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Abstract

:

Due to the issue of weakened adhesion between ultra-thin surface overlays, higher demands have been placed on bonding layer materials in practical engineering. This study proposed a method for preparing a one-component waterborne epoxy resin-modified emulsified asphalt (OWEEA) and explored the impact of different ratios on its performance. The basic physical and mechanical properties of the OWEEA, as well as its rheological characteristics, were investigated through penetration tests, softening point tests, ductility tests, tensile tests, and dynamic shear rheological tests. Pull-out tests and shear tests considering different substrates were used to evaluate the interfacial bonding performance of the OWEEA as a bonding layer material, and comparative analysis was conducted with conventional waterborne epoxy resin-modified emulsified asphalt. Based on microscopic testing and analysis, the laws of physical and chemical changes and secondary curing characteristics of the one-component waterborne epoxy emulsion (OWE) during the modification of emulsified asphalt were elucidated. The results indicated that the OWE prepared in this study significantly enhanced the tensile strength and bonding properties of emulsified asphalt. The results showed that the tensile strength, bonding strength, and shear strength of the OWEEA increased from 0.15 MPa, 0.36 MPa, and 0.35 MPa to 0.55 MPa, 1.29 MPa, and 2.01 MPa, respectively. The modification effect of the OWEEA surpassed that of conventional waterborne epoxy emulsion, albeit with a certain reduction in elongation at break, reduced from 1551% to 98%. Furthermore, the OWEEA showed a distinct secondary curing phenomenon. The results of the SEM tests showed that high temperatures accelerated the formation of the crosslinked network structure of OWE, promoting its integration with emulsified asphalt and resulting in a more uniform and dense structure, significantly enhancing bonding strength in a short period. In the actual road construction process, laying hot-mix asphalt mixtures on the bonding layer can further enhance its curing effect and improve its bonding performance.






Keywords:


bonding layer material; one-component waterborne epoxy resin-modified emulsified asphalt (OWEEA); rheological property; bonding strength; secondary curing












1. Introduction


With the development of pavement materials and preventive maintenance techniques [1,2,3,4], the application of ultra-thin overlays and functional pavers has become increasingly widespread [5,6,7]. However, it is difficult to ensure the interlayer bonding performance due to differences in material properties and relatively weakened mechanical compatibility between the upper and lower cladding layers, as well as surface contamination of the lower cladding layer caused by milling [8,9]. The resulting interlayer disease problem has become a key factor restricting development [10], so the bonding layer materials must meet higher requirements [11,12,13].



Currently, modification of emulsified asphalt is the main way to achieve the high performance of emulsified asphalt [14,15]. The emulsified asphalt modifiers commonly include Styrene Butadiene Styrene (SBS), Styrene Butadiene Rubber (SBR), and water-based epoxy resins [16,17]. SBS-modified emulsified asphalt exhibits excellent high- and low-temperature performance, however, it has the property of being difficult to emulsify directly, and the typically low SBS content in the emulsified asphalt restricts the effectiveness of SBS as a modifier [18]. SBR-modified emulsified asphalt is characterized by its ease of production and straightforward emulsification process, but it tends to exhibit relatively poor high-temperature stability and bonding performance. As a tack coat material, waterborne epoxy-modified emulsified asphalt inherently possesses excellent bonding properties and durability [19,20].



Compared to traditional epoxy resin, waterborne epoxy resin (WER) systems have clear advantages, including lower emissions of volatile organic compounds, environmental friendliness, and compatibility with other waterborne systems to improve the material performance [21]. There are currently four main methods for preparing a WER: the mechanical method, the inverse emulsion method, the curing agent emulsification method, and the chemical grafting method. Zhang et al. [22] modified bisphenol, an epoxy resin, with a p-aminobenzoic acid modifier to prepare an epoxy resin with hydrophilic groups, and found that the epoxy resin had good self-emulsifying properties. By introducing polyetheramine, Yin et al. [23] prepared a new self-emulsified waterborne epoxy hardener that can emulsify a liquid epoxy resin in aqueous media without the addition of acid neutralizers. At present, the typical WER systems studied usually consist of two components: a WER and a curing agent. In practical applications, it is necessary to add a curing agent to the waterborne epoxy resin to facilitate its cross-linking and curing. Due to the irreversibility of the curing reaction, the WER and the curing agent need to be stored independently before use. When used, it needs to be mixed strictly in accordance with the correct proportions before the curing reaction occurs, incorrect use would inevitably affect the construction efficiency and quality. However, the one-component waterborne epoxy emulsions (OWEs) can be used directly, without the need for adding curing agents, greatly simplifying the construction process. Currently, there are mainly two types of OWE: externally crosslinked OWEs, and self-crosslinked one-component waterborne epoxy emulsions. Shi et al. [23] prepared a waterborne epoxy resin through graft copolymerization of epoxy resin with acrylic monomers and examined the impact of the preparation process on the grafting rate of the acrylic monomers. Liu et al. [24] developed a two-step esterification process for the synthesis of epoxy-acrylic-grafted-copolymer waterborne resins and found that the polar group content in a waterborne resin can be optimized for better anticorrosion performance.



