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Abstract

:

Applications of water-foamed binders have received widespread attention due to its environmental and economic benefits. This study aims to evaluate the properties of water-foamed asphalt under three environmental conditions (high-temperature evaporation, low-temperature frozen and the freeze–thaw cycle). Conventional physical properties tests, dynamic shear rheometer test (DSR), differential scanning calorimetry test (DSC) and scanning electron microscope test (SEM) are employed to assess the physical, rheological thermal and microscopic characteristics of samples. Conventional physical properties test results showed that the performance of a foamed binder had declined under three environmental processes and the foamed asphalt gradually returned to the characteristics before being foamed, with the increase of process time. A comprehensive evaluation index, deterioration degree was proposed based on the test results and entropy theory, and the deterioration process of the foamed binder under three environmental conditions was quantified. Moreover, freeze–thaw (F–T) cycles had been proved to have the most significant influence on the performance of a foamed binder among three environmental factors, which was a key issue that limits the application and promotion of foamed asphalt in seasonal frozen regions. The DSR test showed that the resistance to high-temperature permanent deformation of the foamed binder was improved after F–T cycles, and the fatigue resistance became worse. The sensitivity analysis of complex modulus and frequency illustrated that foamed asphalt after F–T cycles were more sensitive to the loading frequency and less sensitive to the temperature. The DSC test indicated that the thermal stability of foamed asphalt was improved after F–T cycles. The disappearance of circular “cavitation” observed through SEM test revealed that moisture of foamed asphalt was gradually precipitated and self-healing phenomenon occurred during F–T cycles.
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1. Introduction


Asphalt pavement is the most widely used advanced pavement in global pavement construction due to the special properties such as low noise, high comfort and strong repairability [1,2,3]. More than 94% of the 2.7 million miles of paved roads in the United States are surfaced with asphalt [4,5]. In terms of existing asphalt pavement construction technology, hot mix asphalt (HMA) is a main technology [6,7,8]. During the production of hot mix asphalt, a large amount of fuel was consumed, and the massive toxic gases and dust was released [9,10]. These toxic gases would pollute the entire environment and seriously endanger human health [11,12].



Hence, shifting pavement engineering toward a more environment-friendly and sustainability industry has brought increased attention [13,14,15,16]. Warm mix asphalt (WMA) technology, as recent innovations in pavement engineering technology, has been appreciated [17,18]. The WMA technology can reduce the mixing and compaction temperature of the mixture by approximately 10–40 °C compared with HMA technology [19,20]. These lower production temperatures can yield numerous benefits, such as fewer environmental impacts, reduced cost, faster rehabilitation times and shorter traffic delays [21,22,23,24]. Organic additives, evotherm technology and foaming technology were the three main WMA technologies [25]. Common organic additives include Asphaltan-B, EC-120, Sasobit, etc. It can be incorporated into asphalt binder or directly into mixing pot. The organic additives can reduce production temperature, enhance rutting resistance and compactness of asphalt mixture [26]. Evotherm technology refers to the incorporation of surfactant and water during the mixing process of asphalt binder and aggregate. During mixing, the lipophilic group of the surfactant is compatible with the asphalt, and the moisture quickly vaporizes when exposed to high temperature, forming an adsorption moisture film with a lubricating function inside the asphalt, which changing the viscosity of asphalt, thereby achieving the ideal mixing temperature [27]. Among the above three WMA technical methods, foaming technology is the most common. According to the statistics, over 30 different WMA technologies were used in the US, while almost 60% of the technologies are based on the foaming method [28].



In general, the foaming technologies including water-bearing additive and water-based processes, especially the water-foaming processes do not require any costly additives to be added to the mixtures, and the foamed asphalt is produced with water injection into hot asphalt binder [29,30,31,32]. The viscosity of asphalt decreases significantly after the foaming process, and it can be mixed with aggregates at relatively low temperature [33,34]. Moreover, the foaming process increases the volume of asphalt binder with a large surface area in the unit volume leading to strong coating with high shear strength of the mix of foamed asphalt binder and aggregate. The preparation and application of water-foamed asphalt have been increasingly performed by researchers and practitioners [35,36]. Plenty of studies indicated that the quality of water-foamed asphalt could be measured by two indicators, namely the expansion ratio (ER) and half-life (HL), which is determined by water content and mixing temperature [37]. Arega et al. quantified the expansion and decay of foamed asphalt through laser and ultrasonic distance-measuring tools. Results indicated that higher water contents were associated with higher ER value but also faster rates of collapse [12]. In recent years, the research of water-foamed asphalt is mainly focused on performance evaluation, especially, the deterioration issue. Dong et al. assessed the influence of base asphalt aging levels on the foaming characteristics and rheological properties of foamed asphalt. The results showed that the deeper aging degree of asphalt for the foaming process needed higher temperatures and more foaming water content [38]. Punith et al. investigated the influence of long-term aging on moisture susceptibility of the foamed WMA mixture. It was reported that the long-term aging improved the moisture resistance of the WMA mixtures [39]. Abu Qtaish et al. evaluated the influence of aging on the micromechanical and chemical properties of foamed WMA and HMA. The conclusion showed that the WMA binders would experience equal or less aging over the service life of a pavement structure as compared to HMA binders [40].



In summary, although quite a lot studies that deal with the deterioration issue of water-foamed asphalt have been performed by researchers, whereas only a very few studies have been conducted on the properties of foamed asphalt under multiple deteriorating environments. At present, the research on asphalt deterioration issue generally focuses on thermal oxidative aging, also including water-foamed asphalt. However, the physical form of residual moisture in foamed asphalt is greatly affected by temperature, which inevitably causes the deterioration issue of water-foamed asphalt to have a significant connection with temperature environment (high-temperature evaporation, low-temperature frozen and freeze–thaw cycle). Thus, this study aims to evaluate the physical, rheological, thermal and microscopic characteristics of water-foamed asphalt under three environmental conditions (high-temperature evaporation, low-temperature frozen and freeze–thaw cycle) and judges the most significant environmental factors that affecting the properties of foamed asphalt. At the beginning of the experimental work of this study, both base asphalt and prepared water-foamed asphalt were treated with a high-temperature evaporation procedure, low-temperature frozen procedure and freeze–thaw (F–T) cycles procedure. The damaged samples were collected for the conventional physical properties tests (softening point, ductility and penetration rotational viscosity test), dynamic shear rheometer test (DSR) and differential scanning calorimetry test (DSC) to evaluate the properties of foamed asphalt under three environmental conditions. Moreover, the microscopic characteristics of the used asphalt samples were analyzed by using direct microstructure observations (SEM test). The technical route of this article is shown in Figure 1.




