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Abstract: Surfactants are frequently used to improve the engineering performances of foamed
bitumen. Additionally, the foaming process can also perform a significant influence on the foam
characteristics and rheological properties of foamed bitumen. However, rare research investigates
the synergistic effect of both surfactant and foaming process on the engineering properties of foamed
bitumen. To fill the gap, this research investigated the synergistic effect of surfactant and foaming
process on the foaming characteristics and rheological properties of foamed bitumen. Based on the
experimental results, the synergistic effect shows a significant effect on improving the half-life of
foamed bitumen, which reached up to 69 s when 6% foaming Evotherm-DAT content was used.
In addition, the foaming temperature also has a significant effect on the foaming characteristics.
This study shows that the best foaming conditions can be achieved when the foaming temperature
and Evotherm-DAT content are 170 ◦C and 8%, respectively. Based on the study of synergistic
effect, the engineering performances of surfactant foamed bitumen were further characterized in
this research, for instance, the enhancement in high-temperature performance and fatigue resistance,
and the improvement in workability. Generally, the results of this study have greatly promoted the
application of surfactant foam bitumen in the engineering practice.

Keywords: GHG emissions; foamed bitumen; surfactant additives; rheological properties; SBS
modified bitumen

1. Introduction

Asphalt pavement has a significant impact on the environment, because during
construction, asphalt needs to be heated to a higher temperature, which can lead to huge
energy consumption and greenhouse gas emission. Therefore, environmental problems
and risks caused by asphalt pavement in the production process have attracted increasing
attention [1,2].

A huge amount of research has been devoted to the cleaner production of asphalt
mixtures, and various technologies have been used to reduce the manufacturing tempera-
ture [3–6]. Warm mix asphalt (WMA), as one of the technologies that can reduce the impact
on the environment during the asphalt production process, has been greatly developed
over the past few decades. This technology can generally make bituminous mixtures that
are produced at temperatures at least 20 ◦C to 40 ◦C lower than typical Hot Mix Asphalt
(HMA) [7]. It is reported that by decreasing the mixing temperature from 20 ◦C to 40 ◦C
of asphalt mixtures, the energy consumption and greenhouse gas (GHG) emissions can
be saved up to 20% to 70% when compared to HMA [8]. In addition to the environmental
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benefits, WMA can also bring other benefits, such as slowing down the aging of the asphalt,
extending the hauling distance, better working conditions for road workers because of the
decrease of asphalt fume, quicker turnover to traffic, extending paving window, etc. [9,10].

One of the WMA techniques that are available to reduce asphalt production and
construction temperatures is the application of foam bitumen, which is increasingly popular
due to the low investment and production costs [3,11,12]. Conventional foam bitumen is
the mixture of bitumen, water, and air, which can be produced by injecting a certain amount
of water into the bitumen in the expansion chamber at a higher temperature. During this
process, liquid water is converted into vapor, and the vapor will expand the original volume
of bitumen to form foamed bitumen. Eventually, these foams will burst, and most of the
injected moisture will be dissipated in the form of vapor so that the remaining bitumen has
properties similar to the original one. Due to the cost-effectivity, environmental benefits,
and high field-performance properties, foam bitumen is increasingly getting recognized in
cold-in-place recycling [13–16] and base course stabilization [17–19].

In recent years, surfactants have been frequently used to improve the performance
of foamed bitumen, because they can reduce the surface tension of the liquid bitumen,
providing a more comprehensive coating of the aggregate at low temperatures without
changing the workability of the asphalt mixture at reduced pavement laying tempera-
tures [20,21]. Therefore, surfactant also acts as an anti-stripping agent, increasing the
adhesion between the aggregate and the bitumen, thereby reducing the related problems of
foamed bitumen in the application, such as raveling and shredding [22,23]. Apart from the
surfactant additives, the foaming process also presents a significant impact on the foaming
characteristics and engineering performances of the foamed bitumen [24]. Temperature
is one of the most important factors that influence the engineering properties of foamed
bitumen. The optimum mixing temperature of the aggregates for foamed asphalt mixes lies
in a certain range depending on the type of aggregate [25]. Temperatures below this range
result in poor-quality mixes. Foamed asphalt mixes may also be prepared with heated
aggregates, which will increase the binder dispersion within the mix and aid in the coating
of the larger aggregates [26].

Given this, though there have been various studies investigating the surfactant and
foaming process on the foaming characteristics of the foamed bitumen, the research of the
synergistic effect of surfactant and foaming process is still scarce and lacks a comprehensive
investigation and comparison on the binder properties. In this study, foamed bitumen was
investigated on its engineering property with different contents of surfactant and foaming
processes. Meanwhile, a series of laboratory tests were performed to evaluate and compare
the foam characteristic and rheological properties of surfactant-foamed bitumen (SFB) and
non-foamed bitumen binders.

