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Abstract A good quality bitumen emulsion is a key

prerequisite for a bitumen emulsion material with

good performance. However, current evaluation meth-

ods of bitumen emulsion cannot distinguish the quality

of bitumen emulsions with the similar grade of

chemical stability but different bitumen particles size

distribution. The maximum packing fraction of bitu-

men particles (/m) formed during drying, which

affects the chemical stability, drying process and film

properties of emulsion, is firstly proposed to evaluate

the quality of different bitumen emulsions. Then, the

mechanism influencing the /m of bitumen emulsions

is discussed. Results indicate that although the same

emulsifier type and dosage are used to produce

bitumen emulsions, the /m of different bitumen

emulsions can still differ greatly if their particle size

distributions are different. The /m of bitumen emul-

sion is related to the motion ability of bitumen

particles in emulsion due to particle Brownian motion,

which is mainly dominated by the bitumen particle

size and emulsion viscosity. The smaller bitumen

particle size and emulsion viscosity can lead to a

higher /m. Based on the /m results of bitumen

emulsions, an empirical prediction model relating /m

to the essential properties of bitumen emulsion

(bitumen particle size and emulsion viscosity) is

established. The empirical model can give a good

quantitative relation of /m with the two essential

properties of bitumen emulsion. It can be used to

rapidly judge the quality of bitumen emulsion and help

to quantitatively understand the effect of bitumen

particle size and emulsion viscosity on the quality of

bitumen emulsion.

Keywords Bitumen emulsion � Prediction model of

maximum particle packing fraction �Drying �Bitumen
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1 Background

With the growing awareness of health, safety, and

environmental issues worldwide, sustainable devel-

opment policy is being strongly encouraged in various

industries. In pavement industry, due to the merits of

low energy consumption, low carbon emissions and

good workability [1], cold asphalt technologies based

on a low-viscosity aqueous bitumen emulsion are now
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widely applied in pavement maintenance, preservation

and rehabilitation [2–4]. The properties of bitumen

emulsion, such as chemical stability, drying beha-

viour, properties of residue and film formation struc-

ture, can greatly affect the workability, hardening rate

and mechanical properties of bitumen emulsion

materials. A good quality bitumen emulsion is a key

prerequisite for bitumen emulsion materials with good

performance. In this regard, how to judge the quality

of bitumen emulsion is a critical issue in the field of

cold bitumen emulsion technologies.

In recent years, significant efforts have been placed

on evaluating the quality of bitumen emulsion. These

works mainly focused on the properties of residue and

chemical stability of bitumen emulsion. Similarly to

conventional bitumen, penetration and performance

grade methods are used to test the properties of residue

[5–7]. Recovery methods of residue can greatly affect

its properties, which were gained many concerns in the

engineering. Common residue recovery method is the

direct heating method [8]. This method requires high

temperatures (about 163 �C) which may degrade

residue due to ageing. To minimize the ageing effect,

evaporation methods at much lower temperatures are

more preferred by researchers in recent years. Conse-

quently, some specifications are proposed, such as

ASTM D7497-09 [9] and AASHTO PP [10]. In these

specifications, bitumen emulsion is dried at 25 �C for

24 h followed by an additional 24 h at 50–60 �C.
Although the ageing effect can be weakened, there is

still a relative high-temperature curing history for

bitumen emulsion at these low-temperature evapora-

tion methods. In this curing condition, the residue can

have no-pores structure, which is similar to hot

bitumen. Thus the properties of residue are equal to

those of the original bitumen modified with emulsifier.

However, the real emulsion residue dried under the

application temperature may have many micro-pores

due to water evaporation [11]. Because of this

difference in structure, current residue evaluation

methods ignore the effect of micro-pores formed

during drying on the properties of emulsion residue.

The chemical stability of bitumen emulsion is

another important property which can greatly affect

the workability and mechanical properties of bitumen

emulsion materials. To better utilize bitumen emul-

sion, the interaction between bitumen emulsion and

mineral filler in fresh state was extensively studied.

