscosity of
bitumen emulsion. On the other hand, cement hydration releases large amount of electrolytes
such as Ca2+, SO42-, OH-, K+ and Na+ in surroundings. These ions transport progressively from
cement to the bulk. Due to the slow release and transport of Ca2+ into the bulk, cement particles
show higher Ca2+concentration at some local regions which adsorb small negatively charged
bitumen droplets. This may cause the adsorption illusions.
+

K - counterions
Ca

2+

Cement particle

Bitumen droplet

Rosin
emulsifier

Precipitation

Fig. 5-21: Schematic representation of reaction between rosin emulsifiers and cements

5.6

Conclusions

This chapter studied the interaction between cement and rosin emulsifiers and identified the
breaking mechanism of rosin-emulsified anionic bitumen emulsion in the presence of cement.
Experiments showed that when adding filler into rosin, the rosin concentration was not
significantly changed and Ca2+ was not detected. However, adding CaCl2 and cement into rosin
solutions caused a linear decrease in the case of diluted rosin samples and a sharp decrease in
concentrated samples. Experiments on both diluted and concentrated rosin solutions have
excluded adsorption of emulsifier molecules by cement particles. In addition, experimental data
have indicated that the change in rosin concentration is related to the presence of Ca2+ ions in the
solution. When cement was added into diluted rosin, rosin was precipitated and in the filtrate the
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Ca2+ ions concentration increased exponentially, which as determined by the solubility product
of calcium salt of resin acid. In the case of concentrated rosin, both rosin monomers and micelles
were present. Due to the complexation of Ca2+ by micelles, precipitation did not happen when
adding a small amount of cement. As cement increases, complexation of Ca2+ was saturated and
rosin started to precipitate out of the solution. As a consequence, the rosin concentration showed
a sharp decrease.
In addition, a model for the breaking mechanism of anionic bitumen emulsion in the presence of
cement has been put forward based on understanding the precipitation behavior. Due to the
precipitation of rosin by Ca2+ released by cement hydration, the double layers of bitumen
droplets were destroyed and emulsion started to flocculate and even coalesce. As a consequence,
the viscosity increased, which indicated the increase of interparticle force between bitumen
droplets.
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6.1

Microstructure of CBEA

Summary

CBEA is thought to be a promising substitute for HMA because of its low environmental impact
and cost-effectiveness. Recent studies have shown that cement is a critical constituent which can
greatly improve the performance of CBEA. Although CBEA has shown its potential to develop
equivalent strength after a few days curing, it has rarely been used as a structural layer in
practical applications.
Generally, the performance of CBEA is thought be inferior to HMA. One of the reasons is that
the bitumen in CBEA originates from bitumen emulsion after drying of water. The residual
bitumen resulting from this process always shows inferior performance to hot bitumen. Another
reason is that CBEA uses bitumen emulsion as the binder, which is thought to be inherently
susceptible to water damage. In addition, CBEA is a relatively new pavement material which is
not fully understood. This general lack of confidence in CBEA appears to be in conflict with a
number of studies according to which some properties of CBEA are equivalent or better than for
HMA.
In order to shed light on these open issues, understanding the microstructure of CBEA might be
the key. In this chapter, the microstructure of cement-bitumen emulsion mastic and of cured
CBEA mixtures has been studied at multiple scales with different 2D and 3D microscopy
techniques. Results have shown that cement particles are uniformly dispersed in bitumen. Due to
water evaporation, CBEA mixtures are very porous and large amount of air voids have been
observed. Drying of water has also caused some micro-cracks in the bitumen substrate.

6.2

Introduction

CBEA is a composite of mineral aggregates in which both bitumen and cement act as binder.
Generally, in a cured CBEA mixture, mineral aggregates, limestone filler, hydrated and
undydrated cement, bitumen, air voids and unevaporated water can be found, which create a lot
of interfaces [10,21,22]. Failure may happen at these interfaces; for example, cracking, stripping,
debonding. Understandably, the internal microstructure determines the performance of CBEA.
Especially since 2000, the microstructure of CBEA has attracted a lot of attention and the
application of new characterization techniques have greatly improved the understanding of the
mechanisms involved in CBEA [21,41,94]. In 2000, Brown et al. published a remarkable work
about CBEA [21]. In this work, electron microscopy was used and different species such as
bitumen, aggregates and hydrated cement were identified. The most important finding is that
cement has hydrated and acts as a binder in CBEA. In 2003, Pouliot et al. used polished CBEA
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samples to characterize the microstructure of CBEA [41]. Combined with calorimetry, this study
found that the presence of bitumen emulsion did not interfere with cement hydration. These
findings revealed the role of cement and indicated the potential problems of CBEA. By using
scanning electron microscopy, researchers are able to identify solid species within CBEA
[33,40,42,94]. For example, Rutherford et al. identified the hydration phases of Portland cement
[33].
In all these studies, microscopy on polished surface allows to obtain higher resolution and
precision compared to fracture surfaces. But the disadvantages are obvious. First of all,
unevaporated water cannot be identified, which is the primary concern of CBEA [21]. Secondly,
the spatial distribution and the connectivity of different components and features cannot be
characterized in two dimensions. Thirdly, the sample preparation is difficult and timeconsuming because cured bitumen can hardly be polished at room temperature. Meanwhile,
water should be avoided in the entire process, because it can react with unhydrated cement and
also dissolve hydration product.
For this reason, Garcia et al. attempted to use high-resolution computed tomography (CT) to
locate water and pores in CBEA [22]. In this study, unevaporated water was observed and it
evidenced that hydrated cement was dispersed in bitumen binder, which may greatly increase the
stiffness of CBEA [22]. CT scans were introduced to asphalt research in the 1980s
[104,105,113,114]. CT quickly became a standard method because it is a nondestructive
technique which can provide information on the meso- and microstructure of asphalt in three
dimensions [106,111,112]. However, due to the poor image quality at that time, people were
only able to identify the cracks and the air voids. In the last few years, the image quality greatly
improved (both in resolution and in contrast) and bitumen can now be identified. Coupled with
advanced image analysis methods, researchers are now able to study asphalt quantitatively by
using micro CT [96,116].
In the previous chapters, the contribution of cement to the strength development of CBEA, to the
rheology and to the stability of bitumen emulsion has been studied. The aim of this chapter is to
understand the mechanisms involved in CBEA at the micro-scale. For this purpose, computed
tomography was used to characterize both freshly blended cement-emulsion mastics and cured
CBEA mixtures. In addition, polished CBEA samples were prepared to identify different species
in CBEA using environmental scanning electron microscopy and energy-dispersive X-ray
spectroscopy.