In recent years, many scholars have utilized WER to enhance the high-temperature performance and bonding properties of emulsified asphalt, and it has been used as a bonding layer material for road surfaces. Li et al. [25] prepared waterborne epoxy-modified emulsified asphalt with excellent bonding properties, mechanical strength, and fatigue life using self-synthesized waterborne curing agents. Wang et al. [26] analyzed the structure of WER-modified emulsified asphalt at a microscale using scanning electron microscope microanalysis and found that WER can improve its high-temperature performance, but, at the same time, it will reduce the low-temperature performance of the mixture. Liu et al. [27] investigated the properties and mechanism of Waterborne Epoxy Resin-SBR Composite Modified Emulsified Asphalt (WER-SCMEA) using laboratory tests and found that the WER-SCMEA had good properties and stability. Gu et al. [28] conducted research on the compatibility of cured WEREA through the analysis of the solubility parameter difference, the storage stability, and the Fourier transform infrared spectrum, and found that better compatibility of cured WEREA contributed to better interlayer properties of cured WEREA. Liu et al. [29] conducted theoretical analyses of adhesion and simulated damage tests of adhesion and water repellency with WEREA and found that the components and network microstructure of WEREA enhanced the cohesion property of the interlayer and improved the material viscoelasticity. Abd El-Rahman A M M et al. [30] found that asphalt emulsion modified with a mixture of water-based epoxy resin, latex SBR, and polyvinyl acetate (PVA) showed great road performance in terms of fuel and acid resistance, and good rheological properties.



At present, there are many studies by scholars on the use of common waterborne epoxy resins for modified emulsified asphalt (WEREA), including the rheological properties, adhesive properties, and microscopic characteristics of WEREA [31,32,33]. However, there are fewer studies on the use of one-component waterborne epoxy emulsion (OWE) for modified emulsified asphalt as a bonding material. The preparation of one-component waterborne epoxy emulsified asphalt (OWEEA) bonding layer materials with excellent performance can ensure the optimization of the construction process and improve the construction efficiency, as well as ensure the reliability and quality of bonding layer materials, which has a broad application prospect in practical engineering applications.



As illustrated in Figure 1, the OWEEA proposed in this study was prepared by first using epoxy resin and unsaturated anhydride to form the epoxy ester, and then grafting acrylic monomers onto the epoxy ester to produce the OWE. When the external conditions of the OWE change, the curing reaction takes place between the acrylic monomer and the epoxy ester without the need for an additional curing agent. By incorporating OWE into the emulsified asphalt, the cross-linking curing reaction of the epoxy resin in the OWE with the grafted acrylic monomers on its surface is facilitated through the initiation and catalytic effects provided by the tar polyphenols and emulsifiers in the emulsified asphalt. This process results in the formation of a waterborne epoxy resin-cured product with excellent properties. At the same time, the curing product and emulsified asphalt are physically blended to obtain the waterborne epoxy emulsified asphalt. The material not only possesses the low-temperature toughness characteristics of SBR-modified emulsified asphalt, giving the properties of toughness and ductility to the material but also inherits the high strength and excellent stability of a waterborne epoxy resin, strengthening the bonding properties of emulsified asphalt as a bonding material.



The objective of this study was to investigate the feasibility of modifying emulsified asphalt with OWE in order to prepare a new OWEEA bonding layer material. To achieve this goal, OWEEAs with different OWE contents were tested for basic physical and mechanical properties, rheological properties, and adhesive properties. These properties are prerequisites for the application of OWEEA in bonding layer materials. In addition, the curing mechanism and the enhancement of the bonding performance of the OWEEA were explored with microscopic analysis.




2. Materials and Methods


2.1. Preparation of One-Component Waterborne Epoxy Emulsified Asphalt (OWEEA)


The chemicals used in the research were supplied by a company in Hebei Province, China, and are characterized by excellent performance and stability. The preparation process of the OWEEA is illustrated in Figure 2, which mainly includes the processes of esterification, grafting, chemical modification, and physical modification: (1) First, the anhydride (oleic acid) and E-44 (epoxy resin) were mixed at 100 °C, and the catalyst (tetraethylammonium bromide) was then added after the mixture was heated to 120 °C. Through the esterification process, the epoxy ester was obtained. (2) The benzoyl peroxide was added to the epoxy ester as the initiator for the grafting, and then the diacetone acrylamide, acrylic monomer (curing agent), and styrene were added into the mixture dropwise at a temperature of 110 °C. Through this process, the waterborne epoxy emulsion was obtained with the curing agent grafted on it, which was called a one-component waterborne epoxy (OWE) emulsion. (3) The N, N-dimethylethanolamine (organic amine), adipic dihydrazide, and water were added to the OWE after it was cooled to 50 °C to adjust the pH value of the mixture. (4) The OWE was then added to the emulsified asphalt at room temperature. Through the initiation and catalytic effects provided by the tar polyphenols and emulsifiers in the emulsified asphalt, a cross-linking curing reaction was generated between the epoxy resin in the OWE and the acrylic monomers grafted on its surface. This process resulted in the formation of a waterborne epoxy resin-cured product with excellent properties. With a manual blending, the cured product could be uniformly melt-blended into the emulsified asphalt to obtain the waterborne epoxy emulsified asphalt.