2. Materials and Sample Preparation
2.1. Materials

The SBS modified bitumen (shortly named as B) was selected in this research and its
fundamental properties are presented in Table 1. A typical chemical WMA additive with
surfactant properties, Evotherm-DAT, was chosen as a foaming agent for this study, while a
non-foaming organic additive, Sasobit, was selected for comparison [27]. Table 2 compiles
the properties of Evotherm-DAT and Sasobit. In the current study, the surfactant was
manufactured by blending the raw material of water-free Evotherm-DAT (viscous liquid)
with water at a ratio of 1:20 under ambient temperature. The well-blended Evotherm-
DAT surfactant was then directly injected into the hot bitumen to form SFB. To ensure
consistency, all materials used in this study were from the same production lot.
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Table 1. Properties of SBS modified bitumen.

Properties Standard Value Specification
Limits

Unaged

Softening point (◦C) ASTM D36 89 ≥75
Ductility (5 ◦C, cm) ASTM D113 32 ≥20

Penetration (25 ◦C, 0.1 mm) ASTM D5 54 40~60
Viscosity (135 ◦C, mPa·s) AASHTO T316 2.38 3

G*/sinδ (82 ◦C, kPa) AASHTO M320 1.24 -
RTFO aged G*/sinδ (82 ◦C, kPa) AASHTO M320 1.75 -

PAV aged
G*sinδ (25 ◦C, kPa) AASHTO M320 2675 -

Creep stiffness (−12 ◦C, MPa) AASHTO T313 147 ≤300
Creep rate m-value (−12 ◦C) AASHTO T313 0.322 ≥0.3

Table 2. Properties of Evotherm-DAT and Sasobit.

Properties Evotherm-DAT Sasobit

Appearance
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Odor Amine-like None 

Density >1.0 g/cm3 0.622 g/cm3 
PH value 9–10 N/A 
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Water solubility Partially soluble Insoluble 

2.2. Sample Preparation 
2.2.1. Preparation of Non-Foamed Bitumen 

Non-foamed bitumen binder was prepared by mixing Evotherm-DAT (6%, 8%, and 
10% by weight of B) or Sasobit (3% by weight of B) with B (160 °C) in the laboratory. The 
mixing speed and time were set to 1500 rpm and 10 minutes, respectively, ensuring that 
the additive was properly integrated into the binder. The mixing equipment consists of 
an electric heating jacket with a temperature probe, a paddle mixer and a 2-liter metal 
bucket (13 cm in diameter). During the mixing process, a temperature probe was inserted 
into the bucket to monitor the temperature of the binder, in which case the temperature 
was to be controlled precisely. In the current study, five different non-foamed bitumen 
binder samples were prepared; the sample IDs and the detailed preparation procedures 
are summarized in Table 3. It should be noted that the volume of the bitumen at high 
temperature could expand by the addition of water in surfactant; hence, the water-free 
Evotherm-DAT was added to manufacture the non-foamed bitumen. 
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Ingredients Fatty amine derivatives,
Alkylamines Solid saturated hydrocarbons

State Liquid Solid
Color Caramel Milky-white
Odor Amine-like None

Density >1.0 g/cm3 0.622 g/cm3

PH value 9–10 N/A
Boiling point 150–170 ◦C N/A
Melting point N/A 105–110 ◦C

Water solubility Partially soluble Insoluble

2.2. Sample Preparation
2.2.1. Preparation of Non-Foamed Bitumen

Non-foamed bitumen binder was prepared by mixing Evotherm-DAT (6%, 8%, and
10% by weight of B) or Sasobit (3% by weight of B) with B (160 ◦C) in the laboratory. The
mixing speed and time were set to 1500 rpm and 10 minutes, respectively, ensuring that
the additive was properly integrated into the binder. The mixing equipment consists of
an electric heating jacket with a temperature probe, a paddle mixer and a 2-liter metal
bucket (13 cm in diameter). During the mixing process, a temperature probe was inserted
into the bucket to monitor the temperature of the binder, in which case the temperature
was to be controlled precisely. In the current study, five different non-foamed bitumen
binder samples were prepared; the sample IDs and the detailed preparation procedures
are summarized in Table 3. It should be noted that the volume of the bitumen at high
temperature could expand by the addition of water in surfactant; hence, the water-free
Evotherm-DAT was added to manufacture the non-foamed bitumen.

2.2.2. Preparation of SFB

Foamed bitumen binder was prepared using an iFoam foaming machine improved
from the WLB10 laboratory machine. Through extensive laboratory trials and the validation
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of iFoam and WLB10, it had been proven that iFoam was feasible and reliable for producing
the foamed bitumen. Therefore, iFoam was applied to prepare the SFB. In the current study,
three types of SFB binders, EFB6, EFB8, and EFB10 (Table 3), were prepared under the
optimal foaming condition obtained from followed foaming tests.

Table 3. Summary of sample IDs and the detailed preparation procedures.

