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ABSTRACT
Moisture-induced damage is one of the most common forms of flexible pavement distress which directly causes or exacerbates pavement failure. The intrusion of moisture into the asphalt pavements reduces the overall mechanical properties of the locking structures and gives rise to one or more of the visible forms of distress such as raveling, stripping, permanent deformation and fatigue cracking. This doctoral study is aimed at understanding the detrimental action of water on the asphalt-aggregate systems and the damage mechanism by multi-technique investigation. A thermodynamics framework was considered to characterize the properties of asphalt mix ingredients as well as the engineering performance of mixtures. To facilitate efficient screening of compatible aggregate-asphalt systems, a new digital imaging-assisted test method on loose asphalt mixtures was developed to achieve an objective assessment of moisture susceptibility. Additionally, an innovative aggregate pretreatment technology based on thermoplastic polymeric powder coating was proposed to mitigate stripping of asphalt mixtures.
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[bookmark: _Toc118813108]Problem Statement
The durability and service life of flexible pavements are highly dependent on the adhesion between asphalt and aggregate surface under different conditions. The bonding strength generally correlates with the chemical and physical properties of both asphalt and aggregate, and the adhesion will considerably decrease if water infiltrates the pavements and acts on the asphalt-aggregate interface. Such a reaction will reduce the overall mechanical properties of the locking structures and further result in the visible forms of pavement distress such as raveling, stripping, permanent deformation and fatigue cracking. In the US, moisture damage of asphalt significantly accelerated the pavements deterioration and increased the maintenance costs of flexible pavements. 
Generally, there are three major questions in the moisture damage-related studies: (a) Moisture damage mechanism, (b) Development of reliable and simple test methods and (c) Strategies for mitigating moisture damage of asphalt pavements. This dissertation is a combination of the author’s PhD studies which are closely related to those questions. 
[bookmark: _Toc118813109]Objectives
[bookmark: _Hlk54791299]Investigate the moisture damage mechanism of hot-mix asphalt with amine-based liquid antistripping agent considering different types of aggregate.
Reveal moisture damage mechanism and thermodynamic properties of hot-mix asphalt under aging conditions.
Develop a new modified boiling test method based on color image processing which can realize a more objective evaluation of digital images of loose asphalt mixtures and avoid the problems of previous image processing methods (i.e., selection of threshold value, sparkle of asphalt due to light reflection etc.).
Investigate the effect of different types of waste plastic-coated aggregate on the moisture resistance of asphalt mixtures.
Develop the thermoplastic polyethylene powder coating to treat the aggregate of asphalt mixtures and enhance moisture resistance.
[bookmark: _Toc118813110]Research Questions
This study investigates the moisture damage mechanism of asphalt mixtures, propose a new testing method and develop the powder coating technique to treat the aggregate in asphalt pavements. For the research contained in this dissertation, the following research questions were asked:
What is moisture damage mechanism of asphalt mixtures?
How can we fundamentally and quantitatively evaluate the moisture susceptibility of an asphalt-aggregate combination?
How does the aging of asphalt influence the moisture susceptibility?
How can we analyze the results of boiling water test in an objective way?
Which types of waste plastic are suitable for the aggregate coating in order to mitigate stripping of asphalt?
What is mechanism of mitigating moisture damage of asphalt mixtures by using plastic-coated aggregate?
How can we coat the aggregate uniformly using waste plastic?
[bookmark: _Toc118813111]Organization
This work is divided into ten chapters, as follow:
Chapter One defines the problem, research questions, objectives, and outline of this study.
Chapter Two includes a literature review on the moisture damage of Hot Mix Asphalt.
Chapter Three describes the moiture damage mechanism and material selection of HMA with amine antistripping agent.
Chapter Four describes the moisture damage mechanism and thermodynamic properties of asphalt mixtures under aging conditions.
Chapter Five describes the modified boiling test with color image processing to measure the moisture damage of asphalt mixtures.
Chapter Six describes the effect of different types of waste plastic-coated aggregate on the moisture resistance of asphalt mixtures.
Chapter Seven introduces a new aggregate coating technique: themoplastic polyethylene powder coating.
Chapter Eight concludes the findings of this work and provides recommendations for future research.
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Disclaimer: Portions of this chapter will be repeated in subsequent chapters.
[bookmark: _Toc118813113]Moisture-induced Damage of Asphalt Pavement
Moisture-induced damage is one of the most common forms of flexible pavement distress which directly causes or exacerbates pavement failure (Huang et al. 2010; Kim et al. 2009; Xiao et al. 2022). Moisture damage may result in raveling, stripping, permanent deformation and fatigue cracking (Figure 2.1). To be specific, the intrusion of moisture into the asphalt pavements reduces the overall mechanical properties of the locking structures and gives rise to one or more of the (visible) forms of distress mentioned above (Caro et al. 2008; Xiao et al. 2022). It typically occurs over time and is not apparent for several years unless it is catastrophic. Over the last several decades, a great number of asphalt pavements were reported to show severe moisture damage in the US, which significantly increased the maintenance costs (Caro et al. 2008; Othman et al. 2015). Therefore, public agencies have recognized the importance of mitigating moisture damage in the design and construction of asphalt pavements.
In general, mitigating stripping in asphalt pavements can be achieved based on two aspects of countermeasures: (a) pavement design and (b) material selection (Huang et al. 2010; Kandhal et al. 1989). Typically, the surface layers of pavements are made to be impervious while granular courses with good drainage properties are employed to accelerate the water removal from the pavement structure (Kandhal et al. 1989). According to several case studies in the US, the moisture damage of asphalt pavements might not be a general phenomenon but rather a localized phenomenon in the areas which were oversaturated with water and/or water vapor because of undesirable subsurface drainage conditions (Kandhal et al. 1989). On the other hand, without proper mix design and material selection of asphalt mixtures, the stripping of asphalt pavements may become a general phenomenon irrespective of drainage conditions.
[bookmark: _Toc118813114]Moisture Damage Mechanisms
   In general, the moisture damage mechanism is associated with the following aspects (Figure 2.2) (Caro et al. 2008):
· Moisture transport: processes by which moisture in either a liquid or vapor state infiltrates the asphalt mixture as well as the asphalt binder or mastic and reaches the asphalt binder–aggregate;
· System attributes: physical, chemical and geometrical properties of asphalt mixture which control the modes of moisture transport and response of the system;
· Response of the system: changes in the internal structure leading to a loss of load carrying capacity of the material.
Table 2.1 summarizes the responses of the asphalt pavement system upon the action of water. Several moisture damage mechanisms have been proposed to characterize moisture damage based on those responses including detachment, displacement, pore pressure, spontaneous emulsification, film rupture and hydraulic scouring etc. (Caro et al. 2008). For example, Figure 2.3 depicts  an aggregate coated with asphalt mastic and subjected to two possible moisture damage mechanisms. In this example, the high percentage of air voids with low connectivity allows development of high pore pressures in the saturated flow condition and can cause mechanical damage due to film rupture or formation of microcracks. Simultaneously, moisture can also diffuse through the mastic and displace the asphalt binder from the aggregate surface owing to their poor interfacial adhesive bond strength. Nonetheless, these mechanisms were far from one-size-fits-all solutions and were proposed based on limited field observations and specific situations (Arambula et al. 2010; Caro et al. 2008). Since the moisture damage mechanisms are complex and often related to each other, a lack of agreement still exists on the effect of individual or combined mechanisms on the overall moisture susceptibility of asphalt pavements (Caro et al. 2008). A promising way to evaluate the moisture damage potential might be to identify the fundamental chemistry of asphalt mix ingredients directly associated with the overall material properties.
[bookmark: _Toc118813115]Development of Test Methods
Numerous efforts have been made to assess the moisture sensitivity through laboratory testing on asphalt mixtures (Amelian et al. 2014; Kiggundu and Roberts 1988; Lottman 1978; Moraes et al. 2017). In the early attempts, laboratory tests such as the static immersion test and boiling water test were conducted using loose asphalt mixtures, and the mixtures were visually examined to determine if the asphalt binder was displaced from the aggregate (Ling et al. 2016; Weldegiorgis and Tarefder 2015). Later, a growing number of test methods based on compacted asphalt mixtures were developed, in which the behaviors of compacted specimens before and after moisture conditioning were compared to determine moisture susceptibility (Chen and Huang 2008; Huang et al. 2010; Ling et al. 2016). The widely adopted modified Lottman test (AASHTO T283) uses the indirect Tensile Strength Ratio (TSR) as the parameter for the moisture resistance evaluation (Lottman 1978). Moisture damage associated with rutting performance was also investigated using the asphalt pavement analyzer (APA) test and Hamburg wheel-tracking test (Kanitpong and Bahia 2005; Shu et al. 2012; Zhao et al. 2012). Until very recently, the NCHRP RRD 316 report delineated the use of Gibbs surface free energy (SFE) method to analyze the moisture resistance and adhesion between asphalt and aggregate. For the first time, the thermodynamics from surface physical chemistry theory was employed in the asphalt research to fundamentally assess the bonding at aggregate-asphalt interface and the cohesion within asphalt (Final Rep. NCHRP RRD 316 Using Surf. Energy Meas. to Sel. Mater. Asph. Pavement 2007; Hefer et al. 2006). Afterwards, several studies reported the use of SFE method to evaluate the compatibility of asphalt-aggregate combinations in terms of the moisture resistance (Arabani and Hamedi 2014; Caro et al. 2008; Hefer et al. 2006).
[bookmark: _Toc118813116]Factors Influencing Moisture Susceptibility and Countermeasures
In recent years, factors influencing the moisture susceptibility of asphalt mixtures and the possible countermeasures have been widely investigated with those test methods. In general, the common factors are as follows: asphalt source, chemical components and rheological properties of asphalt binder, aggregate source, chemical and mineralogical compositions of aggregate, surface texture of aggregate, volumetric properties of asphalt mixture, water quality at the asphalt-aggregate interface, quality control during compaction, construction practice, traffic loading and others (Caro et al. 2008; Copeland et al. 2007; Hefer et al. 2006; Kakar et al. 2015a; b; Othman et al. 2015). Previous studies have shown that the use of acidic aggregate such as granite, gravel and quartz in asphalt mixtures were more likely to cause the stripping of asphalt, whereas the locally available rock is widely used in pavement construction. The fast and reliable method to increase the moisture resistance is to use the antistripping agent (ASA) (Kakar et al. 2015b). Various commercial liquid ASAs have become the indispensable products in asphalt mixing plants. The widely used styrene-butadiene-styrene (SBS) modification of asphalt can also enhance the moisture resistance (Khodaii et al. 2014).
The use of waste plastic in asphalt pavements has been investigated as a promising way over the last several decades (Ma et al. 2021). The most common approach is to modify asphalt by incorporating plastic. In general, the incorporation of waste plastic in asphalt mixtures is a sustainable way to improve the rutting resistance and high temperature performances of the flexible pavements (Ma et al. 2021). Two methods including the wet method and the dry method are usually adopted by current asphalt plants. The wet method means the asphalt binder is blended with polymer modifiers under high temperatures before it is mixed with aggregate (He et al. 2022; Quintana et al. 2016; Shu and Huang 2014; Wang et al. 2022). Generally, the wet method requires extra equipment for the crushing of plastic and the asphalt blending. The dry method means the waste plastic is directly mixed with asphalt mixtures in the form of either mixture modifiers or aggregates (Huang et al. 2005; Quintana et al. 2016). Also, the waste plastic with relatively low melting temperatures could possibly coat the surface of aggregate to form a thin plastic film and changed the interfacial properties at the asphalt-aggregate interface, although the uniformity of the coating was still questionable and less studied (Ma et al. 2021; Modarres and Hamedi 2014). It is still unknown what percentage of waste plastic effectively forms the coating film while the other portion is embedded in the asphalt binder.
Instead of producing plastic modified asphalt, the concept of using waste plastic to coat aggregate surface also makes a difference to improving asphalt mixtures in that the adhesion between plastic-coated aggregate and asphalt is significantly stronger and more resistant to moisture damage (Abdo 2017; Arabani and Hamedi 2014; Min-Gu et al. 1989; Sarkar et al. 2016). Some researchers proposed the mixing of waste plastic fines and aggregates at high temperatures followed by a cooling process (Min-Gu et al. 1999). In this way, the plastic coating efficiency and quality could be reasonably enhanced. In the study by Min-Gu et al. (1999), 1% LDPE (with a particular size of 2-3 mm) by weight of total aggregate was used to coat the coarse aggregate at 377 °F (187.8 °C), and the mixing was continued until the aggregate had cooled down. This amount of LDPE did not completely coat the surface of aggregate in case of aggregate lumping. However, it should be noted that the appropriate amount is also related to the particle size of plastic and the surface area of aggregate. Based on their results, the use of LDPE-coated aggregate to make asphalt mixtures could function as the liquid antistripping agent (Min-Gu et al. 1999). Arabani and Hamedi (2014) utilized 0.43% LDPE and HPDE by weight of aggregate in the coating. In addition to the mixing and cooling, the aggregate was wetted by 0.5% water to allow the formation of initial coating before the temperature was risen to 180-190 °C. It was found that the mixtures with plastic treated aggregate showed larger adhesion energy between asphalt and aggregate and higher dynamic modulus ratios (Arabani and Hamedi 2011). Sarkar et al. (2016) investgated the asphalt mixtures made by plastic-coated overburnt brick aggregate and concluded that the modifed aggregate contributed to the increase in tensile strength ratio (TSR) by 9.44%, indicating the improved moisture resistance. Many studies also concluded that the asphalt pavements made by plastic-coated aggregate exhibited higher overall quality and durability than those with regular aggregates (Hake et al. 2020; Nana et al. 2019; Vasudevan et al. 2012).
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[bookmark: _Toc119078226]Figure 2.3. An Aggregate Coated with Asphalt Mastic and Subjected to Two Possible Moisture Damage Mechanisms (Caro et al. 2008)