2. Materials


2.1. Bitumen


A paving binder, 70# asphalt (referred to as 70#), widely used in highways, high-grade pavement and heavy-traffic asphalt pavement of China, were evaluated in this study. The 70# asphalt with a 60/80 penetration grade produced was acquired from Qilu Branch of Sinopec Corp. (Qingdao, China) The technical parameters of 70# asphalt are listed in Table 1.




2.2. Preparation of Water-Foamed Asphalt


In this study, a foamed asphalt specimen was produced using a self-designed laboratory foaming machine as illustrated in Figure 2, where water was injected into the hot asphalt. The laboratory foaming machine consists of an electric shear meter, a smart magnetic heating sleeve, a high-length electric stirring rod and a cylindrical glass cup.



In the preparation process, the foaming temperature, water content and shearing rate exhibited a significant influence on foaming quality of asphalt. In order to obtain the high-quality foamed asphalt, various foamed asphalt samples were evaluated at a variety of foaming temperature (150, 160, 170 and 180 °C), water content weight of asphalt (1%, 2%, 3% and 4%) and shearing rate (500, 1000 and 1500 r/min) in this study. There are several foaming parameters: ER, HL, foaming index and rate of collapse of semi-stable bubbles for foaming characterization. These parameters and measuring techniques are described in the past study [41,42,43,44]. In this paper, the ER and HL index was employed to optimize the foaming process of 70# asphalt based on the response surface methodology (RSM). ER is the ratio between the max foamed asphalt and non-foamed asphalt by volume. It is a reflection of the volume expanding of asphalt and a greater expanding means a better mixing process with aggregates. HL is the fall time of foamed asphalt from the maximum volume to half of that. It is a reflection of the stability of foamed asphalt, and the longer half-life could improve the quality of foamed asphalt mixtures.



The test results showed that for the 70# asphalt, when the foaming temperature is 159 °C, water content is 2.1%, the shearing rate is 1156 r/min, the foaming quality is the best, the expansion rate is 13.9 and the half-life is 11.2 s.





3. Characterization and Performance Testing


3.1. Three environmental Conditions Procedure


Asphalt binder is a complex viscoelastic material, which bonds the aggregates together and fills the pores between the aggregates, so that the mixture acquired a certain strength and deformation resistance [44,45,46,47]. Although the proportion of asphalt in the mixture is about 5%, the high- and low-temperature properties, moisture susceptibility and durability of the asphalt pavement are closely related to the properties of the asphalt binder. Traditional hot mix asphalt has high construction temperature, high energy consumption and emission of harmful gases. However, the application of warm mix asphalt technology has effectively solved this problem, and the foamed warm asphalt prepared by the water foaming technology has more technical and economic advantages. At present, water-foamed asphalt has been widely used in the warm climate of the south, but there are few studies and applications of water-foamed asphalt in the seasonally frozen region. In the foaming process, moisture vapor diffuses into the asphalt continuum. After the foam bursts, the residual moisture in the water-foamed asphalt is not completely dissipated. In the severe and harsh environment of the seasonally frozen region, the residual moisture has a direct impact on the physicochemical properties and rheological properties of asphalt pavement. Taking Changchun City as an example, in the seasonally frozen region, the pavement temperature in July is as high as 56 °C, the pavement temperature in February is −36 °C and the pavement temperature difference between day and night in March is as high as 25 °C. The extreme environment calls for more stringent requirements for the properties of water-foamed asphalt binder. In this study, high-temperature evaporation procedure, low-temperature frozen procedure and freeze–thaw cycle procedure were designed to simulate the extreme weather for evaluating the application of water-foamed asphalt in the seasonally frozen region.



3.1.1. High-Temperature Evaporation Procedure


In summer, an asphalt binder transforms into a flow state with the increase of temperature, and gradually loses the supporting and stabilizing effect on the skeleton structure, causing the original skeleton structure to be destroyed, the asphalt mortar flowing to the side and the asphalt mixture on both sides of the wheel track rising, and eventually a corrugated rut is formed. In order to assess the deteriorating performance of water-foamed asphalt under a high-temperature environment, a high-temperature evaporation procedure was designed and the procedure mainly consists of two steps.



Step 1: According to the optimum foaming process, 70# water-foamed asphalt samples were prepared with a fixed-size plate to ensure the dimensions of asphalt samples is approximately 5 mm × 250 mm × 250 mm.



Step 2: the water-foamed asphalt samples were placed in the oven at 60 °C for 4 h. The test temperature, 60 °C, is mainly referred to the test temperature of the standard Marshall test and the rutting test, and the heating time of 4 h refers to the high-temperature period of the pavement from 10 am to 3 pm in summer.



As described above, a complete high-temperature evaporation cycle was completed. Then, after 1, 2, 3, 5, 10, 20 and 30 high-temperature evaporation cycles, damaged samples were collected for physicochemical property tests to explore the deteriorating performance of water-foamed asphalt under a high-temperature environment.




3.1.2. Low-Temperature Frozen Procedure


Low-temperature cracking is one of the main damage forms of asphalt pavement, especially, in the seasonal frozen region and severe cold region. As the ambient temperature decreases, the elasticity of asphalt increases, the flexibility disappears and becomes brittle and asphalt binder is easily cracked under the load, thereby reducing the service life and quality of the pavement surface. In this study, a low-temperature frozen procedure was designed to evaluate the deteriorating performance of water-foamed asphalt under a frozen environment, and the low-temperature frozen procedure mainly consists of two steps.



Step 1: According to the optimum foaming process, 70# water-foamed asphalt samples were prepared with a fix-size plate to ensure the dimensions of asphalt samples is approximately 5 mm × 250 mm × 250 mm.



Step 2: the water-foamed asphalt samples were placed in the precision temp-enclosure at –20 °C and frozen for 24 h.



As per the method described above, a complete low-temperature frozen cycle was completed. Then, after 1, 2, 3, 5, 10, 20 and 30 low-temperature frozen cycles, damaged samples were collected for physicochemical property tests to explore the deteriorating performance of water-foamed asphalt under a frozen environment.




3.1.3. Freeze–Thaw Cycle Procedure


In frozen regions, freeze–thaw (F–T) damage is the main type of pavement damage, causing a variety of poor conditions in the asphalt pavement, such as cracks, pits, potholes and slush. These conditions shorten the service life of asphalt pavement, increase the maintenance frequency and costs and affect the smooth flow of traffic and transportation safety. In this study, an F–T procedure was designed to explore the deteriorating performance of water-foamed asphalt under the F–T environment, and the F–T procedure mainly consists of three steps.



Step 1: According to the optimum foaming process, 70# water-foamed asphalt samples were prepared with a fix-size plate to ensure the dimensions of asphalt samples is approximately 5 mm × 250 mm × 250 mm.



Step 2: 0.2 g/mL CaCl2 solution was prepared, and the water-foamed asphalt ware submerged in a container containing CaCl2 solution, the container with specimens were placed in the precision tem-enclosure at −15 °C and frozen for 10 h.