6.3
6.3.1

Materials and Methods
Materials

Anionic emulsion, OPC, CSA cement, filler and aggregates that are used to prepare samples for
microstructural investigation are described in chapter 3.
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6.3.2

Sample preparation

Samples for nano CT were prepared in the way described in chapter 4 section 4.3.2. The freshlyblended mastic was then poured into a plastic tube, the inner diameter of which is 1.5 mm.
Samples for micro CT were prepared in the way described in chapter 3 section 3.3.2. However,
only fine aggregates (maximum aggregate size 2.8 mm) with 2% OPC were used in order to
obtain higher resolution by examining smaller samples. Samples were cured at 20°C and 90%
RH for 28 days before testing.
Samples for ESEM came from Marshall samples, whose sample preparation method has been
described in chapter 3 section 3.3.2. For each cement type, a sample of approximately 30×20×10
mm3 was cut and then impregnated with epoxy resin. The surface of each sample was polished
and coated with carbon.
Polishing the sample is difficult and time-consuming because cured bitumen can hardly be
polished at room temperature. Meanwhile, water should be avoided in the entire process,
because it can react with unhydrated cement and also dissolve hydration product. In this work,
ethylene glycol was used at about 10°C to 15°C as a lubricator as well as coolant. The
impregnated sample was polished by hand using 240, 600 and 1000 grit silicon carbide in
sequence.
6.3.3

Nano CT

The freshly-mixed cement-bitumen emulsion mastic sample was imaged by a standard,
attenuation-based X-ray nano-tomography in about 2 hours. Analytics with an instrument based
upon a anno-focus transmission X-ray source manufactured by GE measurement & control,
model number phoenix nanotom s. With its special design, this instrument provides focal spot
sizes in the submicron range. The instrument consists also of a 2D flat panel X-ray detector with
𝑝 = 50 micron physical pixel size and 2300×2300 pixels.

X-ray nano-tomography was performed with 60 kV max voltage and 82 µA current with
exposure time of 2.5 s. The source-to-detector distance, 𝑑𝑆𝑆 , was 52.1 mm while the source-to𝑑

object distance, 𝑑𝑆𝑆 , was 12 mm. Thus, the geometrical magnification factor 𝑀 ≡ 𝑑𝑆𝑆 ≅ 4.34,
𝑝

𝑆𝑆

plus 4× optical magnification. After 2×2 binning, the effective pixel size 𝑝� ≡ 𝑀 ≅ 1.54 𝜇𝜇.

6.3.4

Micro CT

The cured CBEA sample was imaged by a standard, attenuation-based X-ray micro-tomography
at the Center for X-ray Analytics with an instrument based upon a micro-focus transmission Xray source manufactured by VISCOM AG (Germany), model number XT9160 TXD. Such
source has a focal spot size of about 2 micron and it is based upon a tungsten target 6 micron
thick. The instrument consists also of a 2D flat panel X-ray detector with 𝑝 = 200 micron
physical pixel size and 2048×2048 pixels. The detector is manufactured by Perkin Elmer, model
number XRD 1621 CN2 ES. It is based upon a 0.7 mm-thick CsI(Tl) scintillator screen in front
of an amorphous silicon direct conversion visible light flat panel detector.
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X-ray micro-tomography was performed with 80 kV max voltage and 120 mA current. The
source-to-detector distance, 𝑑𝑆𝑆 , was 1017 mm while the source-to-object distance, 𝑑𝑆𝑆 , was 18
𝑑

mm. Thus, the geometrical magnification factor 𝑀 ≡ 𝑑𝑆𝑆 ≅ 56.5, leading to an effective pixel
𝑝

size 𝑝� ≡ 𝑀 ≅ 3.54 𝜇𝜇.

𝑆𝑆

The tomographic measurements consisted of acquiring 1440 radiographs, each in
correspondence of a different orientation of the specimen compared with the detector plane. The
different orientations were obtained by rotating the specimen over 360° around an axis parallel
to the detector plane’s vertical axis, with angular step ∆𝜃 = 0.125°, corresponding to a total
number of 1440 radiographs. Each radiograph used for the tomographic reconstruction was the
actual result of pixel-wise averaving over 4 of them, each raw radiograph having been acquired
with 918 ms of exposure time for the detector. The tomographic reconstruction was performed
with an implementation for GPU processing of the Feldkamp-Davis-Kress cone beam filtered
back-projection algorithm [202].
6.3.5

ESEM and EDX

The impregnated and polished samples were studied with an environmental scanning electron
microscope (ESEM-FEG XL30) in the high-vacuum mode (2.0-6.0×10-6 Torr) with an
accelerating voltage of 12 kV and a beam current of 200–220 mA. The chemical composition of
the reaction product was determined with energy dispersive X-ray spectroscopy (EDX). An
EDAX 194 UTW detector, a Philips digital controller, and Genesis Spectrum Software (Version
4.6.1) with corrections for atomic number, adsorption and fluorescence (ZAF) were used.