Sample ID Preparing Process

B Directly use SBS modified asphalt

BS Directly mixing Sasobit and SBS modified asphalt
together (3% of asphalt) at 160 ◦C for 10 min

BE6 Directly mixing water-free Evotherm-DAT (6% of asphalt)
and SBS modified asphalt together at 160 ◦C for 10 min

BE8 Directly mixing water-free Evotherm-DAT (8% of asphalt)
and SBS modified asphalt together at 160 ◦C for 10 min

BE10 Directly mixing water-free Evotherm-DAT (10% of asphalt)
and SBS modified asphalt together at 160 ◦C for 10 min

EFB6 Directly inject Evotherm-DAT (6% of asphalt) into SBS modified asphalt (170 ◦C)
to produce the surfactant-foamed asphalt using a foaming machine

EFB8 Directly inject Evotherm-DAT (8% of asphalt) into SBS modified asphalt (170 ◦C)
to produce the surfactant-foamed asphalt using a foaming machine

EFB10 Directly inject Evotherm-DAT (10% of asphalt) into SBS modified asphalt (170 ◦C)
to produce the surfactant-foamed asphalt using a foaming machine

3. Experimental Program

To systematically evaluate the properties of SFB with different foaming Evotherm-DAT
contents (FEC) at different temperatures, both the binder foaming tests and rheological
tests were conducted. The performance of SFB was compared to that of B and BE.

3.1. Foaming Tests

The iFoam foaming machine (Hengtong Asphalt Testing Co. Ltd., Guangzhou, Guang-
dong, China) was used to conduct the foaming tests under a variety of bitumen tempera-
tures (160 ◦C, 170 ◦C, and 180 ◦C) and FEC (6%, 8%, 10% by weight of B). The quality of
foamed bitumen under different foaming conditions and the optimum foaming conditions
were evaluated and determined using expansion ratio (ER), half-life (HL), and foam index
(FI). FI is a parameter developed for characterizing and optimizing foaming properties [28],
and it can be calculated by the following equation:

FI = − τ1/2

ln 2
(4 − ER m − 4 ln(

4
ERm

)) + (
1 + c

2c
) ∗ ERm ∗ ts (1)

where, c is the correction factor (Erm/Era); ts is bitumen spraying time (s); τ1/2 denotes
the half-life period; Erm is the measured maximum expansion ratio; and ERa is the actual
expansion ratio.

3.2. Rheological Tests

The softening point and rotational viscosity tests were firstly performed according to
ASTM D36 and AASHTO T316 [29,30]. The softening point represents the high-temperature
performance of the binder. A Brookfield RV–DVIII Ultra rotational viscometer (Brookfield
testing company, US) was utilized to capture the viscosity of all binders at three temper-
atures (135 ◦C, 155 ◦C, and 175 ◦C) and the workability of binders was then evaluated.
Dynamic shear rheometer (DSR) tests were performed to characterize the rheological
properties of the binder at high and intermediate temperatures according to AASHTO
T315-12 [31]. In the DSR tests, a dynamic shear rheometer (Malvern Kinexus Lab+, Malvern
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analytical Company, UK) was utilized to measure the rutting factor (G*/sinδ), failure tem-
perature, non-recoverable creep compliance (Jnr) and fatigue factor (G*·sinδ). To evaluate
the low-temperature performance of surfactant-foamed and non-foamed bitumen binders,
bending beam rheometer (BBR) tests were also performed to measure creep stiffness and
m-value.

3.2.1. High-Temperature Performance Tests

The high-temperature performance of surfactant-foamed and non-foamed bitumen
binders was evaluated by two parameters: the rutting factor and non-recoverable creep
compliance (Jnr). For the rutting factor G*/sinδ, it was obtained by the rutting factor test
using a DSR. In this test, unaged and rolling thin film oven (RTFO) aged binder samples
were prepared with 25 mm diameter and 1 mm gap parallel plate, and two replicates of
each type of binder were tested. A variety of high temperatures from 76 ◦C for unaged
binders and 70 ◦C for RTFO aged binders with a 6 ◦C increment were applied to binders
until the compliance was fulfilled. The failure temperatures can be obtained according to
AASHTO M320 [32], i.e., 1.0 kPa for unaged binder and 2.2 kPa for RTFO binder.

For Jnr, it was obtained by the multiple stress creep recovery (MSCR) test according to
AASHTO MP19 [33]. In this test, only RTFO aged binder samples were prepared and two
replicates of each type of binder were tested. A creep load and a temperature of 64 ◦C were
applied to each sample (10 times at creep stress level of 0.1 kPa and 3.2 kPa respectively
with 1 s loading and 9 s recovery).

3.2.2. Fatigue Resistance Tests

The intermediate-temperature performance was evaluated by the fatigue factor test. In
this test, pressure aging vessel (PAV) aged binders were prepared with the 8 mm diameter
and 2 mm gap parallel plate. From the test, G*sinδ can be obtained, which is a parameter
of the fatigue resistance of the binders. The test temperature started at 25 ◦C, and the test
temperature was reduced by 3 ◦C each time, until the fatigue resistance factor was greater
than 5000 kPa, the test was stopped [33]. Two replicates of each type of binder were tested.