Step 3: The samples with container were melted at 15 °C for 16 h through adjusting the temperature controller.



As per the method described above, a complete F–T cycle was completed [48]. Then, after 1, 2, 3, 5, 10, 20 and 30 F–T cycles, damaged samples were collected for physicochemical property test to explore the deteriorating performance of water-foamed asphalt under the freeze–thaw cycle environment.





3.2. Asphalt Binder Test Methods


In this study, the properties of water-foamed asphalt under three different environments were characterized through conventional physical properties tests, DSR test, DSC test and SEM test for a better understanding of the workability of water-foamed asphalt under different environments. The conventional physical properties tests were employed to characterize the deterioration of water-foamed asphalt under different environmental factors and determine the most significant environmental factors for foamed asphalt. The DSR test was conducted to assess the high-temperature stability and fatigue resistance of treated foamed asphalt. The DSC test was conducted to evaluate thermal properties of water-foamed asphalt under the most adverse environmental factor. The SEM test was employed for microscopic observation of water-foamed asphalt samples.



3.2.1. Conventional Physical Properties Test


The conventional physical properties tests on water-foamed asphalt samples under different conditions such as the softening point, ductility and penetration were performed according to ASTM standards D5, D36 and D113 [49,50,51], respectively. Moreover, the rotational viscosity test was performed through a Brookfield rotational viscometer. The intercept (K) along with slope (A) were obtained to calculate the penetration index (PI) through linearly regressing the logarithm of penetration (P) against temperature (T).


  PI =   30   1 + 50 A   − 10  



(1)








3.2.2. Dynamic Shear Rheometer Test (DSR)


DSR test is a general-purpose instrument for testing and evaluating the rheological properties of polymer compounds, and it can be employed to assess the high-temperature stability and fatigue resistance of asphalt [52]. Two test parameters, complex shear modulus (G*) and the phase (δ) can be obtained from the DSR test, to characterize the viscoelastic properties. G* is defined as the total resistance of the asphalt during repeated shear deformation, and it consists of two parts, the elastic part (G’) and the viscous part (G’’). The index G’ (G’ = G* × cos δ) is the storage shear modulus (elastic modulus), which reflects the storage and release of energy during the deformation of the asphalt. The index G’’ (G’’ = G* × sin δ) is the loss shear modulus (viscosity modulus), which reflects the lost energy during the deformation of the asphalt. The smaller the G’’ value, the stronger the fatigue resistance of asphalt. The index δ is an index to characterize the elastic and viscous deformation. The larger δ value, the closer the material is to the viscous body. G*/sin δ is defined as an index of rutting factor, which characterize the deformation resistance of asphalt. The smaller the G*/sin δ value, the worse the deformation resistance of asphalt pavement. The asphalt binder specification of SHRP (Strategic Highway Research Program) stipulates that the rutting factor of base asphalt should meet the requirements, G*/sin δ ≥ 1.0 KPa. The AR1500ex shear rheometer produced by the TA company (Boston, MA, USA) was employed to characterize the rheological properties of water-foamed asphalt through the temperature sweep test and frequency sweep test. Temperature sweep tests were conducted on water-foamed samples under the control deformation mode at a strain equal to 12% and frequency equal to 1.59 Hz. This frequency of oscillation can simulate the shear stress corresponding to a traffic speed of approximately 100 km/hr. Complex shear modulus (G*) and phase angle (δ) were measured at temperatures ranging from 52 to 76 °C at 2 °C increments for water-foamed asphalt. The diameter of the asphalt sample fixture was 25 mm, while the test spacing of asphalt sample was 1 mm. In a frequency sweep test, the frequency ranged from 0.1 to 100 rad/s and these tests were conducted at 52 °C due to the average pavement temperature in summer. The parallel plates with a diameter of 25 mm and a gap of 1 mm were selected for the tests. From all of the two tests, the linear viscoelastic parameters such as G* (complex shear modulus) and δ (phase angle) were obtained to characterize the rheological properties of the water-foamed asphalt binder.




3.2.3. Differential Scanning Calorimetry Test (DSC)


The differential scanning calorimetry test of foamed asphalt was carried out through a 2910 differential scanning calorimeter produced by the TA company of the United States. The range of the testing temperature was from −80 to 200 °C, and the heating rate was 10 °C/min under a nitrogen atmosphere. The DSC curve is the heat flow rate as the ordinate and the temperature is the abscissa. The difference between the curve and the baseline indicates the heat absorption rate of the sample. The convex peak in the curve indicates the endothermic reaction, and the concave valley is an exothermic reaction. The size of the peak area formed by the curve peak and the baseline reflects the change of heart, which is defined as the Enthalpy changes (∆H). The ∆H value of asphalt in a certain temperature range is large, indicating that the thermal storage stability of the materials is poor in this temperature range. Thus, the thermal properties of asphalt can be evaluated through the peak area, location and number of DSC curve. In general, the flatter the DSC curve, the less or no endothermic peak of the asphalt, and the asphalt has better thermal stability. The higher the endothermic peak, the greater the number of constituents that the agglomerated state has changed in asphalt. The wider the endothermic peak, the more kinds of constituents that the agglomerated state has changed in asphalt, and the greater the change in the physical properties of the asphalt.




3.2.4. Scanning Electron Microscope Test (SEM)


SIGMA 300 scanning electron microscope produced by the Carle Carl Zeiss Company (Obercohen, Germany) was employed for microscopic observation of water-foamed asphalt samples. The working principle is to scan the foamed asphalt with a very fine electron beam. The secondary electrons excited from the electron beam are collected by the detector and converted into an optical signal by a scintillator, which is then converted into an electrical signal by an amplifier and a photomultiplier tube. Thus, a scanned image synchronized with the electron beam is displayed. The distribution of residual moisture in foamed asphalt and the interface contact between residual moisture and asphalt can be seen through the SEM test.






4. Results and Discussion


4.1. Physical Properties


4.1.1. The influence of High-Temperature Evaporation on Physical Properties


The penetration test results of samples with high-temperature evaporation cycles are shown in Figure 3.



It can be seen from Figure 3 that the penetration of 70# foamed asphalt decreased rapidly with the increase of the cycles. At 30 cycles, the penetration of foamed asphalt decreased by 5.84%. However, high-temperature evaporation procedure had less influence on the penetration of base asphalt. There were two different changes in the penetration test results of foamed asphalt and base asphalt under the high-temperature evaporation procedure. The penetration of the base asphalt did not change significantly with the cycles. However, the penetration of foamed asphalt decreased rapidly with the increase of the cycles, and the penetration of 70# foamed asphalt was very close to that of 70# asphalt at 15 cycles, which indicates that most of the moisture remained in the asphalt had evaporated after 15 cycles. From Figure 3b, it can be summarized that the state of asphalt binder was extremely unstable after foaming, and the PI value foamed asphalt increased with the increase of the cycles due to the evaporation of moisture remaining in asphalt.