It is worth mentioning that the OWE emulsion is in a relatively stable condition compared to a conventional epoxy resin, and it could be stored for a long time as long as the curing agent grafted on it is not initiated. The OWEEA could be produced by mixing the OWE with emulsified asphalt manually, without heating, whenever it is needed. Additionally, the similar morphological characteristics between the OWE and the emulsified asphalt could endow the mixture with satisfactory operability and fairly good compatibility.



Compared to conventional two-component waterborne epoxy resin systems, the one-component waterborne epoxy resin system can be used directly, without the addition of a curing agent before use, which could not only simplify the preparation process and facilitate the transport but also improve the construction efficiency and stability. However, when mixing the OWE with emulsified asphalt, it is necessary to ensure that the temperature is not too high, otherwise, it would promote the curing process and result in the formation of agglomerates, which would affect the performance of the product. Therefore, it is important to maintain a uniform temperature that is no higher than 60 °C during the preparation of the material.



The basic properties of the OWE and the emulsified asphalt used for this study are presented in Table 1 and Table 2, respectively.



This study considered five different blending ratios of SBR-modified emulsified asphalt and OWE: 1:0, 1:0.2, 1:0.4, 1:0.6, and 1:0.8 (by mass). These ratios are denoted as OWEEA-0 (pure SBR-modified emulsified asphalt), OWEEA-2, OWEEA-4, OWEEA-6, and OWEEA-8. The conventional waterborne epoxy resin-modified emulsified asphalt is referred to as CWEEA. The basic physical and mechanical properties of the OWEEA, as well as its rheological characteristics, were evaluated using penetration tests, softening point tests, ductility tests, DSR tests, and BBR tests. The tensile test, pull-out test, and shear test were conducted to investigate the tensile properties, interfacial bonding properties, and interface shear properties of the OWEEA as a bonding layer material. The curing reaction characteristics, microstructure of the cured product, and secondary curing effects of the OWEEA were analyzed through FTIR and SEM tests. The experimental plan is shown in Figure 3.




2.2. Testing Methods


2.2.1. Fundamental Physical and Mechanical Performances


Penetration tests, softening point tests, ductility tests, and tensile tests were conducted to characterize the fundamental physical and mechanical performances of the OWEEA. To carry out the tensile test, the OWEEA specimens were placed under standard conditions for 2 h and then mounted in the tester fixture for testing at a tensile rate of 500 mm/min.




2.2.2. Rheological Properties


The rheological characteristics of the OWEEA were studied using the SmartPave102 Dynamic Shear Rheometer (DSR) produced by Anton Paar® from Graz, Austria. Frequency sweep tests were conducted at temperatures ranging from 50 to 70 °C, with a frequency range of 0.1 to 100 rad/s, and temperature intervals of 10 °C. Temperature sweep tests were conducted at an angular frequency of 10 rad/s, with test temperatures ranging from 46 to 82 °C. The multiple stress creep recovery (MSCR) tests and the linear amplitude sweep (LAS) tests were also performed based on the DSR to explore the creep recovery property and fatigue resistance of the OWEEA at 64 °C and 25 °C, respectively. The low-temperature rheological properties of the OWEEA were also investigated using the TE-BBR bending beam rheometer (BBR) provided by the CANNON Instrument Company from the State College, PA, USA; the test temperatures were −12 °C, −15 °C, and −18 °C [34,35].




2.2.3. Pull-Out Test


The bonding properties of the OWEEA were investigated using interface pull-out tests and shear tests, as shown in Figure 4 and Figure 5. The pull-out tests were performed with a PosiTest AT-A automatic adhesion tester (DeFelsko Corporation, Ogdensburg, NY, USA), whereas the shear tests were conducted using a UTM universal testing machine. Three different substrates were considered in the pull-out tests: cement concrete, asphalt concrete, and steel, simulating the bonding performance of the OWEEA as a bond layer material on different surfaces. During the experiments, different proportions of the OWEEA were uniformly applied to the three substrate types. After the OWEEA surface had dried, pull-out tests were conducted in the laboratory at 25 °C following a 24 h curing period. The tests measured the bonding strength and compared the results with those of CWEEA.



