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Effect of foaming water dosage
on mechanical properties of
warm foamed asphalt mixture
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Peng Wang3* and Pengfei Li3*
1Guangxi Xinfazhan Communication Group Co., LTD, Nanning, China, 2Guangxi Transportation
Science and Technology Co., LTD., Nanning, China, 3Research Institute of Highway Ministry of
Transport, Beijing, China

This study investigated the impact of foaming water consumption on the
mechanical properties of foam warm mix matrix asphalt mixture (FWMAM)
and foam warm mix SBS-modified asphalt mixture (FWMAM-SBS) through
comparative analysis with conventional hot mix matrix asphalt mixture (HMAM)
and hot mix SBS-modified asphalt mixture (HMAM-SBS). The results showed
that: The tensile strength ratio (TSR) of FWMAM showed no significant difference
from HMAM, whereas HMAM-SBS exhibited slightly reduced TSR compared
to FWMAM-SBS. The rutting resistance of FWMAM was superior to HMAM
and enhanced progressively as the water consumption increased, while the
anti-rutting performance of FWMAM-SBS was less affected by the foaming
water consumption. The low-temperature cracking resistance of FWMAM was
generally weaker than that of HMAM, while the opposite is true for FWMAM-
SBS, with lower temperatures amplifying the influence of foamingwater content.
The master curve distribution characteristics of the FWMAM are consistent with
those of the HMAM, and the water consumption is positively correlated with
the modulus of the FWMAM and has a lower effect on the FWMAM-SBS at the
conventional loading frequency. For fatigue life, both FWMAM and FWMAM-
SBS outperform the corresponding hot-mix mixture. The fatigue life of FWMAM
gradually decreased with increasing foaming water content, while FWMAM-SBS
initially increased and then decreased, peaking at 2%water content, while fatigue
life of FWMAM at low strain level conditions is roughly 1.2 times higher than that
of the HMAM. Based on mechanical performance and foaming efficacy, optimal
water consumption thresholds are proposed: ≤1% for matrix asphalt and ≤2% for
SBS-modified asphalt.

KEYWORDS

road engineering, foam warm mix asphalt mixture, foaming water dosage, moisture
damage resistance, fatigue resistance

1 Introduction

As the process of global industrialisation continues to accelerate, environmental
protection has become a crucial issue in the development of today’s society. In the field
of road engineering, the traditional asphalt mixture technology consumes a lot of energy
during production and construction, and releases large amounts of asphalt fumes, dust and
harmful gases such as CO, SO (Woszuk and Franus, 2017; Yu et al., 2018). These not only
cause serious air pollution and endanger the health of neighbouring residents, but are also
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inconsistent with the concept of sustainable development
(Huang et al., 2022). Therefore, pollutants emitted during the
production ofHMAMhave a significant negative impact on regional
air quality (Almeida and Picado, 2023; Iwanski et al., 2023).

In this background, the warm mix technology of asphalt
pavementmaterials came into being. As an environmentally friendly
road material production technology, it provides an effective
way to solve the environmental problems of traditional HMAM
technology. Asphalt pavement material warm mixing technology
mainly includesmachine additivemethod, chemical processmethod
and foam process method three categories (Qin et al., 2010;
Xu et al., 2020; Ozturk and Kutay, 2014). The first two kinds of
warm mixing technology started earlier in China, and has been
applied to a certain scale, represented by the organic additive
Sasobit and surfactant Evotherm.Mechanical foamingwarmmixing
technology started relatively late, but the cost is low, and gradually
received attention. The basic principle of asphalt and trace water
in the mechanical foaming device mixed to form foam asphalt,
by increasing the asphalt surface area, reduce the asphalt viscosity,
to achieve uniform mixing of asphalt and minerals at relatively
low temperatures. It also enhances the ease of workability of
bituminous mixtures and ultimately improves the compactability of
the pavement (You et al., 2017; Song et al., 2015; Bairgi et al., 2018).
The strategy cuts the mixture construction process temperature
by 10°C–30°C and, meanwhile, cuts asphalt fumes and CO2
emissions by more than 80% and 50% respectively, in contrast to the
typical HMAM (Qin et al., 2009).

Zhu studied the change law of voidage of FWMAM under
different mixing temperatures and compaction temperatures. It
was found that the mixing and compaction temperatures of
FWMAM could be reduced by 20°C–30°C compared to HAM
(Zhu et al., 2014). Bairgi concluded that the foaming process
of asphalt reduces the friction value which helps the asphalt
to coat the aggregate surface and improves the mobility of the
asphalt between the aggregates at lower compaction temperatures
(Bairgi et al., 2019). With the development of modern phase testing
technology, road science and technology workers try to explore the
technical characteristics of foam asphalt from a more microscopic
level. Wen found that foam warm-mix asphalt mastic has better
thermal stability than matrix asphalt mastic by using differential
scanning calorimeter study (Wen et al., 2020). Qtaish studied
the micromechanical properties of foam warm mix asphalt using
atomic force microscopy and found that its aging resistance is
comparable to that of hot mix asphalt (Abu et al., 2018). Hande
proposed a method for evaluating the foaming effect of asphalt
based on image processing techniques, and the foam size index
can evaluate the working characteristics of foamed asphalt more
effectively (Hande and Ozturk, 2018). Wei analyzed the surface free
energy of foam asphalt withmineral at different stages and proposed
for an assessment of the capacity to resist against water damage of
FWMAM by the comparison between the adhesion work and the
stripping work (Wei et al., 2017).