The softening point test results of samples with high-temperature evaporation cycles are shown in Figure 4.



From Figure 4, the softening point test results of asphalt samples were consistent with the penetration test. The influence of high-temperature evaporation on base asphalt was not obvious, but the influence on the foamed asphalt was significant. The softening point of foamed asphalt gradually increased with the cycles, but was always smaller than the softening point of the base asphalt. The reason might be that some of the residual moisture was difficult to volatilize in a short time, which affected the high temperature stability of the foamed asphalt. However, as the number of cycles increased, the residual moisture gradually evaporated and the high temperature performance of foamed asphalt was gradually improved.



The ductility results of samples with high-temperature evaporation cycles are shown in Figure 5.



It can be seen from Figure 5 that the ductility of foamed asphalt was smaller than that of base asphalt. This might be due to the existence of moisture, which had destroyed the homogeneity of asphalt. The ductility of foamed asphalt had improved after 30 cycles, but it had not recovered to the properties of base asphalt. It might be that the residual moisture that destroys the homogeneity of base asphalt is not completely volatilized. Moreover, the Internal “honeycomb” structure formed by the previous water vapor isolated the asphalt, reduced the joint area of the asphalt and destroyed the colloid structure of asphalt, which reduced the cross-section during the tensile process and reduced the ductility of the specimen. After 30 cycles, the ductility of 70# foamed asphalt still meets the requirements (ductility value of 70# asphalt > 100 cm).



The rotational viscosity test results of samples with high-temperature evaporation cycles are shown in Figure 6.



As can be seen from Figure 6, with the increase of high-temperature evaporation cycles, the rotational viscosity of 70# foamed asphalt gradually increased rapidly and then entered a slow growth phase, which interpreters suggest that foamed asphalt should be mixed with aggregates quickly after production. Comparing with the other three evaluation indexes of penetration, ductility and the softening point, the influence of high-temperature evaporation procedure on the rotational viscosity of foamed asphalt was more obvious, which indicates that residual moisture content had a significant effect on the rotational viscosity of foamed asphalt. Due to the viscosity characteristics of foamed asphalt with times, the storage of foamed asphalt was still a challenge at present.




4.1.2. The influence of Low-Temperature Frozen on Physical Properties


The softening point, ductility, penetration test and rotational viscosity test results of samples with low-temperature frozen cycles are shown in Table 2.



From Table 2, the test results showed that low-temperature frozen had a significant influence on the properties of the base or foamed asphalt. The penetration of asphalt samples decreased with the increase of low-temperature frozen cycles. The penetration of 70# asphalt and 70# foamed asphalt decreased by 12.2% and 13.8%, respectively. This is due to the aging of asphalt samples under the low-temperature frozen procedure, which increases the proportion of asphaltenes, enhances the interaction between the asphalt molecules, changes the colloidal structure of asphalt and hardens the asphalt material. The penetration of foamed asphalt is always greater than that of base asphalt under a low-temperature procedure. This indicates that the internal moisture volatilizes slowly at low temperatures, so that the high residual moisture content plays a significant role in effectively increasing the penetration of asphalt. The PI index showed that the temperature susceptibility of foamed asphalt is worse than the base asphalt under a low-temperature frozen procedure.



The softening point results showed that the softening point of two asphalt samples increased with the increase of low-temperature frozen cycles, which verified the aging phenomenon of asphalt asphalts under low-temperature frozen cycles. The trend of the softening point of asphalt before and after foaming is almost the same, and the softening point of 70# asphalt and 70# foamed asphalt increased by 7.1% and 7.2% after 30 frozen cycles. It may be that the moisture in the ice state has little influence on the high-temperature properties of asphalt, and the asphalt material is more susceptible to the low-temperature frozen procedure, which increases the softening point of asphalt and enhances the high-temperature stability.



The viscosity results showed that the influence of low-temperature frozen procedure on the viscosity of asphalt is more significant than that of high-temperature evaporation procedure, but the opposite is true for the foamed asphalt. Moreover, it was found that there were more bubbles that emerged during the rotational viscosity test of frozen foamed asphalt. This indicates that low-temperature has a significant influence on the viscosity of asphalt material, but the moisture remaining in foamed asphalt can effectively reduce the adverse effect, which may be due to less moisture precipitation of foamed asphalt under a frozen procedure. This also indicates that the transportation and placement of foamed asphalt should be carried out under low temperature, so that the viscosity of foamed asphalt can be preserved as much as possible. The viscosity of foamed asphalt increased by 25.2% and 17% after 30 evaporation cycles and 30 frozen cycles, respectively. This indicates that the viscosity increase of foamed asphalt is due to the low-temperature aging under low temperature, and the viscosity increase of foamed asphalt is due to the evaporation of moisture under high temperature.



The ductility results illustrated that the ductility of asphalt samples is gradually reduced with the prolongation of the frozen procedure, and the ductility of the base asphalt is always greater than foamed asphalt. After 30 frozen cycles, the ductility of base asphalt and foamed asphalt decreased by 64.7% and 77.6%, respectively. It very likely that the colloid structure of foamed asphalt is affected by the internal moisture. The internal moisture becomes an ice crystal when the temperature is lower than the freezing point, the volume of internal moisture expands and the temperature stress is generated at the interface of two phases. When the temperature stress accumulates enough, the continuity of asphalt material will be destroyed.




4.1.3. The Influence of F–T Cycle on Physical Properties


The softening point, ductility, penetration test and rotational viscosity test results of samples with F–T cycles are shown in Table 3.



From Table 3, the penetration of asphalt samples decreased with the increase of F–T cycles. The penetration of base asphalt and foamed asphalt decreased by 33.9% and 39.3% after 30 F–T cycles. Moreover, the PI value of foamed asphalt was also lower than that of base asphalt after 30 F–T cycles. This illustrates that the influence of F–T cycles on the properties of foamed asphalt was more obvious. Asphaltene has the ability to reduce the interfacial tension of asphalt-moisture. Polar groups such as hydroxyl, amino and carboxyl groups contained in the asphalt promote the movement of asphaltene molecules to the asphalt-moisture interface, and an asphalt film having a certain strength is formed at the interface. As the F–T cycles procedure progresses, the hardening phenomenon caused by the complex molecular structure and self-association tendency of asphaltenes is also more obvious. Furthermore, the interaction of residual moisture, temperature and air accelerates the hardening phenomenon under F–T cycles, resulting in aging and deterioration of the asphalt and reducing the penetration of asphalt. The softening point of asphalt samples increased with the increase of F–T cycles. The softening point of base asphalt and foamed asphalt increased by 8.4% and 17.2% after 30 F–T cycles, which indicates that F–T cycles have a more significant effect on the high-temperature performance of foamed asphalt compared with frozen cycles and evaporation cycles. The viscosity of asphalt increased with the increase of F–T cycles. The viscosity of base asphalt and foamed asphalt increased by 23.2% and 71.2% after 30 F–T cycles, and the viscosity of foamed asphalt was larger than that of base asphalt after 30 F–T cycles. Moreover, the greater number of F–T cycles, the less the bubbles generated during a rotational viscosity test. This may be due to a large amount of moisture released from foamed asphalt under F–T cycles. Moreover, in the environment of CaCl2 solution, the moisture molecules are prone to precipitate from foamed asphalt under the action of osmotic pressure, which accelerates the precipitation phenomenon of moisture. The ductility of asphalt samples decreased with the increase of F–T cycles. The ductility of base asphalt and foamed asphalt decreased by 78.9% and 85.2% after 30 F–T cycles, which indicates F–T cycles procedure is fatal to foamed asphalt.