Furthermore, according to the curing mechanism of OWEEA, high temperatures can promote further curing after the initial curing. In practical construction processes, when a hot-mix asphalt mixture is laid on top of OWEEA, elevated temperatures can induce secondary curing reactions. Therefore, this study also investigated the secondary curing effects of the OWEEA under different curing temperatures and periods through pull-out tests. During the experiments, the OWEEA was evenly applied to the surface of cement concrete blocks. The first group was cured at 60 °C the second group at 150 °C, and the third group at room temperature (around 25 °C). During the curing period, the first group conducted a pull-out test on the samples to measure the interfacial bond strength every 24 h. The second group was tested for bonding strength at time intervals of 3 h, 6 h, 12 h, and 24 h. The third group was tested at time intervals of 1 day, 3 days, 7 days, 14 days, and 28 days. Each group was subjected to four parallel tests.



The interfacial shear strength of the bonding material under continuous compressive and shear stress was evaluated through interfacial shear tests. The loading rate was set at 50 mm/min, and the test temperature was maintained at 25 °C. During the test, the maximum vertical pressure during the interlayer shear failure process was recorded. The interface shear strength was calculated according to


  τ =   F   S   ×   sin  ⁡  45 °    



(1)




where,   τ   is the shear strength, MPa; F is the vertical load, N; S is the interface contact area between upper and lower specimens, mm2.



To simulate the working conditions of the actual road bonding layer, a sandwich-type composite structure specimen was created by using a rotary compaction instrument, as shown in Figure 4. The diameter and height of the specimen were 100 mm, and the diameter and height of the AC-13 mixture and the AC-20 mixture were 100 mm and 50 mm, respectively. The optimum asphalt contents for the AC-13 mixture and the AC-20 mixture were 5.0% and 4.5%, respectively. The gradation and the volumetric parameters of the AC-13 mixture and the AC-20 mixture are shown in Table 3 and Table 4, respectively.



Firstly, we formed the bottom layer (AC-20) specimen with a height of 50 mm and compacted it 100 times. Subsequently, different proportions of the OWEEA were applied to the surface of the bottom layer specimens. After the OWEEA had dried, the specimens were placed in a rotary compaction instrument. AC-13 was then placed on top of the specimens, and compaction was carried out using the rotary compaction instrument for 100 cycles, ensuring that the height of the top layer (AC-13) was 50 mm.




2.2.4. Microscopic Testing and Analysis


The physical and chemical changes during the modification process of the OWE, SBR-modified emulsified asphalt, and OWEEA were tested and analyzed using infrared spectroscopy (FTIR) tests in the range of 400~4000 cm−1. Additionally, the samples of OWEEA subjected to curing at room temperature for 24 h and curing at 150 °C for 3 h and 6 h were analyzed using Scanning Electron Microscopy (SEM). By observing the changes in the microscopic morphology and structure of the samples, the characteristics of secondary curing under high-temperature conditions were explored. A JSM-IT500LV scanning electron microscope was used for the SEM test, and an IS50 FT-IR Fourier Transform Infrared Spectrometer was used for the FTIR test.






3. Results


3.1. Physical and Mechanical Properties


The results of the basic performance of the OWEEA are shown in Figure 6. The results showed that the increasing dosage of OWE resulted in a decrease in the penetration of the OWEEA. The largest decrease in penetration was achieved when the mixing ratio was increased from 0.6 to 0.8. The incorporation of OWE increased the softening point of the OWEEA, and the higher the incorporation, the greater the softening point enhancement of the OWEEA. The softening points of OWEEA-6 and OWEEA-8 were increased by 9 °C and 14 °C, respectively. It was shown that the increase in the dosage of OWE had a significant effect on the improvement in the high-temperature performance of the OWEEA. In addition, the increase in the dosage of OWE resulted in a gradual decrease in the ductility of the OWEEA, it showed that the OWEEA had undergone a transformation from thermoplastic to thermoset materials, reducing the low-temperature toughness of the OWEEA. The admixture of OWE caused the OWEEA to become brittle, in which the ductility of OWEEA-8 decreased by 62%. When the mixing ratio of the OWE was less than 0.6, its penetration and ductility were greater than that of the CWEEA. The softening point was higher than that of the CWEEA when its mixing ratio was greater than 0.2. This indicated that when the mixing ratio of the OWE was greater than 0.2 but less than 0.6, the OWEEA exhibited superior high-temperature stability and low-temperature toughness compared to the CWEEA.



The tensile test results of the OWEEA are shown in Figure 7. The tensile strength of the OWEEA increased with the increasing dosage of OWE; the elongation at the break of the OWEEA was subsequently reduced. These results indicated that the OWE formed a crosslinked mesh structure in the emulsified asphalt through a curing reaction. The density of the crosslinked mesh structure increased with the increase of the dosage of OWE, and the proportion of cured material increased after the curing reaction of OWE, which resulted in the transformation of the OWEEA from thermoplastic to thermosetting, thus reducing its elongation at break. Compared to OWEEA-0, the increase in tensile strength was 12.5%, 22.5%, 37.5%, −25%, and the decrease in elongation at break was 55%, 61%, 77%, and 89% when the mixing ratio of the OWE was 0.2, 0.4, 0.6, and 0.8, respectively. OWEEA−8 had the worst performance. The reason could be that the crosslinked mesh structure formed after the curing of the OWE can enhance the tensile strength of the material. As the proportion of OWE in the mixture increases, the epoxy resin curing products gradually fill in the material system. The overall system was more homogeneous and denser, resulting in higher tensile strength and lower elongation at break. When the mixing ratio of OWE is 0.8, the SBR-modified emulsified asphalt cannot be fused with more OWE, resulting in a decrease in tensile strength. Except for OWEEA-8, the tensile strength of the OWEEA in all blending ratios was better than that of the CWEEA, which indicated that the strength enhancement effect of OWE on SBR-modified emulsified asphalt was better than that of ordinary waterborne epoxy resin.




