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Abstract  

The aim of this research was to understand the dependence of the mechanical behaviour of 

bitumen emulsion-cement composites on the structural transition of the co-binder system. The 

experimental programme mainly consisted of cyclic indirect tensile testing at a range of 

temperatures and frequencies, integrated by X-ray microtomography. The results showed the 

existence of a critical composition of the co-binder system at the bitumen to cement ratio 

between 1 and 2 at which the mechanical behaviour transformed from cement-dominated to 

bitumen-dominated. This was caused by both the percolation of the bituminous phase and the 

pore space, and the volume contraction of the co-binder system. However, this critical 

composition did not directly match with the percolation of the phases on the length scale of 

the mesostructure, but likely corresponded with the volumetric content of all elastic phases, 

with the aggregate playing a fundamental role. 

Keywords: bitumen emulsion-cement composites; multiphase material; stiffness modulus; 

phase angle; X-ray tomography; percolation threshold 

*Revised Manuscript
Click here to view linked References

This document is the accepted manuscript version of the following article: 
Miljković, M., Poulikakos, L., Piemontese, F., Shakoorioskooie, M., & Lura, P. (2019). Mechanical 
behaviour of bitumen emulsion-cement composites across the structural transition of the co-binder 
system. Construction and Building Materials, 215, 217-232. 
https://doi.org/10.1016/j.conbuildmat.2019.04.169
This manuscript version is made available under the CC-BY-NC-ND 4.0
license http://creativecommons.org/licenses/by-nc-nd/4.0/

http://ees.elsevier.com/conbuildmat/viewRCResults.aspx?pdf=1&docID=59313&rev=1&fileID=1214655&msid={2F3B6FDE-7A5C-4648-870A-AB76AF70FAF5}


 

  2 

1 Introduction 

 

The composites of bitumen emulsion and cement applied for structural layers of road 

pavements are heterogeneous materials consisting of four phases: bitumen emulsion and 

cement, as binders, mineral aggregate as a granular skeleton, and pore space. These four 

phases have substantially different physical properties and well-defined interfaces.  

 

The use of bitumen emulsion-based materials instead of conventional hot asphalt eliminates 

numerous environmental risks during the construction of a pavement layer, and significantly 

decreases energy consumption and CO2 emissions. Bitumen is a highly viscous, amorphous, 

hydrophobic hydrocarbon material with a typical time and temperature-dependent mechanical 

behaviour. To decrease its originally high viscosity at ambient temperature, which is necessary 

for the mixing with aggregate, bitumen is dispersed in water in the presence of emulsifier, 

mostly cationic, thus producing a bitumen emulsion with droplet size typically ranging from 1 

to 10 μm [1, 2, 3]. In contact with cement and aggregate, cationic emulsions are destabilised 

by changes in pH caused by release of cations at very different rates from these mineral 

constituents [2, 4, 5, 6, 7]. Consequentially, the cationic emulsions break and the bitumen 

droplets flocculate, coalesce, and then form a bitumen film whose morphology is determined 

by the mechanism and kinetics of destabilisation of emulsion [2, 8, 9, 10, 11, 12, 13]. All 

these physico-chemical processes determine the typical time dependence of the properties of 

bitumen emulsion-based materials. This temporal evolution is on the contrary absent in 

conventional asphalt. 

 

In contrast to bitumen, cement is a mineral binder which hardens in a chemical reaction with 

water creating hydration products with a rigid structure. When cement is mixed with bitumen 

emulsion, the breaking of the emulsion is accelerated, and part of the water becomes 

chemically and physically bound in the hydration products. The water released by the 

emulsion wets the hydrophilic phases including unhydrated cement, hydration products, filler 

(in asphalt, all mineral particles smaller than 63 μm), and the rest of the aggregate (all larger 

mineral particles) and is held by capillary forces in the small pores. Because of the exposure 

to the environment, the water progressively migrates out through the pore space [14, 15].  

 

Previous research [16] identified a significant effect of the emulsifier on the mechanical 

properties, likely resulting from its influence on the hydration kinetics of cement, rheology of 
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emulsion and bitumen, and binding of water. The emulsifier and its interaction with cement 

controls the stability of the emulsion and the formation of the bituminous film [17]. By 

reducing the surface tension, the emulsifier influences the viscosity of the emulsion [18] and 

thus it improves the rheological properties and the workability of the mixture [19, 20, 21, 22]. 

Depending on its type [23, 24] it can either accelerate or decelerate the hydration kinetics [16, 

25, 26] and the resulting microstructure [27, 28]. Therefore, the emulsifier was recognised as 

a key factor for understanding the overall behaviour of bitumen emulsion-cement composites. 

 

The residual bitumen, cement hydrates, and aggregate play a dominant role in the mechanical 

behaviour of these multiphase systems. In these systems, the aggregate can be considered as 

the inert skeleton, since it is rigid, independent from loading time and temperature, and 

temporally invariable. The main emphasis for understanding the resulting mechanical 

behaviour, especially their temporal change [29] is, therefore, on the interactions in the two-

phase system of bituminous and cementitious binder, hypothesised to be acting as a co-binder. 

This perspective is analogous to the model systems of bitumen-filler mastic used in 

conventional bituminous materials [30, 31, 32], however, with much higher degree of 

complexity, as the intrinsic mechanical properties of these two co-binders are radically 

different. In this regard, bitumen is a viscoelastic rheodictic material characterised by time 

and temperature-dependent mechanical behaviour. On the contrary, cement hydrates are 

elastic and brittle, with time-dependent deformations (shrinkage and creep) negligible 

compared to those of bitumen. 

 

In principle, depending on the concentrations and the interconnectivity of the co-binders as 

two individual phases, these systems can show widely different microstructures that manifest 

themselves in widely different mechanical behaviour. By representing the co-binders as a 

general two-dimensional system of overlapping particles, as shown in Figure 1, at low 

concentration of one of the co-binders, that phase is a dispersed disconnected phase (Figure 

1a). However, above the critical value (called the percolation threshold), that phase becomes 

connected [33] (Figure 1b). Such a transformation in the phase geometry [34] of the bitumen 

emulsion-cement composite results in mechanical properties shifting from bitumen-dominated 

to cement-dominated. Thus, at the level of co-binders with low relative concentrations of 

cement, they may form a two-phase suspension, with the bituminous binder as continuous 

phase and the cementitious phase as rigid inclusions embedded in the matrix [35]. At the other 

end, at low relative concentrations of bitumen, the cementitious phase forms the continuous 
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matrix with discrete bituminous inclusions. In the intermediate case, more complex 

microstructures can form depending on the bitumen to cement ratio (b/c), likely resulting in 

both phases percolated at the same time. However, the presence of large pores (above roughly 

200 μm) and particles of mineral filler further complicates the microstructure. Therefore, it is 

hypothesised that, when the bitumen content is increased, the transition of the mechanical 

behaviour may take place after the depercolation of the cementitious phase or at a certain 

overall volumetric content of elastic phases. 