However, the technology faces key bottlenecks in its practical
application. Specifically, the mechanism by which the amount
of foamed water affects the mechanical properties of mixes has
not been clarified, leading to large fluctuations in performance
and a lack of design criteria. For example, while excess foamed
water may improve asphalt fluidity, the residual water may

weaken asphalt-aggregate interface adhesion and trigger water
damage. Insufficient foamed water, on the other hand, does
not sufficiently reduce construction temperatures and diminishes
environmental benefits.

To summarize, there have been a lot of achievements at home
and abroad on the working mechanism, composition design and
performance evaluation of foam warm mix asphalt mixtures, which
have promoted the application of this technology, but there are
still some concerns in the industry. The water usually weakens the
coating of bitumen on the mineral surface and substantially reduces
the asphalt mixture’s performance on the road, so water-induced
diseases of the asphalt road surface have become one of the major
problems in road engineering.

Specifically, the effect of water on the performance of FWMAM
is one of the most important concerns for this technology
because of the actively injected water. Zou investigated the phase
change and dissipation of moisture in FWMAM at various stages
of construction using indoor simulation tests and found that
the internal structural moisture gradually decreased with the
construction process (Zou et al., 2016). Wang found that the
viscosity of foam warm mix asphalt has a better sensitivity to
the amount of water used for foaming (Wang and Liu, 2017).
Arega studied the foaming and breaking process of asphalt using
laser and ultrasonic rangefinders and found that moisture level
dramatically influences the foam asphalt quality (Arega et al.,
2013). Many studies have been carried out at home and abroad
on the mechanism of foaming water consumption on asphalt, but
the influence on the mixture of foaming water consumption has
rarely been reported (Zhou et al., 2021; Fan et al., 2024). At the
same time, the quantitative relationship between the amount of
foamed water and the mechanical properties of the mix (water
loss resistance, dynamic modulus, fatigue life) has not been
fully revealed. The existing asphalt foaming water consumption
is depended largely on the asphalt foaming parameters, without
fully considering the properties in the mixture, which is the key
factor that ultimately determines the quality of the pavement
(Abdelsalam et al., 2020; Sun et al., 2024). However, all of the
above studies also correlate the amount of foamed water with the
mechanical properties of the mixture.

Therefore, this paper comprehensively tested the mechanical
properties of FWMAM and FWMAM-SBS under different foaming
water consumption conditions, including water damage resistance,
rutting resistance, anti-temperature cracking resistance, dynamic
viscoelasticity characteristics and anti-fatigue performance. And
it analyzed the change rule of FWMAM and FWMAM-SBS
performance indexes under different working conditions. As
a comparison, controlled tests were conducted on HMAM
and HMAM-SBS. The aim of the study was to investigate a
mechanism of implication in foaming water consumption on
mechanical behaviour of FWMAM and FWMAM-SBS, and to give
a guide to optimize the design of foaming water consumption of
FWMAM and FWMAM-SBS. This achievement not only provides
a reliable basis for the large-scale application of warm mix foam
asphalt technology in green road engineering, responding to
the global demand for low-carbon infrastructure development.
At the same time, it also provides theoretical support for the
engineering application of green and low-carbon pavement
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TABLE 1 Asphalt technical indicators.

Indicator Matrix asphalt Modified asphalt

25° C Needle penetration/0.1 mm 70 57

135°C kinematic viscosity/Pa.s — 1.0

Softening point/°C 51.5 61.5

Ductility/cm (15 °C) >100 —

Ductility/cm (5 °C) — 24

Residue after TFOT

Mass loss/% 0.17 0.30

25° C residual needle penetration ratio/% 66 65

Ductility/cm (15 °C) 27 —

Ductility/cm (5 °C) — 17

TABLE 2 Gradation of aggregate.

Gradation Passage rate of various sieve holes/%

19 16 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075

AC-16C 100.0 98.5 90.8 75.2 46.4 25.0 15.0 10.6 8.3 6.5 5.5

TABLE 3 Fine aggregate test results.

Test indicators Unit Measured value

Apparent Relative Density - 2.711

Sand Equivalent % 72

Angularity (Flow Time) s 34

materials and helps the sustainable development of transportation
infrastructure.

2 Raw material

In this study, two types of asphalt were selected. These
parameters’ technical details are systematically presented in Table 1.

The same mineral gradation was used for both the WMAM and
the HMAM, as shown in Table 2, and the ratios of oil and stone were
both 4.8%. The test results of coarse aggregates and fine aggregates
are shown in Tables 3, 4.

3 Test scheme

The foaming temperatures of matrix asphalt and modified
asphalt were 150°C and 160°C, respectively.The water consumption

for foaming is 1%, 2% and 3% for both types of asphalt
(Guo et al., 2020; Alnadish et al., 2021). The range of water content
allows the asphalt to achieve a better expansion rate, resulting in a
lower transient viscosity and better workability. If the water content
is too high, it will lead to too much water in the foam asphalt,
the foam stability is poor, and easy to rupture, which affects the
use effect. If the water content is too low, the water vapor cannot
be generated sufficiently, the asphalt expansion is insufficient, the
viscosity reduction is not obvious, and it is not conducive to the
wrapping with the aggregate.