3.2. Rheological Properties


3.2.1. High-Temperature Rheological Properties


The results of the temperature scanning test for the OWEEA are shown in Figure 8. The results showed that the G* and G*/sinδ of the OWEEA gradually increased with the increase of OWE dosage, they also showed that the OWE can significantly improve the high-temperature deformation resistance and high-temperature rutting resistance of SBR-modified emulsified asphalt. OWEEA-6 had the best high-temperature stability. For example, at 60 °C, G*/sinδ increased by 0.5%, 8%, 15%, and 0.5%, respectively, during the increase in the mixing ratio of OWE. When the proportion of the OWE mixing ratio was higher than 0.6, SBR-modified emulsified asphalt could not provide sufficient initiating and catalyzing materials for the curing reaction of OWE, which resulted in the newly added OWE segregating from the raw material and weakening the high-temperature performance of the OWEEA.



The results of the frequency sweep test for the OWEEA are shown in Figure 9. The results showed that the G* of the OWEEA increased with the increase of loading frequency, it is shown that the incorporation of OWE led to the enhancement of the deformation resistance of the OWEEA, and as the loading rate increases, G* increases even faster. At the same temperature, the G* of the OWEEA with different OWE dosages showed the same trend as the results of the temperature scanning test. When the mixing ratio was lower than 0.6, the dosage of OWE in the OWEEA gradually increased and the G* gradually increased, and when the mixing ratio was higher than 0.6, the G* showed a decreasing trend. Comparison with OWEEA-0 revealed that the high-temperature performance of the above four ratios was improved to different degrees, which indicated that the incorporation of OWE can enhance the deformation resistance of SBR-modified emulsified asphalt to different degrees.




3.2.2. Creep Recovery Capacity


As illustrated in Figure 10, the percent recovery, R, and the non-recoverable creep compliance, Jnr, of the OWEEA were obtained from the MSCR tests. The R3.2 represents the percent of elastic recovery at 3.2 kPa calculated by the ratio of recoverable strain to unrecoverable strain, and it reflects the recovering capacity of the OWEEA after being subjected to loads or stresses. The Jnr3.2 is the non-recoverable creep compliance at 3.2 kPa calculated by unrecoverable strain and applied stress, and the lower the Jnr3.2, the stiffer and the better rutting resistance of the OWEEA. As the proportion of OWE mixing increases, the creep recovery capacity of the OWEEA under different stress levels decreases and then increases; OWEEA-8 had the largest creep recovery capacity, which increased by 14% compared to OWEEA-0. This indicated that, when the OWEEA was subjected to external forces, the incorporation of a large amount of OWE could enhance the resistance of the OWEEA to the external forces, and could be better restored to its previous state.




3.2.3. Fatigue Resistance


Figure 11 illustrates the fatigue life, Nf, of the OWEEA at a 2.5% strain level from the LAS test. It can be observed that the fatigue life of the OWEEAs that were doped with OWE all showed a significant increase compared to OWEEA-0, of these, OWEEA-6 improved by 400% at a 2.5% strain level. When the proportion of OWE was higher than 0.6, the fatigue life decreased significantly. Compared to OWEEA-6, the fatigue life of OWEEA-8 was reduced by 26%.




3.2.4. Low-Temperature Rheological Properties


Stiffness (S) reflects the bending rheology of asphalt. Creep value (M) reflects the stress relief behavior of asphalt. They relate to the low-temperature flexibility of the asphalt pavement when subjected to stress. As can be seen from Figure 12, with the increase in the proportion of OWE, the S of the OWEEA showed a trend of decreasing and then increasing. The Ss of the OWEEAs were all less than OWEEA-0 when the mixing ratio of OWE was not higher than 0.6, which indicated that the low-temperature performance of the OWEEA was improved when the mixing ratio of the one-component waterborne epoxy resin was not higher than 0.6. As an example, at −12 °C, the S of OWEEA-8 increased by 13 MPa compared to OWEEA-0, while the S of OWEEA-2, OWEEA-4, and OWEEA-6 decreased by 6 MPa, 7 MPa, and 28 MPa, respectively. For the creep values (Ms) of the OWEEA, when the mixing ratio of the OWE is not higher than 0.6, all of them are increased. This result also illustrated that the low-temperature performance of the OWEEA was improved by increasing the content of OWE in the mixture.