3.2.3. Low-Temperature Performance Test

The low-temperature performance of bitumen binders was evaluated by two parame-
ters, i.e., the creep stiffness and m-value, which were obtained by conducting a BBR test
in accordance with AASHTO T313 [34]. In the BBR test, pressure aging vessel (PAV) aged
binders were tested at temperatures of −6 ◦C, −12 ◦C, and −18 ◦C. Two parallel samples
for each kind of binder were tested.

4. Results and Discussion
4.1. Foaming Conditions

Figure 1 shows the results of maximum expansion ratio (ERm) and HL of SFB tested
at three temperatures and three FEC levels. As can be seen from the figure, ERm gradually
increased with the increase of FEC, but at the same time the HL gradually decreased, indi-
cating the gradual deterioration of the stability for foamed bitumen, which is detrimental
to the effective dispersion and adhesion of foamed bitumen in the mixture. The test results
imply that the properties were significantly sensitive to FEC. Specifically, at 160 ◦C, 170 ◦C,
and 180 ◦C, as the FEC increased from 6% to 10%, the ER increased by 46%, 35%, and
20%, respectively, and the HL decreased by 75%, 73%, and 65%, respectively. Despite a
75% reduction of HL found at 10% FEC and 160 ◦C, the HL could still reach 17.5 s. It
should be noted that the maximum HL of SFB could reach 69 s when 6% FEC was used,
demonstrating the HL of foamed bitumen can be significantly increased by adding the
surfactant, Evotherm-DAT. The maximum HL of SFB at 170 ◦C and 180 ◦C were 50 s and
48 s, respectively, at which point the minimum expansion ratio (ERmin) was 10.
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The Wirtgen approach recommended the ERmin = 8 and HLmin = 6 [35]. In this research,
a higher recommendation (ERmin = 10 and HLmin = 12) was taken into consideration
according to the Council for Scientific and Industrial Research [36]. Nevertheless, both
the ERmin and HLmin of 170 ◦C and 180 ◦C met the requirements, showing the positive
effect of surfactant on improving HL and stability of SBS modified bitumen. However,
at 160 ◦C, only 10% FEC met the requirements with the ERm = 12, which is greater than
the recommended value of 10. Hence, the optimum FEC was determined by taking the
average of the two FEC required to meet the recommended values of ERmin and HLmin.
Following this approach, as shown in Figure 1b,c, the optimum FEC was determined as 8%
at 170 ◦C and 180 ◦C.

To further investigate the influence of temperature on the foaming properties, a line
graph of ERm and HL can be plotted at three temperatures (based on the data in Figure 1)
in Figure 2 by using the ERm as horizontal coordinate and the HL as vertical coordinates.
It should be noted that upward line position indicates a better foaming condition, i.e., a
greater ERm value at the same HL level. Compared to 170 ◦C and 180 ◦C, the line position
of 160 ◦C was lowest, indicating the worst foaming properties. At the same time, the
foaming line at 170 ◦C was the highest, which showed the best foaming effect. Therefore,
the analysis further proved that the bitumen temperature also had a significant influence on
the foaming properties. It can be explained that a certain increase in bitumen temperature
can transfer more heat energy to help the formation of vapors, which may make the bitumen
to be foamed more efficiently. However, it was not the case that the higher the temperature,
the better the foaming effect, because too high temperature can also be detrimental to
the foaming properties. One of the reasons can be explained as that if the equilibrium
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temperature of the foamed asphalt is too high and exceeds a certain limit, the foam stability
will deteriorate.
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Figure 3 shows the relationships between FEC and FI at different temperatures. As
an indicator of foam characteristics, FI considers the combined effects of ER and HL of
foamed asphalt, which is very suitable for judging the applicability of foamed asphalt in
dispersing and mixing with mineral aggregates. Therefore, FI was often used as the target
of characterizing and optimizing foaming properties, where higher FI represents better
foam characteristics. As presented in Figure 3, the FI showed a continuous improvement
with the increase of FEC when the temperature was 160 ◦C, whereas at 180 ◦C the opposite
trend was found, the FI decreased as the FEC increased. The maximum FI of 321 was
observed when the temperature was 170 ◦C and FEC was 8%. The FI at 170 ◦C shows the
largest value at three different FECs, which are 314, 321, and 287, respectively. The results
of FI were consistent with ER and HL due to the regular variations mentioned earlier. To
sum up, the optimum foaming conditions for SFB were determined to be 170 ◦C foaming
temperature and 8% FEC.
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4.2. Workability Analysis