6.4
6.4.1

Results and discussions
Cement-bitumen emulsion mastics with Nano CT

Fig. 6-1 shows the freshly-mixed cement-bitumen emulsion mastic. Numbers 1 to 6 indicate
different cross-sections from the top to the bottom of the sample with height of about 2 mm. The
interval of each image with its neighboring image measures 0.28 mm. Different materials can be
identified by the grey level. For example, the white particles are filler or cement. The dark
circles are air bubbles, and the grey background is bitumen emulsion. Air bubbles with similar
features have also been observed by Wildenschild et al. [203].
In chapter 4, the particle size distribution of cement and limestone filler has been shown in Fig.
4-2. Because the particle size distribution and density of cement and filler are very similar, they
cannot be easily distinguished in Fig. 6-1. Meanwhile, with attenuation contrast, bitumen
droplets cannot be identified from water because they have similar density. Nevertheless, Fig.
6-1 provides useful information in terms of the distribution of different materials. As shown in
Fig. 6-1, more air bubbles are observed in the top of the mastic sample, which may result in
large air void content and decrease the strength of the mixture. In addition, it is observed that
cement and filler particles are uniformly dispersed and are suspended in the emulsion substrate.
This may explain the sudden increase in viscosity that we observed in chapter 4 Fig. 4-9. This
observation also appears to confirm the model that was put forward in chapter 4 Fig. 4-15,
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which addresses the formation of gel. Due to the gelation of the emulsion, adding cement may
help creating a bitumen membrane on large aggregates. We can also speculate that the presence
of emulsifiers may cause these air bubbles, which may be eliminated by adding defoaming
agent.

Fig. 6-1: Nano CT with freshly-mixed cement-bitumen emulsion mastic (numbers 1-6 show
images from the top of the sample to the bottom with height interval of 0.28 mm, the
examined sample is 2 mm long and the scale bar in the figures is 250 µm)
Air voids

Cracks

1 mm
Aggregates
Fig. 6-2: Micro CT image of cured CBEA mixture
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6.4.2

CBEA with micro CT

At a larger scale, a cured CBEA mixture sample was imaged with micro CT. Fig. 6-2 shows a
cross section of cured CBEA mixture sample with approximate diameter of 5 mm. In this
sample, aggregates larger than 2.8 mm were not used. Some cracks in aggregates are observed,
which may be caused by sample preparation. However, cracked aggregates have also been
observed in HMA and also in cement concrete. As reported by Poulikakos et al.[204], microcracks in aggregates can be observed in HMA samples prepared by gyratory compactor, but not
in field-compacted samples.
As shown in Fig. 6-2, a large amount of air voids are also evident. Pouliot et al. [41] reported
that, depending on bitumen amount, the air void content can be as high as 10% after 28 days. In
chapter 3, water evaporation was monitored during the first 28 days. In particular, Fig. 3-8
shows the evaporated water. On average, 2.23% water evaporated from the sample after 28 days.
Assuming that the density of fresh CBEA is 2.1 g/cm3 and the volume of CBEA do not change
due to water evaporation. Water evaporation contributes 4.68% to the air void content (the
calculation is shown in Table 6-1). Taking the air bubbles and voids in mineral aggregates into
account, the total air void content of cured CBEA must be much higher than HMA, which is
about 4% [205]. This indicates that CBEA may suffer from water damage, and consequently
result in debonding due to the large amount of air voids. In conventional HMA, for example,
SMA (Stone Mastic Asphalt) which is commonly used as the surface layer, a homogenous
interlocking of aggregates is a desirable feature. Unfortunately, this interlocking structure is not
found in the CBEA mixture. The lack of an aggregate interlocking structure in the examined
CBEA mixture might be due to the fact that a uniform dense aggregate gradation for asphalt
concrete AC-8 was used. In addition, large aggregates were not used in this sample. The
presence of water may also increase the difficulty in compaction.
Table 6-1: Contribution of evaporated water to the air void content
Items
Fresh CBEA
Evaporated water
Percentage
Mass
210 g
4.68 g
2.23%
3
3
Volume
100 cm
4.68 cm
4.68%

In a zoom on large aggregates, shown in Fig. 6-3, they can be found coated and glued by
bitumen mastic. From our experience, this is not the case in rapid setting cationic emulsion. In
addition, cement particles are uniformly dispersed in bitumen mastics, which may increase the
stiffness modulus of the mastic. This may explain the increase of strength that was observed in
chapter 3. Fig. 6-4 shows a micro CT image of HMA. Clearly, the air void content of HMA is
much lower than that of CBEA mixture.
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Bitumen

0.5 mm

Fig. 6-3: Aggregate coated by bitumen membrane

Fig. 6-4: Micro CT image of HMA (presented in [106])
6.4.3

Polished CBEA with ESEM

Fig. 6-5 shows an ESEM image of cured CBEA sample, from which aggregates (bright),
bitumen (dark and smooth) and cement (white, evidenced by a red square) can be identified.
Micro-cracks are also observed in large aggregates. Because bitumen is much softer than cement
and aggregate, bitumen can hardly be polished. In Fig. 6-5 a, bitumen shows a smooth surface,
indicating that bitumen has melted due the heat generated during polishing because of the
friction. The bitumen substrate is very porous. Fig. 6-5 b shows a gap between two aggregates.
From Fig. 6-5 b, we can see that the black and porous substrate is mixed with bitumen, air voids,
limestone filler and hydrated cement. These white particles are filler or cement; however, it is
not possible to identify them from the ESEM image alone. The air voids which cannot be filled
by epoxy are generally small and irregular. This makes this material more difficult to be
polished. In the bitumen substrate, we can also see that cement and filler are well dispersed in
bitumen. This is a desirable feature in terms of the performance for CBEA.
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Fig. 6-5: ESEM image of CBEA sample containing 6% OPC (a. polished CBEA sample
surface, b. zoom in on bitumen mastic)
Fig. 6-6 shows an ESEM image, in particular a zoom-in on a large cement particle which is
surrounded by the bitumen substrate. The bright parts are unhydrated cement. Clearly, the edge
of the particle that was in contact with the bitumen emulsion has hydrated; the hydration
products are evident from the gray color, indicating lower density. Hydrated rims around large
cement particles with an unhydrated core are also often observed in cement paste and concrete
[206]. Nevertheless, most cement particles are small and fully hydrated. The observation of
hydration product also supports our previous finding (the calorimetry results shown in chapter 3
section 3.4.1) that bitumen emulsion does not significantly influence the degree of cement
hydration after a few hours from mixing. The concern which has repeated in a number of
references, namely that cement particles may be encapsulated by a bitumen membrane that
prevents hydration [33,40,169], do not seem to be supported by hard evidence.