Generally, the chemical stability of bitumen emulsion

is related to the reactivity of mineral filler with

emulsifier [12–17]. To obtain a good workability of

bitumen emulsion mixture, two common alternative

ways are to reduce the reactivity of mineral filler (i.e.

changing mixing sequence [18] and adding surfactant

[18, 19]) and improve the chemical stability of

emulsifier by employing nonionic emulsifier as co-

emulsifier in emulsion production [12]. These previ-

ous studies are very meaningful to the workability

control of bitumen emulsion materials. Besides,

scholars recently realized that the demulsifying

behaviour of bitumen emulsion could affect its coating

ability on aggregate [20] and bitumen membrane

structure [3], further affecting the mechanical proper-

ties of bitumen emulsion materials. However, previous

works on the chemical stability of bitumen emulsion

as well as its relation with the mechanical properties of

bitumen emulsion materials are still qualitative stud-

ies. Besides, the effect of bitumen particle size

distribution is also ignored in these studies. In fact, if

two slow-setting bitumen emulsions with the same

emulsifier or the similar breaking grade but different

bitumen particles size distribution are employed to

produce bitumen emulsion mixture, the workability

and mechanical properties of two bitumen emulsion

mixtures may differ greatly. Therefore, the chemical

stability of bitumen emulsion still cannot efficiently

judge the quality of bitumen emulsion.

In summary, previous studies cannot efficiently

judge the quality of bitumen emulsion. Specifically,

the current evaluation methods of bitumen emulsion

cannot distinguish the quality of bitumen emulsions

with the similar grade of chemical stability but

different bitumen particles size distribution. Thus, a

more reasonable index for evaluating the quality

evaluation of bitumen emulsion is still urgently

required.

2 Significance of maximum packing fraction

of bitumen particles

An ideal bitumen emulsion mixture should feature

considerable workable time, rapid hardening rate and

good mechanical properties. Accordingly, a high-

quality bitumen emulsion should have good chemical

stability, short drying process and good film properties

after drying. An index for evaluating the quality of

bitumen emulsion should affect all these properties.
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Fortunately, if reviewing the basic mechanisms of the

drying and film formation process of latex, it can be

found that the chemical stability, drying process and

film properties of bitumen emulsion can be all related

to the maximum packing fraction of bitumen particles

formed during drying. As illustrated in Fig. 1, the film

formation process of latex during drying can be

described by a mechanism of consecutive stages

which consist of dispersion, particle contact and

deformation, and particle coalescence [21–23]. The

drying process can be roughly divided into two stages

according to the particles evolution process [24]. The

evaporation rate of emulsion can be equal to that of the

pure water before particles contact, however, it is

significantly decreased after particles deformation and

coalescence [25]. Particles reach the maximum pack-

ing state at the stage of particle contact, then they are

deformed and coalesced. If bitumen particles can be

closely packed, the water loss of emulsion in the first

drying stage is more, thus bitumen emulsion require

more drying time to be demulsified. Meanwhile, the

residual water content of emulsion at the beginning of

the second drying stage is low, thus short drying time

is required in the second drying stage so that bitumen

emulsion can hardens more quickly. Besides, few

pores are formed during the second drying stage due to

the low residual water content so that good film

properties can be obtained for emulsion. Therefore,

the maximum packing fraction of bitumen particles,

which can affect the chemical stability, drying process

and film properties of emulsion, can be used as a

reasonable index to judge the quality of emulsion.

Actually, it is a general consensus in the latex field

that particles packing can greatly affect the properties

of latex film [26–28]. Plenty of efforts have focused on

how to improve the particles packing in latex and

suspension [28–33]. In the field of bitumen emulsion,

based on the drying curve of bitumen emulsion, an

experimental method was proposed to calculate the

maximum packing fraction of bitumen particles in our

previous study [34]. Results showed that the maxi-

mum packing fraction of bitumen particles for a given

bitumen emulsion differed little with the initial

bitumen concentration and drying temperature, thus

it can be as a constant parameter for a given bitumen

emulsion. Meanwhile, a high value of the maximum

packing fraction of bitumen particles indicates long

drying time before demulsification but short drying

time after demulsification. Therefore, it was proved as

a reasonable index to judge the quality of bitumen

emulsion from the drying and demulsifying aspects

[34, 35].

3 Research objective

This work is mainly to study the quality of bitumen

emulsions with the similar grade of chemical stability

but different bitumen particles size distribution. As

mentioned previously, a higher value of the maximum

packing fraction of bitumen particles indicates a better

quality bitumen emulsion. To obtain a better quality

bitumen emulsion, the mechanism influencing the

maximum packing fraction of bitumen particles is

studied. Meanwhile, the maximum packing fraction of

bitumen particles is essentially related to bitumen

particle size distribution and bitumen particles

Fig. 1 Illustration about effect of particle packing on the chemical stability, drying process and film properties of emulsion
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interaction. Considering these, the objectives of this

study are as follows:

• To study the maximum packing fraction of bitu-

men particles for bitumen emulsions with the

similar grade of chemical stability but different

bitumen particles size distribution by drying

method;

• To analyze the mechanism influencing the maxi-

mum packing fraction of bitumen particles;

• To establish an empirical relation of the maximum

packing fraction of bitumen particles with the

essential properties of bitumen emulsion (bitumen

particle size and emulsion viscosity) for quickly

judging the quality of bitumen emulsion.