[bookmark: _Toc118813119]Appendix 2B: Tables
[bookmark: _Toc119483662]Table 2.1. Responses of the System
	Responses of the material
	Description
	Nature of the process
	Refs

	Detachment
	Separation of an asphalt film from an aggregate surface by a thin film of water without an obvious break in the binder layer
	Chemical,
thermodynamic
	(Caro et al. 2008)

	Displacement
	Loss of material from the aggregate surface through a break in the asphalt film and/or possible separation of the aggregate/mastic interface
	Mechanical
	(Caro et al. 2008)

	Dispersion of the mastic
	Weakening of the cohesion in the asphalt binder or mastic due to long-term diffusion periods and loss of material due to the presence of flow
	Chemical,
thermodynamic
	(Kringos and Scarpas 2005)

	Film rupture
	Ruptures in the mastic or aggregates. The effect of microcracks is a general deterioration of the structural integrity of material and the generation of new paths for moisture
transport
	Mechanical,
thermodynamic
	(Caro et al. 2008)

	Desorption of the mastic
	Washing away of the outer layers of mastics due to the presence
of flow
	Mechanical after
other processes
	(Kringos and Scarpas 2005)

	Spontaneous emulsification
	Inverted emulsion of water droplets in binders
	Chemical
	(Caro et al. 2008)
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Abstract: This study investigates the moisture damage mechanism and material selection of hot-mix asphalt (HMA) with amine-based antistripping agent (ASA). The surface free energy (SFE) of virgin and ASA modified asphalts and five aggregates with different acidities were measured, yielding the compatibility of each asphalt-aggregate combination. The corresponding compacted mixtures were evaluated by tensile strength ratio (TSR) considering the freeze-thaw and MIST conditioning. The use of amine ASA changed the thermodynamic properties of asphalt by decreasing the nonpolar components and increasing the polar components, which enhanced the work of adhesion between asphalt and aggregate and reduced the free energy released at the presence of water. The wettability of asphalt over aggregate was also increased due to the ASA, suggesting a better coating quality of asphalt mixtures was achieved. All those changes led to the increased energy ratio (ER), indicating the improved moisture resistance and compatibility of materials. At the molecular level, it might be because the amino groups from ASA adsorbed the silanol groups at the aggregate surface, leading to a stronger bond between asphalt and aggregate. The asphalt mixtures with acidic aggregate exhibited more serious moisture damage, which could be attributed to the lower dry adhesion energy and the larger free energy released with moisture. To enhance the moisture resistance, the selection of compatible asphalt-aggregate combinations seemed more effective than the use of amine ASA. The ERs of all the asphalt-aggregate combinations correlated well with the TSR results, and the SFE-based criteria for material selection of HMA were tentatively proposed.
[bookmark: _Toc118813121]Introduction
First reported in the early 1900s, stripping of asphalt due to the moisture damage has been identified as one of the major issues in asphalt pavements (Huang et al. 2010). The presence of water significantly impairs the durability of asphalt mixture and result in very complicated modes of stiffness and strength loss of the pavement. Although the moisture may not directly initiate the commonly known distresses like fatigue cracking, rutting, permanent deformation etc., it exacerbates their severity and extent (Huang et al. 2010; Kim et al. 2009). In this regard, increasing attention has been paid in recent years to taking preventive measures to enhance the moisture damage resistance of asphalt mixtures in addition to the road maintenance. The selection of appropriate raw materials is therefore becoming more and more crucial to the durability of asphalt pavements.   The process of moisture damage was generally described as two basic steps by Caro et al. (Caro et al. 2008): (a) water transport: processes by which moisture in either a liquid or vapor form infiltrates the asphalt mixture as well as the asphalt binder or mastic and reaches the asphalt binder–aggregate interface, and (b) response of the system: changes in the internal structure resulting in a loss of load bearing capacity of the mixture. Historically, there are six different micro- or macro-scale mechanisms explaining the moisture damage of asphalt mixture: detachment, displacement, hydraulic scour, pore pressure–induced damage, spontaneous emulsification and the environment effect on the aggregate–asphalt system (Caro et al. 2008). However, the overall moisture damage should be attributed to more than one mechanism, and a more fundamental understanding of the adhesion between asphalt and aggregate is required. 
   Previous studies revealed that the asphalt mixture made with acidic aggregates were more likely to show moisture damage and stripping since silanol groups could make the surface of aggregate hydrophilic and result in the repulsive force between asphalt and aggregate (Hamedi and Tahami 2018). Therefore, silica-rich aggregates such as gravel and granite are always considered as the problematic ingredients in asphalt mixture. Due to the large consumption of materials during the pavement construction, locally available rocks are still the major source of aggregates in the United States, which makes the use of acidic aggregate inevitable. Currently, the most widely adopted approach to mitigating the moisture damage is the use of liquid antistripping agents (ASA), most of which are in the form of cationic surface-active amines such as fatty polyamines, amides and substituted imidazoline (Lucas Júnior et al. 2021; Min et al. 2015). Although it is clear that ASA can increase the adhesion between asphalt and aggregate, the underlying mechanism is still controversial (Hamedi and Tahami 2018). Ye et al. also reported the use of other types of asphalt modifiers to enhance moisture resistance such as silane coupling agent, rock asphalt, double rock composite and styrene-butadiene-styrene (Ye et al. 2022).
   The laboratory test methods for evaluating the moisture resistance of asphalt mixture can be generally classified into two major categories: those on compacted mixtures (tensile strength ratio (TSR) test, hamburger test etc.) and those on loose mixtures (boiling water test, pull-off test etc.) (Ling et al. 2016; Shu et al. 2012). Most of the performance tests can successfully quantify the moisture sensitivity of asphalt mixture by considering the cumulative effect of mixture design, material properties and environmental conditions. Nonetheless, those test methods, a lot of times, suffer from drawbacks such as the lack of measurement of fundamental material properties reflecting the moisture damage mechanism and also the poor correlation with the field performance (Arabani and Hamedi 2011a). Therefore, many departments of transportation (DOT) in the United States always try to find more fundamental test methods to predict moisture susceptibility.
   Until recently, the report of NCHRP RRD 316 for the first time proposed the use of Gibbs surface free energy (SFE) method to select the pavement materials and compared different experimental methods for the SFE measurement. The principles of thermodynamics from surface physical chemistry theory were introduced into the area of asphalt mixture to fundamentally analyze the cohesion of asphalt and the bonding at aggregate-asphalt interface (Final Rep. NCHRP RRD 316 Using Surf. Energy Meas. to Sel. Mater. Asph. Pavement 2007; Hefer et al. 2006). SFE is described as the energy required to separate solid or liquid to create a new interface in a vacuum (Hefer et al. 2006). If the separated material is homogeneous, this energy is called cohesive energy or cohesion. If the two newly-created surfaces belong to different materials, the energy is considered as adhesive energy or adhesion (Hefer et al. 2006). By measuring the surface energy of asphalt mix ingredients, the adhesion between asphalt and aggregate could be measured and the influence of water on displacing the asphalt from aggregate could be analyzed (Caro et al. 2008; Hefer et al. 2006; Moraes et al. 2017). Several recent studies have reported the use of SFE method to rate the compatibility between asphalt and aggregate in terms of the moisture resistance (Arabani and Hamedi 2014; Caro et al. 2008; Final Rep. NCHRP RRD 316 Using Surf. Energy Meas. to Sel. Mater. Asph. Pavement 2007; Hefer et al. 2006; Rani et al. 2019). For example, Rani et al. analyzed the compatibility of asphalt-aggregate (limestone and granite) systems using this approach and concluded that SFE-based method is an effective tool for the assessment of moisture-induced damage potential of asphalt mixes (Rani et al. 2019). Hossain et al. investigated the effect of aging and rejuvenation on the SFE measurements of asphalt mixtures and moisture resistance (Hossain et al. 2019). Arabani  and Hamedi used SFE to evaluate the effects of polymeric aggregate treatment on moisture damage in hot-mix asphalt (Arabani and Hamedi 2011b).
   Although the SFE method brought new opportunities for the study of moisture damage, many questions still remain to be answered. As suggested by the NCHRP RRD 316, a more detailed investigation is required to establish the relationship between addition of chemically active modifiers, SFE components of the binder, and performance of the asphalt mixtures (Final Rep. NCHRP RRD 316 Using Surf. Energy Meas. to Sel. Mater. Asph. Pavement 2007). Currently, the amine-based ASA is widely used in HMA to enhance the moisture resistance. Nevertheless, the moisture damage mechanism of HMA with amine ASA has not been thoroughly investigated. It is still unknown how the ASA affects the thermodynamic properties of asphalt and to what extent the ASA can enhance the compatibility of different asphalt-aggregate combinations considering the aggregates with different acidities. In addition, most studies did not utilize a wide set of mixtures to compare the results from the SFE method and other laboratory performance tests based on compacted asphalt mixtures, which failed to make the SFE results truly function as criteria for material selection (Final Rep. NCHRP RRD 316 Using Surf. Energy Meas. to Sel. Mater. Asph. Pavement 2007).
[bookmark: _Toc118813122]Objective and Scope
[bookmark: _Toc114963366][bookmark: _Toc115007443][bookmark: _Toc115055021] The objective of this study was to investigate the moisture damage mechanism of HMA with amine-based ASA considering different types of aggregate. The SFE values of both asphalts and aggregates were measured using sessile drop method and capillary rise method, respectively. The effects of ASA on the dry adhesive energy between asphalts and aggregates and the free energy released at the presence of moisture were analyzed. The compatibility of different asphalt-aggregate combinations and the influence of amine ASA were systematically evaluated. Moreover, the SFE results were compared to the TSR obtained from 60 types of compacted mixtures. The SFE-based criteria for material selection were tentatively proposed.
[bookmark: _Toc118813123]Materials and Experimental Procedures
[bookmark: _Toc118813124]Materials
Two types of asphalt binders (PG 64-22 and PG 76-22) were used in this study and their material properties are summarized in Table 3.1. PG 76-22 is the SBS-modified binder which has been reported to have a higher moisture damage resistance than PG 64-22 (Khodaii et al. 2014). 0.14% cross linking agent was included in the PG 76-22 to create bridges among polymers. A commercial amine-based ASA was used as the additive in asphalt. As shown in Figure 3.1, five types of rock (LS1, LS2, GR, GL1 and GL2) with different acidities were used as the aggregates which were sourced from different regions in Tennessee and identified by the Department of Transportation (DOT). Table 3.2 shows the oxide compositions (tested by XRF, PANalytical Axios) of the aggregates in the study. It can be seen that the limestone aggregates had a relatively high calcium content while the granite and gravel were rich in silica. It should be noted that the gravel in this study was quartz from a mineralogical point of view.
[bookmark: _Toc118813125]Measurement of SFE
The SFE of both asphalt binders and different types of aggregate were measured to explore the moisture damage mechanism of different asphalt-aggregate combinations. As summarized in Table 3.3, thirty asphalt-aggregate combinations were included in this study.



