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The warm-mix recycled asphalt mixture (RAM), which integrates the warm-mix technique with 
recycling technology, offers significant energy savings and promotes the effective use of waste 
materials, delivering both environmental and economic benefits. Therefore, this study selected 
Evotherm surface-active additive to investigate its impact on the properties of recycled asphalt binder 
and its corresponding mixture, compared and analyzed the differences between road properties of 
hot-mix RAM and warm-mix RAM, focusing on the water stability of warm-mix RAM and the safety 
mechanism of warm-mix additive. The results revealed that while Evotherm did not significantly 
alter the penetration, softening point, or ductility of recycled SBSMA, it enhanced the surface 
energy and aggregate adhesion. Compared to hot-mix RAM, warm-mix RAM demonstrated superior 
fatigue resistance, better low-temperature cracking resistance, and improved water stability. The 
warm-mix RAM water stability was significantly affected by factors such as mixing temperature, the 
incorporation method of warm-mix additive, and its dosage. The above research provided valuable 
insights for the efficient and safe application of warm-mix recycled asphalt technology.
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In the field of road infrastructure, the asphalt pavement is widely used in road construction due to its advantages, 
such as a smooth surface, comfortable driving, and low noise1–3. However, asphalt pavement is exposed to 
complex environmental factors and traffic loads during construction and service, resulting in serious pavement 
distress. This results in the demand for frequent maintenance and repair of roads, producing large amounts 
of waste asphalt materials from old pavement4,5. The application of recycled asphalt mixture is an important 
technical approach to achieving green and low-carbon development in the field of highway engineering. By 
recycling waste asphalt pavement materials, it is crucial to extend the service life of asphalt pavement and 
promote the safe and sustainable development of highways.

SBSMA mixtures could provide better comprehensive service performance for asphalt pavements than 
ordinary matrix asphalt mixtures6–8. However, SBSMA mixture suffered from severe aging phenomena after 
high-temperature construction and long-term service, presenting diseases such as increased viscosity, reduced 
elastic recovery and increased embrittlement9–11. In order to give full play to SBS modifier and recycling 
technology, SBSMA mixture could be blended with new asphalt and new aggregates to prepare recycled SBSMA 
mixture that meets the road performance requirements by hot-mix recycling, warm-mix recycling and other 
technologies12–14. For the hot-mix recycling technique, the aged and new asphalt are more fully integrated 
when hot mixing, but the higher mixing temperature makes the old asphalt prone to secondary aging, and 
the regeneration process has high energy consumption and serious pollution15. However, the warm-mix 
regeneration technique combines the benefits of both hot-mix and warm-mix methods, reducing the old asphalt 
secondary aging, improving the proportion of old material mixing, and minimizing the harmful emissions 
to achieve low-carbon environmental protection16,17. The commonly used warm-mix technology includes 
foaming technology, chemical and organic additives, which are conducive to the asphalt mixture production 
and compaction at relatively low temperatures18. Warm-mix recycled asphalt technology has become a widely 
studied and adopted method for sustainable pavement material recycling. Rajib et al.19 first applied warm-mix 
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technology in the asphalt reclamation and proposed warm-mix reclaiming technology. Song et al.16 assessed 
the impact of warm-mix reclaiming technology on asphalt mixture properties through hamburg wheel tracking 
test, indirect tensile test, and semicircular bending test. Their findings indicated that the regeneration agent 
improved the mixture’s water stability and crack resistance, but deteriorated the mixture’s high-temperature 
rutting resistance. Zaremotekhases et al.20 investigated the RAM road properties, and found that the warm-
mix RAM cracking resistance was better than that of hot-mix RAM, and the combination of warm-mix and 
recycling technology could improve the mixture fatigue property. Wang et al.21 investigated the road properties 
of warm-mixed RAM with 50% and 70% RAP dosage. Their findings indicated that the RAP content significantly 
impacted mixture properties, with its effect being dominant. Cui et al.7 used hot-mix and warm-mix methods 
to study the recycled SBSMA mixture’s low-temperature crack resistance under long-term aging and freeze-
thaw cycles. Their research showed that while low-temperature crack resistance decreased with increased RAP 
content, warm-mix recycled mixtures slightly underperformed compared to hot-mix mixtures in this respect. 
Wang et al.22 prepared warm-mix agent consisting of surfactant, plasticizer and anti-aging agent for use in RAM. 
Their research showed that the agent could reduce mixture compaction temperature and improve mixture low-
temperature performance and fatigue life. Although a large number of studies have been carried out on the road 
performance of warm-mix recycled asphalt mixtures, there is little research on the water damage resistance and 
safety mechanism of SBS-modified asphalt mixtures by warm-mix recycling technology, and there is a lack of 
comprehensive performance evaluation and mechanism analysis in the study of water damage resistance and 
safety mechanisms of warm-mixed recycled SBS-modified asphalt mixtures.