The foaming equipment was the Wirtgen asphalt foaming
equipment, as shown in Figure 1. The foaming method refers
to JTG/T 5521–2019 specification. The foaming measurement is
shown in Table 5. The aggregate heating temperature was 170°C,
and the forming temperature of FWMAM and HMAM specimens
was 130°C and 145°C, respectively. The forming temperatures
of FWMAM-SBS samples were 150°C and 165°C, respectively.
Where, FWMAM/1% represents FWMAM with 1% foaming water
consumption, FWMAM-SBS/1% represents FWMAM-SBS with 1%
foaming water consumption. The latter situation is analogous. The
research flowchart is shown in Figure 2.

3.1 Water damage resistance test scheme

The immersion Marshall strength and freeze-thaw split
strength tests are used to analyze the changing law of water
damage resistance of FWMAM under different foaming
water consumption conditions (Liu et al., 2020). The test
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TABLE 4 Coarse aggregate test results.

Test indicators Unit Measured value

4.75–9.5 mm 9.5–19 mm

Apparent relative density - 2.738 2.730

Water absorption % 0.60 0.38

Content of particles finer than 0.075 mm % 0.5 0.4

Soft particle content % -

Los angeles abrasion loss % 27.4 24.0

Aggregate crushing value % - 22.3

Boiling water stripping test Level - 4

Soundness of aggregate % -

FIGURE 1
The wirtgen asphalt foaming equipment.

method was referred to the current Test Regulations for
Highway Engineering Asphalt and Asphalt Mixture (JTG E20-
2011) (Ministry of Transport of the People’s Republic of China,
2011). Every set of tests was repeated five times, and the average
value was taken as the final result after removing outliers.

3.2 Rutting resistance test scheme

The uniaxial penetration strength test can be used to
characterize the shear properties of asphalt mixtures. So, the test
is used to analyze the effect of foaming water consumption on
the rutting resistance of FWMAM. The cylindrical specimen φ150
× 105 mm was prepared by rotary compactor, and then the core
was cut into φ100 × 100 mm test specimen. The voidage of the
specimen is controlled in the range of 7% ± 0.5%. The loading rate

was 1 mm/min, the loading head diameter was 28.5mm, and the test
temperature was 60°C (Hu et al., 2022).The test was repeated 3 times
for every group and the average value was taken as the final result.
The penetration strength can be calculated from Formula 1, 2:

RT = fTσp (1)

σp = P/A (2)

Where: RT is the penetration strength (MPa); σp is the
penetration stress (MPa); P is the peak load (N); A is the contact
area between the loading head and the specimen (mm2); fT is the
penetration stress factor, 0.34.

3.3 Low temperature performance test
scheme

The stress distribution state of the loading process of the semi-
circular bending (SCB) test is closer to actual pavement (Wang et al.,
2020). Therefore, the SCB test was used to assess the impact in
foaming water consumption on the low-temperature performance
of FWMAM. Firstly, the cylindrical specimen of φ150 × 105 mm is
prepared by rotary compactor, and then it is cut into semi-circular
specimens of 150 mm in diameter and 50 mm in height for testing.
The specimen was pre-cut with a seam depth of 15 mm and the void
ratio of the specimen was 7% ± 0.5%. Every set of tests was repeated
three times. The distribution of the specimen’s bottom two support
points was 120 mm, and the test conditions were −24°C, −12°C, and
0°C. The breaking energy (Gf) is calculated from Formula 3, 4.

W f = ∫Pdu (3)

G f =W f/(r− a) × t (4)

Where:Gf is the breaking energy of the specimen (J/m2); P is the
applied load (kN); u is the displacement corresponding to P (mm);
r, t and a are the radius, thickness and precut seam depth of the
specimen respectively, (m).
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FIGURE 2
The research flowchart.

TABLE 5 The results of foamed asphalt.

Foaming water/% Expansion rate/times Half-life/s

Matrix asphalt Modified asphalt Matrix asphalt Modified asphalt

1 12 5 14 >300

2 19 6 6 >300

3 26 6 5 >300

TABLE 6 The number of loading cycles of dynamic modulus test.

Load frequency/Hz Number of times the load
reloaded

25 200

10 200

5 100

1 20

0.5 15

0.1 15

3.4 Dynamic viscoelastic properties test
scheme

The dynamic modulus was used as an evaluation index to
explore the implication of foaming water consumption on the
dynamic viscoelastic properties of FWMAM.TheAMPT equipment
was used for the test. And, the cylindrical specimen φ150 × 170 mm

TABLE 7 Dynamic modulus test load level (kPa).

Temperature Load frequency/Hz

0.1 0.5 1 5 10 25

4°C 700 840 980 1,120 1,260 1,400

20°C 350 420 490 560 630 700

40°C 142 162 184 206 228 250

was prepared by rotary compactor, and the core was drilled and cut
into φ100 × 150 mm test specimen. The voidage of the specimen
was controlled within 7% ± 0.5%. The test temperature is 4°C,
20°C, 40°C, the load is the offset sine wave, the load frequency
is 25Hz–0.1 Hz. Repeat the test 5 times for every group and take
the average value as the final result. The number of repetitive
loadings and load levels for the dynamic modulus tests are shown
in Tables 5–7.