4 Materials and experimental methods

4.1 Materials

Emulsions with the similar grade of chemical stability

but different bitumen particles size distribution were

firstly prepared. Twelve slow setting cationic asphalt

emulsions were produced by cationic emulsifier,

water, and paving grade base bitumen 60/80 in the

laboratory. The general properties of the base bitumen

as well as its chemical components are given in

Table 1. The first nine emulsions were produced by an

emulsifier (coded as LF) from Shanghai Focusen

Pavement Engineering Co., Ltd. in Shanghai, China.

The other three emulsions were produced by an

emulsifier (coded as KZW) from Tianjin Kangzewei

Co., Ltd. in Tianjin, China. The twelve emulsions have

the basic formula during production in which emul-

sifier, water and bitumen contents are 4%, 36% and

60%, respectively. Besides, the pH value of emulsifier

solutions are also adjusted between 2 and 3 by

hydrochloric acid. Through adding small doses of

different stabilizers and adjusting production temper-

atures, bitumen emulsions with different particle size

distributions are obtained as shown in Fig. 2. The

bitumen particle size distribution was measured by a

laser particle size analyzer (Mastersize 2000, Malvern

Instruments Ltd., UK). Since stabilizers and produc-

tion temperatures mainly affect the emulsifying ability

of emulsifier and the viscosity of aqueous solution, the

main differences of different emulsions produced by

LF are the particles size distribution and viscosity.

Similarly, the emulsions with KZW have the same

differences as the emulsions with LF.

Except for the above self-made emulsions, three

commercial cationic emulsions are also used in this

study, including a slow-setting emulsion (SS), a

medium-setting emulsion (MS) and a rapid-setting

emulsion (RM). In these fifteen emulsions of Fig. 12,

samples 4 and 13 are bimodal emulsions, whose

secondary peak of the bitumen particle size distribu-

tion is right and left, respectively.

Table 1 Properties of the base bitumen

Property Value

General properties

Penetration at 25 �C (0.1 mm) 72

Softening point R&B (�C) 47.0

Ductility at 15 �C (cm) [ 100

Kinetic viscosity at 60 �C (Pa s) 227

Flash point (�C) 276

SARA composition

Saturates (mass fraction, %) 13.9

Aromatics (mass fraction, %) 41.5

Resins (mass fraction, %) 32.4

Asphaltenes (mass fraction, %) 12.4 0.1 1 10 100
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Fig. 2 The particle size distribution of bitumen emulsion
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4.2 Drying test of emulsions

The drying test of emulsions is performed to calculate

the maximum packing fraction of bitumen particles

according to our previous studies [34, 35]. Cylindrical

plastics culture dish with the diameter of 52 mm and

the height of 15 mm was used in the drying test of

bitumen emulsion, which was shown in Fig. 3. In our

previous study [34], the condition of bitumen emul-

sion specimen was studied to obtain an ideal typical

drying curve of non-skin emulsion drying. Drying

specimens with the thickness of 3 mm and the initial

bitumen content of 40% were recommended [34],

which were also used in this study. Therefore, the

tested bitumen emulsions were firstly diluted by water

to bitumen emulsion with concentration of 40%. The

drying test was performed in a temperature-controlled

environmental chamber at 25 �C. Meanwhile, the air

flow speed and relative humidity around the place of

test specimens were around 0.4 m/s and 38%. The

water loss of specimens was measured in the regularly

time intervals ranging from 0.5 to 1 h. The drying test

was performed thrice for each specimen.

To normalize the drying process, all gravimetric

parameters were expressed by mass per unit area

(expressed in g/m2), and the evaporation rate was

expressed by the mass of evaporated water per unit

area and unit time (expressed in g/m2/h). Based on the

gravimetric measurement, the volume fraction of

bitumen particles (/) during drying can be calculated

by the following equation:

/ ¼
mP;unit

�
qP

mP;unit

�
qP þ ðmW ;unit � mloss;unitÞ

�
qW

ð1Þ

where mP,unit, mW,unit, and mloss,unit are the mass of the

bitumen particles, initial water and water loss by unit

area, respectively; qP and qW are the density of

bitumen and water, respectively.