Fig. 6-6: ESEM image of zoom in a OPC cement particle
Coupled with EDX, an elemental analysis has been done and the result is shown in Table 6-2.
Bitumen and cement can be distinguished by their carbon and calcium content, respectively.
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These numbers in Fig. 6-6 indicate the places where elemental analysis has been done. Points 13, which correspond to the gray area in Fig. 6-6, show much higher carbon content but lower
calcium content than e.g. point 4-11. This indicates that these areas contain cement hydration
products with porosity partially filled by bitumen.
Table 6-2: Elemental analysis of cured CBEA with OPC
At%

C

O

Na

Mg

Al

Si

S

K

Ca

Ti

Fe

OPC01

37.88

21.78

0.3

1.25

1.33

13.03

1.37

0.3

21.17

0.73

0.87

OPC02

26.27

24.74

0.29

0.83

1.35

17.13

1.5

0.59

25.63

0.38

1.29

OPC03

31.9

26.96

0.46

0.64

1.58

14.83

0.8

0.4

22.17

0

0.27

OPC04

5.93

32.06

0.59

0.31

1.53

16.47

0.66

0.62

39.95

0.7

1.18

OPC05

11.63

23.47

0.58

2.19

1.86

16.26

0.77

0.8

39.65

1.14

1.66

OPC06

7.84

31.91

0.58

0.46

1.43

16.18

0.4

0.7

38.25

0.72

1.52

OPC07

5.83

30.4

0.7

0.76

2.08

16.37

0.77

0.69

40.47

0.36

1.58

OPC08

10.83

27.32

0.32

0.41

1.56

16.55

0.47

0.73

39.62

0.78

1.40

OPC09

5.75

29.73

0

2.69

14.11

2.67

0.16

0.38

33.29

1.03

10.20

OPC10

4.96

29.42

0.19

2.81

15.47

1.57

0

0.38

34.72

1.1

9.37

OPC11

7.21

29.76

0.18

3.18

15

1.91

0.13

0.55

33.92

0.82

7.33

The same type of experiment has been performed on CBEA sample with CSA cement. Similarly
as in the OPC samples, the sample surface is very porous and cement particles appear to be
uniformly dispersed. It is very interesting that micro-cracks in bitumen mastic have been
observed (see Fig. 6-7b). However, these cracks are also present in polished CSA cement paste
samples [124]. They might be caused by water evaporation during the drying process of sample
preparation, because hydration products of CSA cement bound large amount of water.
Nevertheless, this harsh drying condition is not likely to happen in the field.

a

b

Fig. 6-7: ESEM image of CBEA sample containing 6% CSA (a. polished CBEA sample
surface, b. zoom in on bitumen mastic)
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Fig. 6-8 shows a hydrated CSA cement particle. Coupled with EXD, we are able to identify
different phases (see Table 6-3). Points 1-4 are definitely bitumen while others are hydrated
phases. In particular, we have scanned the surface along the white line which is shown in Fig.
6-7a. As shown in Fig. 6-9, the white area shows a hydrated cement particle because it shows
higher calcium and aluminum content but much lower carbon content.

Fig. 6-8: ESEM image of zoom in a CSA cement particle
Table 6-3: Elemental analysis of cured CBEA with CSA
At%

C

O

Na

Mg

Al

Si

S

K

Ca

Ti

Fe

CSA01

70.95

12.62

0.28

0.24

2.45

8.25

2.31

0.35

1.84

0.39

0.32

CSA02

53.37

14.76

0.16

0.52

16.61

5.56

2.55

0.09

4.71

0.79

0.90

CSA03

53.61

16.2

0.21

0.4

16.02

3.29

3.00

0.47

4.85

0.64

1.31

CSA04

64.43

22.15

0.3

0.52

3.75

0.99

2.33

0.29

4.29

0.36

0.60

CSA05

27.31

37.03

0.09

0.16

7.59

1.48

7.24

0.24

17.16

0.94

0.75

CSA06

21.95

32.84

0.27

0.41

7.67

1.42

11.11

0.42

22.87

0

1.04

CSA07

46.33

25.2

0.19

0.62

4.76

1.82

7.12

0.28

12.97

0.14

0.57

CSA08

27.06

33.84

0.5

0.23

6.98

0.60

9.80

0.30

19.62

0.48

0.59

CSA09

12.34

30.26

0

0.7

19.3

11.11

0.11

0

24.06

0.71

1.41

CSA10

10.31

30.02

0.09

0.75

19.31

11.42

0.24

0.39

24.76

0.77

1.95

CSA11

10.75

31.73

0

0.68

18.72

10.65

0.45

0.43

23.8

0.74

2.04

CSA12

13.58

31.48

0.14

9.82

30.87

0.39

1.78

0.38

9.14

0.25

2.18

With the scope of this thesis, no attempt was made to cement hydration phases in the
microstructure of CBEA. This has however previously been done by Du [207], who imaged the
CSH gel and ettingite (see Fig. 6-10). These hydrated phases are typical also of Portland cement
and constitute direct evidence that bitumen emulsion does not influence the nature of the
hydrated phases.
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Fig. 6-9: Elemental analysis of cured CBEA mixture

Fig. 6-10: Cement hydration phases in cement-bitumen emulsion mastics [207]

6.5

Conclusions

This chapter studied the microstructure of freshly mixed cement-bitumen emulsion mastic and
cured CBEA mixtures at multiple scales.
X-ray tomography provided very useful and direct information for understanding CBEA. In
freshly-mixed cement-bitumen emulsion mastic, a large amount of air bubbles is observed.
Although cement and limestone filler cannot be distinguished with this approach, these particles
are uniformly dispersed in the bitumen emulsion and sedimentation can be excluded. This
indicated that the addition of cement benefits the bitumen coating of aggregates by increasing
viscosity of mastic.