For this, this study initially examined the effect of Evotherm warm-mix agent and its dosage on the 
penetration, softening point, and ductility of recycled SBS asphalt. Subsequently, the comparative analysis was 
performed to examine how the Evotherm agent influenced the pavement performance of both hot-mix and 
warm-mix recycled SBSMA mixtures with varying RAP dosages. Meanwhile, the study explored in detail the 
influence of mixing temperature, the method of incorporating warm-mix agent, and the agent dosage on the 
water stability of warm-mix recycled SBSMA mixture. Finally, this study identified the safety mechanism behind 
the impact of warm-mix agent on recycled SBSMA mixture water stability by utilizing the contact angle test and 
surface free energy theory. The above research provides important theoretical guidance for improving the warm-
mix recycled SBSMA mixture’s water damage resistance and its efficient and safe application.

Materials and methods
Raw materials
 Reclaimed asphalt pavement (RAP)
Warm-mix recycled SBSMA mixture consists of RAP, limestone aggregate, SBSMA, regeneration agent and 
warm-mix agent. The RAP comes from the Shandong Provincial highway pavement. After pretreatment, the RAP 
is classified into two categories: coarse RAP (10 ~ 20 mm) and fine RAP (0 ~ 10 mm). The results of gradation 
and properties tests for these two categories are listed in Tables 1 and 2, respectively. The performance indexes of 
recycled SBSMA are shown in Table 3. The needle penetration of recycled SBSMA binder becomes smaller, and 

Indicator project Unit Original test results Recycling test results

Penetration (25°C, 5s, 100 g) 0.1 mm 63.0 16.0

Softening point °C 64.5 78.0

Kinematic viscosity 135°C Pa.s 2.280 5.541

Table 3.  Performance test results of recycled SBSMA.

 

Indicator project

Test results

Requirement Fine RAP Coarse RAP RAP

Crushing value (%) ≤ 28.0 - 24.2 22.3

Needle and flake content (%) ≤ 15.0 - 12.4 -

Water absorption (%) ≤ 2.00 1.12 1.01 1.05

Optimum asphalt content (%) - 4.18 3.76 4.06

Sand content (%) - 78 75 76

Table 2.  RAP aggregate properties test results.

 

Sieve size (mm) 19 16 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075

Fine RAP 100 100 97.24 91.60 72.34 44.58 17.53 8.66 6.68 3.58 2.54

Coarse RAP 92.32 67.23 50.12 37.69 18.08 7.53 6.05 3.96 3.42 2.43 1.48

Table 1.  RAP aggregate gradation Sieving results.
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the softening point becomes larger, indicating that the asphalt binder in RAP is seriously aged. Meanwhile, the 
135 °C kinematic viscosity of recycled asphalt increases to 5.541 Pa∙s, indicating that the RAP is difficult to mix 
and compact when used for hot-mix recycling.

SBSMA and limestone aggregate
The properties of SBSMA are shown in Table 4. Limestone was employed as aggregate and mineral powder.

Regenerating agent and warm-mixing agent
The regeneration agent used in this study is a black liquid, and its technical specifications are listed in Table 5. 
The warm-mix agent used is the surface-active Evotherm warm-mix agent, with a density of 1.01 g/cm3 at 25 °C, 
solid content of 73%, and weakly alkaline aqueous solution.

Preparation of recycled SBSMA mixture
AC-20 gradation was selected for the preparation of recycled SBSMA mixture. The RAP blends used in the study 
were set at 30%, 40% and 50%. The recycling agent dosage was 8% of the old asphalt dosage. The asphalt-to-
aggregate ratio of recycled SBSMA mixture at different RAP dosages was determined to be 4.5% by the drainage 
test and the cantabro test. The warm-mix dosage was 4% of the total asphalt dosage. Based on the determined 
aggregate gradation and asphalt content, Marshall specimens for both warm-mix and hot-mix recycled mixtures 
were prepared following the specifications outlined in23. Based on previous research23, the preparation process 
is as follows.