4.3 Viscosity test

The viscosity of bitumen emulsion is an index of the

interaction among bitumen particles according to the

rheology theory of suspension [36]. Since the bitumen

contents in bitumen emulsion change significantly

during drying, the viscosity of bitumen emulsions with

different concentrations (approximately ranging from

63% to diluted content at 40%) was studied for the

following analysis of bitumen particles packing. It

should be stated here that the real bitumen contents of

bitumen emulsions are about 63%, which are slightly

higher than the value in the basic formula before

production. A coaxial-cylinder rheometer with a

controlled temperature of (23 ± 0.1)�C was used to

determine the viscosity of bitumen emulsions. The

emulsion specimens were sheared with a linearly

increasing shear rate from 0 to 100 s-1 in 1 min. The

apparent viscosity of all specimens can reach equilib-

rium when shear rate is above approximately 80 s–1.

The average value of the viscosity measured above

this arbitrary selected threshold was used in the

analysis as the reference high shear Newtonian plateau

viscosity.

4.4 Observation test of bitumen particles packing

The packing process of bitumen particles was directly

observed by three-dimensional digital microscope

during drying. The employed three-dimensional dig-

ital microscope is an optical microscope with high-

magnification at 5000 9 . It can directly obtain the

digital image of specimens without any treatment. The

employed magnification was 700 9 in this study. To

investigate the evolution of bitumen particles packing

during drying, a very thin film of diluted bitumen

emulsion was directly observed by the three-dimen-

sional digital microscope. A video of the bitumen

particles evolution during drying was recorded.

Fig. 3 Drying test of asphalt emulsion
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5 Methods for data analysis

5.1 Determination of maximum packing fraction

of bitumen particles from drying

5.1.1 Physical description of the emulsion drying

A typical drying process of bitumen emulsion is

shown in Fig. 4. It can be seen from Fig. 4 that the

drying process of bitumen emulsion can be roughly

divided into three stages. According to the basic

mechanisms of the drying and film formation process

of emulsion [22–25], the drying process of emulsion is

mainly related to the particles evolution in emulsion

during drying. The successive particles evolution as

well as the corresponding drying stages can be

described as followed:

(1) The first stage corresponds to the particles in the

semi-diluted regime when the particles concentration

is far from the maximum particle packing fraction in

Fig. 5(a). The bitumen emulsion has a free evapora-

tion surface, thus its evaporation rate can be equal to

that of pure water or dilute emulsifier solution. This

regime ranges from the initial state, /0, to the critical

volume fraction of particles, /crit, at which bitumen

particles approach and the irreversible coalescence of

bitumen particles may begin as Fig. 5(b).

(2) The second stage corresponds to the compact

regime when the increase in the bitumen volume

fraction beyond /crit takes place with the further

packing, deformation and irreversible coalescence of

bitumen particles with the further drying. The evap-

oration rate sharply decreases in this stage because the

area of evaporation surface is getting smaller. This

process is determined by the flow out of water from the

gap among the compact particles until they are

coalesced to a roughly continuous film as Fig. 5(d).

In this stage, there is a moment like Fig. 5(c) when

bitumen particles reach the maximum particle packing

state.

(3) The final stage corresponds to the diffused

regime when the bitumen molecules are inter-diffused

among particles, thus becoming the continuous bitu-

men phase with the inclusions of aqueous phase in

Fig. 5(d). The residual water in the film escapes either

by diffusion through the capillary channels between

the coalescing particles or extrusion due to the

reconfiguration of the bitumen phase. In this stage,

the evaporation rate is much smaller and tends to zero.

5.1.2 Quantitative analysis of maximum packing

fraction of bitumen particles

According to the above physical model of the relation

between the particles evolution and drying rate,

bitumen particles can reach the maximum particle

packing state (/m) in a moment at the second stage. If

the moment can be found, the maximum packing

fraction of bitumen particles can be obtained. Theo-

retically, there is no obvious particles deformation and

coalescence about bitumen particles before the drying

time of /m, but a significant particles deformation and
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Fig. 4 Drying process of

bitumen emulsion
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coalescence are occurred after this moment [21, 26].

Therefore, the area of evaporation surface and the

connection channels of water in emulsion are signif-

icantly changed in the drying time of /m. In other

words, the change of the evaporation rate at the point

of /m should be maximum in the drying curve. Since

the data of water loss is recorded in the regularly time

intervals ranging from 0.5 to 1 h, the accurate curve of

the drying rate is unknown. Therefore, as shown in

Fig. 4, the cross point of the fitted lines of the first and

third stage is used to estimate the drying time of /m

according to our previous studies [34, 35]. Then, the

corresponding water loss can be accurately estimated

from the curve of mass loss versus drying time. After

knowing the water loss, the maximum packing

fraction of bitumen particles can be calculated

according to Eq. (1).