3.3. Interface Bonding Performance


The results of the pull-out test of the OWEEA bonded to different substrates are shown in Figure 13. The incorporation of OWE resulted in a significant increase in the bonding strength of the OWEEA on three different substrates, which indicated that OWE can effectively improve the bonding performance of SBR-modified emulsified asphalt. From the results, the bonding strength of the OWEEA to the steel plate substrate was higher than the other two substrates. When the proportion of OWE was lower than 0.6, the bonding strength of the OWEEA increased rapidly with the increase in OWE. When the mixing ratio was higher than 0.6, the bonding strength of the OWEEA was reduced. The results showed that when the OWE mixing ratio exceeded 0.6, it was difficult for the SBR-modified emulsified asphalt to provide sufficient initiation and catalytic catalysis, and the increased content of uncured OWE resulted in a weakened fusion with the SBR-modified emulsified asphalt and segregated, which inhibited the growth of the material bond strength. After OWE blending, the overall bonding strength of the OWEEA was higher than that of the CWEEA, which indicated that the effect of OWE on the bonding capacity of the SBR-modified emulsified asphalt was better than that of ordinary waterborne epoxy resin. OWEEA-6 was the optimal blending amount of OWE and had the best effect on the modification of SBR-modified emulsified asphalt.



From the analysis of the above test results, it can be seen that OWEEA-6 was the optimum dosage of the OWEEA, so OWEEA-6 was selected for the secondary curing simulation tests. Figure 14 shows the change in bonding strength with curing time for OWEEA-6 under different curing temperature conditions. The results showed that the effect of temperature on the curing rate of OWEEA-6 was significant. At 60 °C OWEEA-6 can reach its final strength at about 72 h, and the bonding strength was increased to 1.96 MPa; at 150 °C, the bonding strength of OWEEA-6 reached 95% of the final strength at 6 h and reached the final strength at about 24 h and the bonding strength increased to 2.1 MPa. In contrast, it took 28 d to reach the final strength at room temperature. This is larger than the bonding strength of WEREA reported by Li et al. [36]. The reason is that, under the high-temperature conditions, the emulsion breaking of the SBR-modified emulsified asphalt proceeded rapidly, and the curing reaction of OWE undergoing dehydration condensation cross-linking was also accelerated, thus completing the curing reaction and reaching the final curing strength in a short period. In addition, the cure rate of the OWE itself can be affected by high temperatures.



The results of the inclined shear tests of the combined specimen with the OWEEA as the bonding layer material are shown in Figure 15. The results showed that the shear strength of the OWEEA had been improved to different degrees. The increase in shear strength was 1.1 MPa, 1.3 MPa, 1.65 MPa, and 1.25 MPa when the blending ratio was 0.2, 0.4, 0.6, and 0.8, respectively. Similar to the change rule of the results of the tensile tests, when the mixing ratio of OWE was lower than 0.6, the shear strength tended to increase with the increase in the mixing ratio of OWE, and when the mixing ratio of OWE was higher than 0.6, the shear strength of the OWEEA decreased. The trend of the shear strength of the OWEEA was consistent with the results of Zhang et al. [16].




3.4. Analysis of the Strengthening Mechanism of Secondary Curing and Interfacial Bonding


The schematic diagram of the OWEEA secondary curing and interlayer interfacial bonding strengthening mechanism is shown in Figure 16. The OWEEA, as a bonding layer material, enhanced the interlayer bonding performance between the lower layer and the upper layer through two mechanisms: chemical reinforcement and physical reinforcement. The chemical reinforcement mechanism was achieved through the secondary curing action of the OWEEA under high-temperature conditions, while the physical reinforcement mechanism was achieved through the upward migration of the bonding layer material under high-temperature conditions, and its infiltration and fusion with the overlay asphalt mixture.



In the actual construction process, after the OWEEA bonding layer material sprinkling was completed, it was necessary to wait for the OWEEA to demulsify. Even though the demulsified OWEEA was not fully cured, it exhibited the characteristics of not adhering to wheels. Subsequently, a hot asphalt mixture (150–180 °C) was placed as the upper layer over the OWEEA-bonding layer. At this point, the high temperature facilitated a secondary curing reaction in the partially cured OWEEA, further enhancing its bonding strength. This secondary curing feature ensured the strength of the bonding layer material and prevented it from carbonizing and failing at high temperatures.



The secondary curing mechanism of the OWEEA was: the epoxy resin in the OWE underwent a dehydration crosslinking curing reaction with the acrylic acid monomer grafted onto it, initiated by the emulsifier in the emulsified asphalt, tar polyphenols in the emulsified asphalt served as catalysts for this reaction. Therefore, when the OWE was mixed with emulsified asphalt, a curing reaction took place. The effect of high temperature can accelerate the dehydration process of OWE and the curing reaction, shorten the period required for the curing reaction, and improve the performance of the OWEEA. This process of accelerated OWEEA curing was called secondary curing. From the results of the pull-out tests, it can be seen that after mixing the OWE with SBR-modified emulsified asphalt the curing reaction started to take place, the curing reaction of the OWE proceeded slowly at room temperature, and the curing reaction was completed at 28 d to reach the final strength. At 60 °C, the dehydration process of the OWE accelerated, and the cross-linking and curing process also sped up significantly. The curing reaction was completed within 72 h, achieving the final bonding strength; the dehydration process of the OWE was further accelerated at 150 °C, and the curing reaction was completed at 24 h to reach the final bonding strength. This strengthened the contact occlusion between the interlayer interfaces and enhanced the interlayer adhesion properties.