 

Figure 1 

 

The volumetric changes in the system driven by breaking of emulsion and partial elimination 

of water, but also hydration of cement, directly influence the total volume fraction of the pore 

space and its dependence on time. This is the main factor that determines the overall 

behaviour of the material. Other factors are the ability of the emulsion to wet the solids, 

mainly responsible for the adhesion properties [36], and the final morphology of the 

bituminous film [37]. Depending on the composition of the co-binder system, commonly 

expressed by b/c, i.e. on the dominance of one or another co-binder, different scenarios of 

temporal change in volumetric structure, and consequentially macroscopic mechanical 

properties as an interplay between a viscous and an elastic material may exist [38]. 

 

The macroscopic mechanical properties of such heterogeneous media depend on the 

mechanical properties of the individual phases, as well as on their phase geometry [35], which 

is influenced by complex temporal interactions between the phases. Predicting the 

macromechanical behaviour of composites based on the mechanical properties of the 

individual phases and the microstructure has proven to be a challenging task [34]. For this 

reason, a proven experimental approach in the research of bitumen-emulsion cement 

composites is based on measuring the macromechanical properties of model systems at the 

length-scale of mortar [1, 16, 39, 40]. 

 

The overall aim of this research was to describe the mechanical behaviour of bitumen 

emulsion-cement composites, with special focus on the structural transition of the co-binder 

system. This goal was achieved by the following individual objectives: 
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— A comprehensive characterisation of the mechanical behaviour of bitumen emulsion-

cement composites under cyclic indirect tensile loading in a range of temperatures and 

frequencies at different stages of curing; 

— An analysis of impact of the structural transition of the co-binder from cement-

dominated to bitumen-dominated on the mechanical properties across a range of b/c 

and with different emulsifier contents; and  

— The identification of a critical b/c corresponding to the structural transitions of these 

composites. 

 

These objectives were addressed by examining (a) the mechanical behaviour by cyclic 

indirect tensile testing and (b) the structural morphology of bitumen emulsion-cement 

composites by X-ray microtomography of a model system of standardised bitumen emulsion 

mortar (BEM) with three different b/c and two emulsifier contents. 

 

 

2 Materials and methods 

 

2.1 Materials 

 

To investigate the effect of different emulsifier contents, two bitumen emulsions of type 

C60B1 (according to EN 13808) were produced with a quaternary ammonium salt cationic 

emulsifier in the amount of 1 % (commonly applied amount in emulsions) and 1.5 % (high 

amount of emulsifier) by mass of the emulsion. The base bitumen used for the emulsion was 

paving grade bitumen 70/100 from naphthenic crude, which comprised 60 % by mass of the 

emulsion (whose main properties are provided in Table 1). The pH value of the aqueous phase 

in both emulsions was adjusted to 2.5 with hydrochloric acid to activate the emulsifier and 

increase the stability of the emulsion. 

 

Table 1 

 

The cement used in this research was ordinary Portland cement CEM I 42.5 N (according to 

EN 197-1), with the mass content of clinker phases C3S, C2S, C3A, and C4AF of 65.1, 14.9, 

8.6, and 6.1 %, respectively calculated form its oxide composition [41]. The Blaine fineness 

and the density were 2980 cm
2
/g and 3.120 g/cm

3
, respectively. The potential heat of 
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hydration was determined as 500 J/g and was obtained by a linear combination of the mass 

fractions of the individual phases with their mass-normalised enthalpies (assumed to be 517, 

262, 1144, and 468 J/g, respectively [42, 43]). The chemically- and physically-bound water 

corresponding to full hydration [44] was calculated as 0.429 by mass of the cement.  

 

The mixture used in this research was based on the bitumen emulsion mortar concept which 

was developed and studied in previous research [1, 16, 39, 40]. The BEM is a model system 

developed with the purpose of focussing on the fundamental interaction mechanisms between 

bitumen emulsion and cement. The BEM mixture was composed of bitumen emulsion, 

cement, and standardised sand. The particle size distribution of the sand is provided in Table 

2. The use of standardised fine aggregate is meant to exclude any variation in chemical, 

geometrical, and other properties of the aggregate. The exclusion of large aggregates in this 

model system allows mixing smaller quantities of materials and obtaining smaller 

representative volume elements, which is useful for various tests beyond this specific 

research.  

 

Table 2 

 

To investigate the effect of a range of b/c and different emulsifier contents, mixtures were 

prepared with emulsions containing 1 and 1.5 % of emulsifier and with the three b/c of 1, 2, 

and 4 (i.e., six different mixtures). The content of sand by mass was 87.5 % for all mixtures. 

The composition of the BEM mixtures and the mass ratios of the individual phases are shown 

in Table 3.  

 

Table 3 

 

 

2.2 Specimen compaction and curing 

 

The mortar mixture was produced by mixing the sand particles with the bitumen emulsion 

first and adding the cement afterwards. The mixture was compacted immediately after mixing 

by a gyratory compactor (according to EN 12697-31) to obtain the cylindrical specimens of 

100 mm in diameter and 60 mm in height with the target initial void content of 10 %. The 

specimens were compacted by applying the vertical pressure of 400 kPa, corresponding to the 
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total vertical force of 3.14 kN with the rate of 30 gyrations per minute. The vertical pressure 

was reduced from standard 600 kPa to 400 kPa to slightly extend the time of compaction, and 

thus stimulate the emulsion breaking and re-positioning of the aggregate [45, 46]. A group of 

four specimens was prepared for each of the six composites and all the results about these 

groups were reported. At the end of the compaction, the average bulk densities by dimensions 

of the specimens (according to EN 12697-6) with the b/c of 1, 2, and 4 were 2.362, 2.297, and 

2.253 g/cm
3
, respectively. The actual initial average volumetric composition of the specimens 

calculated from the resulting void contents based on the height of the specimens is provided 

in Table 4.  

 

Table 4 

 

The resistance of the individual mixtures to compaction was evaluated by the total energy of 

compaction and the compactability, a parameter obtained by a logarithmic model based on the 

data on the vertical displacements (according to EN 12697-10), by the following equations: 

 

 c c

1

Δ


 
n

i

i

E n σ A v  (1) 

 

   1 – lnV n V K n  (2) 

 

where Ec is the compaction energy, σc is the average vertical compaction pressure, A is the 

surface of the specimen base, vi is the vertical displacement corresponding to i-th gyration, n 

is the number of gyrations, V is the void content, and K is the compactability. In Equation (2), 

V(1) and K were determined as regression parameters. As common practice for this type of 

analysis, the initial consolidation of the mixture at the beginning of the compaction was 

disregarded. The reason for this is that the initial consolidation is in fact significantly affected 

by other not material-related effects like the way the moulds were filled and cannot be 

attributed to the mixture composition. Therefore, the model fitting was based only on the 

gyrations with void content below 15 %.  