In summary, for foamed asphalt, after 30 evaporation cycles, the penetration decreased by 5.8%, the softening point increased by 6.4%, the ductility decreased by 12.8% and the viscosity increased by 28.6%. After 30 frozen cycles, the penetration decreased by 13.8%, the softening point increased by 7.2%, the ductility decreased by 77.6% and the viscosity increased by 12.5%. After 30 F–T cycles, the penetration decreased by 39.3%, the softening point increased by 17.2%, the ductility decreased by 85.2% and the viscosity increased by 71.2%. Whether it is a high-temperature procedure, or low-temperature frozen procedure or F–T cycles procedure, the increase of the softening point and viscosity, the decrease of ductility and penetration of foamed asphalt, are inevitable. This is mainly due to the aging of asphalt and precipitation of moisture from foamed asphalt under environmental factors.



Only one indicator cannot fully evaluate the deterioration process of foamed asphalt under different environmental influences. Therefore, the entropy method was employed to seek an objective and effective comprehensive index, deterioration degree, containing penetration, softening point, ductility and viscosity indexes, for determining the deterioration state of foamed asphalt. The entropy method is a method derived from the entropy theory to weigh the importance of the research object. According to the information entropy theory, the role of an indicator in the measurement index system depends on the variation degree of the indicator. The variation degree of an indicator is directly proportional to the amount of information it reflects. The higher the variation degree, the greater the recognition effect. In other words, the smaller the entropy value of an indicator, the larger its variation coefficient and the greater its weight, so the more important the indicator is. According to the entropy theory, the deterioration degree of base and foamed asphalt with different environmental cycles is calculated, and the results are shown in Figure 7.



From Figure 7, the deterioration degree of the base and foamed asphalt increase as the cycles increased, which indicates the properties of base and foamed asphalt becomes worse. In general, the deterioration degree of the foamed binder was greater than that of base asphalt under multiple environments. This may be due to the residual moisture in foamed asphalt, which destroys the homogeneity of the asphalt physically. This “partition” effect leads to poor stability of foamed asphalt under various environments. After 30 frozen cycles, the deterioration degree of the base and foamed asphalt is 28.05% and 27.96%, respectively. This indicates that the deterioration process of foamed asphalt under the frozen condition is almost the same as that of base asphalt. It also reveals that the deterioration of foamed asphalt under a frozen environment is mainly related to the asphalt binder, and the residual moisture plays a very small role in it. The deterioration degree of foamed asphalt after 30 evaporation cycles, frozen cycles and F–T cycles is 12.03%, 27.96% and 54.62%, respectively. This indicates F–T cycles has the most significant influence on the performance of foamed binder among three environmental factors, which is a key issue that limits the application and promotion of foamed asphalt in seasonal frozen regions.





4.2. Thermal Properties


Figure 8 presents the thermal properties of 70# asphalt and 70# foamed asphalt. It can be known from Figure 8 that the glass transition temperature of 70# asphalt and 70# foamed asphalt is −29.77 °C and −15.88 °C, respectively. The value of glass transition temperature indicates the temperature below which the asphalt binder changes from viscoelastic state to the glassy state. The lower the glass transition temperature, the better the asphalt to resist low-temperature cracking. The test results indicated that the low-temperature properties had decreased after water foaming. The aggregative state conversion phase of 70# asphalt and 70# foamed asphalt had ended before 55 °C, which indicated that the physical properties of asphalt does not change obviously after water foaming and the high-temperature properties of foamed asphalt are similar to that of the base asphalt. The softening point of base asphalt and foamed asphalt is 52.1 °C and 48.8 °C, respectively. The DSC curves of base asphalt and foamed asphalt have an absorption peak near the softening point temperature. Then, with the increase of temperature, the curve is flat and no obvious absorption peak, which only represents the relationship between viscosity and temperature. The aggregative state conversion temperature range of the base asphalt and foamed asphalt was −29.77–53.16 °C and −15.88–47.38 °C, respectively. After water foaming, the aggregative state conversion temperature of asphalt was reduced, which was consistent with the softening point test results. The TGA curve of foamed asphalt was smoother than the base asphalt, and the TGA curve of foamed asphalt had a relatively less endothermic peak. This might be that the aggregate state of foamed asphalt had no fixed transition temperature range due to the addition of moisture, and in addition, the aggregate state conversion was a gradual process.



Four main parameters could be obtained from the DSC curve based on Origin Pro 9.1, including temperature range of endothermic peak, endothermic peak area, total endothermic peak area and endothermic peak height. The endothermic peak data of base asphalt and foamed asphalt are summarized in Table 4.



From Table 4, it can be seen that the total endothermic peak area of foamed asphalt was higher than that of base asphalt, indicating that the thermal stability of base asphalt decreased after the incorporation of water, which is consistent with the conclusion that the temperature sensitivity of foamed asphalt is poorly derived from the penetration test. Although the moisture incorporated did not react chemically with asphalt, the moisture molecules still had an influence on the internal structure of asphalt physically, which was manifested by the inconsistent DSC curves of the base asphalt and foamed asphalt. The temperature range of the endothermic peak of the base asphalt changed little compared with base asphalt, which demonstrated that the incorporation of moisture still had less effect on the internal colloidal structure of the asphalt.



The DSC curve of foamed asphalt after 30 frozen cycles and 30 F–T cycles are shown in Figure 9. It can be known from Figure 9 that the glass transition temperature of foamed asphalt after 30 frozen cycles was −0.05 °C, which was higher than that of unfrozen foamed asphalt. This indicates that the low-temperature properties of foamed asphalt deteriorated after the low-temperature frozen procedure. After the long-term frozen procedure, the physical properties of foamed asphalt changed significantly, which manifested by the widening of the glass transition temperature range and viscous flow transition temperature range of asphalt after being frozen. After being long-term frozen, the aggregation state transition temperature range was −0.05 °C and 101.07 °C, and an endothermic peak emerged in the high temperature zone. This might be because the frozen procedure accelerates the aging of foamed asphalt, making foamed asphalt harder and requiring more heat to transfer state, so the high-temperature stability of frozen foamed asphalt is better than that of foamed asphalt. As shown in Figure 9, the heat absorption of foamed asphalt was significantly increased after 30 F–T cycles, indicating that foamed asphalt with F–T cycles requires more energy during the aggregate state transition process.



