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Abstract 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 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 mech-

anisms. This study aims at accelerating the develop-

ment of mechanical properties of CBEA by using

rapid-hardening cements 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, measure-

ments 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.

Keywords Cement bitumen emulsion asphalt �

Cationic bitumen emulsion � Anionic bitumen

emulsion � Calcium sulfoaluminate cement � Calcium

aluminate cement � Isothermal calorimetry

1 Introduction

Cold mix asphalt consists of bitumen emulsion, water,

unheated aggregates and filler. This material has low

environmental impact and is cost-effective [1–3].

However, it has rarely been used as structural layer for

heavy-duty pavements [2, 3], mainly because of the
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long time (several weeks) required to reach its full

strength [4], resulting in inadequate performance

(inferior early strength and high porosity) compared

with conventional hot mix asphalt (HMA) [3, 5, 6].

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 [7] and the fully cured

material acquires comparable mechanical properties

to an equivalent HMA [3, 8, 9]. Research on these

composite materials, also called cement–asphalt

emulsion composite (CAEC) [10, 11], cold bitumi-

nous emulsion mixture (CBEM) [4, 6], cement-

emulsion treated mixture (C-ETM) [12], cement–

bitumen treated material (CBTM) [13], started in the

1970s. In all of these materials, the primary binder is

bitumen while cement is used as an admixture.

Extensive research has also been carried out on

cement asphalt mortar (CA mortar) [14, 15], in which

cement is the primary binder and bitumen is an

additive. CBEA shares characteristics of both cement

and asphalt concrete [16, 17]. In particular, compared

with conventional HMA, CBEA has higher deforma-

tion resistance and lower temperature susceptibility

[10]. Additionally, the introduction of cement in cold

mix asphalt accelerates emulsion breaking [5],

because cement hydration consumes water in the

emulsion and meanwhile it increases its alkalinity. In

particular, when a cationic bitumen emulsion is used,

the cationic emulsifiers are supposed to become

ineffective as soon as they come in contact with a

very alkaline solution [18], 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 [19–21] blends of calcium aluminate

cements (CAC) and calcium sulfate or calcium

sulfoaluminate (CSA) cements were used to obtain

rapid hardening mixtures. In Ref. [9] 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, et-

tringite (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 [22]. Meanwhile, compared with OPC,

the CO2 emissions can be substantially decreased by

using CSA and CAC [23, 24].

This research aims at understanding the role of

cement in CBEA. In particular, the objective of this

work 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 com-

parison with OPC.

2 Materials and methods

2.1 Materials

Auniformdense aggregate gradation for asphalt concrete

AC-8wasused in this research (EN13043:2002/AC, see

Fig. 1). The aggregates were quarry material (quartz,

Fig. 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)
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size between 2 and 8 mm, density of 2,770 kg/m3),

crushed sand (quartz, size between 0.063 and 2 mm,

density of 2,688 kg/m3), and limestone filler (size

\0.063 mm and density of 2,638 kg/m3). The total

amount of filler in the mixture was 6 % by mass of dry

mineral mixture (aggregates ? filler).

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 (0.1 mm)]

and a solvent-free, slow-setting anionic emulsion

[residual bitumen after breaking: softening point of

58.5 �C, penetration at 25 �C of 41 (0.1 mm)].

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 3,130 kg/m3 and Blaine fineness of

2,810 cm2/g); CAC (density of 3,240 kg/m3 and

Blaine fineness of 3,710 cm2/g); CSA cement, pro-

duced by blending 80 % CSA clinker (density of

2,780 kg/m3, Blaine surface area of 4,860 cm2/g) and

20 % of gypsum. The hydration and hardening

behavior of rapid hardening cements is discussed in

detail in [23, 25, 26]. 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 1.

The mixture compositions by mass are summarized

in Table 2. In the names of the mixtures throughout

this paper, 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.

2.2 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

rawmaterials 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 min.

One mix was used to make 9 cylindrical Marshall

specimens with 101.6 mm diameter, approximately

70 mm height and 1,190 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 1 day.

After this, the specimens were demoulded and the

lateral and bottom surfaces were sealed with alumin-

ium foil to simulate the actual drying conditions of

CBEA on the construction site. Then, the specimens

were left 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 h. Based on results

presented in Ref. [29], it is assumed that this temper-

ature 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 1,190 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.