According to the determination method of the

maximum packing fraction of bitumen particles in the

above paragraph, the boundaries among different

stages should be firstly identified. Our previous work

indicated that the boundaries could be identified by

studying the water evaporation rate [34]. As shown in

Fig. 4, the water evaporation rate firstly undulates and

then decreases sharply with the drying time, and

finally slowly tends to zero. The first boundary, which

the later evaporation rate decreases sharply compared

to the average evaporation rate before this point, can

be observed. Similarly, the second boundary, which

the later evaporation rate decreases very slowly, can

be found.

According to the above method of the maximum

packing fraction of bitumen particles, an example is

given to determine the two boundaries of the three

stages and the maximum packing fraction of bitumen

particles in Fig. 4.

5.2 Viscosity prediction of bitumen emulsion

under different concentrations

The viscosities of bitumen emulsions with different

concentrations were studied for the following analysis

of bitumen particles packing. The viscosity of a

suspension under different particle volume fractions is

predicted by the well-known Krieger and Dougherty

model of Eq. (2) [37].

gr¼
g
g0

¼ ð1� /
/m

Þ�K ð2Þ

where gr is the relative viscosity defined as a ratio of

the emulsion viscosity (g) to the viscosity of suspend-
ing medium (g0, its value is 0.000936 Pa�s for water at
23 �C); K is a fitting parameter, commonly ranging

from 2 to 3, determined from experiments; /m is the

maximum particle packing fraction under highly-

ordered state. The curve of gr and/ is directly fitted by

the software Matlab. As an example, a typical fitting

results of a bitumen emulsion are shown in Fig. 6. It

Fig. 5 Schematic representation of the three-stage drying process

Fig. 6 Viscosity prediction of bitumen emulsion by the Krieger

and Dougherty model
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can be seen that the determination coefficient R2 is

nearly equal to 1, thus the viscosity of emulsion can be

accurately predicted by the Krieger and Dougherty

model. After knowing the parameters /m and K, the

viscosity of bitumen emulsion at different particle

volume fractions can be predicted.

6 Results

As shown in Fig. 7, the maximum particle packing

fractions of different bitumen emulsions are calculated

by drying curve and viscosity predication methods,

respectively. It can be seen from Fig. 7 that the

maximum particle packing fraction calculated by

drying curve method differs greatly from that calcu-

lated by viscosity predication method for most of

bitumen emulsions. This phenomenon is probably due

to the following reasons: (1) the value of /m fitted by

the Krieger and Dougherty model is not a constant

because it also highly depends on the other parameter

K; (2) it is assumed that the viscosity of suspending

medium in Eq. (2) is equal to that of water, which

ignores the effect of emulsifier and different stabilizers

on the viscosity of water; (3) the particle packing state

under shear condition may also differs greatly from

that under free drying state. Essentially, the /m

calculated by viscosity predication method, which is

just a fitted value, cannot be used to accurately

evaluate the particle packing state during drying.

Therefore, the following analysis is based on the

values of /m calculated by the drying curve method.

It can be noted that the /m value calculated by

drying curve method differs greatly for different

bitumen emulsions although the same emulsifier type

and dosage are used during the emulsion production.

As mentioned previously, the /m can affect the drying

process and film properties of bitumen emulsion.

Therefore, the properties of bitumen emulsions with

the same emulsifier can be significantly different if

their particle size distribution is different.

7 Discussion on /m

7.1 Direct observation of bitumen particles

packing

Video 1 shows the evolution process of bitumen

particles packing. It can be clearly seen from Video 1

that the motion of small bitumen particles is very

active, but large bitumen particles are almost motion-

less. As a result, small bitumen particles can fill gaps

due to their active motion so that they are densely

packed. However, large bitumen particles are acted as

obstacles during the packing process of small bitumen

particles. Because of this obstacle effect, as shown in

Fig. 8, pores are normally formed around large

bitumen particles in the end of particles packing

process. Overall, the motion ability of bitumen

particles in emulsion, which is highly related to

bitumen particle size, can greatly affect the packing

state of bitumen particles. Based on this observation,

the mechanism influencing the maximum packing
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Fig. 7 Maximum particle packing fraction of different bitumen

emulsions Fig. 8 Bitumen particles packing state
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fraction of bitumen particles during drying is dis-

cussed in the following.