The endothermic peak data of foamed asphalt with 30 frozen cycles and foamed asphalt with 30 F–T cycles are summarized in Table 5. After a long-term frozen procedure, the aggregation state transition interval was widened. It can be seen from the temperature range of the endothermic peak index of Table 4 and Table 5, the temperature range of the whole endothermic peak of unfrozen foamed asphalt and foamed asphalt with 30 frozen cycles was −78.86432–52.1278 °C and −79.65875–107.1518 °C, respectively. This indicated that the composition of the micelles of asphalt colloid structure had changed. The long-term frozen procedure transformed the foamed asphalt from viscoelasticity to elasticity, which made the foamed asphalt exhibit gel properties. The temperature range of whole endothermic peak foamed asphalt with 30 F–T cycles was −79.7153–162.5536 °C, and the total endothermic peak area was 1.6673 J/g. It can be concluded that the total endothermic peak area was reduced after F–T cycles, and the reduction of F–T cycles procedure was lower than that of the frozen procedure, which indicated that the F–T cycle procedure had the most significant influence on thermal properties of foamed asphalt.




4.3. Rheological Properties


4.3.1. Temperature Sweep Test Results


Temperature sweep test results of foamed asphalt and foamed asphalt with 30 F–T cycles are summarized in Table 6.



It can be seen from Table 6 that the rutting factor of asphalt sample decreased with the increase of temperature. Moreover, the rutting factor of foamed asphalt after 30 F–T cycles was 23.6–38.1% higher than that of the foamed asphalt during the test temperature range. This indicates that the foamed asphalt will become hard and its fluidity will be reduced after repeated F–T cycles, thereby the properties of permanent deformation resistance at a high temperature were improved, and the rutting resistance performance was enhanced. Loss shear modulus (viscosity modulus, G’’= G * sin δ) is the force required for the viscous deformation of asphalt during flowing. As seen, it can be found that the loss shear modulus of two foamed asphalt samples decreased with the increase of temperature. This indicates that the higher the temperature, the smaller the energy lost by the internal friction of asphalt during deformation, and the slower the energy loss rate under repeated load, the stronger the fatigue resistance. The loss shear modulus of the foamed asphalt after 30 F–T cycles was higher than that of foamed asphalt, indicating that the energy loss of foamed asphalt after 30 F–T cycles was faster than that of foamed asphalt, and the fatigue resistance of foamed asphalt after F–T cycles was poor. The storage shear modulus (elastic modulus, G’= G * cos δ), which reflects the storage and release of energy during the deformation of asphalt. The structure of the foamed asphalt after F–T cycles was changed, causing the flow properties of foamed asphalt after F–T cycles different from foamed asphalt at different temperatures. It can be seen from Table 6 that the storage modulus of both asphalt samples decreased with increasing temperature, and the storage modulus of foamed asphalt after F–T cycles decreased more than that of foamed asphalt. The storage modulus of foamed asphalt and foamed asphalt after F–T cycles was 8759 pa and 10,831 pa, respectively, at 52 °C. When the temperature rose to 76 °C, the storage modulus of foamed asphalt and foamed asphalt after F–T cycles was 50.46 pa and 49.85 pa, respectively. This indicates that the storage modulus of foamed asphalt after F–T cycles was very close to the storage modulus of foamed asphalt at high temperature and the foamed asphalt after F–T cycles had the same recovery ability as foamed asphalt under high temperature and low frequency.




4.3.2. Frequency Sweep Test Results


The phase angle of foamed asphalt and foamed asphalt with 30 F–T cycles in the frequency range of 0.1–100 rad/s is shown in Figure 10.



The dynamic loading stress is mainly produced on the pavement by vehicles. The asphalt material also shows different viscoelasticity under different frequency loads. It can be seen from Figure 10 that the phase angle of two asphalt samples decreased with the increase of frequency, and the mechanical response of two asphalt samples was closer to the elastic behavior. This is because the increase of frequency causes the proportion of the elastic deformation of the asphalt, so the phase angle of asphalt samples decreased with increasing frequency. The phase angle trend of foamed asphalt after F–T cycles was similar to that of foamed asphalt. After F–T cycles, the phase angle of foamed asphalt was not stable in the frequency range of 0.1–100 rad/s, indicating that the internal structure of foamed asphalt was not a homogeneous continuous phase.



The complex shear modulus of foamed asphalt and foamed asphalt with 30 F–T cycles in the frequency range of 0.1–100 rad/s is shown in Figure 11.



It can be seen from Figure 11 that the complex modulus G* of two asphalt samples increased with the increase of frequency. This is because the time of external stress acting on asphalt mortar becomes shorter with the increase of frequency, which reduces the strain of asphalt material and increases the complex modulus. The phase angle and complex modulus of asphalt samples had an opposite trend with increasing frequency. This is because the elastic deformation component increased with increasing frequency during the load cycle. The sensitivity of the complex modulus of asphalt samples to frequency is characterized by the slope of the linear regression line. The results show that the slope of foamed asphalt after F–T cycles was larger than the foamed asphalt, which indicates that the foamed asphalt after the F–T cycle had higher sensitivity to frequency and it had poor temperature sensitivity.



The storage modulus of foamed asphalt and foamed asphalt with 30 F–T cycles in the frequency range of 0.1–100 rad/s is shown in Figure 12.



It can be seen from Figure 12 that the storage modulus of two asphalt samples increased with the increase of frequency. When the frequency of pavement was 100 rad/s, the storage modulus of foamed asphalt and foamed asphalt after F–T cycles were 15140 pa and 17151 pa, respectively. The storage modulus of foamed asphalt increased after F–T cycles, and the increase was 13.3%. This is because the foamed asphalt after F–T cycles became harder, and the complex modulus increased, but the phase angle change was relatively small. Thereby, the storage modulus of foamed asphalt after the F–T cycle was increased and the restoration of deformation ability was improved.





4.4. Microscopic Properties


The microstructure of asphalt samples was examined by a SIGMA 300 scanning electron microscope. The scanning electron micrographs of base asphalt and foamed asphalt before and after F–T cycles observed at a magnifying power of ×5000 are shown in Figure 13a–d.



It can be seen from Figure 13 that the surface of base asphalt was relatively flat, had more texture structure and exhibited a homogeneous phase substance. After F–T cycles, the crack occurred on the surface of base asphalt. As the number of F–T cycles increased, the cracks evolved into a network of wrinkled lines. This might be due to the temperature stress that was generated on the surface of asphalt under repeated action of temperature and moisture, which makes the structure of asphalt membrane break and the surface appears fragmented block. Moreover, asphalt will become brittle and hard under the action of F–T cycle, which also aggravates the cracking phenomenon of asphalt.