Firstly, the materials were heated. The RAP materials were heated in a 120  °C oven for 1.5  h, limestone 
aggregates and mineral powder were heated in a 185 °C oven for 4 h, SBSMA binder was heated in a 175 °C oven 
for 1.5 h, and regeneration agent and warm-mix agent were heated in a 75 °C oven for 5 min. Secondly, the RAP 
materials and limestone aggregates were added to the preheated mixing pot and mixed for 90 s. Subsequently, 
SBSMA, regeneration agent, and warm-mix agent (added when preparing warm-mix asphalt mixture) were 
added sequentially to the mixing pot and stirred for 90 s. Then, mineral powder was added and mixed for 90 s. 
Finally, the prepared mixtures were formed into Marshall specimens using the Marshall compaction method.

Testing methods
Asphalt binder performance tests
To investigate the impact of Evotherm warm-mix agent on the recycled SBSMA binder’s conventional properties, 
25 °C needle penetration, 5 °C ductility and softening point tests were carried out on composite asphalt binder 
consisting of different dosages (4%, 8% and 12%) of Evotherm warm mix23, 8% dosage of recycling agent and 
recycled SBSMA binder.

Asphalt mixture performance tests
In this study, the recycled asphalt mixture performance was tested based on the test method in Fig. 1, including 
the high temperature stability, fatigue cracking resistance, low temperature cracking resistance, water stability 
and contact angle test.

High temperature stability.  The wheel tracking test was employed to assess the asphalt mixture’s high-tem-
perature rutting resistance. Rutting samples (300 × 300 × 50 mm) were prepared with the specification23. The 
test was conducted at a temperature of 60 °C, with wheel pressure of 0.7 MPa and rolling speed of 42 times/
min. Dynamic stability was used as the primary index for evaluating the warm-mix recycled SBSMA mixture’s 
high-temperature performance.

Indicator project 60°C viscosity (mm2/s) Flash point (°C) Saturation content (%) Viscosity ratio before and after film oven test (%)

Test results 23,500 290 16.0 1.34

Table 5.  Technical specifications of the regeneration agent.

 

Indicator project Unit Technical requirement Test results

Penetration (25°C, 5s, 100 g) 0.1 mm 60 ~ 80 63.0

Softening point °C >55 64.5

Ductility (5°C, 5 cm/min) cm ≥ 30 40.1

Densities (25°C) g/cm3 - 1.036

Kinematic viscosity

 165°C Pa.s - 0.687

 135°C Pa.s ≤ 3 2.280

Table 4.  Properties of SBSMA.

 

Scientific Reports |        (2025) 15:31188 3| https://doi.org/10.1038/s41598-025-11402-2

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Fatigue cracking resistance.  Previous studies have shown that the impact toughness test is an effective way 
to evaluate asphalt mixture resistance to reflection cracking27,28. The higher impact toughness value indicates 
the greater ability of the mixture to resist fatigue damage29. Impact toughness refers to the area under the load-
ing-displacement curve during the impact loading of specimen, reflecting the amount of energy the mixture can 
absorb before failure. The calculation of impact toughness (Ak) is as follows:

	
Ak =

∫ xp

0
P (x)dx� (1)

Where Ak is impact toughness (N·mm). Xp is the specimen deformation displacement when the load reaches the 
maximum value Pmax (mm). X is specimen deformation displacement (mm).

According to the specification23, beam samples (250 × 30 × 35 mm) were prepared. These beams were soaked 
in a constant temperature water bath at 15 °C for at least 4 h, followed by a three-point bending test at a rate 
of 500 mm/min. The impact toughness was subsequently calculated to assess the warm-mix recycled SBSMA 
mixture fatigue resistance.

Low temperature crack resistance  The bending creep test was conducted to investigate the warm-mix recycled 
SBSMA mixture’s low-temperature crack resistance. According to the specification23, a small beam sample of 
250 × 30 × 35 mm was made. The bending test was performed at -10 °C with loading rate of 50 mm/min. The 
bending strain, bending strength and strength modulus obtained from the load and mid-span deflection curve 
are used to assess the warm-mix recycled SBSMA mixture’s low-temperature crack resistance.