In accordance with time-temperature equivalent principle,
the main curve can be constructed in a wide frequency
domain under certain temperature conditions through the
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TABLE 8 Immersion marshall test results of mixtures.

Type of
mixture

Stability/kN Variation
coefficient/%

Immersion
stability/kN

Variation
coefficient/%

Residual
stability/%

Variation
coefficient/%

HMAM 11.55 3.5 10.0 3.7 87.0 4.1

FWMAM/1% 10.01 3.8 9.51 3.3 95.0 3.5

FWMAM/2% 10.34 2.5 9.31 3.7 90.0 3.7

FWMAM/3% 10.01 4.7 9.05 2.2 90.4 4.7

HMAM-SBS 12.06 3.7 11.08 3.6 92.0 2.7

FWMAM-SBS/1% 11.86 4.7 11.29 4.2 95.2 4.9

FWMAM-SBS/2% 11.90 1.0 11.28 3.8 94.8 3.8

FWMAM-SBS/3% 10.77 4.2 10.74 3.1 99.0 4.6

limited dynamic modulus test results (Khosravifar et al.,
2015). For nonlinear fitting based on Sigmoidal function,
in Formula 5.

log|E∗| = δ+ α
1+EXP(β+ γ(log( fr))

(5)

Where, |E∗| is the dynamic modulus (MPa); fr is the scaling
frequency (Hz); and δ, α, β, γ are the fitting parameters.

The temperature displacement factor is the amount of
shift required to bring the viscoelastic data curves at different
temperatures into complete coincidence on the master curve at
the reference temperature by horizontally translating the curves.
Therefore, the temperature shift factor is an important bridge
between temperature and time scales. The expression for the
temperature shift factor is given in Formula 6.

log( fr) = log (a(T)) + log ( f) (6)

Where, α(T) is the displacement factor, and f is the
frequency, (Hz).

On this basis,the temperature displacement factor is calculated
from Formula 7 based on the Arrhenius time-temperature
equivalence principle (Ghabchi et al., 2016).

log (a(T)) = c( 1
Tk
− 1
Tre f
) (7)

Where, Tk is temperature; Tref is the main curve temperature;
and c is the fitting parameter.

From Formula 5–7, the parameters of the master curve can be
obtained using the least squares fitting method.

3.5 Fatigue resistance test scheme

To determine the fatigue performance of FWMAM under
various conditions of foaming water consumption by four-point
bending fatigue test using the number of loadings as the evaluation
index. The test method was referred to the AASHTO T321-03
standard, and the offset sine wave was used as the standard loading

waveform of fatigue test (American Association of State Highway
and Transportation Officials AASHTO, 2003). The specimens were
formed by shear compactor. The void ratio of the specimen
was 7% ± 0.5%, and the ambient temperature of the test is
15°C. The load rate is 10 Hz and strain control was used. The
bending stiffness modulus corresponding to the 50th loading is
taken as the initial value. The test was stopped when modulus
of strength of the mix decayed to half of the initial value.
The tests were repeated five times for every group, and the
average value was taken as the final result after removing
the outliers.

4 Results and discussion

4.1 Water damage resistance performance

The test results of water damage resistance of FWMAM and
HMAM are shown in Table 8, 9.

In Table 8, 9, from the matrix asphalt results, when foaming
water consumption is less than 2%, the residual stability and
TSR of FWMAM are slightly higher than HMAM, indicating
that FWMAM has slightly better water damage resistance than
HMAM. It is speculated that the primary cause of this is the
expansion rate of matrix asphalt after foaming is higher (≥8
times). This enhances the wrapping of the asphalt around the
aggregate and improves the cohesion of the asphalt to the
aggregate.This improves the performance of the mixture in aqueous
environments. However, when the foaming water usage is large,
the excess amount of water will rather reduce the adherence
of bitumen to the aggregate, which will influence the mixture’s
water stability.

In the case of modified asphalt, the residual stability of
FWMAM-SBS was higher than that of HMAM-SBS, and the TSR
was slightly lower than that of HMAM-SBS. In contrast to the
matrix asphalt, the increase in foaming water consumption does
not continue to reduce the FWMAM-SBS water stability, which is

Frontiers in Materials 06 frontiersin.org

https://doi.org/10.3389/fmats.2025.1585978
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org


Yan et al. 10.3389/fmats.2025.1585978

TABLE 9 Freeze-thaw splitting strength test results of mixtures.

Type of
mixture

Splitting
strength/MPa

Variation
coefficient/%

Freeze-thaw
splitting

strength/MPa

Variation
coefficient/%

Tensile
strength ratio

(TSR)/%

Variation
coefficient/%

HMAM 0.72 3.7 0.53 3.3 73.6 3.7

FWMAM/1% 0.85 3.9 0.63 5.1 74.1 2.7

FWMAM/2% 0.78 5.8 0.60 2.2 76.9 2.7

FWMAM/3% 0.75 3.7 0.55 3.8 73.3 5.0

HMAM-SBS 0.98 5.0 0.81 4.2 82.7 2.8

FWMAM-SBS/1% 1.01 2.1 0.79 3.8 78.2 5.2

FWMAM-SBS/2% 0.99 3.9 0.78 5.6 78.8 3.8

FWMAM-SBS/3% 0.96 3.8 0.76 2.8 79.2 2.8

TABLE 10 Uniaxial penetration strength test results of HMAM and FWMAM.