 

A photograph of the specimens of the six composites seven days after compaction is shown in 

Figure 2. It can be seen that the specimens with the lowest b/c had lighter surface and 

resembled cementitious materials, while the surface became darker with the increase in b/c. 
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Furthermore, specimens with higher emulsifier content (S5) were slightly darker, which is a 

result of better coating of the aggregate by the emulsion containing more emulsifier. 

 

Figure 2 

 

After compaction, the specimens were cured at the relative humidity of (70 ± 3) % and the 

temperature of (20 ± 0.5) °C and stored on a plain metal surface enabling free evaporation of 

water from all sides except form the bottom. Thanks to this approach, the curing conditions 

were precisely defined and reproducible in laboratory conditions. At the same time, it must be 

remarked that, due to different boundary conditions, the average water content and the 

distribution of the residual water can be different to those in an actual pavement layer. The 

specimens were cured for 84 days, even after the end of mechanical testing, with regular 

measurements of their mass. Based on the results, the residual to initial water content mass 

ratio, w(t)/win, was calculated as  

 

   spec,in spec

in in spec,in

–
1 –

m m tw t

w w m
, (3) 

 

and modelled by the following logarithmic regression model as a function of time on the 

domain with decrease in mass of specimens being apparent: 

 

 
1 0

in

ln 
w t

a t a
w

, (4) 

 

where w(t) is the mass fraction of water in the specimen at the time t, win is the initial mass 

fraction of water, mspec,in is the initial mass of the specimen, mspec(t) is the mass of the 

specimen at the time t, and a1 and a0 are parameters of the regression model. The initial mass 

fraction of water in the specimen on the right-hand side of Equation (3) was calculated based 

on the above-defined composition and bulk densities and ranged from 3.01 to 4.24 %, 

depending on the group of specimens. 

 

After curing and all mechanical tests were completed, three undisturbed cubic specimens with 

the approximate size of 1 cm
3
 were sawed from the middle intact part of the original 

cylindrical specimens with 1 % of emulsifier, approximately 25 mm from the axes (see Figure 
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3) by using a sintered segmented diamond blade. Neither water nor other lubricant was used 

to prevent any change in the content of the residual water. 

 

2.3 Mechanical testing 

 

The specimens were tested by applying cyclic indirect tension to determine their stiffness 

moduli at the temperatures of 5, 10, and 15 °C and each at the frequencies of 0.1, 0.5, 1, 5, 10, 

and 20 Hz (according to EN 12697-26) with the frequency of data acquisition of 128 readings 

per loading cycle. The specimens were tested after 3, 7, and 28 days of curing. This narrow 

temperature range was selected to prevent damage at both ends of the temperature range. On 

the one hand, to prevent freezing of the residual water in the specimens at temperatures below 

0 °C and, on the other, to avoid an extensive permanent deformation of this low-stiffness 

material at temperatures above 15 °C.  

 

The vertical cyclic load was applied over a 12.7 mm-wide loading strip. The testing was 

performed in the stress-controlled mode in the linear viscoelastic range of the materials to 

minimise the permanent damage. Thus, the lower value of the horizontal normal stress in the 

centre of the specimens was fixed at 0.035 MPa, while its upper value was adjusted to obtain 

target values of the corresponding horizontal elastic strain in the centre of the specimen 

(commonly referred to as initial elastic strain). Preliminary testing showed that the specimens 

with the highest cement content were strong enough to resist higher loads, but because of their 

potential brittleness they were at risk of sudden fracture, especially at early stages of curing. 

On the other hand, specimens with the lowest cement content were quite ductile and were 

subjected to only low loading to avoid the development of high plastic deformations. 

Additionally, it is important to remark that all the specimens were foreseen to be tested 

multiple times over the entire curing period. For this reason, it was necessary to remain in the 

linear viscoelastic region and minimise the accumulation of damage.  

 

For the above reasons, instead of applying an upper stress level corresponding to the initial 

elastic strain in the range from 0.05 to 0.10 ‰, as proposed by the specifications, each 

specimen was subjected to the upper stress sweep with ten cycles of loading per each stress 

level at all temperatures, frequencies, and curing stages. To avoid the influence of transient 

effect [47], first three and last two loading cycles were disregarded, and the analysis of the 

results was based on five intermediate loading cycles.  As a result, upper stresses ranging 
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from 0.05 to 0.30 MPa corresponding to initial elastic strains ranging from 0.01 ‰, for higher 

stiffnesses (i.e. low b/c, lower temperatures, and higher frequencies), to 0.17 ‰, for lower 

stiffnesses, were adopted for further analysis. During the testing, vertical force, total lateral 

displacements, and total vertical displacements were measured. For the representative stress 

levels, these values were approximated by the following regression models: 

 

   sin 2 πF t A B f t C   , (5) 

 

   sin 2 πu u u uu t a b f t c d t    , (6) 

 

   sin 2 πv v v vv t a b f t c d t    , (7) 

 

where F is the applied vertical force, f is the loading frequency, t is time, u is the total lateral 

displacement, and v is the total vertical displacement. The regression parameters A, au, and av 

are shifts, B, bu, and bv are amplitudes, C, cu, and cv are phase angles, and du, and dv are linear 

drifts. After these regression parameters were determined, relevant parameters of the 

mechanical behaviour were based on the following relations: 

 

2 Δ
Δ

π
x

F
σ

D H
  and ,el

2 Δ 1 3 | * |
Δ

4 π | * | π
x x

u ν
ε ε

D ν


  

 
, (8) 

 

 
Δ

| * | 1 3 | * |
Δ

x

x

σ
E ν

ε
  , (9) 

 

*E u Fφ φ φ  , (10) 

 

* πν v uφ φ φ   , (11) 

 

where ΔF, Δσx, Δεx, and Δu are the ranges of the vertical force, horizontal normal stress, 

horizontal strain (referred to as the elastic strain, εx,el), and total lateral displacement, 

respectively, D and H are the specimen diameter and height, respectively, |E*| is the absolute 

value of the complex stiffness modulus (referred to as the stiffness modulus), |ν*| is the 

absolute value of the complex Poisson’s ratio (referred to as the Poisson’s ratio), φE* is the 

phase angle corresponding to the stiffness modulus, and φν* is the phase angle corresponding 

to the Poisson’s ratio.  Knowing that by definition 
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Δ 2F B ,  Δ 2 uu b ,  φF = C,  φu = cu, and φv = cv, (12) 

 

where φF, φu, and φv are the phase angles of the vertical force, total lateral displacement, and 

total vertical displacement, the mechanical parameters were calculated as follows: 

 

4
* 1 | *|

πu

B
E ν

b H

 
   

 
, (13) 

 

*  E uφ c C , (14) 

 

* π  ν v uφ c c , (15) 

 

,el

4 1 3 | * |

4 π | * | π

u
x

b ν
ε

D ν


 

 
. (16) 

 

The principle of the mechanical testing with the relevant stress and strain state in the centre of 

the specimen as well as the acquisition of experimental data are shown in Figure 3. The 

indicated strain εx (Figure 3a) represents a horizontal strain the elastic part of which is the 

above-mentioned εx,el.  