Water stability  To assess the warm-mix recycled SBSMA mixture water stability, both the freeze-thaw splitting 
test and immersion Marshall test were performed. Following the specification23, modified asphalt mixture Mar-
shall samples were prepared. These samples were initially exposed to -18 °C for 16 h, followed by 24 h immersion 
in a 60 °C water bath, and then placed in a 25 °C bath for 2 h. The maximum load at which the samples failed 
was recorded. For the immersion Marshall test, residual Marshall stability (abbreviated as RMS) was determined 
after a 60 °C water bath. The freeze-thaw splitting strength ratios (abbreviated as FTSSR) and RMS were used to 
assess the mixture’s water resistance.

Contact angle test  The impact of warm-mix agent on the adhesion between recycled SBSMA and aggregate 
was investigated using the SDC-100 S contact angle meter. Five drop tests were carried out on various test solu-
tions at 25 °C, and the average findings were used for analysis.

Young used Eq. (2) to explain the connection between the surface contact angle and the free energy of liquid 
and solid surfaces30.

	 γs = γsl + γlcosθ� (2)

Fig. 1.  Recycled asphalt mixture performance tests.
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where γs refers to the solid surface free energy (mJ/m2). γl refers to the liquid surface free energy (mJ/m2). γsl 
refers to the solid-liquid interface interfacial free energy (mJ/m2). θ refers to the contact angle (°).

Owens and Wendt separated the solid surface free energy into polar and dispersive components using the 
Fowkes free energy theory. They assumed that the two components operated separately and the total force could 
be calculated31. Using Eq. (3), the solid-liquid interface free energy is calculated.

	 γsl = γs + γl − 2
√

γd
s γd

l − 2
√

γp
s γp

l
� (3)

where γd
s  and γp

s  are the solid surface energy dispersive and polar components, respectively. γd
l  and γp

l  are the 
liquid surface energy dispersive and polar components, respectively.

Equation (4) illustrates the connection between the solid surface free energy component and the contact 
angle when used with Young’s Eq. 

	 γl (1 + cosθ ) = 2
√

γd
s γd

l + 2
√

γp
s γp

l
� (4)

For the contact angle measurement, three test solutions (distilled water, glycerol, and formamide) were used. The 
calculated surface energy parameters of three solutions are shown in Table 6.

Additionally, the work of adhesion between recycled SBSMA and basalt aggregate in the dry condition was 
calculated by examining the surface free energy of recycled SBSMA. The formula for the work of adhesion 
(Wadhesion) of asphalt to basalt is Eq. (5).

	 Wadhesion = 2
√

γd
s γd

l + 2
√

γp
s γp

l
� (5)

Results and discussion
Effect of warm-mix agent on conventional properties of SBSMA
The impact of different dosages of Evotherm warm-mix agent on the conventional properties of recycled SBSMA 
binder is illustrated in Fig. 2. From Fig. 2, the warm-mix agent has minimal effect on the penetration, ductility, 
or softening point of recycled SBSMA. In contrast, the regeneration agent increased penetration, reduced the 
softening point, and improved ductility. This finding is consistent with previous studies demonstrating that 

Fig. 2.  Effect of warm mix on conventional indexes of recycled SBSMA.

 

Type of test solution

Free energy 
parameter / (mJ/
m2)

γl
γd

l γp
l

Distilled water 72.8 21.8 51.0

Glycerol 63.4 33.4 30.0

Formamide 58.1 39.5 18.6

Table 6.  Free energy parameters for different test solutions.
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regeneration agent could significantly improve the conventional properties of asphalt32,33. However, the warm-
mix agent does not significantly alter these properties, indicating good compatibility between the regeneration 
agent and the warm-mix agent.

Effect of warm-mix agent on road performance of SBSMA mixture
High-temperature stability
The high-temperature performance of warm-mix and hot-mix recycled SBSMA mixtures is shown in Fig. 3. 
The asphalt mixture dynamic stability increases significantly with higher RAP dosage. When the RAP dosage is 
increased from 0 to 50%, the dynamic stability of hot-mix recycled SBSMA mixture increases by 107% and that 
of warm-mix recycled SBSMA mixture increases by 100%. Under the same RAP dosage, the warm-mix recycled 
SBSMA mixtures exhibit slightly lower rutting resistance than the hot-mix recycled counterparts, likely due to 
the lower mixing and compaction temperature in warm-mix process, which results in less asphalt aging34.