Previous studies have shown that the adhesion between asphalt binder and aggregate could be characterized by the surface energies of both materials, which enables the quantitative evaluation of moisture susceptibility and the selection of compatible materials (Hefer et al. 2006). Based on the acid-base theory, SFE of any material can be characterized by three components: Non-polar or Lifshitz-van der Waals component (), Lewis base component () and Lewis acid component () (Hefer et al. 2006; Van Oss et al. 1989). The three components are utilized to calculate the total SFE of a material (Eq. 1 and Eq. 2).

   (1)

Where    (2)



   The SFE values of asphalt binders were measured using the sessile drop method (Staicopolus 1963) as shown in Figure 3.2(a). The testing samples were made by pouring hot asphalt binder over a preheated glass slide at asphalt mixing temperature. Then the excessive asphalt binder was allowed to move off the slide by lifting the samples for a period of time. The samples were placed in a drying machine for 8 hours when there was only a thin asphalt layer left on the slide. During the test, a drop of a probe liquid (3–5 μL) was dispensed over the coated glass slide at room temperature using a micro-syringe. A digital image showing the drop over the sample was captured and the contact angle was measured using an image processing software (Figure 3.2b). Four prob liquids (distilled water, ethylene glycol, glycerol and formamide) were used in this study and their material properties have been reported in previous studies (Ghabchi et al. 2014; Hefer et al. 2006). The average value from three measurements was used as the final result of contact angle. Based on the Young-Dupre equation, the following equation (Eq. 3) was proposed by Van Oss et al. (Van Oss, C.J., Chaudhury, M.K. and Good 1988), showing the relationship between Gibbs free energy of adhesion (), work of adhesion () and the contact angle () of a solid surface (S) in contact with a prob liquid (L).

   (3)







Where  is the total surface energy of a prob liquid. , are the Lifshitz-van der Waals components of solid and prob liquid, respectively. ,  are the Lewis acid components of solid and prob liquid, respectively, and  ,  are the Lewis base components of solid and prob liquid, respectively.


The capillary rise method (Figure 3.2c) which is also called the column wicking method was used to measure the contact angle between a prob liquid and aggregate, which was explained by Tan and Guo (Tan and Guo 2013). The powdered solid (passing #100 (150 µm) but retained on #200 sieve (75 µm)) was placed in a capillary tube and one end of tube is immersed into a prob liquid. The liquid rose through the capillaries formed in between the aggregate particles within the tube. The height  of the liquid travelling through the aggregate as a function of time  was measured. The contact angle between the prob liquid and the aggregate can be calculated using Washburn's equation Eq. (4).

   (4)



In this equation,  is the total surface free energy of the prob liquid.  is pore radius.  is the viscosity of prob liquid. Similar to sessile drop method, Eq. (3) was used to calculate the surface energy components of aggregate using the results of contact angle and surface energy components of prob liquids.
[bookmark: _Toc118813126]Tensile strength ratio (TSR)
   The compacted samples for each asphalt-aggregate combination shown in Table 3.3 were prepared for the TSR test to verify the SFE results. Two types of dense-graded mixtures (D-mix and BM2- mix) specified by Tennessee DOT were utilized. Figure 3.3 shows the gradation of both types of mixture. D-mix is classified as a surface mixture with 12.7 mm aggregate size. BM2-mix is used as a base mixture with 38.1 mm maximum aggregate size. Table 3.4 summarizes the results of mix designs for the evaluated mixtures. It should be noted that the addition of ASA did not significantly change the mix design. Therefore, the preparation of asphalt samples with ASA was still based on the results in Table 3.4.
The cylindrical samples for TSR tests had 150-mm diameter and 62.5-mm height. The samples were compacted to 6% to 8% air voids using the Superpave gyratory compactor (SGC). Two moisture conditioning methods were used in this study to simulate the process of moisture damage of asphalt mixtures in the field. The first one was the freeze-thaw conditioning (F-T) specified by ASTM D4867 (Standard Test Method for Effect of Moisture on Asphalt Concrete Paving Mixtures). The specimens were subjected to 15 hours of freezing at -18 °C and then immersed in 60 °C water for 24 h before testing. The second method was the MIST conditioning according to ASTM D7870 (Standard Practice for Moisture Conditioning Compacted Asphalt Mixture Specimens by Using Hydrostatic Pore Pressure). MIST equipment can apply repeated pore pressure cycles to compacted asphalt samples to simulate the action of traffic on water-saturated pavements and evaluate the moisture resistance. The pressure and temperature for MIST conditioning were 40 psi and 60 °C, respectively. The number of cycles was 3500 as specified by ASTM D7870. The tensile strengths of specimens before and after and the moisture conditioning were tested using a Material Testing System (MTS) as shown in Figure 3.4, and the loading rate in the diametral direction was 50 mm/min. For each type of specimen, three repetitive tests were conducted, and the average value was recorded. The TSR values were calculated using Eq. (5) and Eq. (6).

   (5)
Where: 

: split tensile strength (kPa);

: peak load (N);

: height of specimen (mm);

: diameter of specimen (mm).

   (6)
Where:

: tensile strength of the moisture conditioned specimen (kPa);

: tensile strength of the dry specimen (kPa).
[bookmark: _Toc118813127]Materials and Experimental Procedures
[bookmark: _Toc118813128]SFE Results of Asphalt Binders and Aggregates



Table 3.5 and Table 3.6 show the SFE results of asphalt binders and aggregates, respectively. As shown in Table 3.5, the use of amine-based ASA could generally reduce the total surface energy of asphalt binders. When half dosage and full dosage of ASA were added to PG 64-22,  decreased from 20.48 mJ/m2 to 20.28 mJ/m2 and 19.91 mJ/m2, respectively. Similarly, the  of PG 76-22 also decreased from 22.50 mJ/m2 to 22.21 mJ/m2 and 22.12 mJ/m2, respectively. The change to the total surface energy of asphalt binder mostly resulted from the variation of Lifshitz-van der Waals components, which is consistent with the results by Aguiar-Moya et al. (Aguiar-Moya et al. 2018). Moreover, the increase in polar components of asphalt binders could be observed with increasing ASA content. According to Table 3.6, the two limestones (LS1 and LS2) had a high Lewis base component (), indicating the less acidity of the aggregate. In contrast, the base components of granite and gravel were considerably lower. It should be noted that the surface energy components of different aggregates were computed using a relative scale based on the assumption that the acid and base components for water are equal (Van Oss, C.J., Chaudhury, M.K. and Good 1988). Therefore, the absolute values of the components are actually unknown and the magnitude of different surface energy components within a single material should not be compared (Van Oss, C.J., Chaudhury, M.K. and Good 1988).
[bookmark: _Toc118813129]Resistance to Fracture: Cohesive Energy of Asphalt and Dry Adhesive


Generally, there are two possible ways for a crack to propagate in the asphalt mixtures: through the bulk of asphalt or through the interface between aggregate and asphalt binder. The energy required for a crack to propagate through asphalt can be defined as the cohesive energy () within the asphalt, and the value can be calculated by the SFE components of asphalt using Eq (7) (Naseri Yalghouzaghaj et al. 2021). Under the dry condition, the energy needed to separate asphalt and aggregate through the interface is known as the adhesive bond energy or dry adhesive () which is a function of the SFE components of both aggregate and asphalt (Eq. 8) (Hefer et al. 2006; Naseri Yalghouzaghaj et al. 2021).