7.2 Prediction of /m

7.2.1 Theoretical model of /m

Essentially, the motion ability of particle in a dilute

suspension is due to particle Brownian motion. It can

be evaluated by the particle diffusion coefficient (D)

according to Stokes–Einstein relation [26] in Eq. (3).

D ¼ kT

3pgR
ð3Þ

where kT is the thermal energy; R is the particle

diameter; g is the medium viscosity. Because bitumen

emulsion is a highly-concentrated emulsion, the

diffusion of a bitumen particle can be strongly affected

by other bitumen particles. Thus, the diffusion speed

of bitumen particle should be related to the viscosity of

bitumen emulsion, not the viscosity of water. There-

fore, the motion ability of bitumen particle in emulsion

should be related to the bitumen particle size and the

viscosity of emulsion.

As mentioned previously, the direct observation of

bitumen particles packing indicates that the motion

ability of bitumen particles in emulsion greatly

dominates the packing state of bitumen particles.

Therefore, an empirical relation about /m and D can

be given in Eq. (4).

/m / D ð4Þ

Combined with Eqs. (3) and (4), it can be inferred

that the /m may have a positive correlation with 1/R

and 1/g, which can be expressed as Eq. (5).

/m ¼ a

R
þ b

g
þ c ð5Þ

where g is the emulsion viscosity; a and b are the

positive coefficients related to the effect of the particle

size and the viscosity on /m, respectively; c is a fitting

parameter. To confirm the validity of this relation of

/m with R and g, effect of bitumen particle size and

emulsion viscosity on /m is studied through Eq. (5) in

the following sections.

7.2.2 Effect of bitumen particle size on /m

Equation (5) is used to establish the relation of /m

with bitumen particle size and emulsion viscosity.

However, bitumen particles in emulsion have a wide

particle size distribution, and the emulsion viscosity is

also changed during drying due to the increasing

particle concentration. Thus, a representative particle

size and emulsion viscosity should be used to establish

the relation of /m with bitumen particle size and

emulsion viscosity. Since the emulsion viscosity is

mainly dependent on the volume fraction of bitumen

particle, it is hypothesized that the viscosity of

different emulsions differs little at the same particle

volume fraction. In this hypothesis, the effect of

viscosity on the /m can be ignored for different

emulsions. Thus, the Eq. (5) can be simplified as:

/m ¼ a

R
þ c ð6Þ

Particle sizes ranging from 10 to 90th cumulative

volume percentile are used as representative particle

sizes to study the effect of bitumen particle size on /m.

As an example, particle size R50 (particle diameter for

the 50th cumulative volume percentile) is used to

study the /m of bitumen emulsions with LF emulsifier

in Fig. 9. It can be seen from Fig. 9 that the /m indeed

has a positive correlation with 1/R. Meanwhile, the

fitting results of the relation of /m and different

representative particle sizes are shown in Table 2. It

can be seen from Table 2 that the determination

coefficient for all selected representative particle sizes

Fig. 9 Relation of the /m and R50 for bitumen emulsions with

LF emulsifier
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can be higher than 0.7. Especially when particle size is

from R30 to R70, the determination coefficient can be

higher than 0.8. Therefore, Eq. (6) is suitable for

describing the relation of /m with bitumen particle

size. Besides, the determination coefficient firstly

increases and then decreases with the increasing

representative particle size. R50 has the highest

determination coefficient with /m.

7.2.3 Effect of emulsion viscosity on /m

Equation (5) is used to study the effect of emulsion

viscosity on /m. Similarly to study the effect of

bitumen particle size on /m, a representative emulsion

viscosity should be also given in here. It should be

stated here that the bitumen particle size distributions

of different emulsions differ greatly, thus the effect of

the difference in bitumen particle size on the /m

cannot be ignored when studying the effect of

emulsion viscosity on /m. Since R50 has the highest

determination coefficient with /m, the original model

of Eq. (5) can be rewritten as Eq. (7) to study the

effect of emulsion viscosity on /m.

/m ¼ a

R50

þ b

g
þ c ð7Þ

The predicted emulsion viscosities at particle

volume fractions ranging from 40 to 70% are used to

study their relation with /m. The emulsion viscosities

are predicted by Eq. (2) based on the relation of

viscosity and/. As an example, the emulsion viscosity

with particle volume fraction at 60% (g60) is employed

to study the /m of bitumen emulsions with LF

emulsifier according to Eq. (7). The fitting results

are shown in Fig. 10. It can be seen from Fig. 10 that

the determination coefficient using Eq. (7) can be

much higher than that using Eq. (6). Meanwhile, the

fitting results of the relation of /m with R50 and

different representative emulsion viscosities are

shown in Table 3. It can be seen from Table 3 that

the determination coefficient of all fitting results are

very high except for the fitting result by g70. Since the
particle volume fraction of the tested emulsions is far

from 70%, the predicted g70 for some emulsions may

significantly differ from the real g70, which can be

responsible for this low determination coefficient of

g70. Overall, Eq. (7) is suitable for describing the

relation of /m with emulsion viscosity.