Fatigue resistance
Figure 4 illustrates the fatigue resistance of both warm-mix and hot-mix recycled SBSMA mixtures. It is observed 
that as the RAP content increases, the impact toughness of recycled SBSMA mixtures decreases, indicating that 

Fig. 4.  Fatigue resistance of recycled SBSMA mixtures.

 

Fig. 3.  High-temperature performance of recycled SBSMA mixtures.
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higher RAP content reduces the mixture fatigue resistance. Under the same RAP dosage, warm-mix recycled 
SBSMA mixture shows greater impact toughness compared to the hot-mix counterparts, which indicates that 
the presence of warm-mix is conducive to the improvement of fatigue resistance of recycled SBSMA mixture. 
Previous research has also shown that warm mix could improve the fatigue resistance of recycled SBSMA 
mixture35.

Low temperature cracking resistance
The low-temperature crack resistance of both warm-mix and hot-mix recycled SBSMA mixtures is shown in 
Fig. 5. The effect of warm-mix technology and RAP content on the low-temperature performance of recycled 
SBSMA mixture is contrasting. This is due to the aged asphalt in RAP leads to an increase in the modulus 
and poorer flow deformation of mixture36,37. The warm-mix agent reduces the mixture mixing and compaction 
temperature, reduces the mixture aging, and thus improves the mixture low-temperature crack resistance. As the 
RAP dosage increases, the bending strain of recycled SBSMA mixture becomes smaller, and the bending strength 
and strength modulus increase. When the RAP dosage is 0%, the bending strain, bending strength and strength 
modulus of warm-mix recycled SBSMA mixture are smaller than those of hot-mix recycled SBSMA mixture. At 
other RAP dosages, the bending strain of warm-mix recycled SBSMA mixture becomes greater than that of hot-
mix recycled SBSMA mixture. The greater the RAP dosage, the greater the difference in bending strain of the two 
modified asphalt mixtures. This highlights that warm-mix technology significantly improves recycled SBSMA 
mixture low-temperature crack resistance, with the more pronounced effect at higher RAP dosages.

Water stability
The water stability of warm-mix and hot-mix recycled SBSMA mixtures is shown in Fig. 6. The FTSSR and 
RMS of warm-mix recycled SBSMA mixture are greater compared to hot-mix recycled SBSMA mixture, which 
suggests that the warm mix improves recycled SBSMA mixture water stability. This is due to the fact that the 
surface-active action of Evotherm warm-mix agent itself facilitates the asphalt-aggregate bonding38. Moreover, 
as the RAP dosage increases, the recycled SBSMA water stability deteriorates. When the RAP content exceeds 
40%, the recycled SBSMA water stability deteriorates faster. When the RAP content is less than 40%, the RMS of 

Fig. 5.  Low-temperature cracking resistance of recycled SBSMA mixtures.
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two recycled SBSMA mixtures meets the technical requirement of not less than 85%, and the FTSSR meets the 
technical requirement of not less than 80%.

Water stability and safe mechanism of warm-mix recycled SBSMA mixture
Effect of mixing temperature on water stability
The warm-mix recycled SBSMA mixture containing 30% RAP and 4% warm-mix agent was selected. The mixing 
temperatures were set to 125 ~ 165 °C (10 °C interval). The effects of these temperatures on the void ratio, FTSSR 
and RMS of warm-mix recycled SBSMA mixture are shown in Fig. 7. As depicted in Fig. 7a, at 125 °C mixing 
temperature, the mixture void ratio is 6.2%, which does not meet the specified requirement. As the mixing 
temperature continues to increase, the effect of warm-mix agent begins to become obvious, leading to the 
substantial reduction in the void ratio. At the mixing temperature of 135 °C, the void ratio of warm-mix recycled 
SBSMA reaches 5.1%, a decrease of 18%. When the mixing temperature exceeds 140 °C, the decreasing trend 
of void ratio tends to be gentle. Furthermore, both the FTSSR and RMS of warm-mix recycled SBSMA mixture 
increase with the rise in mixing temperature. This improvement is attributed to enhanced bonding between 
the new asphalt and the aged asphalt in the RAP, which improves the adhesion between asphalt and aggregate, 
enhancing asphalt mixture water stability39.