Type of
mixture

Penetration
stress/MPa

Variation
coefficient/%

Penetration
depth/mm

Variation
coefficient/%

Penetration
strength/MPa

Variation
coefficient/%

HMAM 1.79 3.2 1.514 3.2 0.61 4.3

FWMAM/1% 1.88 3.5 1.347 4.5 0.64 2.9

FWMAM/2% 2.11 4.6 1.258 4.6 0.72 2.5

FWMAM/3% 2.24 4.2 1.223 3.2 0.76 4.6

TABLE 11 Uniaxial penetration strength test results of HMAM-SBS and FWMAM-SBS.

Type of
mixture

Penetration
stress/MPa

Variation
coefficient/%

Penetration
depth/mm

Variation
coefficient/%

Penetration
strength/MPa

Variation
coefficient/%

HMAM -SBS 2.15 4.2 1.234 4.5 0.73 3.5

FWMAM-SBS/1% 2.02 4.2 1.367 4.2 0.69 3.3

FWMAM-SBS/2% 1.98 4.1 1.385 3.7 0.67 3.6

FWMAM-SBS/3% 2.06 4.3 1.312 3.8 0.70 4.2

associated with excellent adherence and deformation resistance of
modified asphalt.

In summary, FWMAM water stability is basically comparable
to that of HMAM for matrix asphalt at 1%–3% foaming water
consumption. And even slightly higher than HMAM at lower
foaming water requirements. To control the water stability of
FWMAM, the water consumption of foaming should be controlled
as low as possible under the condition of meeting the foaming
parameters of asphalt. For SBS modified asphalt, in various foaming
water consumption conditions, it is found that the water stability
of FWMAM-SBS is not obviously changed, and the water damage
resistance performance is low susceptibility to the change of foaming
water consumption.

4.2 Rutting resistance performance

The single-axial penetration strength test results of FWMAM
and FWMAM-SBS under different foaming water consumption are
shown in Tables 10, 11.

From Table 10, the FWMAM has greater penetration stress
and penetration strength than HMAM. However, the depth of
penetration is less than that of the HMAM, which is related to
the enhancement of adhesion of foamed asphalt and aggregate.
For example, at 3% consumption of foaming water, the penetration
strength of FWMAM is increased by 24% compared with HMAM.
It is shown that the rutting resistance of FWMAM is more
superior than the performance of HMAM. And under the
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FIGURE 3
SCB test results of HMAM and FWMAM.

FIGURE 4
SCB test results of HMAM-SBS and FWMAM-SBS.

condition of certain foaming water requirement, more foaming
water requirement corresponds to stronger rutting resistance.

For FWMAM-SBS in Table 11, the penetration stress and
penetration strength are slightly less than those of HMAM-
SBS. This shows a slight degradation of the high-temperature
deformation capacity of FWMAM-SBS compared to that ofHMAM.
However, there was no consistent pattern of change with the
increase in foaming water quantity.When comparing FWMAMand
FWMAM-SBS, the SBS-modified asphalt ismore stable to resist heat
deformation due to the formation of amore stable colloidal structure
than that of the matrix asphalt, which makes the deformation
capacity to FWMAM-SBS less affected by the change in foaming
water consumption.

4.3 Low temperature cracking resistance
performance

The SCB breaking energy results of FWMAM and FWMAM-
SBS under different foaming water conditions are shown in
Figures 3, 4.

From Figures 3, 4, it can be seen that in an identical temperature
condition, the breaking energy of FWMAM and FWMAM-SBS
has no obvious change rule when the water used for foaming
is increased. However, as the temperature decreases, the fracture
energy gradually decreases, showing the variation in temperature
has a greater impact in the cracking resistance of the foam warm
mixture. In the case of modified asphalt, the breaking energy of
FWMAM-SBS is basically larger as compared with that of HMAM-
SBS, indicating that FWMAM-SBS has better cracking resistance
than HMAM-SBS under low temperature environment. For matrix
asphalt, the overall fracture energy of FWMAM is smaller than
that of FWMAM. When the foaming water consumption is 1%,
the difference between FWMAM and HMAM in anti-cracking
performance at low temperature is relatively small. In Table 12, the
mean values and coefficients of variation of the fracture energy of the
FWMAM based on the three foaming water volumes are presented
at different temperature conditions.

In Table 12, the effect of variation in foamingwater consumption
on the fracture energy of FWMAM and FWMAM-SBS is enhanced
with decreasing temperature. This demonstrates that the variability
of the low-temperature crack resistance in FWMAMand FWMAM-
SBS becomes larger under different foaming water consumption
conditions. Therefore, when applying foam warm mix asphalt
mixtures in the cold regions in the north of China, the amount
of water used for foaming determined by design should be strictly
controlled in order to ensure the stability of low-temperature
performance.