 

Figure 3 

 

Based on these data, the mechanical results were represented by master curves for the 

reference temperature of 10 °C, Black diagrams, and Cole-Cole diagrams. The master curves 

were determined by the following model [48] by applying the time-temperature superposition 

principle using the Arrhenius equation: 

 

a 1 1
log – –T

r

E
a

R T T

 
  

 
, (17) 

 

 1 0

–
– log

| * | — | *|
| * | | * |

1 Tz α f z

E E
E E

e

 
 

 


, (18) 
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where aT is the shift factor, Ea is the activation energy as a material-specific constant, R = 

8.314 J/(mol K) is the universal gas constant (comprising – Ea/R as a single material-specific 

regression parameter), T and Tr are the test temperature and the reference temperature, 

respectively, |E*|–∞ and |E*|+∞ are the static and the glassy modulus, respectively and z1 and z0 

are material-specific regression parameters. For the Cole-Cole diagrams, the storage modulus, 

E1, as a measure of the elasticity, and the loss modulus, E2, as a measure of the damping of the 

material were calculated by the following equations: 

 

1 *Re * | *| cos EE E E φ   and 
2 *Im * | *| sin EE E E φ  . (19) 

 

Because of the complex stress and strain state in the indirect tensile test configuration, it is 

difficult to determine the Poisson’s ratio based on the experimental data [49, 50, 51]. 

Therefore, the Poisson’s ratio was determined by the following empirical equation [52] with 

the temperature as the only variable, although it is known that the Poisson’s ratio is a complex 

function of both loading frequency and temperature [53]: 

 

1.83034 – 0.07619

0.35
| * | 0.15

1 T
ν

e
 


, (20) 

 

where T is temperature in °C. For the aforementioned reason, the results of the Poisson’s ratio 

were used only for a comparative overview between the composites in the Cole-Cole diagram 

with respect to the corresponding phase angle, φν*. It is to note that the above empirical 

equation was assumed to be relevant for bitumen emulsion-based materials, although the issue 

of its applicability depending on the type of material deserves more attention in future 

research. Analogously to Equation (19) and with the same interpretation, the real, ν1, and the 

imaginary part of the Poisson’s ratio, ν2, were calculated by the following equations: 

 

1 *Re * | *| cos νν ν ν φ   and 
2 *Im * | *| sin νν ν ν φ  . (21) 

 

 

2.4 X-ray microtomography testing 

 

The X-ray microtomography testing was performed to explain the obtained mechanical 

response from the perspective of the structural morphology. Each of the small cubic 
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specimens was tested using a setup (Easy Tomo XL by RX Solutions) with a micro-focus, 

direct transmission X-ray source and a flat panel X-ray detector. The X-ray source 

(Hamamatsu L10711-02) is equipped with a LaB6 filament and a W target on a 1  m-thick 

diamond support, allowing achieving sub-micrometre X-ray source focal spot size. The X-ray 

detector (by Varian) consisted of a 2D array of amorphous Si pixels (1920 × 1536), each with 

the physical size of p = 127 μm, covered with a thin layer of CsI. The latter acted as a 

scintillator for the X-ray photons and converted them into visible light photons detected by 

the amorphous Si pixels. 

 

The X-ray source was set to 95 kV and 86  A. For each specimen, the specimen-to-source 

distance, dsS, was 62.69 mm while the source-to-detector distance, dSD, was 582.64 mm. 

Given the small size of the X-ray source spot, the X-ray beam had cone geometry with a 

maximum angle of 140° (dependent on X-ray source voltage and current). This beam 

geometry led to a geometrical magnification of the specimen projection on the detector plane 

depending on dsS and dSD. The corresponding geometrical magnification factor, M = dSD/dsS, 

was approximately equal to 9.3, leading to an effective pixel/voxel the size of p  = p/M = 

13.66 μm for the projected images (radiographs). 

 

Each microtomography measurement consisted of 3600 acquired radiographs over 360° of 

rotation angle for each specimen around the vertical axis. The final tomogram for each sample 

was obtained by 3D reconstruction of the set of radiographs using a GPU-optimized cone-

beam filtered back-projection algorithm [54] available in RX Solutions’ software (XACT Ver. 

1.1). The reconstructed data were saved as a stack of 2D cross-section digital slices coded as 

16-bit unsigned integer TIFF images. The voxel values in the tomograms corresponded to the 

X-ray attenuation coefficient μ of the composites, which is itself proportional to the atomic 

density, Na (number of atoms per unit of volume) and to the atomic number, Z, at each voxel 

position in space. “Brighter” voxels indicated higher μ values and “darker” voxels indicated 

lower μ values. The effective spatial resolution of the final tomograms was approximately 

twice the effective voxel size, in this case about 28 μm (estimated based upon calibration 

measurements). 
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3 Results 

 

3.1 Compaction-related properties 

 

The results of the compaction-related parameters of the mixtures are contained in Table 5 and 

diagrams of change in the void content and the total energy of compaction are shown in 

Figure 4. It can be observed that the total number of gyrations and the void content at one 

gyration decrease with b/c. The energy of compaction drastically decreased with the content 

of emulsion, and with b/c of 4, it dropped almost to half of the value with b/c of 1. The values 

of compactability of the mixtures with b/c of 1 and 2 were around 3.27 and were very similar. 

However, the compactability of the mixtures with b/c of 4 was significantly lower. From the 

compaction parameters and the shapes of the obtained compaction curves, it is apparent that 

the higher emulsifier content increased the compactability. 

 

Table 5 

 

Figure 4 

 

 

3.2 Loss of water 

 

The results of the ratio of residual to initial water content based on the mass measurements of 

the specimens, w(t)/win, are shown in Figure 5 with the regression parameters of the 

logarithmic model provided in Table 6. It can be observed that the specimens with higher 

emulsifier content lost more water, while the water loss increased with b/c. As usual for this 

type of material, the loss of water was most prominent in the first few days of curing [40, 55, 

56, 57, 58]. Even after 28 days of curing, the specimens contained a significant amount of 

water that is expected to have a direct effect on their mechanical properties. The decrease in 

the mass fraction of water in specimens with b/c of 1 and 2 ended after approximately 7 and 

42 days, respectively, and thereafter the water content remained  almost constant. In contrast 

to that, specimens with b/c of 4 were still losing water even after 84 days of curing. The 

logarithmic regression functions fitted remarkably well to the sequence of the measurement 

data with loss of water. The changes in dimensions of the specimens, provided in Table 7, 
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show a rough trend of increase in volumetric changes with b/c, which were, however, mostly 

within the measuring uncertainty. 