Compared with the base asphalt, the internal moisture of foamed asphalt was fully integrated with asphalt, so that the circular “cavitation” emerged on the asphalt surface and asphalt was in a fluffy state. This microstructure played an “isolation” role in the asphalt, reducing the overall viscosity of moisture-asphalt mixes and the engineering mixing temperature. After F–T cycles, the circular “cavitation” gradually disappeared, and the microscopic morphology was similar to that of base asphalt after F–T cycles. This may be because the internal moisture was gradually precipitated under the action of temperature and moisture capillary force. In addition, the self-healing ability of asphalt aggravated the disappearance of the circular “cavitation” structure.





5. Conclusions


In this study, the properties of water-foamed asphalt under three different environments were characterized through conventional physical properties tests, DSR test, DSC test and SEM test for a better understanding of the workability of water-foamed asphalt under different environments. The conventional physical properties tests were employed to characterize the deterioration of water-foamed asphalt under different environmental factors and determine the most significant environmental factors for foamed asphalt. The DSR test was conducted to assess the high-temperature stability and fatigue resistance of treated foamed asphalt. The DSC test was conducted to evaluate thermal properties of water-foamed asphalt under the most adverse environmental factor. The SEM test was employed for microscopic observation of water-foamed asphalt samples. Based on these experiments, several conclusions could be drawn:




	●

	
Conventional physical properties test results showed that the performance of the foamed binder had declined under three environmental processes. With the increase of process time, the softening point and viscosity of foamed asphalt increased, and the penetration and ductility decreased. Moreover, the foamed asphalt gradually returned to the characteristics before being foamed, with the increase of process time.




	●

	
A comprehensive evaluation index, deterioration degree was proposed based on the conventional physical properties test results and entropy theory, and the deterioration process of foamed binder under three environmental conditions was quantified. The F–T cycles have been proved to have the most significant influence on the performance of foamed binder among three environmental factors, which is a key issue that limits the application and promotion of foamed asphalt in seasonal frozen regions.




	●

	
DSR test showed that the rutting factor of foamed asphalt had been increased by 23.6–38.1% after F–T cycles, which indicated that the resistance to high-temperature permanent deformation of foamed binder was improved after F–T cycles. The loss modulus of foamed binder increased after F–T cycles, and the fatigue resistance became worse.




	●

	
Storage modulus results indicated that the recovery ability of the foamed asphalt after F–T cycles was similar to original foamed asphalt under high temperature and low frequency conditions, and the foamed asphalt had a stronger deformation recovery ability after F–T cycles under a moderate temperature and high frequency condition. The sensitivity analysis of a complex modulus to frequency showed that foamed asphalt after F–T cycles was more sensitive to the loading frequency and less sensitive to the temperature.




	●

	
The glass transition temperature of base asphalt and foamed asphalt was −29.77 °C and −15.88 °C, respectively, indicating that the low-temperature properties of asphalt decreased after foaming. The aggregate transition temperature of both asphalt samples was less than 55 °C, which proved the foaming process of a binder was a physical phenomenon. The endothermic peak data of DSC curves showed that the reduced total endothermic peak area caused by the F–T cycles was greater than that caused by frozen process, and the foamed asphalt after the F–T cycles had a wider endothermic temperature range than foamed asphalt after the frozen process. This indicated the F–T cycles had the most serious impact on foamed asphalt, which is also consistent with the conventional physical properties test results.




	●

	
SEM test demonstrated that the circular “cavitation” emerged on the asphalt surface and asphalt was in a fluffy state after foaming. This microstructure played an “isolation” role in the asphalt, reducing the overall viscosity of the engineering mixing temperature. After F–T cycles, the circular “cavitation” gradually disappeared, and the microscopic morphology was similar to that of base asphalt after F–T cycles. This indicated that the moisture of foamed asphalt was gradually precipitated and the self-healing phenomenon occurred during F–T cycles.
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Figure 1. Technical route of this article. 
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Figure 2. Self-designed laboratory foaming machine. 
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Figure 3. Penetration test results of samples with high-temperature evaporation cycles: (a) 25 °C penetration and (b) penetration index. 






Figure 3. Penetration test results of samples with high-temperature evaporation cycles: (a) 25 °C penetration and (b) penetration index.



[image: Coatings 10 00239 g003]







[image: Coatings 10 00239 g004 550] 





Figure 4. Softening point test results of samples with high-temperature evaporation cycles. 
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Figure 5. Ductility results of samples with high-temperature evaporation cycles. 
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Figure 6. 135 °C rotational viscosity test results of samples with high-temperature evaporation cycles. 
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Figure 7. Deterioration degree of 70# asphalt and 70# foamed asphalt after with F–T cycles: (a) 70# asphalt and (b) 70# foamed asphalt. 
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Figure 8. Differential scanning calorimetry (DSC) spectrum of 70# asphalt and 70# foamed asphalt. 
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Figure 9. DSC spectrum of foamed asphalt after 30 frozen cycles and 30 F-T cycles. 
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Figure 10. Phase angle of foamed asphalt and foamed asphalt with 30 F–T cycles. 
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Figure 11. Complex shear modulus of foamed asphalt and foamed asphalt with 30 F–T cycles. 
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Figure 12. Storage modulus of foamed asphalt and foamed asphalt with 30 F–T cycles. 
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Figure 13. SEM images of base asphalt and foamed asphalt before and after F–T cycles at magnifications of ×5000. (a) 70# asphalt; (b) 70# asphalt after F–T cycles; (c) 70# foamed asphalt and (d) 70# foamed asphalt after F–T cycles. 
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Table 1. Technical parameters of 70# asphalt.






Table 1. Technical parameters of 70# asphalt.





	Technical Parameters
	25 °C Penetration
	15 °C Ductility
	Softening Point
	Wax Content
	Flash Point
	Density





	Units
	mm
	cm
	°C
	%
	°C
	g·cm−3



	70#
	67.6
	>100
	52.1
	1.5
	287
	1.003



	Test procedure
	T 0606
	T 0605
	T 0606
	T 0615
	T 0611
	T 0603
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Table 2. Conventional physical properties test results of foamed and non-foamed asphalt with low-temperature frozen cycles.






Table 2. Conventional physical properties test results of foamed and non-foamed asphalt with low-temperature frozen cycles.