Table 2 Regression

parameters of the relation of

/m and representative

particle size

Representative particle size Fitting parameter Determination coefficient, R2

a c

R10 0.081 0.7682 0.7006

R20 0.1078 0.7719 0.7982

R30 0.1344 0.7713 0.8314

R40 0.1591 0.7715 0.8437

R50 0.1832 0.7721 0.8480

R60 0.2129 0.7726 0.8461

R70 0.2530 0.7728 0.8329

R80 0.3158 0.7731 0.7990

R90 0.4359 0.7757 0.7000

Fig. 10 Relation of the /m with R50 and g60 for bitumen

emulsions with LF emulsifier
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7.2.4 Final prediction model of /m

According to the analysis of the Sects. 7.2.3 and 7.2.4,

it is proved that the Eq. (5) is suitable to establish the

relation of /m with bitumen particle size and emulsion

viscosity. To accurately predict the /m of bitumen

emulsion by Eq. (5), the most representative bitumen

particle size and emulsion viscosity are analyzed.

Particle sizes ranging from 10 to 90th cumulative

volume percentile and emulsion viscosities at particle

volume fractions ranging from 40 to 70% are used to

establish their relation with /m by Eq. (5), and the

determination coefficients are shown in Fig. 11. As

shown in Fig. 11, the determination coefficients of

fitting results can be very high when bitumen particle

size is selected from R40 to R70 and emulsion viscosity

is selected from g55 to g65. R50 and g60 have the highest
determination coefficient with /m, thus they are the

best representative bitumen particle size and emulsion

viscosity. Therefore, an empirical prediction model of

/m is proposed in Eq. (8).

/m ¼ 0:2076

R50

þ 0:002738

g60
þ 0:695 ð8Þ

7.2.5 Accuracy and validation of the prediction model

Based on this prediction model of Eq. (8), the

prediction results and their accuracy of /m for the

nine emulsions with LF emulsifier are shown in

Table 4. It can be seen from Table 4 that the maximum

absolute deviation of /m is only about 0.01, thus the

prediction accuracy of /m can be very high and

acceptable. Meanwhile, the /m of three emulsions

with KZW emulsifier and three commercial emulsions

are also studied to verify the usability of the model in

Eq. (8) for other emulsions. The prediction results and

accuracy are also shown in Table 4. Although the

model of Eq. (8) is deduced according to the /m

results of bitumen emulsions with LF emulsifier, the

low prediction deviations of/m for bitumen emulsions

with KZW emulsifier and three commercial bitumen

emulsions indicate that the model of Eq. (8) is also

suitable for other bitumen emulsions. Meanwhile, the

employed commercial medium-setting (MS) and

rapid-setting (RS) emulsions can also have very low

prediction deviations for /m. Thus, this prediction

model of /m can be suitable for bitumen emulsions

with different breaking grades. Besides, the prediction

model can give high prediction accuracy for bimodal

emulsions (i. e. LF-4 and SS). Overall, the proposed

model can give an accurate prediction result about /m

Table 3 Regression

parameters of the relation of

/m and representative

particle size

Representative emulsion viscosity Fitting parameter Determination coefficient, R2

a b c

g40 0.1795 0.001206 0.5891 0.9309

g45 0.1856 0.001434 0.6786 0.9404

g50 0.1926 0.001729 0.6468 0.9478

g55 0.2001 0.002132 0.6726 0.9524

g60 0.2076 0.002738 0.6950 0.9539

g65 0.2153 0.003782 0.7132 0.9527

g70 0.1903 0.004266 0.7513 0.8819

Fig. 11 Determination coefficients of the relation of /m with

different bitumen particle sizes and emulsion viscosities
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for different bitumen emulsions if knowing R50 and

g60.
It should be stated here that although the prediction

model is established through slow-setting bitumen

emulsions, results indicate that it can be also suit-

able for medium-setting and rapid-setting emulsions.

This is because water evaporation is the only driving

factor for the demulsification of bitumen emulsion. In

this situation, emulsifier can provide enough repulsive

force among bitumen particles, thus the coalescence of

bitumen particles can be only occurred when particles

reach their maximum packing state. Therefore, this

prediction model can be suitable for pure bitumen

emulsions with different breaking grade.