100

Chapter 6: Microstructure of CBEA

Images of cured CBEA mixture show that there are large amount of air voids which are left by
water evaporating. The air void content of CBEA is much higher than HMA. These air voids are
problematic because they indicate that CBEA may suffer from moisture induced deterioration.
In addition, large aggregates are well coated and glued by bitumen mastic.
ESEM images performed on polished samples indicate that cement appears to be hydrated and
there is no clear difference with the behavior of cement in concrete. Coupled with EDX, bitumen
and cement can be identified by elemental analysis. However, sample preparation is timeconsuming and difficult.
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7.1

Conclusions and outlook

Conclusion

In this thesis, investigation on bitumen emulsions and cementitious materials were performed in
order to bring deeper insight into the hardening mechanism of cold mix asphalt. With this
purpose, the mechanical properties of CBEA were studied to understand the contribution of
cementitious materials. Based on this, attention was then paid to the stability of bitumen
emulsion and to the interaction between cement and emulsifiers. As a result of this research, the
following conclusions can be put forward.
•

•
•
•

•

•
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Bitumen emulsion may slightly retard or accelerate cement hydration, but has no
significant effect on the degree of cement hydration after a couple of days. The oftencited argument, that bitumen encapsulates cement and hinders further hydration, can be
considered as disproven based on the results of this thesis and on a deeper analysis of all
published experimental evidence.
The early strength of CBEA can be greatly improved by adding small amounts of rapidhardening cements (CSA and CAC).
CSA and CAC bind more water than OPC, which may lower the stripping and moisture
damage potential of CBEA.
Cement is considered to be a secondary binder in CBEA. Its role appears however to be
significant, since cement hydration dominates both the stiffness and stability of CBEA
and comparable mechanical properties to hot mix asphalt can be eventually reached by
using (rapid-hardening) cementitious materials.
Although cement has similar particle size distribution as limestone filler, cement showed
completely different effects on the viscosity of bitumen emulsions. While adding
limestone filler increased the viscosity of bitumen emulsion only slightly, a
comparatively small amount of cement caused a dramatic increase in viscosity. Besides,
bitumen emulsion and bitumen emulsion blended with filler did not show timedependent properties.
Cement caused a partial coalescence and flocculation of bitumen emulsion, while
limestone filler did not show any significant effect. By reacting with emulsifiers, cement
decreased the emulsifier concentration in bitumen emulsion and thus destabilized it. This
means that bitumen emulsion is more liable to flocculate, while small bitumen droplets
merge together. By developing cross-links between bitumen droplets and between
bitumen droplets and cement particles, flocs were formed that caused a viscosity
increase. As the flocs grew, the small flocs were interconnected and the blend became a
gel, leading to a sudden increase in viscosity.
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•

•

•
•

•

7.2

The interaction between rosin solutions and cement is due to precipitation. When rosin
concentration is below CMC, Ca2+ ions concentration increases exponentially, as
determined by the solubility product of calcium salt of resin acid in the filtrate. When
rosin concentration is above CMC, both rosin monomers and micelles are present. Due to
the complexation of Ca2+ by micelles, precipitation does not happen when adding a small
amount of cement. As cement increases, complexation of Ca2+ is saturated and rosin
starts to precipitate out of the solution.
Due to the precipitation of rosin by Ca2+ released by cement hydration, the double layers
of bitumen droplets are destroyed and emulsion starts to flocculate and even coalesce. As
a consequence, the viscosity increases, which indicates the increase of interparticle force
between bitumen droplets.
The performance of CBEA can be greatly improved by optimizing the mixing stability of
bitumen emulsion.
Images of cured CBEA mixture show that there are large amount of air voids which are
left by water evaporating. The air void content of CBEA is much higher than HMA.
These air voids are problematic because they indicate that CBEA may suffer from
moisture induced deterioration. In addition, large aggregates are well coated and glued
by bitumen mastic.
Cement in CBEA appears to be hydrated and there is no clear difference with the
behavior of cement in concrete.

Outlook

This research revealed that cement is an indispensable additive to cold mix asphalt and cold mix
asphalt has the potential to be modified to obtain equivalent mechanical property to HMA by
adding cementitious materials. At this stage, there is a trade-off between homogeneity and
curing time. In the future, this problem can be addressed by selecting the appropriate emulsifiers
and bitumen emulsions. According to this research, some recommendations are given as
follows:
•

•

•

At this stage, the main problems of CBEA are the homogeneity and the strength, which
are correlated. Improving the homogeneity can significantly increase the strength of
CBEA. This can be achieved by improving the mixing stability of bitumen emulsion. For
example, one can use a nonreactive emulsifier or use surface active particles to produce
bitumen emulsion.
The early strength can be improved by adding rapid hardening cements. However, the
effect of rapid hardening cements on other aspects of performance (for example, on the
stiffness of the material) is not clear.
For CBEA mixture design, if the cement content is fixed, one can obtain the optimum
mixture by adjusting the mixing stability of the bitumen emulsion. For example, one can
change the type or the content of emulsifier. In the case when the bitumen emulsion
cannot be changed, one can optimize the CBEA mixture by adjusting cement type,
cement content or by adding additives such as emulsifiers.
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•

CBEA mixture design can be carried out by using the Brookfield test presented in
Chapter 4. For example, one can measure viscosity over time when adding cement.
Bitumen emulsion should not break either too fast or too slowly. This is the crucial factor
that affects the homogeneity of CBEA mixture.