 

Figure 5 

 

Table 6 

 

Table 7 

 

 

3.3 Mechanical properties 

 

The master curves of the specimens with 1 and 1.5 % of emulsifier in the emulsion are shown 

in Figure 6, respectively. Because the measurements were done only in the temperature range 

from 5 to 15 °C, the curves are presented only for the corresponding range of reduced 

frequencies. Two groups of curves with remarkably different values of stiffness modulus can 

be identified. On one hand, the specimens with b/c of 1 had very high stiffness modulus in 

comparison to conventional hot asphalt mixtures, with the stiffness modulus considerably 

above 5000 MPa. On the other hand, the static modulus of the specimens with b/c of 2 and 4 

was drastically reduced, i.e. for more than 5000 MPa on average. The obtained experimental 

data did not permit any reliable prediction of the glassy moduli of any of the specimens, due 

to the limited experimental temperature range. The curves for b/c of 1 show a higher increase 

in stiffness between 3 and 7 days of curing, which slowed down between 7 and 28 days, while 

the specimens with b/c of 2 and 4 showed the opposite trend. Except for the specimens with 

b/c of 4, the higher emulsifier content led to increases in the stiffness modulus.  

 

Figure 6 

 

Based on the calculated parameters of the time-temperature superposition of the specimens, 

the relationship between the shift factors and temperature was determined and characteristic 

examples at 7 days of curing are shown in Figure 7. As expected, it can be observed from 

Figure 7a that the temperature-dependence of the stiffness modulus of the material directly 

increased with b/c. Moreover, with the increase in the content of emulsifier, this dependence 

was less evident (especially at higher b/c), while at b/c of 1 the emulsifier had practically no 
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effect. At the same time, it is noticeable that the shift factors of the specimens are influenced 

by the time of curing, as shown in Figure 7b, regardless of the absolute values of the stiffness 

modulus itself. This phenomenon is more pronounced in the period from 7 to 28 days of 

curing. The applied elastic strains at which the measurements took place as a function of 

reduced frequency are shown in Figure 8. As explained in Section 2.3, the elastic strains 

increased with b/c, i.e. the deformability of the specimens decreased with the reduced 

frequency. The blue area represents the range of values specified for conventional asphalt 

mixtures (according to EN 12697-26).  

 

Figure 7 

 

Figure 8 

 

Black diagrams and Cole-Cole diagrams of specimens with 1 % emulsifier are shown in 

Figure 9 to Figure 11, while those of the specimens with 1.5 % emulsifier are shown in Figure 

12 to Figure 14. The phase angles of the specimens with b/c of 1 are concentrated in a narrow 

range, roughly from 10 to 20°. They show no clear effect of temperature and have a minor 

reduction of values over time, indicating a distinct elastic behaviour that does not depend on 

time and temperature. The Cole-Cole diagram hardly represents the viscoelastic balance and 

has a large scatter of values, although there is a shift in favour of the storage modulus over 

time of curing. Contrary to this, the specimens with b/c of 2 had a noticeable decrease in 

stiffness modulus with phase angle, and phase angles extending over a much wider range as 

the testing temperature increased, indicating a pronounced viscoelastic nature of these 

composites. In addition, as expected the phase angles gradually reduced over time of curing as 

the material became more elastic and less viscous. This trend continued for b/c of 4. As 

visible from the Cole-Cole diagrams, the increase in b/c from 1 to 4 gradually led to changes 

in the viscoelastic balance of the material in favour of the loss modulus. The content of 

emulsifier had a slight influence on these values towards elastic behaviour. The dispersion of 

the values notably decreased with b/c and time.  

 

Figure 9 

 

Figure 10 

 

Figure 11 
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Figure 12 

 

Figure 13 

 

Figure 14 

 

The Cole-Cole diagrams of the Poisson’s ratio are shown in Figure 15 and Figure 16. As 

explained in Section 2.3, the applied empirical equation resulted in three individual values of 

Poisson’s ratio of 0.217, 0.239, and 0.261 at the three testing temperatures of 5, 10, and 15 °C, 

respectively. The results show an apparent increase in the imaginary part of Poisson’s ratio 

with the increase in b/c and the testing temperature, while the influence of curing was evident 

only at b/c of 2 and 4.  

 

Figure 15 

 

Figure 16 

 

 

3.4 X-ray microtomography 

 

The digital slices selected from X-ray tomograms for the specimens with 1 % emulsifier are 

shown in Figure 17. The local increase in temperature caused by sawing affected the structure 

of the material only locally, within about 1 mm from the surface. The effect of sawing was 

manifested by a local densification clearly visible in the tomograms. However, the structure 

shown in Figure 17 corresponds to the middle part of the specimens and is far away from the 

affected zone. It can be observed that the structure of the composite gradually changed as b/c 

increased. For the lowest b/c, the sand particles were densely packed. The residual bitumen 

almost everywhere appears to contain also material with higher X-ray attenuation (i.e. cement, 

hydration products, and filler), which makes it hard to distinguish the co-binder system from 

the surrounding sand particles. The presence of some unhydrated cement particles of 

characteristically high attenuation is noticeable. With the increase in b/c, the void content 

increased (corroborating the findings in Table 6) and the attenuation of the X-rays in the space 

between the sand particles decreased, confirming the lower content of the cement and 

unhydrated cement. At b/c of 4, the space between the mineral particles is filled with the co-

binder system rich in bitumen, resembling the mesostructure [59] of conventional asphalt. 

Based on the presence of voids along the surface of the coarser particles [60], it can be 
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inferred that the adhesion between the mastic, i.e. the mixture of the co-binder system and 

cement particles, and coarser sand particles became worse as b/c decreased. 

 

Figure 17 

 

 

4 Discussion 

 

Based on the results on the total residual content of water at the time of mechanical testing 

(Table 6), the residual w/c, the void content, and the volume contraction of the bituminous 

phase (decrease in volume of the bituminous phase by evaporating and binding of water in 

hydration products), θBE, was calculated and given in Table 8. The volume contraction was 

calculated assuming full hydration of the cement, which is a rough but convenient 

approximation, because of insufficient knowledge about the long-term hydration kinetics of 

cement in these composites. For the same reason and to avoid dealing with unrealistic values 

at earlier ages, the volume contraction was calculated only for 28 days of curing. As it is 

obvious from the relations in Figure 5 and considering that the total chemically and physically 

bound w/c of the used cement is 0.429, it was impossible that the cement in the composites 

with b/c of 1 could approach full hydration (depending also on the local distribution of water 

and its gradients in the specimens). The amount of water in composites with the other two 

values of b/c was theoretically more than enough (although it is known that cement does not 

fully hydrate even in systems with high w/c).  