   (7)

   (8)
Where, subscript A indicates the asphalt and subscript S denotes the aggregate.
[bookmark: _Hlk101460682]Figure 3.5 summarizes the cohesive energy of the two asphalts with different amounts of ASA. As shown in Figure 3.5, the addition of amine-based ASA could slightly reduce the cohesive energy of both PG64-22 and PG76-22. The addition of half dosage of ASA decreased the cohesive energy of PG64-22 and PG76-22 by 0.98% and 1.31%, respectively. The full dosage reduced the cohesive energy of the two asphalts by 2.78% and 1.71%, respectively. Therefore, the use of amine ASA was slightly detrimental to the asphalt properties, although the minor influence might be negligible. Based on the SFE components of asphalts (Table 3.5), the reduction in cohesive energy was directly attributed to the decrease in Lifshitz-van der Waals component in asphalt. It should be noted that results are in contrast to the findings that the addition of hydrated lime could increase the cohesive energy of asphalt (Han et al. 2019). Based on the results in (Han et al. 2019), the hydrated lime increased the polar components more drastically and therefore enhanced the total surface tension of asphalt binders. It can be expected that the effect of amine-based ASA on asphalt should be different from that of hydrated lime, and the asphalt modified by Ca(OH)2 may be more resistant to crack propagation in bulk asphalt.
Figure 3.6 summarizes the values of work of adhesion in dry condition calculated for different asphalt-aggregate combinations. These data show the tendencies of dry adhesion energy (dry adhesive) for different specimens with the addition of ASA. A high value of dry adhesive indicates a stronger bond between asphalt and aggregate and a higher resistance to fracture, which can significantly influence the durability and fatigue life of asphalt mixtures. According to Figure 3.6, the use of amine ASA could generally increase the work of adhesion of different asphalt-aggregate combinations and the results are consistent for all the five types of aggregate and two different asphalts, although some combinations showed the unexpected slight decrease in dry adhesive such as the GR, GL1 and GL2 with PG76+H. However, all the combinations showed the increase in dry adhesive with the addition of full dosage of ASA. Based on Table 3.5 and Eq. (8), it is obvious that the enhanced bond between asphalt and aggregate resulted from the increased polar components of asphalt when ASA was added. Also, it can be seen that the dry adhesive generally decreased with the increasing acidity of aggregate, indicating the use of granite and gravel in asphalt mixtures are less desirable due to the weaker bonds with asphalt.
[bookmark: _Toc118813130]Wettability of the Asphalts over the Aggregates: Spreading Coefficient
First defined by Bhasin et al., the spreading coefficient   of asphalt over aggregate can be calculated by Eq. (9) (Caro et al. 2008). The spreading coefficient is an indicator of the wettability, and a higher value suggests the higher ability of asphalt to coat the surface of aggregate. In general, the mechanical interlocking between asphalt and aggregate is highly associated with the coating quality of asphalt on aggregate, and therefore a high spreading coefficient is desirable for HMA. Based on Eq. (9), the spreading coefficient is determined by both the dry adhesive of asphalt-aggregate combination and the cohesive energy of asphalt, which means it is easier for aggregate to catch asphalt with high dry adhesive but low cohesive energy.

   (9)
Figure 3.7 shows the spreading coefficient of each asphalt-aggregate combination. It can be seen that the value of spreading coefficient was closely related to the variation of dry adhesive and cohesive energy. The addition of amine-based ASA could modify the wettability of asphalt over aggregate, and the spreading coefficients were considerably enhanced with ASA for all the combinations. In addition, it seems that the increases in wettability of asphalt over limestone were more prominent. For LS1, the addition of ASA (full dosage) to PG64-22 and PG76-22 enhanced the wettability by 27.80% and 25.68%, respectively. However, the enhancement for aggregates with high acidity was relatively lower. For example, the full dosage of ASA only increased the wettability of GR-PG64-F, GR-PG76-F, GL1-PG64-F, GL1-PG65-F by 17.64%, 13.83%, 19.95% and 14.09%, respectively. The use of amine ASA in asphalt decreased the nonpolar components but increased the polar components, which resulted in the slight decrease in cohesive energy of asphalt but a stronger bond between asphalt and aggregate. Therefore, it can be concluded that the enhanced spreading coefficient was mainly due to the increased polar components of asphalt with ASA.
[bookmark: _Toc118813131]Wet adhesive
With the presence of water at the interface between aggregate and asphalt, water tends to displace the asphalt at the interface, which has been identified as a thermodynamically favorable process (Hefer et al. 2006). The tendency can be quantified as the free energy released or sometimes called wet adhesive which can be calculated by Eq (10).

   (10)



Where subscript W denotes the water. In Eq (10),  indicates the energy of the interface between two phases  and , which can be obtained by their SFE components as shown in Eq (11).

   (11)
Figure 3.8 summarizes the calculated results of wet adhesive for all the asphalt-aggregate combinations. It can be seen that the addition of amine-based ASA could generally reduce the values of wet adhesive. In other words, the ASA could reduce the free energy released with the presence of moisture. These values suggest that no external energy is needed in the system to separate the asphalt–aggregate interface since the aggregates tend to be preferentially covered by water instead of aggregate. A smaller value of wet adhesive indicates a better moisture damage resistance of the asphalt-aggregate combination. Therefore, the data presented in Figure 3.8 indicate that the addition of amine ASA could help prevent the water from separating the asphalt and aggregate by changing the thermodynamic properties of asphalt. In addition, it can be seen that the values of wet adhesive were relatively higher for the combinations with acidic aggregates, which is consistent with the previous studies (Jitsanigam et al. 2018; Khan et al. 2013).
[bookmark: _Toc118813132]Compatibility between Asphalt and Aggregate: Energy Ratio (ER)
The tendency of moisture damage in asphalt mixtures is highly associated with the material properties. In other words, the selection of compatible asphalt and aggregate can effectively reduce the moisture susceptibility (Hefer et al. 2006). Previous studies have shown that the compatibility between asphalt and aggregate can be represented by the value of ER (Eq. 12) based on SFE results (Caro et al. 2008; Han et al. 2019; Hefer et al. 2006).