	
Type

	
Cycles

	
25 °C Penetration/mm

	
PI Value

	
Softening Point/°C

	
135 °C Viscosity/mpa.s

	
25 °C Ductility/cm






	
70# asphalt

	
0

	
67.6

	
0.5

	
52.1

	
775

	
155




	
1

	
66.8

	
0.5238

	
52.7

	
798

	
133




	
2

	
63.7

	
0.544

	
53.13

	
807

	
139.8




	
3

	
63.1

	
0.5437

	
53.88

	
812

	
128.3




	
5

	
60.7

	
0.5846

	
54.46

	
823

	
109.8




	
10

	
60.3

	
0.6033

	
55.4

	
846

	
95.9




	
20

	
59.4

	
0.6664

	
55.61

	
859

	
72.3




	
30

	
58.3

	
0.7053

	
55.8

	
889

	
54.7




	
70# water-foamed asphalt

	
0

	
71.9

	
0.25

	
48.8

	
619

	
130




	
1

	
70.7

	
0.3705

	
49.12

	
634

	
118.5




	
2

	
69.6

	
0.4375

	
50.18

	
657

	
97.2




	
3

	
68.4

	
0.494

	
50.52

	
666

	
82.4




	
5

	
65.7

	
0.5414

	
51

	
689

	
618.8




	
10

	
64.3

	
0.5606

	
51.9

	
703

	
51.7




	
20

	
63.5

	
0.5954

	
52.5

	
719

	
34.3




	
30

	
63.1

	
0.619

	
52.6

	
724.2

	
29.2
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Table 3. Conventional physical properties test results of foamed and non-foamed asphalt with freeze–thaw (F–T) cycles.






Table 3. Conventional physical properties test results of foamed and non-foamed asphalt with freeze–thaw (F–T) cycles.





	
Type

	
Cycles

	
25 °C Penetration/mm

	
PI Value

	
Softening Point/°C

	
135 °C Viscosity/mpa.s

	
25 °C Ductility/cm






	
70# asphalt

	
0

	
67.6

	
0.5

	
52.1

	
775

	
155




	
1

	
56.24

	
0.543

	
52.8

	
807

	
126.4




	
2

	
55.37

	
0.584

	
53.3

	
823

	
92




	
3

	
53.08

	
0.593

	
54

	
859

	
84




	
5

	
47.4

	
0.625

	
54.7

	
878

	
69.5




	
10

	
46.85

	
0.703

	
55.6

	
898

	
55.9




	
20

	
46.5

	
0.766

	
56.1

	
921

	
47.3




	
30

	
44.65

	
0.775

	
56.5

	
954.8

	
32.7




	
70# water-foamed asphalt

	
0

	
71.9

	
0.25

	
48.8

	
619

	
130




	
1

	
63.27

	
0.35

	
50.3

	
689

	
108.5




	
2

	
60.9

	
0.475

	
51.4

	
779

	
87.2




	
3

	
59.16

	
0.503

	
52.9

	
866

	
61.8




	
5

	
56.29

	
0.59

	
54.3

	
903

	
44.6




	
10

	
49.56

	
0.69

	
54.9

	
1022

	
31.7




	
20

	
46.4

	
0.754

	
56.5

	
1090

	
23.5




	
30

	
43.67

	
0.769

	
57.2

	
1148

	
19.2
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Table 4. Main parameters of the DSC curve of the base asphalt and foamed asphalt.
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Type

	
Temperature Range of Endothermic Peak (°C)

	
Endothermic Peak Area (J/g)

	
Total Endothermic Peak Area (J/g)

	
Endothermic Peak Height (W/g)






	
70# asphalt

	
−79.70 to −43.96

	
1.48563

	
2.37756

	
0.08808




	
−30.65 to −0.51

	
0.15198

	
0.00897




	
2.99 to 40.64

	
0.63642

	
0.02955




	
40.64 to 55.14

	
0.10353

	
0.01197




	
70# foamed asphalt

	
−78.86 to 55.25

	
1.33244

	
2.49943

	
0.06842




	
−55.08 to −12.17

	
0.10639

	
0.00675




	
−11.67 to 38.47

	
0.3763

	
0.01118




	
40.63 to 52.13

	
0.6843

	
0.01908
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Table 5. The endothermic peak data of foamed asphalt with 30 frozen cycles and foamed asphalt with 30 F–T cycles.






Table 5. The endothermic peak data of foamed asphalt with 30 frozen cycles and foamed asphalt with 30 F–T cycles.





	
Type

	
Temperature Range of Endothermic Peak (°C)

	
Endothermic Peak Area (J/g)

	
Total Endothermic Peak Area (J/g)

	
Endothermic Peak Height (W/g)






	
70# foamed asphalt after 30 frozen cycles

	
−79.65875 to −57.6721

	
1.63173

	
2.00626

	
0.12816




	
−32.59482 to −29.9332

	
0.00347

	
0.00199




	
−0.47786 to 8.18376

	
0.03445

	
0.0077




	
9.68267 to 38.33634

	
0.11853

	
0.00634




	
40.83532 to 56.49773

	
0.12502

	
0.01459




	
66.1653 to 80.3256

	
0.01904

	
0.00193




	
92.98804 to 95.487

	
0.00523

	
0.0032




	
95.487 to 107.1518

	
0.06879

	
0.01279




	
70# foamed asphalt after 30 F–T cycles

	
−79.7153 to −60.41152

	
1.38191

	
1.66730

	
0.12271




	
−22.5309 to −21.36566

	
0.00151

	
0.00174




	
−0.89164 to 6.76853

	
0.12488

	
0.04287




	
32.91625 to 40.74777

	
0.02455

	
0.00553




	
43.24372 to 53.74433

	
0.09458

	
0.01608




	
90.5688 to 95.40174

	
0.01212

	
0.00362




	
102.732 to 112.0659

	
0.01645

	
0.00284




	
116.7311 to 119.3974

	
0.00503

	
0.00304




	
156.556 to 162.5536

	
0.00627

	
0.00126
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Table 6. Temperature sweep test results of foamed asphalt and foamed asphalt with 30 F–T cycles.






Table 6. Temperature sweep test results of foamed asphalt and foamed asphalt with 30 F–T cycles.





	
Type

	
Temperature (°C)

	
δ (°)

	
G* (pa)

	
G’ (pa)

	
G*sin δ (pa)

	
G*/sin δ (pa)






	
Foamed asphalt

	
52

	
82.75

	
8826

	
1113

	
8756

	
8897




	
58

	
86.49

	
3553

	
403

	
3530

	
3576




	
64

	
83.64

	
1600

	
117.3

	
1590

	
1610




	
70

	
82.65

	
789.2

	
101

	
782.8

	
795.8




	
76

	
83.09

	
419.3

	
50.46

	
416.3

	
422.4




	
Foamed asphalt after 30 F–T cycles

	
52

	
83.04

	
10912

	
1322

	
10831

	
10993




	
58

	
83.67

	
4684

	
516

	
4655

	
4712




	
64

	
84.78

	
2070

	
188

	
2062

	
2078




	
70

	
85.01

	
1094

	
95

	
1089

	
1098




	
76

	
84.58

	
527.8

	
49

	
525.4

	
530.2
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