The mechanism of physical reinforcement of interlayer adhesion by the OWEEA occurred when paving the top layer, as the OWEEA was not fully cured at this time. The high temperature of the overburden caused upward migration of the OWEEA, which penetrated and blended with the paved asphalt mixture and cured further at high temperatures.



It could be concluded from the combined test results that, in practice, the OWEEA introduced in this study could be used for pavement structures that need enhanced bonding performance between layers, such as the ultra-thin friction course and asphalt overlay on existing cement concrete pavements. Additionally, it could also be used as the bonding material for the asphalt layer using modified asphalt binders with a high viscosity, which need high temperatures in the paving process. In those cases, the OWEEA could provide desirable stability and avoid carbonization and bonding failures of the pavement.




3.5. Microscopic Testing and Analysis Results


As can be seen in Figure 17, the infrared spectra of the OWEEA were similar to those of SBR-modified emulsified asphalt itself, and the positions of the characteristic peaks were the same. Where the characteristic peak at 2929–2846 cm−1 was generated by the C-H stretching vibration in the methylene group, the characteristic peak at 2361 cm−1 was the bending vibration of OH. The characteristic peak at 1606 cm−1 was the =C-H internal bending vibration on the benzene ring. The characteristic peak at 1602 cm−1 was made by the C=C stretching vibration in olefins, and at 1509 cm−1 was a result of the C=C stretching vibration in aromatics. The characteristic peak at 1231–1034 cm−1 was produced by the OH bending vibration in the primary alcohol. The deformation vibrations of CH2 and CH3 at 1455 cm−1 may also contain benzene ring deformation vibrations. The bending vibrations of the butyl and benzene ring were at 1376 cm−1. The 1338–1033 cm−1 were the characteristic peaks arising from the C-N stretching vibrations of the primary amine moiety. From the infrared spectrum results, it can be concluded that, compared with the SBR-modified emulsified asphalt, the OWEEA did not produce new characteristic peaks. Therefore, it can be concluded that the OWE did not undergo a chemical reaction with the SBR-modified emulsified asphalt, and no new functional groups were formed. The interaction between the SBR-modified emulsified asphalt and the OWE was a purely physical blending process.



The microfabrication results of the OWEEA under different curing conditions are shown in Figure 16. The setting of conditions from room temperature to 150 °C simulates the basic process of pavement paving construction, from low to high temperatures. As can be seen from Figure 18, the curing reaction of OWE in SBR-modified emulsified asphalt was still incomplete after 24 h of curing at room temperature, the crosslinked mesh structure that formed was inhomogeneous, the network structure was not dense, and some voids were not filled by the curing product. After curing at 150 °C for 3 h, the degree of curing of the material was improved, and the fusion of the OWE and the SBR-modified emulsified asphalt gradually tended to be close, forming a denser crosslinked mesh structure with better homogeneity and fewer voids. When cured at 150 °C for 6 h, the OWE in the SBR-modified emulsified asphalt had completed the curing; the cured product was tightly fused with the SBR-modified emulsified asphalt and the section was flatter. From the results of SEM tests, it can be seen that the curing reaction started to take place, and the crosslinked mesh structure was formed, after the mixing of the OWE with the SBR-modified emulsified asphalt. At high temperatures, the OWEEA produced an obvious secondary curing reaction, as the temperature increased, the curing reaction became more complete, and the curing product was more uniform and denser. From the results of previous mechanical properties tests, it can also be seen that as the curing reaction proceeded, the material showed greater mechanical properties.





4. Conclusions


In this study, a one-component waterborne epoxy emulsion-modified emulsified asphalt (OWEEA) material was developed. The effects of different dosages of one-component waterborne epoxy (OWE) emulsions on the physical and mechanical properties of the OWEEA, and its key mechanical properties as a bonding layer material, were investigated. Based on the experimental results, the following conclusions can be obtained regarding tensile strength, shear strength, and adhesion.



	(1)

	
The incorporation of OWE can effectively improve the properties of SBR-modified emulsified asphalt. When the blending ratio of OWE is lower than 0.6, the performance of the OWEEA shows an increasing trend, while when the blending ratio is higher than 0.6, the performance of the OWEEA decreases. This indicates that the blending ratio of 0.6 is the optimum ratio for the OWEEA and that OWEEA-6 has the best performance. When the ratio of OWE to emulsified asphalt was not higher than 0.6, the tensile strength, shear strength, and bond strength of the OWEEA increased rapidly with the increase in the amount of OWE. When the ratio was higher than 0.6, a significant decrease in tensile strength, shear strength, and bond strength was observed.