   (12)
Figure 3.9 summarizes the results of ER for all the asphalt-aggregate combinations in this study. ER is also used as the final indicator for the moisture damage resistance considering the influence of both spreading coefficient and wet adhesive. As shown in Figure 3.9, the ER values of PG 64-22 and different aggregates were 33.86% (LS1), 27.25% (LS2), 21.22% (GR), 17.74% (GL1) and 13.27% (GL2), respectively. When PG 76-22 was used, the values were 44.71% (LS1), 31.74% (LS2), 27.14% (GR), 21.60% (GL1) and 17.19% (GL2), respectively. The ER generally increased with the addition of antistripping agent for all the asphalt-aggregate combinations, indicating the effect of ASA on reducing the moisture susceptibility of asphalt mixtures. It can be seen that the ER values for all the LS1 samples were higher than 30% while the values were lower than 30% for both GL1 and GL2 samples even though the ASA was added. The ER values of LS2 and GR samples ranged between 20% and 40%. According to the SFE results, it seems that the selection of compatible aggregate is more critical than the use of ASA. For example, the combination of PG64-22 and LS1 without ASA showed the ER of 33.86% which was obviously higher than those of combinations with gravel (GL1 and GL2) and ASA. Therefore, effect of ASA on increasing the polar components of asphalt and moisture resistance was still quite limited.
[bookmark: _Toc118813133]TSR Results
Figure 3.10 (a-e) show the TSR results of the 60 mixtures including D-mix and BM2-mix. The retained indirect tensile strengths after the moisture conditioning (F-T and MIST) were used to indicate the moisture resistance of asphalt mixtures. Since the TSR test is still the most widely adopted method to rate the moisture resistance, it is necessary to compare the measured SFE results with the TSR values. According to the test results, the use of amine-based ASA could remarkably increase the TSR values for all the asphalt-aggregate combinations, indicating the type of aggregate did not influence the effect of ASA. It can be seen that besides the asphalt-aggregate combination, the TSR results were also influenced by other factors such as the mixture type and moisture conditioning method. For the same asphalt-aggregate combinations, the D-mix samples showed higher TSR values than those of BM2-mix samples possibly due to the larger amount of asphalt binder in D-mix which provided more adhesion between aggregate and asphalt (Figure 3.10a-e). Compared with the F-T conditioning (ASTM D4867), the MIST conditioning method (ASTM D7870) caused less damage to the asphalt mixture, resulting in the relatively higher TSR values. However, it seems that the MIST conditioning tended to yield more consistent results with smaller variations.
Consistent with the SFE results, the compatibility of asphalt and aggregate could significantly influence the moisture susceptibility of asphalt mixtures. The basic aggregate LS1 showed the excellent moisture resistance and the TSR results of LS1 samples were generally higher than 80%, which is followed by the siliceous limestone LS2. In contrast, all the acidic aggregate (GR, GL1 and GL2) showed very low TSR values even if the amine ASA was used. For example, GL1-PG64 and GL2-PG64 had a TSR of 47.0% and 45.5%, respectively after the F-T conditioning (Figure 3.10d-e). When the ASA was used to modify the asphalt, the GL1-PG64+F and GL2-PG64+F still showed low TSR values (69.1% and 60.7%, respectively), indicating even the full dosage of ASA might not be enough to increase the moisture resistance (Figure 3.10d-e). Therefore, the selection of compatible asphalt-aggregate combinations is the most effective way to make durable asphalt pavements with high moisture damage resistance. Similar findings were also reported by (Moghadas Nejad et al. 2012) showing the 100% replacement of granite aggregate by limestone increased TSR by 25% while the use of ASA only increased 18%.
[bookmark: _Toc118813134]Discussion
[bookmark: _Toc118813135]Moisture Damage Mechanism of HMA with Amine-based ASA
Figure 3.11(a-b) summarize the effect of amine-based ASA and aggregate type on the moisture resistance of HMA based on the concept of SFE. As shown in Figure 3.11(a), the use of amine ASA changes the thermodynamic properties of asphalt by decreasing the nonpolar components and increasing the polar components, which will further reduce the cohesive energy of asphalt and wet adhesive while increase the dry adhesive and spreading coefficient of asphalt over aggregate. All those changes will finally contribute to the increase in energy ratio, enhancing the compatibility of asphalt-aggregate combinations. As for the aggregate, the increase in silica content (acidity) will directly reduce the dry adhesion energy between asphalt and aggregate and increase the wet adhesive, resulting in the decrease in energy ratio and moisture resistance (Figure 3.11b). The evaluation of the thermodynamic properties fundamentally reveals the working mechanism of amine-based ASA and the reason why the moisture damage resistance can be improved. In addition, the effect of full dosage of ASA was always better than that of half dosage since more polar components added in asphalts had a higher impact on dry adhesive and wet adhesive.
The low moisture resistance of asphalt mixtures with acidic aggregate has been reported for several decades (Tayebali et al. 2018; Xiao et al. 2022). At the molecular level, the silanol groups tend to form at the surface of the acidic aggregate as shown in Figure 3.12(a) (Morrow and McFarlan 1990). The surface silanol groups are polarized due to the hydrogen bonds and demonstrate the acidic nature which is responsible for the adsorption properties of silica-rich aggregate. Due to the insufficient polar components in virgin asphalt (Table 3.5), the work of adhesion between aggregate and virgin asphalt is relatively low. Nonetheless, the polarized silanol groups on the surface of aggregate tend to adsorb water molecules by the hydrogen bonding, which directly results in the penetration of water into the interface between the asphalt and aggregate (Morrow and McFarlan 1990). Therefore, the stripping of asphalt easily occurs in the asphalt mixtures with silica-rich aggregate. When the amine-based ASA is added to the virgin asphalt, the polar components of asphalt considerably increase due to the presence of amino groups. Amines are compounds containing the basic nitrogen atoms, each of which has a lone pair (Bhattacharyya and Woollins 1995). Previous studies have shown those nitrogen atoms tend to adsorb the hydrogen atoms (Bhattacharyya and Woollins 1995; Veneman et al. 2015). Therefore, the amino groups will adsorb the silanol groups at the aggregate surface to form a stronger bond. As shown in Figure 3.12(b), the model of asphalt with amine-based ASA is proposed. A higher work of adhesion between aggregate and asphalt can be achieved due to the presence of amino groups, which significantly enhances the moisture damage resistance.
[bookmark: _Toc118813136]SFE-based Criteria for Material Selection
[bookmark: _Hlk101633183]Figure 3.13 show the relationship between TSR and ER from the SFE results. According to literature, the comparison between SFE and a wide set of laboratory performance test results was scarcely reported. Hefer et al. compared ER with Hamburg test results using six mixtures and concluded that the two test methods yielded consistent results (Hefer et al. 2006). Rahmani et al. showed that the TSR results had a good correlation with the debonding energy based on eight types of mixtures with unaged and aged binders (Rahmani et al. 2018).