This research only used Marshall stability to characterize the strength development of CBEA.
However, strength is not necessarily the only important factor that defines a good asphalt
mixture. Future study is needed to characterize the volumetric properties, the resistance to
permanent deformation, fatigue, durability, moisture susceptibility etc. In addition, the Marshall
stability test is not the only way to study the mechanical properties. In the future, the indirect
tensile test can be used because it shows a number of advantages over Marshall test. Based on
these studies, test criteria can be developed for CBEA. Although CBEA mixtures show good
performance in laboratory, improper correlation between laboratory and field results may still
happen. The only way of gaining reliable results is to conduct full-scale field trials.
Although cationic emulsion used in this research did not show good mixing stability with
cement, it is not claimed that this will apply to all of them because, for example, the breaking
mechanism of cationic emulsions is still unclear at this stage and needs further work.
New emulsifiers which have higher hardness tolerance or additives such as superplasticizers can
be developed to improve the mixing stability of bitumen emulsion with cement. These new
emulsifiers and additives are expected to greatly improve the performance of CBEA. In addition,
other hydraulic materials (possibly with lower CO2 emissions) can be used to substitute Portland
cement.
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A simple method for determining the total amount of physically and
chemically bound water of different cements 4

Abstract: For Portland cements, Powers’ model provides a simple method of calculating the total amount of water
bound by cement hydration (both physically and chemically bound). On the other hand, no such simple model is
available for other types of cements that are of increasing interest, such as calcium aluminate cements and calcium
sulfoaluminate cements. The main uncertainty for these types of cement regards the amount of physically bound
water in the hydrates, while the amount of chemically bound water can be calculated, e.g., by thermodynamic
modelling.
In this paper, a simple approach for estimating the total amount of bound water of different cements is presented.
This novel approach consists in measuring the rate of heat liberation of cement pastes made with the same cement,
starting at low water-to-cement ratio (w/c) and increasing it steadily. As the cumulative heat of hydration reaches a
plateau for a given w/c and does not increase for further increases in the water amount, this w/c is interpreted as
total water demand of the cement. The method is tested with a Portland cement, showing that it is in broad
agreement with Powers’ model. First results for a calcium aluminate cement and a calcium sulfoaluminate cement
are presented, from which estimations of the amount of physically and chemically bound water are obtained.
Keywords: Cement hydration; isothermal calorimetry; Portland cement; calcium aluminate cement; calcium
sulfoaluminate cement; bound water.

Introduction
According to the simplified view of Powers’ model [1, 2], hardened cement paste is composed of cement gel,
capillary pores and unreacted cement. The total porosity comprises the capillary pores and the gel pores. Structural
differences among pastes are mainly due to differences in capillary porosity, while the physical characteristics of
hardened cement gel are influenced to only a minor extent by differences in chemical composition among different
Portland cements. Chemically combined water (or non-evaporable water) is the water that combines chemically
with the cement. Physically adsorbed water (or chemisorbed water) is water adsorbed at the surfaces of gel particles;
it occupies the gel pores in Powers’ model. Free water is the remainder of the water in the saturated paste, which
occupies the capillary pores. The sum of physically adsorbed water and free water is termed evaporable water,
defined as the weight loss when a saturated sample is brought to equilibrium at a vapor pressure of 0.0005 mm of
Hg at 25°C (similar to oven drying at 105°C). In reality, for some cement hydration phases it is not possible to

4

The most important findings of the appendix can be found in: Lura P, Winnefeld F, Fang. X. A simple method for
determining the total amount of physically and chemically bound water of different cements. J Therm Anal Calorim
2016. Submitted.
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distinguish between physically and chemically bound water based on these criteria. For instance, a number of AFm
phases [3] and also ettringite [4] lose crystal water at low RH and also at elevated temperatures, yet significantly
lower than 105ºC [5].
Based on Powers’ model, it is possible to make quantitative predictions of the physical properties of hardened
cement paste. It was frequently used for making predictions of strength and other mechanical properties in Portland
cement-based systems based on the gel-space ratio concept (e.g. [6, 7]). Other applications included the calculation
of the volumes of gel and capillary porosity for studies of the pore structure [8], for application to transport models
[9] and calculations of the degree of saturation for autogenous shrinkage simulations [10]. Powers’ model was also
employed for predicting the theoretical ultimate degree of hydration at in sealed and in saturated conditions [2] and
the amount of entrained water necessary for internal curing [11].
Powers’ model was derived mostly from data on water vapor adsorption isotherms of cement pastes. However,
water interacts so strongly with the solid phases through chemisorption that some hydrates (e.g. ettringite [4, 12, 13]
and especially different AFm phases [3, 14]) are unstable at low water pressures and at elevated temperatures below
105 ºC [2]. Moreover, there is a certain amount of overlap in the binding energy between different classes of water,
which makes the distinction between capillary pores, gel pores, and interlayer spaces in gel particles somewhat
arbitrary [2]. Recently, a modification of Powers’ model has been proposed based on 1H NMR relaxometry, from
which capillary and gel pores can be resolved without the need of drying [15].
Notwithstanding the obvious simplifications and inaccuracies, for Portland cements Powers’ model provides a
simple method of calculating the total amount of water bound by cement hydration (both physically and chemically
bound). Thereby it allows rapid estimations, e.g., of the water demand of a cement and of the maximum degree of
hydration of a cement paste for a given water-to-cement ratio (w/c) [16]. On the other hand, no such simple model
is available for other types of cements that are of increasing interest [17], such as calcium aluminate cements,
calcium sulfoaluminate cements [18, 19] and blends of these cements with calcium sulfate and Portland cements [20,
21, 22]. The main uncertainty for these types of cement regards the amount of physically bound water in the
hydrates, while the amount of chemically bound water can be calculated by thermodynamic modelling (e.g. [23]).
In these systems, the absorbed water is supposed to be held mainly by aluminium hydroxide (often microcrystalline
and thus X-ray amorphous) [22], in addition to C-S-H in the blends with Portland cement. For instance, in some
CAC and CSA systems blended with gypsum, around 20% by mass of aluminium hydroxide was present [24].
However, the amount of water held by the aluminum hydroxide in these systems is not precisely known. Besides
the obvious academic interest, there are practical reasons for which the amount of absorbed water in CAC and CSA
systems needs to be known. For instance, in CAC systems the w/c needs to be kept low to avoid conversion [25],
while in blends of CAC and gypsum and CSA systems there is an interest in maximizing the degree of hydration,
mainly in order to avoid long-term expansion [26, 27].
In this paper, a simple approach for estimating the total amount of bound water (chemically and physically bound)
of different cements is presented. This novel approach consists in measuring the rate of heat liberation of cement
pastes made with the same cement but with increasing w/c. As the cumulative heat of hydration reaches a plateau
for a given w/c and does not increase for further increases in the water amount, this w/c is interpreted as total water
demand of the cement. The method is first tested with a Portland cement, showing that it is in substantial agreement
with Powers’ model. First results for a calcium aluminate cement and a calcium sulfoaluminate cement are
presented, from which initial estimations of the amount of physically and chemically bound water are obtained.