The rotational viscosity is considered as one of the most significant parameters for
characterizing the workability of bitumen binders. Generally, the lower the viscosity,
the better the binder can provide processability with aggregates and better mixing and
compaction capabilities. In the viscosity tests, all types of binders were tested at three
temperatures, 135 ◦C, 155 ◦C, and 175 ◦C. The results of rotational viscosity tests are
presented in Figure 4, showing that the viscosities of all binders decreased with the increase
of temperature. As expected, both surfactant and Sasobit were effective in reducing the
viscosities of SBS modified bitumen within a temperature range of 135-175 ◦C. The viscosity
of both SFB and BE showed a downward trend by increasing the FEC from 6% to 10%,
and SFB had slightly lower viscosities compared with BE at all levels of FEC, exhibiting
better viscosity reduction. However, SFB did not show the expected significant reduction
in viscosity because the correct measurement of fluid viscosity required a steady-state
shearing motion, which is impossible for foamed bitumen that collapses over time [37]. As
can be seen from Figure 4, it also demonstrated that the addition of 3 wt% of Sasobit can
reduce viscosity dramatically. One reason should be attributed to the fact that the addition
of Sasobit was much larger than the addition of water-free Evotherm-DAT. Another reason
may be due to the type of additives. Based on research [7], it is found that organic WMA
additives (such as Sasobit) mainly affect viscosity, while chemical WMA additives (such as
Evotherm) change the lubrication/friction properties of the adhesive, even if the viscosity
does not change; it can also improve the workability of asphalt mixtures.
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Figure 4. Rotational viscosity test results.

4.3. High-Temperature Performance

Figure 5 shows the results of softening point tests, and it can be observed that all SFB,
BE, and BS binders had higher softening point values than B, indicating better performances
at high temperatures. In addition, with the increase in FEC, the softening point of SFB
binders decreased and BE showed similar softening point values. However, the softening
point values of SFB are slightly higher than those of BE. When FEC was 10%, SFB had the
minimum value of 82.3 ◦C, which is still higher than the maximum value of 81.4 ◦C for
BE when 6% Evotherm-DAT was added. Therefore, the synergistic effect of the foaming
process and surfactant enhanced high-temperature performance. Apart from that, the
organic WMA additives, Sasobit, showed a more significant effect on the rising softening
point of binders compared with SFB and BE due to the higher amount added.



Crystals 2021, 11, 410 9 of 14

Crystals 2021, 11, x FOR PEER REVIEW 9 of 14 
 

that, the organic WMA additives, Sasobit, showed a more significant effect on the rising 
softening point of binders compared with SFB and BE due to the higher amount added. 

 
Figure 5. Test results: softening point. 

The results of the rutting factor G*/sinδ were used to evaluate rutting resistance, and 
the higher value of G*/sinδ means the greater rutting resistance of the binder. The failure 
temperature is determined as the temperature value when G*/sinδ equals 1.0 kPa for 
unaged binder and 2.2 kPa for RTFO aged binder. Figure 6 shows the rutting factor results 
of unaged binders (a) and RTFO aged binders (b). As expected, the G*/sinδ decreased as 
the temperature increased, which is because bitumen binders softened and the viscosity 
reduced as the temperature increased. For unaged binders, SFB and BE had higher G*/sinδ 
values than B. With the content of Evotherm-DAT increasing, the G*/sinδ values of BE 
increased while the G*/sinδ values of SFB decreased (Figure 6a). However, with the 
exception of BS, SFB still had higher G*/sinδ values than BE, indicating the better rutting 
resistance, which is consistent with the results of softening point test. For RTFO aged 
binders, SFB and BE had lower G*/sinδ values than B. With the content of Evotherm-DAT 
increasing, the G*/sinδ values of both SFB and BE decreased (Figure 6b), indicating the 
decline of high-temperature performance. This is consistent with the findings in previous 
research [38]. 

The failure temperature test results are illustrated in Figure 6c, which shows the 
difference of failure temperatures between the binders before and after RTFO ageing. It 
can be seen from the figure that all binders presented lower failure temperatures after 
RTFO ageing. It is worth noting that SFB had a higher failure temperature than BE when 
the same Evotherm-DAT content was added before ageing, but after RTFO ageing, SFB 
had a lower failure temperature than BE, indicating that SFB is more negatively affected 
by short-term ageing. Among those binders, BS had the highest failure temperatures 
before and after RTFO ageing, with 95.2 °C and 87.2 °C respectively. Hence, in the current 
study, only Sasobit helped to further increase the failure temperature of B after RTFO 
ageing, indicating the best rutting resistance. 

To further evaluate the high-temperature performance of the foamed and non-foamed 
bitumen including the elastic response and the change in elastic response, the MSCR test 
was also performed at two different stress levels (0.1 kPa and 3.2 kPa). The Jnr and percentage 
recovery (%R) of bitumen binders were then determined by the test. The maximum 
allowable Jnr difference is 75% according to the requirement of AASHTO tp70-13. The test 
results are summarized in Table 4. It can be seen that all binders except BS satisfied the 
maximum allowable Jnr difference, and it is because the Jnr values of BS at 0.1 kPa are 
extremely low [39]. According to the Jnr values at 3.2 kPa, the surfactant Evotherm-DAT had 
a negative influence on the high-temperature performance while Sasobit showed a positive 

79.7

91.4
81.4 85.7

79.5
84.2 80.8 82.3

B BS
BE6

EFB6
BE8

EFB8
BE10

EFB10

10

30

50

70

90

110

So
fte

ni
ng

 p
oi

nt
 (℃

)

Binder types

Figure 5. Test results: softening point.