[bookmark: _Hlk101633275][bookmark: _Hlk94618718]Since the SFE evaluation could not reflect the influence of mixture type (aggregate gradation) and the moisture conditioning methods, 4 clusters (D-mix (F-T), D-mix (MIST), BM2-mix (F-T) and BM2-mix (MIST)) are presented to show the correlation between TSR and ER. As shown in Figure 3.13, a fair linear regressive line can be established between TSR and ER for each cluster, suggesting that the SFE method can be potentially used as a criterion for the material selection. However, it can be seen that the correlation is highly influenced by the aggregate gradation and moisture conditioning method, since different aggregate skeletons, asphalt contents and conditioning methods will influence the degree of damage in the test. Currently, the TSR test with F-T conditioning is still the most widely accepted method to evaluate the moisture damage resistance. According to the value of TSR, the moisture resistance of a mixture can be categorized into three zones: high (TSR ≥ 80%); moderate (80% > TSR ≥ 70%) and low (TSR < 70%) (Das and Siddagangaiah 2021). It should be noted that the MIST conditioning generally caused less damage to the asphalt mixtures. For the asphalt mixtures with relatively high moisture resistance (high ER), the MIST conditioning method might not be sensitive enough to compare the moisture susceptibility, which can be seen from red areas in Figure 3.13. In addition, there is a lack of standardized criteria for evaluating the MIST conditioned asphalt mixtures by TSR results. Therefore, the current study tentatively proposed the SFE-based criteria (Table 3.7) for material selection by comparing the TSR results of the F-T conditioned mixtures and ER. As summarized in Table 3.7, the moisture resistance of D-mix samples can be categorized into three zones: high moisture resistance (ER ≥ 35.62%), moderate moisture resistance (35.62 > ER ≥ 26.83%) and low moisture resistance (ER < 26.83%). Similarly, for the BM2-mix, the three zones are high moisture resistance (ER ≥ 41.08%), moderate moisture resistance (41.08% > ER ≥ 32.89%) and low moisture resistance (ER < 32.89%), respectively. With all the results, the energy ratio of any new asphalt-aggregate combination can be compared to the criteria and the corresponding moisture resistance can be predicted. However, it can be seen that the requirements of ER are different for the two mixture types. Since the BM2-mix samples have coarser aggregate and lower asphalt contents, A higher value of ER is required to ensure the adhesion between asphalt and aggregate. It should be noted that the current study only provided the SFE-based criteria of material selection for D-mix (surface mixture) and BM2-mix (base mixture). For other mixture types, more laboratory tests are needed to obtain the accurate correlations between ER and TSR and the corresponding criteria for material selection. 
[bookmark: _Toc118813137]Conclusions
This study looks into the moisture damage mechanism and material selection of HMA with amine-based ASA. The thermodynamic properties of virgin and ASA modified asphalts and five different aggregates were measured, yielding the ERs of different asphalt-aggregate combinations and the working mechanism of amine ASA. The SFE results were compared to the TSR from compacted asphalt mixtures, and the SFE-based criteria for material selection of HMA were tentatively proposed. The following conclusions can be drawn from this study:
The use of amine ASA changed the thermodynamic properties of asphalt by decreasing the nonpolar components and increasing the polar components, which enhanced the dry adhesion energy between asphalt and aggregate and reduced the free energy released at the presence of water.
With amine ASA, the increase in dry adhesive and decrease in cohesive energy within asphalt contributed to the increased spreading coefficient (wettability) of asphalt over aggregate, leading to a better coating quality of asphalt mixtures.
[bookmark: _Hlk101582492][bookmark: _Hlk101582201]The asphalt mixtures with acidic aggregate tended to show more serious moisture damage, which could be attributed to the lower dry adhesion energy between asphalt and aggregate and the larger free energy released with moisture. To enhance the moisture resistance, the selection of compatible asphalt-aggregate combinations seemed more effective than the use of amine ASA. The effect of full dosage of ASA was always better than that of half dosage.
[bookmark: _Hlk94622814]The ER indicating the moisture resistance and compatibility of an asphalt-aggregate combination was enhanced by ASA due to the improved thermodynamic properties of asphalt. At the molecular level, it might be because the amino groups from ASA adsorbed the silanol groups at the aggregate surface, leading to a stronger bond between asphalt and aggregate.
The ER based on the evaluation of SFE had a stronger linear relationship with the TSR results. However, the compatibility of asphalt and aggregate identified by SFE could not reflect the influence of mixture type and moisture conditioning method. The mixtures with coarser aggregate and lower asphalt content requires the use of materials with higher compatibility to maintain the moisture resistance.
[bookmark: _Hlk101634479]The moisture resistance of D-mix samples can be categorized into three zones: high moisture resistance (ER ≥ 35.62%), moderate moisture resistance (35.62 > ER ≥ 26.83%) and low moisture resistance (ER < 26.83%). Similarly, for the BM2-mix, the three zones are high moisture resistance (ER ≥ 41.08%), moderate moisture resistance (41.08% > ER ≥ 32.89%) and low moisture resistance (ER < 32.89%), respectively.
SFE methods are able to achieve the fast screening of compatible asphalt-aggregate combinations with amine ASA based on the fundamental chemistry of materials. However, the test method fails to reflect the influence of many factors such as the gradation of aggregate, asphalt content, air void and moisture conditioning method. Moreover, the current method is not able to predict the moisture resistance of mixtures with mixed aggregate until a more sophisticated model is proposed considering the surface area of aggregate and other factors.
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[bookmark: _Toc52356338][bookmark: _Toc119078227]Figure 3.1. Five Types of Aggregate Sourced from Different Quarries in Tennessee
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[bookmark: _Toc52356339][bookmark: _Toc119078228]Figure 3.2. SFE measurement of Asphalt and Aggregate: (a) Sessile Drop Method, (b) Contact Angle Measurement, (c) Capillary Rise Method
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[bookmark: _Toc52356340][bookmark: _Toc119078229]Figure 3.3. Asphalt Mixtures’ Granulometric Composition
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[bookmark: _Toc52356341][bookmark: _Toc119078230]Figure 3.4. TSR Test and the Fracture Surfaces of Unconditioned Samples and F-T/MIST Conditioned Samples
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[bookmark: _Toc52356343][bookmark: _Toc119078232]Figure 3.6. Dry Adhesive between Asphalt and Aggregate
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[bookmark: _Toc52356344][bookmark: _Toc119078233]Figure 3.7. Spreading Coefficient of Each Asphalt-Aggregate Combination
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(a) LS1
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(b) LS2
[bookmark: _Toc119078236]Figure 3.10. TSR Results
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(c) GR
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(d) GL1
[bookmark: _Toc119078237]Figure 3.10. Continued
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(e) GL2
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(a) Effect of amine-based ASA
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(b) Effect of silica content in aggregate
[bookmark: _Toc119078239]Figure 3.11. Effect of Amine-based ASA and Aggregate Type on the Moisture Resistance of HMA
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(a) Asphalt without amine ASA
[bookmark: _Toc119078240]Figure 3.12. Moisture Damage Mechanism of HMA with Amine ASA
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(b) Asphalt with amine ASA
[bookmark: _Toc119078241]Figure 3.12. Continued
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[bookmark: _Toc52356301][bookmark: _Toc119483663]Table 3.1. Basic Properties of the Asphalt Binders provided by the Marathon Petroleum Asphalt.
	Material properties
	PG 64-22
	PG76-22