	(2)

	
The high-temperature rutting resistance and high-temperature deformation resistance of the OWEEA were significantly improved with the increase in the dosage of OWE. High temperatures accelerated the curing reaction rate of the OWEEA, and the bonding strength of OWEEA-6 was greatly improved after the second curing. The curing time of the OWEEA was accelerated, from the original 28 d required for ambient curing to 72 h and 24 h, and the bonding strength was also enhanced from 0.79 MPa to 1.22 MPa and 2.1 MPa in 24 h when the temperature conditions were 60 °C and 150 °C.




	(3)

	
By infrared spectroscopy analysis, it was concluded that the OWE did not react chemically after being mixed with emulsified asphalt and did not form new functional groups. Emulsified asphalt and OWE were only physically co-mingled with each other, and they exhibited good compatibility.




	(4)

	
The performance of OWE in modifying emulsified asphalt through the formation of a crosslinked mesh structure was observed using SEM tests. Under high-temperature conditions, the formation of the crosslinked network structure and its fusion with emulsified asphalt was accelerated, leading to faster completion of the curing reaction within a shorter time.
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Figure 1. Fabrication principle of the OWEEA introduced in this study. 
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Figure 2. Flow chart for preparation of OWEEA. 
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Figure 3. Experimental protocols. 
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Figure 4. Pull-out tests at various interfaces. (a) cement concrete. (b) asphalt concrete. (c) steel. (d) during test. 
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Figure 5. Inclined shear tests for interlamination. (a) Schematic diagram of specimen molding. (b) Inclined shear test setup. 
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Figure 6. Results from penetration, ductility, and softening point tests. (a) Penetration. (b) Softening points. (c) Ductility. 
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Figure 7. Results from tensile tests. 
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Figure 8. Temperature scanning results of OWEEA. (a) G* and δ. (b) G*/sinδ. 
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Figure 9. Frequency scanning results of OWEEA. 
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Figure 10. Results of the MSCR tests. (a) R3.2. (b) Jnr3.2. 
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Figure 11. Fatigue life (Nf) of the OWEEA at 2.5% strain level. 
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Figure 12. Stiffness and creep rate of OWEEA at −12 °C, −15 °C and −18 °C. (a) Stiffness. (b) Creep value. 
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Figure 13. Pull-out test results of OWEEA with various bonding substrates. 
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Figure 14. Pull-out test results of OWEEA under various curing temperatures. (a) Room temperature. (b) 60 °C. (c) 150 °C. 
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Figure 15. Results from inclined shear tests for composite specimens using OWEEA. 
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Figure 16. Secondary curing and interlayer bonding strengthening mechanism of OWEEA. 
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Figure 17. Infrared spectral results. 
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Figure 18. Results from SEM tests under various curing conditions. (a) 24 h at room temperature. (b) 24 h at room temperature. (c) 3 h at 150 °C. (d) 6 h at 150 °C. 






Figure 18. Results from SEM tests under various curing conditions. (a) 24 h at room temperature. (b) 24 h at room temperature. (c) 3 h at 150 °C. (d) 6 h at 150 °C.



[image: Buildings 14 00503 g018a][image: Buildings 14 00503 g018b]







 





Table 1. Basic properties of OWE.
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	Material
	Solid Content

(%)
	Density

(g·cm−3)
	pH
	Epoxy Equivalent

(g/mol)
	Appearance





	OWE
	50
	1.182
	8.34
	8073.25
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Table 2. Basic properties of emulsified asphalt.
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Materials

	
Items

	
Unit

	
Test Results






	
Emulsified asphalt

	
Demulsification speed

	
/

	
slow setting




	
Solid content

	
%

	
50.2




	
Residue of emulsified asphalt

	
Ductility (10 °C)

	
mm

	
1202




	
Penetration (100 g, 25 °C, 5 s)

	
0.1 mm

	
90.1




	
Softening point

	
°C

	
64.5




	
Storage stability

	
1 day

	
%

	
0.31




	
5 days

	
%

	
1.54











 





Table 3. Volumetric parameters of the asphalt mixtures.
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	Mixture
	VV/%
	VMA/%
	VFA/%





	AC-13
	4.0
	16.8
	73.4



	AC-20
	4.2
	14.6
	70.6










 





Table 4. Gradation of the aggregate for the mixture.
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Mixture

	
Percent Passing/%




	
26.5

	
19

	
16

	
13.2

	
9.5

	
4.75

	
2.36

	
1.18

	
0.6

	
0.3

	
0.15

	
0.075






	
AC-13

	
-

	
-

	
100

	
95.8

	
70.9

	
41.1

	
26.7

	
20.6

	
15.3

	
12.2

	
10.1

	
7.8




	
AC-20

	
100

	
95

	
85

	
71

	
61

	
41

	
30

	
22.5

	
16

	
11

	
8.5

	
5
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