The results of the rutting factor G*/sinδ were used to evaluate rutting resistance, and
the higher value of G*/sinδ means the greater rutting resistance of the binder. The failure
temperature is determined as the temperature value when G*/sinδ equals 1.0 kPa for
unaged binder and 2.2 kPa for RTFO aged binder. Figure 6 shows the rutting factor results
of unaged binders (a) and RTFO aged binders (b). As expected, the G*/sinδ decreased as
the temperature increased, which is because bitumen binders softened and the viscosity
reduced as the temperature increased. For unaged binders, SFB and BE had higher G*/sinδ
values than B. With the content of Evotherm-DAT increasing, the G*/sinδ values of BE
increased while the G*/sinδ values of SFB decreased (Figure 6a). However, with the
exception of BS, SFB still had higher G*/sinδ values than BE, indicating the better rutting
resistance, which is consistent with the results of softening point test. For RTFO aged
binders, SFB and BE had lower G*/sinδ values than B. With the content of Evotherm-DAT
increasing, the G*/sinδ values of both SFB and BE decreased (Figure 6b), indicating the
decline of high-temperature performance. This is consistent with the findings in previous
research [38].

The failure temperature test results are illustrated in Figure 6c, which shows the
difference of failure temperatures between the binders before and after RTFO ageing. It can
be seen from the figure that all binders presented lower failure temperatures after RTFO
ageing. It is worth noting that SFB had a higher failure temperature than BE when the
same Evotherm-DAT content was added before ageing, but after RTFO ageing, SFB had
a lower failure temperature than BE, indicating that SFB is more negatively affected by
short-term ageing. Among those binders, BS had the highest failure temperatures before
and after RTFO ageing, with 95.2 ◦C and 87.2 ◦C respectively. Hence, in the current study,
only Sasobit helped to further increase the failure temperature of B after RTFO ageing,
indicating the best rutting resistance.

To further evaluate the high-temperature performance of the foamed and non-foamed
bitumen including the elastic response and the change in elastic response, the MSCR
test was also performed at two different stress levels (0.1 kPa and 3.2 kPa). The Jnr and
percentage recovery (%R) of bitumen binders were then determined by the test. The
maximum allowable Jnr difference is 75% according to the requirement of AASHTO tp70-13.
The test results are summarized in Table 4. It can be seen that all binders except BS satisfied
the maximum allowable Jnr difference, and it is because the Jnr values of BS at 0.1 kPa are
extremely low [39]. According to the Jnr values at 3.2 kPa, the surfactant Evotherm-DAT
had a negative influence on the high-temperature performance while Sasobit showed a
positive effect in improving the performance. Additionally, the Jnr values of SFB at 3.2 kPa
were higher than those of BE, showing the foaming process also had a negative effect on
the high-temperature performance of the binders. However, the Jnr values of both SFB
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and BE can still meet the requirements for the highest traffic level “E” [40]. The results are
consistent with the rutting factor test, the Jnr values of both SFB and BE at 3.2 kPa increased
with the increase of Evotherm-DAT content. Similarly, the BS exhibited the lowest Jnr value
at 3.2 kPa, which indicates the best high-temperature performance among all eight binders.
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Figure 6. High-temperature performances: (a) rutting factors for unaged binders; (b) rutting factors for RTFO aged binders;
(c) failure temperature of unaged binders and RTFO aged binders.

Table 4. MSCR test results.

Sample ID
Jnr % Recovery (%)

0.1 kPa
(kPa−1)

3.2 kPa
(kPa−1) Jnr% Diff 0.1 kPa

(%)
3.2 kPa

(%)

B 0.133 ± 0.009 0.148 ± 0.002 11.9 ± 5.7 75.0 ± 0.2 73.3 ± 1.0
BS 0.015 ± 0.005 0.049 ± 0.013 230.2 ± 29.8 94.3 ± 1.7 86.1 ± 3.4

BE6 0.166 ± 0.006 0.182 ± 0.004 11.9 ± 1.8 77.8 ± 0.6 76.7 ± 0.2
EFB6 0.251 ± 0.009 0.294 ± 0.005 17.0 ± 2.2 69.0 ± 0.1 66.5 ± 0.6
BE8 0.176 ± 0.005 0.186 ± 0.002 3.6 ± 1.9 76.1 ± 0.5 76.6 ± 0.4

EFB8 0.255 ± 0.007 0.308 ± 0.011 20.1 ± 0.9 69.2 ± 1.6 66.0 ± 2.0
BE10 0.182 ± 0.004 0.197 ± 0.000 8.6 ± 2.5 78.0 ± 0.6 77.5 ± 0.3