	Specific gravity at 15.6 °C
	1.013
	1.029

	Viscosity at 135 °C (Pa· s)
	0.365
	1.03

	Flash point temperature (°C)
	298
	326

	Polymer content (%)
	0
	3.4

	Cross link (%)
	-
	0.14















[bookmark: _Toc52356302][bookmark: _Toc119483664]Table 3.2. Chemical Composition of Different Aggregates by XRF.
	Oxide (%)
	LS1
(Limestone)
	LS2
(Limestone)
	GR
(Granite)
	GL1
(Gravel)
	GL2
(Gravel)

	CaO
	52.70
	43.50
	2.50
	0.86
	0.35

	SiO2
	1.94
	17.70
	67.81
	77.46
	79.82

	Al2O3
	0.52
	0.82
	14.50
	14.17
	13.30

	Fe2O3
	0.35
	1.52
	1.20
	1.64
	1.66

	MgO
	1.71
	0.45
	0.81
	1.21
	0.40

	K2O
	0.05
	0.22
	4.09
	1.02
	0.13

	Na2O
	0.05
	0.17
	3.52
	1.14
	1.72

	TiO2
	0
	0.03
	0.03
	0.05
	1.10

	LOI
	42.61
	35.17
	5.48
	2.31
	1.44












[bookmark: _Toc119483665]Table 3.3. Asphalt-aggregate Combinations
	Combinations
	Asphalt
	Aggregate
	ASA

	LS1-PG64
	PG64-22
	LS1 (limestone)
	-

	LS1-PG64-H
	PG64-22
	LS1 (limestone)
	Half dosage

	LS1-PG64-F
	PG64-22
	LS1 (limestone)
	Full dosage

	LS1-PG76
	PG76-22
	LS1 (limestone)
	-

	LS1-PG76-H
	PG76-22
	LS1 (limestone)
	Half dosage

	LS1-PG76-F
	PG76-22
	LS1 (limestone)
	Full dosage

	LS2-PG64
	PG64-22
	LS2 (limestone)
	-

	LS2-PG64-H
	PG64-22
	LS2 (limestone)
	Half dosage

	LS2-PG64-F
	PG64-22
	LS2 (limestone)
	Full dosage

	LS2-PG76
	PG76-22
	LS2 (limestone)
	-

	LS2-PG76-H
	PG76-22
	LS2 (limestone)
	Half dosage

	LS2-PG76-F
	PG76-22
	LS2 (limestone)
	Full dosage

	GR-PG64
	PG64-22
	GR (granite)
	-

	GR-PG64-H
	PG64-22
	GR (granite)
	Half dosage

	GR-PG64-F
	PG64-22
	GR (granite)
	Full dosage

	GR-PG76
	PG76-22
	GR (granite)
	-

	GR-PG76-H
	PG76-22
	GR (granite)
	Half dosage

	GR-PG76-F
	PG76-22
	GR (granite)
	Full dosage

	GL1-PG64
	PG64-22
	GL1 (gravel)
	-

	GL1-PG64-H
	PG64-22
	GL1 (gravel)
	Half dosage


[bookmark: _Toc119483666][bookmark: _Hlk101577863]Table 3.3. Continued
	Combinations
	Asphalt
	Aggregate
	ASA

	GL1-PG64-F
	PG64-22
	GL1 (gravel)
	Full dosage

	GL1-PG76
	PG76-22
	GL1 (gravel)
	-

	GL1-PG76-H
	PG76-22
	GL1 (gravel)
	Half dosage

	GL1-PG76-F
	PG76-22
	GL1 (gravel)
	Full dosage

	GL2-PG64
	PG64-22
	GL2 (gravel)
	-

	GL2-PG64-H
	PG64-22
	GL2 (gravel)
	Half dosage

	GL2-PG64-F
	PG64-22
	GL2 (gravel)
	Full dosage

	GL2-PG76
	PG76-22
	GL2 (gravel)
	-

	GL2-PG76-H
	PG76-22
	GL2 (gravel)
	Half dosage

	GL2-PG76-F
	PG76-22
	GL2 (gravel)
	Full dosage


Note: Half dosage = 0.25%; full dosage = 0.5% (by weight of asphalt).