Materials and methods
Mix composition and mixing
Three types of cement were used: an ordinary Portland cement, CEM I 42.5 N with density of 3130 kg/m3 and
Blaine fineness of 2810 cm2/g; a CAC with density of 3240 kg/m3 and Blaine fineness of 3710 cm2/g; a CSA
cement, produced by blending 80% CSA clinker (density of 2780 kg/m3, Blaine surface area of 4860 cm2/g) and 20%
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of gypsum. The chemical analysis (XRF analysis) and the phase composition of the cements and of the gypsum as
obtained by quantitative X-ray diffraction are listed in Table 1.
The cements were mixed by hand at different w/c for each cement. For the Portland cement a stoichiometric w/c of
0.40-0.42 was expected and consequently cement pastes with w/c 0.35, 0.38, 0.40, 0.42, 0.45, 0.48, 0.50 and 0.52
were prepared. Both for the CAC and the CSA cements, a higher water demand than for the Portland cement was
expected. For the CAC cement, w/c 0.40, 0.50, 0.60, 0.70, 0.80 and 1.00 were mixed. For the CSA cement, w/c 0.40,
0.50, 0.60, 0.70, 0.75, 0.80, 0.85, 0.90, 1.00 were mixed.
Hydration heat
The heat flow was measured with a Thermometric TAM Air conduction calorimeter, capable of 8 parallel
measurements in 8 separate measuring cells. About 6 g of freshly-mixed paste were weighed into a glass vial of
internal diameter 24.5 mm. The glass vial was sealed and placed into the calorimeter and the heat flow was
measured for about 1 week. Due to external mixing, the initial heat peak, occurring right after the addition of water
to the cement, was not measured. During the experiment, isothermal conditions (20 ± 0.02°C) were maintained in
the measuring cells. The hydration heat flow and the cumulative hydration heat, normalized to the cement mass in
the samples, are shown in the results section starting from 1 hour after water addition, allowing time for temperature
equilibration.
X-ray diffraction analysis and thermogravimetry
The hydration products of some of the pastes (OPC w/c = 0.50, CAC w/c = 0.70 and 1.00, CSA w/c = 0.75) were
examined after 7 days. The binders were mixed by hand with deionized water for 2 minutes and stored in sealed PE
container at 20 °C and 90 % RH until testing. After 7 days of curing the pastes were gently crushed in an agate
mortar and hydration was stopped by solvent exchange using first isopropanol and then diethyl ether. X-ray
diffraction analysis (XRD) was performed on the anhydrous samples and on the hydrated pastes using a Panalytical
X’Pert Pro powder diffractometer in a Θ-2Θ configuration using CoKα-radiation and the X’Celerator detector. In
the case of the hydrated pastes, approximately 20 mass-% CaF2 were added as internal standard in order to quantify
the amorphous content. Rietveld quantification of the unhydrated binders (with the exception of CSA and gypsum,
which are taken from [28]) and of the hydrated pastes was performed using X’Pert Highscore plus V. 3.05e
according to previous reported procedures [26, 28-32] using the single crystal structures reported by [32]. As no
published single crystal structure of the C2AH7.5 phase found in the hydrated CAC pastes, this phase was fitted
using the PONKCS method [32].
The results of the XRD quantification were corrected to 100 g unhydrated binder using the bound water content
(550°C) obtained by thermogravimetric analysis (TGA). TGA was performed using a Mettler Toledo TGA/SDTA
851e under nitrogen atmosphere. Weight changes were measured while heating about 50 mg samples from 30980°C with a heating rate of 20 K/min in 150 μl alumina crucibles.

Results
In Fig. 1, the cumulative heat of the Portland cement pastes is presented as a function of w/c. The measurements
were performed for not more than 7 days (168 h) to limit the impact of the cumulated measurement error on the
results. The cumulative heat at 7 days increased systematically with the increase in w/c. Though no plateau was
reached, the increments become progressively smaller after w/c 0.45. The measurements on the w/c 0.38 and the
w/c 0.40 pastes were repeated, yielding a difference at 7 days of -0.31% for the w/c 0.38 paste and +0.20% for the
w/c 0.40 paste.
In Fig. 2, the cumulative heat of the CAC pastes is presented as a function of w/c. The cumulative heat at 7 days
increased with w/c up to w/c 0.70, while it was progressively lower for higher w/c. The measurement on the w/c
0.50 paste was repeated, yielding a difference at 7 days of -0.35%.
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In Fig. 3, the cumulative heat of the CAC pastes is presented as a function of w/c. The cumulative heat at 7 days
increased systematically with the increase of w/c. However, the increases become progressively smaller after w/c
0.75.
As a means of illustrating the relationship of the cumulative heat with the w/c, Fig. 4 shows a plot of the cumulative
heat at 7 days as a function of w/c for the Portland cement paste (Fig. 4a) and for the CA and CSA pastes (Fig. 4b),
truncated at w/c 1.00 for the CSA paste.
Figure 5 shows the XRD patterns of the hydrated pastes. In OPC, ettringite, hemicarbonate and Portlandite are
identified as crystalline hydration products. In CAC at w/c 0.70, mainly C2AH7.5, CAH10, hydrogarnet
(hydroandradite, approx. C3FS1.15H3.7) and traces of strätlingite C2ASH8 are present. Increasing the w/c in the CAC
sample to 1.00 enhances mainly the contents of C2AH7.5 and strätlingite.
Table 2 shows the hydration degrees of the clinker phases present in the cements as obtained by XRD. As expected,
hydration degrees are high, especially in the cases of CSA and CAC. The CAC sample with w/c = 1.00 shows a
higher hydration degree than the sample with w/c = 0.70.