Influence of additive addition mode on water stability
To explore how the method of adding additives influences the water stability of warm-mix recycled SBSMA 
mixture, two methods were compared: co-addition and post-addition. In the co-addition method, both the 

Fig. 7.  Effect of different mixing temperatures on the water stability performance.

 

Fig. 6.  Water stability properties of recycled SBSMA mixtures.
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regeneration agent and warm-mix agent are added simultaneously. In contrast, in the post-addition method, the 
regeneration agent is mixed first, followed by the addition of warm-mix agent. The RAP content was set at 30% 
and 50%, and the warm-mix agent dosage was 4%. The results of these methods on the FTSSR and RMS of warm-
mix recycled SBSMA mixture are illustrated in Fig. 8. Under the same additive application method, the water 
stability of mixture worsens as the RAP content increases. However, for mixtures with the same RAP content, 
the post-addition method outperforms co-addition in terms of water stability. This can be explained by the fact 
that in the post-addition method, the RAP old asphalt is first softened and rejuvenated by the regeneration agent 
before being blended with the new asphalt and warm-mix agent. This process enhances the interaction between 
the old and new asphalt, resulting in better adhesion.

Influence of warm-mix dosage on water stability
The warm-mix dosage was varied at 3%, 5%, 7%, 9% and 12%, and the RAP dosage was set at 30% and 50%23. 
The effects of these variations on the air void, FTSSR and RMS of warm-mix recycled SBSMA mixture with 
different RAP dosages are shown in Fig. 9. The air void of warm-mix recycled SBSMA mixtures with different 
RAP dosages decreases and then increases with higher RAP dosage, and the inflection point of 30% RAP dosage 
occurs in the mix with 7% RAP dosage, and 50% RAP dosage in the mix with 7% RAP dosage. The inflection 

Fig. 9.  Effect of warm-mix dosage on the water stability performance.

 

Fig. 8.  Effect of additive addition mode on the water stability performance.
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point for 50% RAP mix was at 9% RAP. At low warm-mix agent dosages, the workability of asphalt mixture is 
poor. As the warm-mix agent dosage increases, the lubricating water film effect generated by the warm-mix 
agent is enhanced, resulting in a decrease in the porosity. As the warm-mix agent dosage continues to increase, 
the lubricating water film effect is not significantly enhanced, but remains in the gaps, resulting in an increase 
in the porosity.

Furthermore, as the warm-mix agent dosage increases, the RMS of warm-mix recycled SBSMA mixtures 
improves across all RAP contents. However, the FTSSR initially increases but then decreases, indicating different 
trends for these two parameters. The best water stability performance is observed when the warm-mix agent 
dosage is between 5% and 7%.

Water stability safe mechanism of warm-mix recycled SBSMA mixture
To reveal the safe mechanism of the effect of Evotherm warm mix on the recycled SBSMA mixtures water 
stability, this study set the RAP dosage of 0%, 30%, 40%, and 50%, the warm-mix dosage of 4%, and the recycling 
agent dosage of 8%. Meanwhile, the control group without warm-mix agent was also prepared. The contact 
angles of asphalt with test liquids at different RAP dosages are shown in Table  7, and the surface energy is 
shown in Fig. 10. As shown in Table 7, the contact angle between the recycled SBSMA with warm-mix agent and 
distilled water is greater than that between the recycled SBSMA without warm-mix agent. This can be attributed 
to the hydrophilic polar components in the warm-mix agent, which enhances the interaction between distilled 
water and asphalt40. However, the warm-mix agent has a negligible impact on the contact angles with glycerol 
and formamide.

From Fig. 10, the van der Waals force, which is responsible for the asphalt surface energy non-polar part, 
plays a dominant role in the mixture surface energy. This is mainly because asphalt is composed of non-polar 
hydrocarbons41. As the RAP content increases, the proportion of light components in the recycled SBSMA 
decreases, and the content of non-polar components increases, which causes the recycled SBSMA surface free 
energy to increase with higher RAP content. The research has shown that the non-polar groups in Evotherm 
warm mix had a better degree of adsorption with asphalt, and the polar groups could adsorb water and mineral 
aggregates42,43. Under the same RAP content, the warm-mix agent will increase the surface energy caused by 
van der Waals force and improve the polar component in recycled SBSMA, which causes the recycled SBSMA 
surface energy to increase, improving the adhesion performance between asphalt and aggregate. Therefore, the 
presence of warm-mix agent improves the cohesion between asphalt and aggregate by improving the van der 

Fig. 10.  Effect of different RAP dosages of warm mix on surface energy of asphalt.