EFB10 0.263 ± 0.011 0.319 ± 0.019 21.5 ± 2.4 69.8 ± 1.4 66.4 ± 2.0

4.4. Fatigue Resistance

The fatigue factor, G*sinδ, is commonly utilized to evaluate the fatigue properties of
binders at intermediate temperature, and the long-term aged binders by RTFO and PAV
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were prepared and tested. Figure 7a presents the relationship between the logarithms of
G*sinδ (lgG*sinδ) and temperatures. It is worth noting that the logarithms of G*sinδ of all
binders increase proportionally with the temperature decrease. The threshold temperature
for all binders was less than 22 ◦C except for BS, which had a threshold temperature of less
than 25 ◦C. Thus, surfactant had a positive effect on improving the fatigue resistance of the
binder, while Sasobit had a notable negative effect. After long-term ageing, as can be seen
in Figure 7a, the lgG*sinδ value of SFB was slightly improved compared to B and the gap
between the three SFB binders were not evident, which means the foaming process led to a
similar fatigue behavior of SFB.
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Figure 7. Fatigue performance: (a) fatigue factor versus temperature and (b) failure temperatures.

The failure temperature of each binder when fatigue factor G*sinδ equals 5000 kPa
was also presented in Figure 7b. The lower the fatigue failure temperature means the better
fatigue resistance of the binder. Hence, Figure 7 shows the surfactant content has a positive
effect on the fatigue resistance of BE binders, but a negative effect was found in SFB binders.
This is because the failure temperatures of SFB increased while that of BE decreased as
the surfactant content increased at the same temperature. Among various binders, BE10
showed the best fatigue resistance, and the incorporation of 10 % Evotherm-DAT enhanced
the fatigue resistance by decreasing 1.3 ◦C failure temperature. However, the BS showed
the worst fatigue resistance, which noticeably impaired the fatigue resistance by increasing
the failure temperature by 4.4 ◦C.

4.5. Low-Temperature Performance

The stiffness and m-value results obtained by the BBR test are presented in Figure 8.
On the basis of AASHTO T313, the stiffness should not exceed 300 MPa while the m-value
should be larger than 0.3 for one specific low-temperature grade. As shown in Figure 8,
with the exception of BS, which only meets the requirements at −6 ◦C, the other binders
achieved the requirements both at −12 ◦C and −6 ◦C. In the current test, lower stiffness
and higher m-values can indicate better resistance to low-temperature cracking. It can be
seen from the figure that with the temperature decrease, the stiffness increased, and the
m-value decreased, which indicates that bitumen binder could be more prone to cracking
or creeping at a lower temperature. Moreover, SFB and BE displayed an increasing trend
in creep stiffness compared to B, which was detrimental to the cracking resistance. It can
be concluded that the incorporation of surfactant exhibited a negative influence on the
low-temperature performance, and the foaming process further exacerbated this negative
effect. However, the surfactant and foaming process seemed to have no considerable effect
on the m-value. As the surfactant content increased, the m-values of both SFB and BE
increased slightly. In summary, the low-temperature performance of SFB and BE binders
was lower than that of B, whereas BS exhibited the most significant negative effect on the
low-temperature performance.
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5. Conclusions

This research investigated the synergistic effect of surfactant and foaming process
on the foam characteristics and rheological properties of SBS modified bitumen. A series
of laboratory tests were performed to evaluate and compare the foam characteristic and
rheological properties of surfactant-foamed bitumen and non-foamed bitumen binders. On
the basis of the experimental results, the following conclusions can be drawn:

1. The synergistic effect of surfactant and foaming process on the foam characteristics of
SBS modified bitumen is significant; especially significant was the improvement in
the half-life of foamed bitumen with the addition of surfactant.

2. Both foaming temperature and foaming Evotherm-DAT contents significantly in-
fluence the expansion ratio and half-life of foamed bitumen. However, the higher
temperature did not show the better foaming effect. On the contrary, if the temper-
ature is too high, it can also be detrimental to foaming properties. The optimum
foaming conditions are finally determined when the foaming temperature is 170 ◦C
and the Evotherm-DAT content is 8%.

3. The synergy of the surfactant and foaming process leads to a slightly lower viscosity
than that of SBS modified bitumen, which could improve the workability of binders.

4. The combination of surfactant and foaming process enhances the high-temperature
performance of SBS modified bitumen before ageing, but it also leads a negative
effect on the high-temperature performance after RTFO ageing. For unaged binders,
surfactant foamed bitumen had higher G*/sinδ values than SBS modified bitumen.
However, for RTFO aged binders, surfactant foamed bitumen showed lower G*/sinδ
values than SBS modified bitumen. With the content of Evotherm-DAT increasing,
the G*/sinδ values of surfactant foamed bitumen canfurther decrease, indicating the
decline of high-temperature performance.

5. The incorporation of surfactant improves the high-temperature performance and
fatigue resistance. However, the increase of Evotherm-DAT content reduces the
high-temperature performance and fatigue resistance. Compared with SBS modi-
fied asphalt, formed asphalt or Evotherm modified asphalt exhibits slightly lower
resistance to low-temperature cracking, and BS exhibits the most significant negative
impact on low-temperature performance.
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6. It can be also found in the study that the incorporation of Sasobit can significantly
enhance the workability and high-temperature performance of SBS modified bitumen,
but it also has noticeable negative effects on its fatigue resistance and low-temperature
performance.