 

As it can be observed from the values of the volume contraction, the bituminous phase 

experienced large volumetric changes during the curing period while transforming from 

bitumen emulsion to residual bitumen. The fact that no measurable volumetric changes could 

be detected on the surface of the specimens over time (Table 7), probably because of the high 

average volume fraction of sand of approximately 69 % (Table 4) and the spatial organisation 

of its particles, means that the volume contraction and possibly depercolation of the 

bituminous phase took place in favour of the pore space [61]. For this reason, in improving 

the mechanical behaviour of these materials, one possible direction could be to limit the 

temporal internal volumetric changes, i.e. contraction of the co-binder system, and thus, keep 

the integrity of the adhesion between the co-binders and the aggregate during the percolation 

of the pore space. 
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Table 8 

 

The mixing method applied here is known in conventional asphalt technology as sequential 

mixing and allowed to obtain a homogeneous mixture and thicker coating around the coarser 

particles [62]. This mixing method minimised the risk of forming clusters of cement particles 

[63] that were hard to break and that might capture part of the emulsion by surface tension of 

liquid bridges between the cement particles [64, 65], thus making it unavailable for coating 

the aggregates. Moreover, in the case of emulsions susceptible to premature breaking, gradual 

addition of cement on the surface of the film of bitumen emulsion that is already partially 

adhered to the primary structure [62] prevents the agglomeration of bitumen droplets [17]. 

With this method of mixing, after the addition of cement on previously-coated sand particles, 

there was no chance of its segregation on the surface because it immediately stuck to the 

emulsion without the need for excessive mixing. 

 

The results obtained by the total energy of compaction and the parameter of compactability 

can be explained as follows. First, as explained in Section 2.2, the initial consolidation of the 

mixtures was discarded by considering just the part with the void content below 15 %, which 

fitted well to the logarithmic model. In this phase of the compaction process, the applied 

energy was predominantly used for volumetric deformation without significant shear forces 

on the aggregate [66]. However, the standard approach in discarding the initial consolidation 

[66, 67] was not applicable to the mixtures with b/c of 4 because their total number of 

gyrations was already very low, while the actual void contents at one gyration were around 

14.5 %, slightly below the adopted threshold. This suggests that the used model was simply 

inapplicable, and the obtained parameters are irrelevant. This is also reflected on the slightly 

lower coefficients of determination given in Table 5.  

 

Second, based on the experimental results it can be hypothesised that the sand particles in 

mixtures with high b/c were covered with a soft porous structure of fine cement particles 

bridged by the bitumen emulsion, which caused the high void content at one gyration. 

Consequentially, the total number of gyrations and the total energy of compaction of these 

mixtures were relatively high. With an increase in the content of emulsion, this porous 

structure gradually changed to continuous bituminous film of lower viscosity and the energy 

of compaction to reach the target void content progressively decreased. This was confirmed 



 

  20 

by the total energy of compaction (Table 5), which is a measure of the workability and ability 

of the mixture to develop aggregate contacts and resist aggregate reorientation [66, 68, 69]. In 

fact, the total energy of compaction gradually reduced by half with the increase of b/c from 1 

to 4. 

 

From the master curves of stiffness modulus, which indicate the time-dependence of the 

material [70], it is clear that b/c played a decisive role in defining the mechanical behaviour of 

the materials and the emulsifier content influenced it to a much lesser extent. Consequentially, 

the specimens with b/c of 1 with their high stiffness performed closer similarly as cement-

based materials, while the specimens with b/c of 2 and 4 were comparable to other bituminous 

materials. This suggests that the stiffness at the lowest b/c was dominated by the cement 

hydration products, while at higher b/c, the obtained stiffness was contributed by the residual 

bituminous binder, suggesting the existence of a percolation threshold. 

 

The temperature-dependence of the material represented by the shift factor-temperature 

functions [70] (Figure 7) unambiguously showed a gradual trend to increase with b/c. This is 

contrary to the time-dependence obtained by the master curves that were grouped together for 

the specimens with b/c of 2 and 4. However, this confirms that the bituminous phase in the 

structure of the co-binder system percolates as the content of bitumen increased, leading to 

the temperature-dependence typical for bitumen-based. At the same time, the slight increase 

in the temperature-dependence of the material over the time of curing indicates the effect of 

emulsion breaking, as the bituminous film transforms from emulsion to residual bitumen. 

 

The Black diagrams indicate that the testing temperature had almost no effect on the material 

with b/c of 1, while its effect became evident with an increase in the bitumen content, i.e. at 

b/c of 2 and above. This indicates that the composites with high cement content were 

practically two-phase arrheodictic, i.e. solid-like, materials because the cementitious matrix 

remains elastic regardless of the temperature, while the bitumen droplets behave 

viscoelastically. With increase in b/c, the co-binder lost the internal elastic constraints and the 

rheological behaviour became defined by the viscoelastic properties of bitumen, and thus, 

time and temperature can be brought into superposition by a simple shift along the 

logarithmic frequency axis [71]. However, to be able to judge about the presence of the time-

temperature superposition principle for the composites with high cement content, they should 
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be additionally studied by rheological testing in a configuration that allows measuring across 

a much wider temperature and frequency range. 

 

Based on the results of the mechanical properties, the critical composition of the co-binder 

system at which the transition from cement-dominated to bitumen-dominated mechanical 

behaviour took place at b/c intermediate between 1 and 2, as illustrated in Figure 18, which is 

supported by the literature [72, 73, 74, 75, 76]. In this conceptual illustration, the percolation 

feature and the share of the bitumen-dominated behaviour are expressed in the range from 0 to 

1, where b/c is used as the order parameter for the both processes. Considering the phase 

geometry of the co-binder system, this point was shifted to the right form the percolation 

threshold of bituminous phase and was in the domain of the suspension of discrete 

cementitious particles in the continuous bituminous binder as visible in Figure 17c. It is 

important to say that the critical concentrations leading to percolation of both phases, 

bituminous and cementitious, i.e. percolation thresholds, theoretically do not necessarily 

match (so called, mixed geometry [34]). Therefore, the observed shift can be explained by 

correspondence of the transition of the mechanical behaviour with a critical volumetric 

content of all elastic phases with aggregate playing the important role. Moreover, the 

percolation thresholds are decided by various material- and methodology-specific influences 

like viscosity and stability of the emulsion, interaction with cement during the preparation of 

specimens, agglomeration of cement particles, possible pre-mature demulsification, mixing 

procedure, etc. At the same time, the effect of the interference of the co-binder system by 

voids and filler particles on the respective length scale on the obtained properties is not to be 

neglected. Finally, it should be stressed that the percolation of pore space was an additional 

important factor for the temporal development of mechanical properties of the specimens. 