 

RAP dosage

Distilled water Glycerol Formamide

With warm-mix agent Without warm-mix agent With warm-mix agent Without warm-mix agent With warm-mix agent Without warm-mix agent

0% 95.2 98.4 80.9 81.2 77.03 77.14

30% 96.1 97.5 80.7 81.0 77.18 77.25

40% 95.7 97.2 80.3 80.6 77.11 77.22

50% 95.5 98.2 80.1 80.7 76.35 76.43

Table 7.  Test results of contact angle between asphalt and three liquids (°).
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Waals forces between asphalt and aggregate, which in turn improves the water stability of asphalt mixtures. 
This is due to the fact that non-polar and polar groups in Evotherm warm mix could adsorb aged asphalt and 
aggregate, respectively, resulting in enhanced the adhesion between aged asphalt and aggregate.

Figure  11 illustrates the adhesion work between recycled SBSMA and basalt aggregate at different RAP 
dosages. The adhesion work of recycled SBSMA and basalt aggregate is greater than 0, which shows that the warm-
mix agent will cause the adhesion process of recycled SBSMA and basalt aggregate to proceed spontaneously. 
The warm-mix agent could significantly improve the adhesion strength between recycled SBSMA and basalt 
aggregate. The incorporation of warm-mix agent increases the surface energy, particularly the polar component, 
thereby enhancing the bonding between asphalt and aggregate38. As RAP content increases, the adhesion work 
initially increases and then decreases, reaching its peak at 30% RAP. The decrease at higher RAP content is 
due to a reduction in the effective asphalt content, which results in weakened adhesion between the warm-
mix recycled SBSMA and the basalt aggregate44. Therefore, the presence of warm mix enhanced the degree of 
adhesion between the aged asphalt and the aggregate, thus indirectly improving the water damage resistance 
of the recycled asphalt mixture, and thus realizing the long-lasting and safe service effect of recycled asphalt 
pavement.

Conclusions and future research
Based on the study of the properties of warm-mix recycled SBSMA binders and mixtures, the following major 
findings could be drawn:

	(1)	  The Evotherm warm-mix agent has minimal effect on the penetration, softening point, and ductility of 
recycled SBSMA. However, it improves the surface energy of recycled asphalt, enhancing the adhesion be-
tween recycled SBSMA and aggregate by increasing the ratio of polar to non-polar components in asphalt 
binder.

	(2)	 The Evotherm warm-mix agent improves the fatigue resistance, low-temperature crack resistance, and wa-
ter stability of recycled SBSMA mixture when compared to hot-mix recycled SBSMA mixture with the same 
RAP dosage. Although the high-temperature property of warm-mix recycled SBSMA mixture is slightly 
lower than that of hot-mix counterpart, it still meets the required specification. Water stability is influenced 
by factors such as mixing temperature, additive application method, and warm-mix agent dosage. Higher 
mixing temperatures and the post-addition method of warm-mix agent are more effective in improving the 
water stability. The optimal warm-mix agent dosage for enhancing water stability lies between 5% and 7%.

	(3)	 Future research should focus on investigating the effect of different warm-mix agents, RAP types, and dos-
ages on the durability and functionality of warm-mix recycled asphalt mixture. Meanwhile, the influence 
of different types of warm mixes on the long-term service performance of SBS recycled asphalt mixtures 
should also be revealed. Meanwhile, the subsequent research should establish the correlation between the 
microscopic characteristics of the surface energy of asphalt materials and the mechanical macroscopic 
properties of the mixtures. Additionally, life cycle assessments and life cycle cost analyses should be con-
ducted to evaluate the environmental and economic benefits of warm-mix recycled asphalt pavement, pro-
viding valuable insights for the sustainable development of pavement.

Data availability
No datasets were generated or analysed during the current study.

Fig. 11.  Adhesion work of recycled SBSMA with basalt aggregate.
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