The phenomenon of decreasing fracture energy with decreasing
temperature is closely related to the viscoelastic properties of asphalt.
The brittleness of asphalt gradually increases at low temperatures,
which makes the possibility of stress concentration within the mix
gradually increase, thereby making it more susceptible to crack
propagation and decreasing the fracture energy. At the same time,
the trace amount of incompletely evaporated moisture may also
form ice crystals at the interface, exacerbating the low-temperature
cracking susceptibility, which may originate from the weakening
effect of the residual moisture on the asphalt-aggregate interface,
and therefore, moisture may also have some effect on the fracture
energy. Superimposed on the viscoelastic properties of asphalt,
this ultimately results in differences in fracture energy at different
temperatures.

4.4 Dynamic viscoelastic performance

The dynamic modulus master curves of foam FWMAM and
HMAM are shown in Figures 5, 6, respectively. The reference
temperature for the master dynamic modulus curve is 20°C.
The fitted parameters for all master curves have been listed
in full in Table 13.

From Figures 5, 6, at different foaming water requirements, the
dynamic modulus of FWMAM is consistent with that of HMAM,
with an overall S-shaped flattened curve. It is shown that the visco-
elastic behaviour in FWMAM is not similar to that in HMAM,
and that the change in the amount of water used for foaming does
not change this property. The dynamic modulus of FWMAM is
essentially the same as that of HMAMunder extreme low-frequency
loading. This property is not varied by changes in the amount
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TABLE 12 Average value and coefficient of variation of fracture energy of FWMAM and FWMAM-SBS.

Type of mixture Temperature/°C Mean/J·m-2 Variation coefficient/%

FWMAM

0 2,164 4.1

−12 1852 4.9

−24 1,349 7.3

FWMAM-SBS

0 2,577 3.4

−12 2,349 3.8

−24 1788 7.4

FIGURE 5
The master curve of HMAM and FWMAM.

FIGURE 6
The master curve of HMAM SBS and FWMAM-SBS.

of water used for foaming. The dynamic modulus of FWMAM
is essentially the same as that of HMAM under extreme low-
frequency loading. As the loading frequency grows, there is an
increase in effectiveness of impact of various water requirements for
foaming on the mixture’s dynamic modulus. The higher the water

TABLE 13 The fitted parameters for all master curves.

Type of mixture δ α β γ R2

FWMAM/1% 2.1 4.3 −0.7 1.2 0.98

FWMAM/2% 2.0 4.5 −0.6 1.1 0.97

FWMAM/3% 1.9 4.6 −0.5 1.0 0.96

FWMAM-SBS/1% 2.3 4.0 −0.5 1.0 0.96

FWMAM-SBS/2% 2.4 3.9 −0.4 0.9 0.95

FWMAM-SBS/3% 2.2 4.1 −0.6 1.1 0.94

HMAM 2.2 4.2 −0.8 1.3 0.98

HMAM-SBS 2.4 3.9 −0.4 0.9 0.95

requirement for foaming, a higher dynamic modulus of mixture
can be achieved within a certain loading interval. However, when
the loading frequency becomes larger to a degree, the main curve
crosses, and the water requirement and dynamic modulus do not
show a consistent rule of change.

The FWMAM dynamic modulus is consistently greater than the
HMAM in the conventional loading frequency interval of 0.1–25 Hz.
And the higher the water consumption for foaming, the higher the
dynamic modulus. It is shown that the strength of FWMAM is better
than that of HMAM at different foaming water levels. This is related
to the increased adhesion of the foam asphalt and aggregates and the
increased resistance to deformation. For FWMAM-SBS, the dynamic
modulus of FWMAM-SBS was not significantly changed from that of
HMAM-SBS at 1%–3% foaming water consumption. Mainly because
modified asphalt is more structurally stable than matrix asphalt, less
affected by external factors. Therefore, for FWMAM, the foaming
water consumption has a positive correlation with its strength, while
for FWMAM-SBS, the foaming water consumption has no significant
effect on its strength.

It is worth noting that when water content changes, the
dependence of dynamic modulus on frequency appears fuzzy
at higher frequency values. Specifically, the maximum value of
FWMAM is 1% and the maximum value of FWMAM-SBS is 2%.
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TABLE 14 Fatigue resistance results in differernt mixtures.

Type of mixture Strain/με Fatigue life/times Fatigue life ratio of warm mix to hot mix

HMAM

80 1072086 -

100 216,661 -

200 6,822 -

FWMAM/1%

80 1,430,574 1.33

100 297,834 1.37

200 8,138 1.19

FWMAM/2%

80 1,295,429 1.21

100 286,749 1.32

200 7,051 1.03

FWMAM/3%

80 1,278,652 1.19

100 226,804 1.05

200 7,431 1.09

HMAM-SBS

100 796,064 -

200 29,701 -

300 7,285 -

FWMAM-SBS/1%

100 921,534 1.16

200 33,087 1.11

300 7,892 1.08

FWMAM-SBS/2%

100 994,283 1.25

200 35,964 1.21

300 8,154 1.12

FWMAM-SBS/3%

100 974,165 1.22

200 30,658 1.03

300 7,691 1.06

The reasons are speculated as follows: The 1% foaming water can
fully foam the asphalt (12 times expansion rate in Table 5), forming
a uniform foam structure and enhancing the adhesion between
asphalt and aggregate. Under high-frequency loading (short-time
loading), the elastic response is dominant, and the well-dispersed
asphalt binder phase can transfer the stress more efficiently, thus
enhancing the dynamic modulus.