 

Figure 18 

 

 

5 Conclusions 

 

This research comprehensively considered the cyclic indirect tensile-based mechanical 

behaviour of bitumen emulsion-cement composites in relation to the structural transition of 

the co-binder system taking place across a wide range of b/c and emulsifier contents.  
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At low b/c, the composite had a dominantly elastic behaviour, i.e. high stiffness modulus and 

low phase angles, with low temperature sensitivity of these properties, approaching the 

behaviour of cementitious materials. On the other hand, with the increase in b/c, the stiffness 

modulus was significantly reduced, and the phase angles increased, with pronounced 

temperature sensitivity of these properties. In other words, at higher b/c the composite 

exhibited mechanical behaviour typical for bituminous materials. The content of emulsifier 

showed a less significant effect on the mechanical properties. Together with the insight into 

the morphology of these materials by X-ray computed microtomography, it can be concluded 

that the transition from cement-dominated to bitumen-dominated mechanical behaviour took 

place at b/c between 1 and 2, corresponding to their volume ratio between 3 and 6. The 

presence of the critical point for the mechanical behaviour can be caused by both the 

percolation of the cementitious phase, by the decrease in b/c, and percolation of the pore 

space and volume contraction of the co-binder system as b/c increases. However, keeping the 

same void contents of all the composites across b/c over time was impossible because of the 

different rates of volumetric change for different b/c.  

 

The link between the critical morphological and mechanical features of these composites 

considered in his research provides a base for the optimisation of their volumetric 

composition and for the prediction of their fundamental mechanical behaviour. In further 

research, it is necessity to investigate the time-dependent spatial organisation of these 

composites in terms of the percolation of pore space, cementitious and bituminous binders, 

film thicknesses, but also properties like aggregate packing. For this purpose, it is critical to 

comprehensively, quantitatively describe phase geometries at different compositions based on 

X-ray microtomographic imaging. Furthermore, this would contribute to fundamental 

explanation of the transition of rheological properties of the co-binder system in relation to 

the percolation phenomena of the phase geometry.  
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Figure 1 — Illustration of the percolation of a general two-dimensional two-phase system of 

overlapping disks: (a) concentration of Phase 1 below the percolation threshold and (b) 

concentration of Phase 1 above the percolation threshold. 

 

Figure 2 — Photograph of the specimens seven days after compaction. Upper row: e = 1 % 

(S1 to S3), lower row: e = 1.5 % (S4 to S5), from left to right: b/c of 1, 2, and 4. 

 

Figure 3 — Principle of the mechanical testing: (a) the test setup with indication of the 

considered mechanical quantities (vertical stress, horizontal, and vertical strain) in the centre 

of the specimens and (b) example of the experimental data on the relationship between these 

quantities during three seconds of testing of the specimen S2.4 at the load frequency of 1 Hz, 

temperature of 5 °C, and upper and lower values of the horizontal stress of 141 and 35 kPa, 

respectively. 

 

Figure 4 — Relationships between the parameters of gyratory compaction from the number of 

gyrations: (a) void content and (b) total energy of compaction. 

 

Figure 5 — Residual to initial water mass ratio over time (average with standard deviation) 

for the individual groups of specimens with the regression functions determined at the domain 

of the time of curing at which decrease in mass of specimens was apparent. The dashed lines 

represent the total physically and chemically bound water to initial water mass ratio at full 

hydration. 

 

Figure 6 — Master curves of the composites for the reference temperature of 10 °C at 

different curing times: (a) specimens with 1 % of emulsifier and b/c of 1 (S1), 2 (S2), and 4 

(S3), and (b) specimens with 1.5 % of emulsifier and b/c of 1 (S4), 2 (S5), and 4 (S6). 

 

Figure 7 — Model-based relationship between shift factor and temperature: (a) specimens 

with 1 % of emulsifier and b/c of 1 (S1) and 4 (S3) at different stages of curing and (b) 

specimens with 1 % of emulsifier and b/c of 1 (S1), 2 (S2), and 4 (S3), and 1.5 % of 

emulsifier and b/c of 1 (S4), 2 (S5), and 4 (S6) after 7 days of curing. 

 

Figure 8 — Relationship between the initial elastic strain and the reduced frequency applied 

during the testing of the specimens with 1 % of emulsifier and different b/c: (a) b/c of 1 (S1), 

(b) b/c of 2 (S2), and (c) b/c of 4 (S3), at different curing times. 

 

Figure 9 — Black and Cole-Cole diagram of specimens with 1 % of emulsifier and b/c of 1 

(S1) at different curing times: (a) Black diagram and (b) Cole-Cole diagram of stiffness 

modulus. 

 

Figure 10 — Black and Cole-Cole diagram of specimens with 1 % of emulsifier and b/c of 2 

(S2) at different curing times: (a) Black diagram and (b) Cole-Cole diagram of stiffness 

modulus. 

 

Figure 11 — Black and Cole-Cole diagram of specimens with 1 % of emulsifier and b/c of 4 

(S3) at different curing times: (a) Black diagram and (b) Cole-Cole diagram of stiffness 

modulus. 
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Figure 12 — Black and Cole-Cole diagram of specimens with 1.5 % of emulsifier and b/c of 1 

(S4) at different curing times: (a) Black diagram and (b) Cole-Cole diagram of stiffness 

modulus. 

 

Figure 13 — Black and Cole-Cole diagram of the specimens with 1.5 % of emulsifier and b/c 

of 2 (S5) at different curing times: (a) Black diagram and (b) Cole-Cole diagram of stiffness 

modulus. 

 

Figure 14 — Black and Cole-Cole diagram of the specimens with 1.5 % of emulsifier and b/c 

of 4 (S6) at different curing times: (a) Black diagram and (b) Cole-Cole diagram of stiffness 

modulus. 

 

Figure 15 — Cole-Cole diagrams of the Poisson’s ratio of specimens with 1 % of emulsifier at 

different curing times: (a) b/c of 1 (S1), (b) b/c of 2 (S2), and (c) b/c of 4 (S3). 

 

Figure 16 — Cole-Cole diagrams of the Poisson’s ratio of specimens with 1.5 % of emulsifier 

at different during times: (a) b/c of 1 (S4), (b) b/c of 2 (S5), and (c) b/c of 4 (S6). 

 

Figure 17 — X-ray tomograms of specimens with 1 % of emulsifier: (a) b/c of 1, (b) b/c of 2, 

and (c) b/c of 4 (RoI = region of interest). 

 

Figure 18 — Illustration of the concept of the structural transition of the co-binder in relation 

to change in morphology and mechanical behaviour. 