2.3 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
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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 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 Figs. 2, 3, 4)

by the potential heat of the cement, which corresponds

to the heat that is developed when all the cement has

hydrated [30]:

Fig. 2 Isothermal calorimetry 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

1.00 (black)

Table 1 Chemical analysis and phase composition (by mass%) of the cements and gypsum used

OPC

[27]

CSA

[28]

CAC Gypsum

[28]

OPC

[27]

CSA

[28]

CAC Gypsum

[28]

CaO 61.9 36.1 38.0 33.30 C3S
a 56.1 C4A3s 62.8 CA 60.1

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 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

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 99.7 101.8 100.1 100.1 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

Table 2 Amount of

materials by 100 g of

mixture

a Percentage of cement by

mass of dry aggregate

Aggregate (g) Water (g) Emulsion (g) Filler (g) Cement

(g) (%)a

5.04 0 0

78.99 2.52 13.45 2.52 2.52 3

0 5.04 6
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aðtÞ ¼
HðtÞ

Hcem

; ð1Þ

where a(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 Hcem

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 follow-

ing formula [22]:

Hcem ¼ 517 C3Sð Þ þ 262 C2Sð Þ þ 1;144 C3Að Þ
þ 418 C4AFð Þ; ð2Þ

where the mass fractions of the main phases in OPC

are given in Table 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 1 week on

several cement pastes made of different w/c with the

same CSA and CAC used in the CBEAmixtures. After

7 days hydration, the degree of reaction was assessed

with quantitative XRD [33]. 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 [33].

2.4 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 speci-

mens 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

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 2), the total initial mass

percentage of water in the mixtures was 7.9 %.

In Ref. [9], 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 [9]). Additionally, the residual

water in CBEA gives an indication of stripping

potential and moisture susceptibility of CBEA which

are highly concerned by other researchers [3, 5, 6]. The

Fig. 3 Isothermal calorimetry 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 1.00

(black)

Fig. 4 Isothermal calorimetry 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 1.00

(black)
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water in themixtures at a certain time t can be classified

in 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 [31]. The evapor-

able water is defined as the water within the capillary

pores (ranging from a couple of lm 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 evap-

oration and binding by cement hydration products,

until equilibrium with the ambient relative humidity is

eventually reached.

2.5 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). While this study did not take the

volumetric properties (void content, pore size and pore

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 Results

3.1 Isothermal calorimetry

Mixtures without cement did not show any heat

liberation. This confirms that all the heat liberated by

the CBEA mixtures was the product of cement

hydration. The rate of heat liberation and the cumu-

lative heat of all the CBEA mixtures and of cement

pastes with w/c 1.0 are shown in Figs. 2, 3, and 4.

Compared with the neat cement paste, in mixtures

with anionic emulsion the OPC hydration was

retarded, while no substantial retardation was

observed with the cationic emulsion (Fig. 2). After a

longer dormant period, the cumulative heat release of

OPC in the presence of the anionic emulsion increased

steadily and even surpassed the heat release of the

cationic mixture and of the cement paste.

Both the anionic and the cationic emulsions accel-

erated the CSA cement hydration compared to the

cement paste with w/c 1.00 (Fig. 3). However, no

significant difference in the measured cumulative heat

was observed between CBEA and neat cement paste

after 24 h hydration.

Mixtures with cationic emulsion appear to retard

slightly the CAC hydration, while a slight initial

acceleration followed by a slower development of

hydration heat is observed in the mixtures with anionic

emulsion (Fig. 4). Also in this case, at 24 h hydration

the difference between the CBEA mixtures and the

neat cement paste is minimal.

The calculated degrees of cement hydration calcu-

lated by Eq. 1 in all CBEA mixtures in the first 3 days

are shown in Table 3. CSA samples and CAC samples

showed substantially higher hydration degree during

the first 3 days and already after 1 day.

3.2 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

Table 3 Degree of hydration of the cement in the CBEA

mixtures

Cement paste Degree of hydration (%)

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
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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. 5. 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.

3.3 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 and 36.5 kN, respectively. Cold mixture samples

after drying showed lower stability than HMA

obtained by evaporating the water 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. 6. 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. 6a). For the slow setting anionic emulsion with

no cement, the test samples deformed under their own

weight after demoulding (Fig. 6b) and the Marshall

stabilities could not be determined. For this reason,

only the trend of the measured stability is shown in

Fig. 6b. 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. 6a). However, in case of

mixtures with anionic emulsion, no significant differ-

ences in the Marshall stability were measured after

1 day between mixtures with and without OPC (see

Fig. 6b).

The evolution ofMarshall stability with curing time

in test samples with CSA and CAC is shown in Figs. 7

and 8, respectively. The early mechanical properties of

CBEA with CSA and CAC were dramatically

improved in comparison to mixtures with OPC.

Mixtures made with the anionic bitumen emulsion

appeared more homogenous than mixtures with the

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 the cationic emulsion, the Marshall stability

increased only during the first week and remained

constant from 14 to 28 days. In the case of mixtures

with 3 % of cement, the stabilities varied from 10 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 the 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.