Discussion
According to Fig.4a, the cumulative heat of hydration up to 7 days during sealed hydration at 20ºC can be closely
fitted linearly in two ranges, 0.35-0.45 and 0.45-0.52. In the second range, the slope is about 2/5 of the slope in the
first range. The separation between the first and the second range appears to occur at w/c 0.45 or a little lower. This
value is close to the water demand that could be estimated with Powers’ model, around w/c 0.42. The most probable
reason why the heat of hydration at 7 days increases for w/c higher than 0.42 (though with smaller slope) is that the
hydration process was far from completion by the time the experiment ended at 7 days. This is clear from the
cumulated heat results shown in Fig. 1 and from Table 2 giving the hydration degrees of the clinker phases after 7
days. The experiments were halted after 7 days to limit the influence of the baseline error that cumulates during the
measurements.
For the CAC pastes (Fig. 4b), the heat of hydration reaches a maximum for the w/c 0.70 paste and then decreases at
higher w/c despite the higher hydration degree (Table 2). The reason for this decrease might be differences in the
hydrate assemblages or in the degree of crystallinity of the hydrates at higher w/c. If one fits linearly the lower w/c
range (0.40-0.60) and the higher w/c range (0.70-1.00) separately, a boundary is found around w/c 0.65, which lies
between the tested values of 0.60 and 0.70.
Finally, for the CSA pastes (Fig. 4b), similarly to the Portland cement pastes, the heat release for w/c between 0.75
and 1.00 is steadily increasing, but only at 1/6 of the slope that is measured between 0.40 and 0.75. A similar
bilinear fitting leads to identify the breaking point at w/c 0.75.
It must be borne in mind that these estimations of the water demand (defined as the w/c needed for full hydration)
are always very approximate. While very accurate and practical for short-term experiments, calorimetry does not
allow to follow the hydration of the pastes beyond the first 7-10 days. Other methods to measure the degree of
hydration (e.g. TGA) at longer hydration ages are less accurate and rely also on a number of assumptions.
To speed up the hydration reaction and keep the isothermal calorimetry measurements short, one could perform the
measurements at higher temperatures. However, in all pastes, and especially in CAC pastes, other hydrate
assemblages could form at higher temperatures. The water held by the amorphous aluminum hydroxide may vary as
well with the temperature [24, 33].

Conclusions
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This paper presents a simple approach for estimating the total amount of bound water per gram of cement hydrated
for different cements, which is also known as the water demand. The approach consists in measuring the rate of heat
liberation of cement pastes made with the same cement and increasing w/c. As the cumulative heat of hydration
reaches a plateau or a break in the slope for a given w/c, this w/c is interpreted as total water demand of the cement.
The values of water demand identified in this preliminary study (w/c 0.45 for the Portland cement paste, 0.65 for
the CA paste and 0.75 for the CSA paste) appear reasonable and give a valuable estimation of a parameter that is of
practical importance especially for new binders.
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Tables
Table 1: Chemical analysis and phase composition (by mass %) of the cements and gypsum used.
OPC

CSA

CAC

Gypsum

[22]

a

OPC

CSA

[22]
33.30

CAC

Gypsum

[22]
56.1

C4A3s

62.8

CA

60.1

CaO

61.9

36.1

38.0

SiO2

19.6

4.5

4.0

C2S

15.5

CT

5.7

C12A7

3.3

Al2O3

5.1

45.0

38.4

C3A

4.8

C2AS

18.3

C4AF

11.1

Fe2O3

2.9

1.5

16.5

C4AF

11.5

CA

8.1

C2S

10.9

MgO

2.3

0.91

0.47

MgO

1.0

CA2

3.1

C2AS

3.5

K2O

1.0

0.35

0.12

K2SO4

1.6

MA

1.8

CT

4.0

Na2O

0.26

0.07

0.07

Na2SO4

0.26

Cs

0.30

46.70

C3S

[22]

a

3.3

SO3

3.0

8.6

0.06

K2O

0.13

CsH2

TiO2

0.28

2.2

1.9

Na2O

0.15

MgO

0.2

C3FT

0.9

P2O5

0.20

0.08

0.06

CaO
free

0.27

CaO
free

0.01

Ff

3.4

SrO

0.15

0.09

CaCO3

4.8

K2SO4

0.06

MA0.1F0.9

0.9

Mn2O3

0.00

0.02

0.05

CSH2

4.0

Na2SO4

0.01

C20A13M3S3

1.8

L.O.I.

2.68

0.70

0.19

21.50

Total

99.4

100.2

99.7

101.8

100.1

96.7

100.1

99.9

According to cement chemistry notation: A = Al2O3, C = CaO, F = Fe2O3, S = SiO2, s = SO3, T = TiO2, f = FeO,

100.0
M = MgO.

Table 2: Reaction degrees of the phases present in the anhydrous cements after 7 days (+/- 5%)
OPC
w/c = 0.50

CAC
w/c = 0.70

CAC
w/c = 1.00

CSA
w/c = 0.75

%

%

%

%

60

75

75

85

C12A7

>95

>95

>95

CA

90

>95

>95

C3S

90

C2S

40

C3A

>95

C4AF

75

CA2

>95

C4A3s

90

Anhydrite

75

Hemihydrate

>95

Gypsum

>95

Average hydration degree *

81

85
85
86

94

90

* Excluding the calcium sulfate phases
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Fig. 1. Cumulative heat (until 7 days, 168 hours) of Portland cement pastes.
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Fig. 2. Cumulative heat (until 7 days, 168 hours) of CAC pastes.
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Fig. 3. Cumulative heat (until 7 days, 168 hours) of CSA pastes.
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Fig. 4. Cumulative heat at 7 days as a function of w/c for a) Portland cement pastes and b) CA and CSA pastes.
Note the different scale on both axes.
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Fig. 5. XRD patterns of the hydrated pastes after 7 days sealed curing.
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