7.2.6 Scientific contribution of the prediction model

of /m

According to the prediction model of Eq. (8), the/m is

mainly dependent on the two essential properties of

bitumen emulsion, i.e. bitumen particle size and the

emulsion viscosity. The two essential properties of

bitumen emulsion are highly related to the production

parameters of emulsion, i.e. emulsifier type and

dosage, pH value, stabilizer, and production process.

However, the production parameters of bitumen

emulsion are difficult to be understood by pavement

engineers and scholars because there are a wide

variety of emulsifiers and stabilizers in the market.

Meanwhile, the components of different commercial

emulsifiers differ greatly. In most cases, pavement

engineers and scholars only care about the emulsifying

effect of bitumen emulsion. Bitumen particle size

distribution is a direct index of the emulsifying effect

of bitumen emulsion. It can be known according to

Eq. (8) that the better emulsifying effect of bitumen

emulsion indicates the better quality of bitumen

emulsion. Therefore, to judge the quality of bitumen

emulsion, pavement engineers and scholars do not

need to understand the effect of the production

parameters (e.g. emulsifier) but care about the emul-

sifying effect of bitumen emulsion if they know the

relation of /m and bitumen particle size. This empir-

ical prediction model can give a good quantitative

relation of /m with the essential properties of bitumen

emulsion (R50 and g60). Thus, this model can quickly

evaluate the quality of bitumen emulsion based on its

essential properties, and helps to quantitatively under-

stand the effect of bitumen particle size and emulsion

viscosity on the quality of bitumen emulsion.

8 Conclusions

The maximum packing fraction of bitumen particles

(/m) for different bitumen emulsions is studied by the

drying curve method. The mechanism influencing the

/m of different emulsions is analyzed, and an empir-

ical relation of /m with the essential properties of

bitumen emulsion (bitumen particle size and emulsion

Table 4 Prediction results

and accuracy of /m for

different emulsions

Specimen R50 (lm) g60 (Pa•s) Predicted /m Tested /m Deviation of /m

LF-1 4.775 0.03787 0.8106 0.8171 - 0.0065

LF-2 2.926 0.03964 0.8344 0.8242 0.0102

LF-3 4.170 0.05696 0.7941 0.7964 - 0.0023

LF-4 5.537 0.02990 0.8228 0.8221 0.0007

LF-5 1.759 0.04132 0.8776 0.8886 - 0.0110

LF-6 1.804 0.03823 0.8797 0.8791 0.0006

LF-7 1.718 0.04269 0.8783 0.8868 - 0.0085

LF-8 1.761 0.04323 0.8748 0.8778 - 0.0030

LF-9 1.762 0.05037 0.8663 0.8554 0.0109

KZW-1 1.836 0.03100 0.8933 0.8896 0.0037

KZW-2 1.874 0.04738 0.8626 0.8536 0.0090

KZW-3 1.816 0.04990 0.8633 0.8672 - 0.0039

SS 3.842 0.03051 0.8388 0.8310 0.0078

MS 3.004 0.04289 0.8279 0.8356 - 0.0077

RS 3.245 0.04594 0.8186 0.8253 - 0.0067
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viscosity) is established. Based on this work, the

following conclusions can be drawn:

(1) Although bitumen emulsions are produced by

the same emulsifier type and dosage, the /m of

different bitumen emulsions can differ greatly if their

particle size distribution is different. Therefore, the

drying and film properties of bitumen emulsions with

the same emulsifier still can be significantly different

due to the different /m.

(2) The packing state of bitumen particles depends

on the motion ability of bitumen particles in emulsion

due to particle Brownian motion. It is mainly domi-

nated by the bitumen particle size and emulsion

viscosity. The smaller bitumen particle size and

emulsion viscosity can lead to a higher /m.

(3) An original /m prediction model is proposed to

relate the /m of bitumen emulsion to the bitumen

particle size (R) and emulsion viscosity (g). The /m

prediction equation is /m = 0.2076/R50 ? 0.002738/

g60 ? 0.695, where R50 is the particle diameter for the

50th cumulative volume percentile and g60 is the

emulsion viscosity with particle volume fraction at

60%. This empirical model can give a good quanti-

tative relation of /m with the essential properties of

bitumen emulsion (R50 and g60). The model can be

used to quickly evaluate the quality of bitumen

emulsion and help to quantitatively understand the

effect of bitumen particle size and emulsion viscosity

on the quality of bitumen emulsion.
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