4 Discussion

4.1 Effect of emulsions on the initial rate

of cement hydration

The initial retardation or acceleration observed in

Figs. 2, 3, and 4 may be due to the pH of the bitumen

emulsions [18], while no significant effect of the

emulsion or of the bitumen could be observed on the

later development of hydration. In Ref. [32], Tan et al.

observed that both anionic emulsifiers and especially
Fig. 5 Amount of evaporated water from Marshall specimens

after 1, 7 and 28 days curing
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cationic emulsifiers retarded OPC hydration. How-

ever, a high concentration of emulsifiers and a low w/c

of 0.28 were used in Ref. [32]. Also in Ref. [18] 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. 2. No data were found in the

literature about the effect of bitumen emulsion on

hydration of CSA and CAC.

4.2 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 3 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. 10), 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 consid-

ered 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 contin-

uously 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

Fig. 6 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 and

36.5 kN, respectively)

Fig. 7 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 and

36.5 kN, respectively)

Fig. 8 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 and

36.5 kN, respectively)
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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 3 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 haveahighdegreeofuncertainty, due to the small

amount of cement present in the mixture and especially

to the superposition of mass losses due to the decom-

position of the bitumen and of the hydration products.

4.3 Water content evolution

In this paper, the bound water (both chemically bound

and physically bound, see categories (ii) and (iii) in

Sect. 2.4) was determined according to the procedure

explained in Ref. [33]. 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 [31, 34]. For the CSA and the CAC,

these values are much higher, 0.75 and 0.70 g of

water, respectively.

The residual evaporable water in specimens used

for theMarshall 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:

pev;resðtÞ ¼ ptot � pbouðtÞ � ptrap � pevðtÞ; ð3Þ

where pev(t) is the percentage of water by initial mass

of mixture that has evaporated at time t, pbou(t) is the

percentage of water bound by the cement and ptrap is

the water trapped in the mixture. The residual

evaporable water was quantified by Eq. 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, pbou(t), the water bound by

cement hydration, was quantified as [31, 34]:

pbouðtÞ ¼ k � C � aðtÞ; ð4Þ

where k 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;C is the percentage of cement in themixture,

2.52 and 5.04 % for mixtures with 3 and 6 % of

cement, respectively (see Table 2) and a(t) is the

degree of hydration at curing time t (Table 3). The

water evaporated after 1 day, 3, 7 and 28 days are

shown in Fig. 5 and the water bound by the cement

(quantified according to Eq. 4) are shown in Fig. 9. In

the case of C0A, obviously, thewater 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.

Figure 10 shows the content of residual evaporable

water in every mixture studied, quantified by means of

Eq. 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 hydra-

tion 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.

4.4 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

Fig. 9 Amount of water bound by hydration products of

cement in Marshall specimens after 1, 7 and 28 days curing
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breaking and by drying of water. The same results

were also found by Terrel andWang [16]. The stability

of cationic samples after 1 day was increased by

adding cement while anionic samples were not. This is

caused by cement hydration. Evidence can be found in

Fig. 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 Figs. 3, 4). A clear impact of this

faster hydration is evident in Figs. 7 and 8, 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.

Figure 11a shows the Marshall force–displacement

curve of OPC-containing specimens over time, accord-

ing 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. 11b) showed an almost constant stiffness, while

the increase of maximum force after 1 day was limited.

By comparing Fig. 11a and b, it is very clear that cement

hydration dominates both the stiffness and stability.

Take the Fig. 11a 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. 11b, because

most CAC has hydrated after 1 day-curing, the stiffness

kept constant. The further increase in stabilitywas 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. 10.

We can reasonably infer that on one hand, cement

hydrates linkedaggregates by formingelastic cross links

between them, which consequently increased the stiff-

ness of CBEA [9]. On the other hand, by binding water,

cement hydration further increased the stability of

CBEA. To gain a deeper understanding of the mecha-

nisms governing the mechanical properties of CBEA,

the distribution of hydrated cement and contribution of

cement hydrates to the microstructure of CBEA could

be imaged by X-ray computed tomography [9] or by

scanning electron microscopy (SEM).

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 adheres 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 isFig. 10 Evolution of residual evaporable water content

Fig. 11 Force–displacement curve of a OPC6C and b CAC6A as a function of curing time

496 Materials and Structures (2016) 49:487–498



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 [9]. The contribu-

tion 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 tempera-

ture cracking and fatigue behavior.

5 Conclusions

In this study, 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 paper 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 bindmore 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 how-

ever to be significant, since cement hydration dominates

both the stiffness and stability ofCBEAand comparable

mechanical properties to hot mix asphalt can be

eventually reached by using cementitious materials.

While this paper elucidated some aspects of cement

hydration in CBEA, the behavior of bitumen emulsion

in the presence of cement and filler is still unclear. The

volumetric properties, the distribution of hydrated

cement in the microstructure, the durability, the

temperature and moisture susceptibility of CBEA also

need to be studied.
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