 

 



 

  32 

Table 1 — Properties of the bitumen in the emulsions. 
Property Standard Value 

Original bitumen 

Penetration at 25 °C EN 1426 84 · 0.1 mm 

Softening point EN 1427 46.2 °C 

Flashpoint EN ISO 2592 318 °C 

Dynamic viscosity at 60 °C EN 12596 179 Pa s 

Kinematic viscosity at 135 °C EN 12595 369 mm
2
/s 

Fraass breaking point EN 12593 –17 °C 

Stiffness at –16 °C by bending beam rheometer 

EN 14771 

227 MPa 

m-value by bending beam rheometer 0.467 

Temperature corresponding to the stiffness of 300 MPa –18 °C 

Temperature corresponding to the m-value of 0.300 –22 °C 

RTFOT-aged bitumen (EN 12607-1) 

Change in mass EN 12607-1 –0.03 

Increase in softening point EN 1427 4.4 °C 

Retained penetration EN 1426 64.3 % 

Dynamic viscosity ratio at 60 °C EN 12596 4.4 
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Table 2 — Particle size distribution of the sand used for the BEM mixtures.  
Sieve size (mm) Percentage passing by mass (%) 

0.063 5 

0.125 9 

0.5 33 

1 67 

1.6 93 

2 100 
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Table 3 — Parameters of the compositions of the BEM mixtures at the initial stage of 

curing. 

Parameter 
Value 

b/c = 1 b/c = 2 b/c = 4 

Mass content of bitumen emulsion (%) 7.81 9.62 10.87 

Mass content of cement (%) 4.69 2.88 1.63 

Mass content of sand (%) 87.5 87.5 87.5 

1 % of emulsifier in emulsion 

Designation S1 S2 S3 

w/c 0.65 1.30 2.60 

ϕc/ϕb 0.33 0.16 0.08 

1.5 % of emulsifier in emulsion 

Designation S4 S5 S6 

w/c 0.64 1.28 2.57 

ϕc/ϕb 0.33 0.16 0.08 

ϕc/ϕb — volumetric ratio of cement to bitumen 
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Table 4 — Initial average volumetric composition of the specimens based on the actual void 

content. 

Constituent 
Content by volume (%) 

b/c = 1 b/c = 2 b/c = 4 

1 % of emulsifier in emulsion 

Bitumen 9.7 11.7 13.0 

Emulsifier 0.2 0.2 0.2 

Water 6.5 7.8 8.7 

Cement 3.2 1.9 1.1 

Sand 70.6 68.9 68.0 

Voids 9.7 9.4 9.0 

1.5 % of emulsifier in emulsion 

Bitumen 9.7 11.7 12.9 

Emulsifier 0.2 0.3 0.3 

Water 6.4 7.7 8.5 

Cement 3.2 1.9 1.1 

Sand 70.7 69.1 67.4 

Voids 9.7 9.3 9.7 
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Table 5 — Overview of the parameters from the gyratory compaction of the specimens. 

Parameter 

Value 

b/c = 1 b/c = 2 b/c = 4 

Average 
Standard 

deviation 
Average 

Standard 

deviation 
Average 

Standard 

deviation 

1 % of emulsifier in emulsion 

Total number of gyrations, ntotal 34.3 1.53 15.8 2.06 9.3 2.63 

Initial void content, Vin/%
 (1)

 9.7 0.09 9.4 0.08 9.0 0.29 

Total energy of compaction, Ec/J 27.5 0.48 20.7 1.01 15.9 1.63 

Void content at one gyration, V(1)/%
(2)

 21.2 0.29 18.7 0.76 15.3 1.74 

Compactability, K
(2)

 3.24 0.06 3.28 0.14 2.61 0.41 

R
2
 of the logarithmic model 0.999 0.000 0.993 0.003 0.966 0.018 

1.5 % of emulsifier in emulsion 

Total number of gyrations, ntotal 29.8 7.32 12.5 1.91 7.0 0.82 

Total energy of compaction, Ec/J 28.2 1.86 20.7 0.74 14.9 1.22 

Initial void content, Vinitial/% 9.7 0.08 9.3 0.15 9.7 0.21 

Void content at one gyration, V(1)/%
 (2)

 21.0 0.88 17.6 0.95 14.9 0.86 

Compactability, K
(2)

 3.33 0.05 3.23 0.15 2.48 0.31 

R
2
 of the logarithmic model 0.999 0.000 0.994 0.001 0.973 0.010 

(1)
  Void content achieved at the end of the compaction, corresponding to the initial stage of curing. 

(2)
  Values predicted by regression. 
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Table 6 — Overview of the regression parameters of the logarithmic model applied to a 

domain of the time of curing. 
Regression 

parameter 

Value 

S1 S2 S3 S4 S5 S6 

Domain of t/day 1–7 1–42 1–84 1–7 1–42 1–84 

a1 –11.2 –8.45 –10.0 –10.8 –7.57 –13.0 

a0 81.1 81.1 73.3 74.7 73.1 74.6 

R
2
 0.990 0.993 0.992 0.977 0.993 0.988 
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Table 7 — Change in dimensions of the specimens within the curing period of 28 days. 

Dimension 

Change from 1 to 28 days of curing (‰) 

b/c = 1 b/c = 2 b/c = 4 

Average 
Standard 

deviation 
Average 

Standard 

deviation 
Average 

Standard 

deviation 

1 % of emulsifier in emulsion 

Height –0.21 1.7 +4.9 4.5 +3.8 3.6 

Diameter –0.5 0.4 –2.3 3.1 –15.4 8.1 

1.5 % of emulsifier in emulsion 

Height +2.1 0.0 –8.0 26.0 +9.6 11.3 

Diameter –2.4 0.4 –2.8 2.8 –7.8 2.9 
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Table 8 — Average residual w(t)/c, void content, and volume contraction of the bituminous 

phase at the time of mechanical testing, assuming a degree of hydration of α = 1. 
Time of 

curing, t 

w(t)/c V (%) θBE 

b/c = 1 b/c = 2 b/c = 4 b/c = 1 b/c = 2 b/c = 4 b/c = 1 b/c = 2 b/c = 4 

1 % of emulsifier in emulsion 

3 days 0.450 0.935 1.59 12.8 12.7 13.6 — — — 

7 days 0.391 0.828 1.35 13.4 13.3 14.4 — — — 

28 days 0.365 0.682 1.04 13.6 14.2 15.4 0.434 0.318 0.302 

1.5 % of emulsifier in emulsion 

3 days 0.404 0.840 1.54 13.2 13.1 13.7 — — — 

7 days 0.349 0.738 1.20 13.7 13.7 14.8 — — — 

28 days 0.322 0.606 0.836 14.0 14.5 16.0 0.456 0.337 0.329 
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