SBS would form a three-dimensional elastic network in
the asphalt, and the 2% foaming water could promote asphalt
foaming without destroying the polymer structure. However, the
1% foaming water may not fully activate the foaming potential
of SBS-modified asphalt (the modified asphalt expansion rate
is only 5–6 times in Table 5), while the 3% foaming water may

lead to localized moisture aggregation, which interferes with the
continuity of the SBS network, thus reducing the dynamic modulus.
Therefore, matrix asphalt and SBS-modified asphalt showed
some differences.

4.5 Fatigue resistance performance

The fatigue test results for HMAM and FWMAM are
illustrated in Table 14.

As shown in Table 14, the number of fatigue life times of
FWMAM with foam is greater than HMAM under different
foaming water consumption conditions for both two asphalts. The
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TABLE 15 Regression results of fatigue resistance of mixtures.

Type of mixture n k R2

HMAM 0.017 7.250 0.98

FWMAM/1% 0.018 7.424 0.98

FWMAM/2% 0.018 7.416 0.98

FWMAM/3% 0.017 7.316 0.97

HMAM-SBS 0.010 6.784 0.95

FWMAM-SBS/1% 0.010 6.861 0.98

FWMAM-SBS/2% 0.010 6.908 0.95

FWMAM-SBS/3% 0.011 6.889 0.95

fatigue resistance of FWMAM is improved compared to HMAM.
This is mainly due to the lower mix production temperature,
which reduces the degree of asphalt aging and allows the mix to
provide improved resistance to elastic deformation under repetitive
loading. The difference in fatigue life between FWMAM and
HMAM is significant at lower strain levels. In summary, the fatigue
performance of FWMAM is roughly 1.2 times higher than that
of HMAM at strain levels less than 100 με for 1%–3% foaming
water use. After raising the strain level, the difference in fatigue
lifetimes of the two mixes gradually decreases. As the amount of
water used for foaming rises, the overall fatigue life of FWMAM
decreases gradually for matrix asphalt. In addtion, the life of
FWMAM-SBS initially grows and then declines, and the fatigue life
of FWMAM-SBS achieves its greatest fatigue life at 2% of foaming
water consumption.

Table 15 shows the fitting results of fatigue test data of
HMAM and FWMAM, HMAM -SBS and FWMAM-SBS by
using fatigue Equation 8.

log(Nr) = k− nσ (8)

Where: N f is the number of fatigue life; σ is the strain; n and k
are the parameters.

From Table 15, at 1%–3% of foaming water requirement,
the fitting curve determination coefficient R2 of FWMAM and
FWMAM-SBS fatigue equation is high, and the fatigue life of
FWMAM within a certain foaming water consumption range can
be predicted by using this fatigue equation. For the fatigue equation,
a larger n indicates a greater sensitivity to the change in fatigue life
of the mix relative at the change in its strain level, i.e., a greater risk
of fatigue cracking. For the same type of asphalt, there is basically
no change in the n-value of the FWMAM and HMAM at 1%–3%
foaming water consumption. This suggests that the sensitivity of
FWMAM and HMAM, FWMAM-SBS and HMAM-SBS fatigue
lives to strain changes is close. And, the FWMAM and FWMAM-
SBS have better fatigue resistance. In comparison, the FWMAM-SBS
is less susceptible to strain than that of FWMAM, which is mainly
due to the fact that SBS-modified asphalt forms a more developed
spatial mesh cross-linking structural system than matrix asphalt,
which has more excellent deformation resistance.

5 Correlation and mechanism analysis

5.1 Correlation analysis

Based on the experimental data above, this paper used Pearson’s
phase relationship to quantify the relationship between foaming
water dosage and key performance indicators, and the results are as
follows in Table 16.

The TSR of FWMAM was significantly negatively correlated
with the amount of foamed water, indicating that excessive foamed
water (>2%) weakens the water stability of asphalt mixtures, which
is consistent with the decreasing trend of TSR of FWMAM. The
insignificant change in TSR of FWMAM-SBS is attributed to the
suppression of water penetration by the SBS network and the
reduced risk of interfacial weakening.

The rutting strength of FWMAM is strongly and positively
correlated with the amount of foamed water, and the increase in
foamed water enhances asphalt mobility (expansion from 12 to
26 times) and promotes uniform coating of the aggregate surface.
FWMAM-SBS is insensitive to foamed water due to SBS network
enhanced elastic recovery and rutting resistance.

The fracture energy of FWMAM is significantly negatively
correlated with foamed water, and excess water may
remain to form ice crystal micropores, which become low-
temperature crack sprouting points. FWMAM-SBS has less
performance fluctuation due to energy absorption by plastic
deformation of SBS.

The dynamic modulus of FWMAM is positively correlated
with the foamed water at 10 Hz, which enhances asphalt
dispersion and expansion and strengthens the high-frequency
elastic response, resulting in a rightward shift of the main
curve. FWMAM-SBS has low sensitivity of modulus to foaming
water due to inhibition of viscous flow by SBS network. The
negative correlation of fatigue life reflects the fact that excess
foamed water accelerates asphalt deterioration, leading to reduced
durability.