In general, the combination of surfactants and foaming technology is feasible to
achieve foamed SBS modified asphalt with both high-level foaming characteristics and good
road performance. However, this research only focused on the rheological properties of the
foamed and non-foamed bitumen, and the forming mechanism or the further feasibility in
producing mixtures is still unclear. Hence, future research will focus on the engineering
performances of foamed asphalt mixture and the reaction mechanisms of formed bitumen.
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15. Turk, J.; Pranjić, A.M.; Mladenovič, A.; Cotič, Z.; Jurjavčič, P. Environmental comparison of two alternative road pavement

rehabilitation techniques: Cold-in-place-recycling versus traditional reconstruction. J. Clean. Prod. 2016, 121, 45–55. [CrossRef]

http://doi.org/10.1016/j.jclepro.2019.118757
http://doi.org/10.1061/(ASCE)CO.1943-7862.0000549
http://doi.org/10.1007/s11771-020-4467-y
http://doi.org/10.1080/10298436.2013.839791
http://doi.org/10.1016/j.jclepro.2019.02.184
http://doi.org/10.1016/j.conbuildmat.2018.03.275
http://doi.org/10.3390/ijerph13030351
http://www.ncbi.nlm.nih.gov/pubmed/27011196
http://doi.org/10.1016/j.jclepro.2019.04.409
http://doi.org/10.1016/j.trd.2021.102712
http://doi.org/10.1016/j.conbuildmat.2020.121072
http://doi.org/10.1016/j.powtec.2020.08.080
http://doi.org/10.1080/14680629.2016.1213513
http://doi.org/10.1061/(ASCE)0899-1561(2006)18:1(116)
http://doi.org/10.1016/j.jclepro.2016.02.040


Crystals 2021, 11, 410 14 of 14

16. Sánchez, D.B.; Airey, G.; Caro, S.; Grenfell, J. Effect of foaming technique and mixing temperature on the rheological characteristics
of fine RAP-foamed bitumen mixtures. Road Mater. Pavement 2020, 21, 2143–2159. [CrossRef]

17. Saleh, M.F. Effect of Aggregate Gradation, Mineral Fillers, Bitumen Grade, and Source on Mechanical Properties of Foamed
Bitumen–Stabilized Mixes. Transp. Res. Rec. 2006, 1952, 90–100. [CrossRef]

18. Saleh, M.F. Cost evaluation of foam bitumen and other stabilisation alternatives. Int. J. Pavement Eng. 2007, 8, 157–161. [CrossRef]
19. Bowering, R.H. Properties and behavior of foamed bitumen mixtures for road building. In Proceedings of the 5th Australian

Road Research Board Conference, Canberra, Australia, 6–8 April 1970; pp. 38–57.
20. Yu, H.; Leng, Z.; Dong, Z.; Tan, Z.; Guo, F.; Yan, J. Workability and mechanical property characterization of asphalt rubber

mixtures modified with various warm mix asphalt additives. Constr. Build. Mater. 2018, 175, 392–401. [CrossRef]
21. Kakar, M.R.; Hamzah, M.O.; Akhtar, M.N.; Woodward, D. Surface free energy and moisture susceptibility evaluation of asphalt

binders modified with surfactant-based chemical additive. J. Clean. Prod. 2016, 112, 2342–2353. [CrossRef]
22. Chomicz-Kowalska, A.; Mrugała, J.; Maciejewski, K. Evaluation of Foaming Performance of Bitumen Modified with the Addition

of Surface Active Agent. In IOP Conference Series: Materials Science and Engineering; IOP Publishing: Bristol, UK, 2017; Volume 245,
p. 032086. [CrossRef]

23. Yu, H.Y.; Zhu, Z.H.; Wang, D.Y. Evaluation and Validation of Fatigue Testing Methods for Rubberized Bituminous Specimens.
Transp. Res. Rec. 2019, 2673, 603–610. [CrossRef]

24. Dong, F.Q.; Yu, X.; Wang, T.Y.; Yin, L.; Li, N.; Si, J.J.; Li, J. Influence of base asphalt aging levels on the foaming characteristics and
rheological properties of foamed asphalt. Constr. Build. Mater. 2018, 177, 43–50. [CrossRef]

25. He, G.P.; Wong, W.G. Laboratory study on permanent deformation of foamed asphalt mix incorporating reclaimed asphalt
pavement materials. Constr. Build. Mater. 2007, 21, 1809–1819. [CrossRef]

26. Bowering, R.H.; Martin, C.L. Foamed bitumen production and application of mixtures evaluation and performance of pavements.
In Association of Asphalt Paving Technologists Proc, Proceedings of Technical Session; Taylor & Francis Group: New Orleans, LA, USA,
1976; Volume 45, pp. 453–477.

27. Yu, H.; Chen, Y.; Wu, Q.; Zhang, L.; Zhang, Z.; Zhang, J.; Miljković, M.; Oeser, M. Decision support for selecting optimal method
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