5.2 Mechanism analysis

In terms of water damage properties, foamed water increase
initially (≤2%) enhances asphalt encapsulation of aggregates by
boosting the expansion rate (Table 3), but there may be excess
water residue to form a weak interfacial layer, leading to a
decrease in TSR. And the three-dimensional network inside SBS-
modified asphalt may hinder water penetration and effectively
reduce the degree of interface weakening. In terms of rutting
resistance foamedwater increases asphalt fluidity, promotes uniform
film formation, and enhances the thickness of the asphalt film
between aggregates, thereby increasing shear strength. The elastic
network within the SBS-modified asphalt provides a sustained
resilience that counteracts the negative effects of moisture on
viscoelasticity.

In terms of low temperature performance, the brittleness of
asphalt increases at low temperatures, and the micropores that may
be formed by the residual foaming water become the crack initiation
point, and the fracture energy decreases gradually with the increase
of foamingwater. And the network plasticity of SBSmodified asphalt
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TABLE 16 Calculation of pearson’s correlation coefficient between indicators and water consumption.

Performance Mixture type Pearson correlation coefficient R P Value Significance

Water damage resistance Performance
FWMAM −0.75 0.02 Significant negative correlation

FWMAM-SBS −0.32 0.45 insignificant

Rutting resistance Performance
FWMAM 0.92 0.001 significant positive correlation

FWMAM-SBS 0.35 0.38 insignificant

Low Temperature Performance
FWMAM −0.76 0.01 Significant negative correlation

FWMAM-SBS −0.41 0.25 insignificant

Dynamic modulus
FWMAM 0.85 0.001 significant positive correlation

FWMAM-SBS 0.28 0.42 insignificant

Fatigue resistance Performance
FWMAM −0.85 0.001 Significant negative correlation

FWMAM-SBS 0.78 0.03 significant positive correlation

will absorb the fracture energy and reduce the crack extension
rate. Regarding the dynamic modulus, the increase in foamed
water enhances the asphalt dispersion (Table 3 expansion rate) and
strengthens the elastic response (increase in modulus in the high
frequency band of the main curve), but the excess water retention
leads to an increase in viscous dissipation (increase in phase angle).
In contrast, SBS-modified asphalt possesses a network structure that
inhibits viscous flow and reduces modulus sensitivity to foamed
water. In terms of fatigue performance, a moderate amount of
foamed water (1%) reduces asphalt aging and delays microcrack
initiation; excessive foamed water (>2%) leads to an increase in
interfacial defects, accelerating the accumulation of fatigue damage,
and the network within the SBS modified asphalt prevents also
crack expansion.

The interaction between foamed water and SBS modified
asphalt is a dynamic balance: appropriate amount of foamed
water enhances the aggregate encapsulation and rutting resistance
by improving asphalt mobility and expansion rate, but its
residual water is prone to induce interfacial weakening, low-
temperature microporous brittleness, and excessive viscous
dissipation. The SBS three-dimensional elastic network effectively
counteracts these negative effects by blocking water penetration,
absorbing fracture energy and inhibiting crack extension, while
maintaining dynamic modulus stability through viscoelastic
recovery.

6 Conclusion

The performance evolution of FWMAM and FWMAM-SBS
was compared under the condition of 1%–3% foaming water
consumption by using water damage performance, dynamic
viscoelasticity characteristics, fatigue resistance and so on as
evaluation systems. The conclusions are as follows.

(1) The performance of water damage prevention of FWMAM is
basically at the same level with HMAM, and the performance

of water damage prevention of FWMAM is even slightly better
than HMAM in the case of lower foaming water consumption
(less than 2%). The ratio of freezing-thaw split strength ratio
is not significantly different for FWMAM-SBS but lower than
that of HMAM-SBS.

(2) The rutting resistance of FWMAM is stronger than that of
HMAM, and the higher thewater consumption of foaming, the
better the rutting resistance. The anti-rutting performance for
FWMAM-SBS is marginally decreased compared to HMAM-
SBS, and is less affected by the change in foaming water
consumption.

(3) The resistance to low-temperature cracking of FWMAM is
less than the resistance of HMAM, when the water used for
foaming is 1%, the difference between the two is relatively
small. The performance of FWMAM-SBS is basically better
than that of HMAM-SBS, but as the decline of temperature,
the influence of the change of foaming water consumption
to low-temperature performance of FWMAM and FWMAM-
SBS is enhanced.

(4) The characteristics of the variation to the master curve
in FWMAM are consistent with those of HMAM. Water
consumption for foaming is positively correlated with strength
in FWMAMand is better thanHMAMat conventional loading
frequencies. But it has no significant effect on the strength of
FWMAM-SBS.

(5) The anti-fatigue properties for FWMAM and FWMAM-SBS
are superior to those of the correspondingHMAM.The fatigue
life of FWMAM decreases in general as the foaming water
consumption increases, and the fatigue life in FWMAM-SBS
firstly grows and subsequently declines, and peaks at 2%
foaming water consumption. The FWMAM-SBS fatigue life is
less sensitive to strain than FWMAM.

As a combination of asphalt foaming performance and asphalt
mixtures of various road performance, matrix asphalt foaming
water should not be more than 1%. And, the amount of water
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used for foaming SBS-modified asphalt should not exceed 2%. The
above conclusions are based on a limited number of samples, and
more generalized conclusions would require the selection of more
different types of asphalt to be analyzed in comparative tests.
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