[bookmark: _Toc119483667]Table 3.4. Asphalt-aggregate Combinations	
	Mixture ID
	Asphalt
	Aggregate
	Gradation
	Optimum AC (%)
	Air void (%)
	Gmm
	VMA (%)
	VFA (%)

	LS1-PG64-D
	PG64-22
	LS1
	D-mix
	5.4
	4.0
	2.545
	15.2
	73.6

	LS1-PG76-D
	PG64-22
	LS1
	D-mix
	5.4
	4.1
	2.547
	14.9
	72.5

	LS2-PG64-D
	PG64-22
	LS2
	D-mix
	5.5
	4.0
	2.517
	15.1
	73.5

	LS2-PG76-D
	PG64-22
	LS2
	D-mix
	5.5
	4.0
	2.520
	15.0
	73.3

	GR-PG64-D
	PG64-22
	GR
	D-mix
	5.7
	4.1
	2.467
	17.1
	76.0

	GR-PG76-D
	PG76-22
	GR
	D-mix
	5.7
	4.1
	2.469
	17.0
	75.9

	GL1-PG64-D
	PG64-22
	GL1
	D-mix
	5.2
	3.9
	2.295
	15.0
	74.0

	GL1-PG76-D
	PG76-22
	GL1
	D-mix
	5.2
	4.0
	2.298
	14.8
	73.0

	GL2-PG64-D
	PG64-22
	GL2
	D-mix
	5.2
	4.0
	2.281
	15.1
	73.5

	GL2-PG76-D
	PG76-22
	GL2
	D-mix
	5.2
	4.1
	2.284
	15.0
	72.6


[bookmark: _Toc119483668]Table 3.4. Continued	
	Mixture ID
	Asphalt
	Aggregate
	Gradation
	Optimum AC (%)
	Air void (%)
	Gmm
	VMA (%)
	VFA (%)

	LS1-PG64-B
	PG64-22
	LS1
	BM2-mix
	4.3
	4.0
	2.601
	13.3
	70.0

	LS1-PG76-B
	PG76-22
	LS1
	BM2-mix
	4.3
	3.9
	2.605
	13.0
	70.0

	LS2-PG64-B
	PG64-22
	LS2
	BM2-mix
	4.3
	3.9
	2.584
	13.1
	70.2

	LS2-PG76-B
	PG76-22
	LS2
	BM2-mix
	4.3
	3.9
	2.587
	13.0
	70.0

	GR-PG64-B
	PG64-22
	GR
	BM2-mix
	4.3
	4.0
	2.530
	14.1
	71.6

	GR-PG76-B
	PG76-22
	GR
	BM2-mix
	4.3
	3.9
	2.532
	13.9
	71.9

	GL1-PG64-B
	PG64-22
	GL1
	BM2-mix
	4.0
	3.9
	2.337
	12.9
	69.8

	GL1-PG76-B
	PG76-22
	GL1
	BM2-mix
	4.0
	3.9
	2.339
	12.8
	69.5

	GL2-PG64-B
	PG64-22
	GL2
	BM2-mix
	4.0
	3.9
	2.328
	13.0
	70.0

	GL2-PG76-B
	PG76-22
	GL2
	BM2-mix
	4.0
	3.9
	2.332
	12.9
	69.8


[bookmark: _Toc119483669]Table 3.5. SFE results of Asphalt Binders
	Sample ID
	Asphalt
	ASA
	

	

	

	
 
	
 

	
	
	
	Avg.
	SD
	Avg.
	SD
	Avg.
	SD
	
	

	PG64
	PG64-22
	-
	20.48
	0.9
	0.00
	0.0
	2.69
	0.2
	0.00
	20.48

	PG64-H
	PG64-22
	Half dosage
	19.31
	0.7
	0.11
	0.1
	2.14 
	0.1
	0.97
	20.28

	PG64-F
	PG64-22
	Full dosage
	18.57
	0.6
	0.18
	0.0
	2.51
	0.2
	1.34
	19.91

	PG76
	PG76-22
	-
	22.35
	1.2
	0.001
	0.0
	5.82
	0.3
	0.15
	22.50

	PG76-H
	PG76-22
	Half dosage
	20.24
	0.9
	0.22
	0.0
	4.33
	0.3
	1.97
	22.21

	PG76-F
	PG76-22
	Full dosage
	19.16
	0.4
	0.35
	0.1
	6.21
	0.3
	2.96
	22.12



Note: Avg = average (based on three measurements); SD = standard deviation. The unit of  is mJ/m2.
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	Aggregate
	

	

	

	

	


	
	Avg.
	SD
	Avg.
	SD
	Avg.
	SD
	
	

	LS1
	25.06
	2.7
	2.55
	0.1
	20.87
	2.4
	14.59
	39.65

	LS2
	28.87
	3.2
	0.89
	0.0
	15.13
	1.5
	7.35
	36.22

	GR
	22.79
	1.9
	3.64
	0.1
	10.24
	1.1
	12.21
	35.00

	GL1
	23.15
	2.0
	2.40
	0.1
	9.78
	0.9
	9.68
	32.83

	GL2
	20.14
	2.1
	3.26
	0.1
	9.49
	1.2
	11.12
	31.26



Note: Avg = average (based on three measurements); SD = standard deviation. The unit of  is mJ/m2.












[bookmark: _Toc119483671]Table 3.7. SFE-based Criteria for Material Selection
	Mixture type
	D-mix
	BM2-mix

	High moisture resistance (TSR ≥ 80%)
	ER ≥ 35.62%
	ER ≥ 41.08%

	Moderate moisture resistance (80% > TSR ≥ 70%)
	35.62 > ER ≥ 26.83%
	41.08% > ER ≥ 32.89%

	Low moisture resistance (TSR < 70%)
	ER < 26.83%
	ER < 32.89%
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MOISTURE DAMAGE MECHANISM AND THERMODYNAMIC PROPERTIES OF HOT-MIX ASPHALT UNDER AGING CONDITIONS


















A version of this chapter has been submitted to ACS Sustainable Chemistry & Engineering as Xiao, R. and Huang, B. “Moisture Damage Mechanism and Thermodynamic Properties of Hot-mix Asphalt under Aging Conditions”.

Abstract: The effect of asphalt aging on the moisture resistance of hot-mix asphalt (HMA) is still controversial and scarcely investigated. Our study is aimed at revealing the change to moisture susceptibility of HMA upon aging based on the fundamental chemistry of asphalt and the laboratory performance tests. It was found that both the short-term (RTFO) and long-term (PAV) aging significantly impaired the properties of asphalt and increased the debonding potential per unit contact area at asphalt-aggregate interface. The reduction in moisture resistance of mixtures made by pre-aged asphalts could be observed primarily due to the decreased wettability of aged binders. Nevertheless, if the aging of asphalt occurred on the aggregate surface, the overall moisture resistance was also related to the contact time of asphalt and aggregate. Upon short-term aging, the wettability of asphalt associated with the coating quality was actually improved with contact time, and more asphalt could be absorbed into the pores of aggregate. In other words, the contact area of asphalt and aggregate continued to increase, contributing to an increased overall adhesion. In fact, the asphalt mixtures after short-term aging exhibited better moisture resistance, although the asphalt became deteriorated. However, the contact area could not further increase upon reaching the “perfect coating” while the surface free energy of asphalt continued to change with aging time. After the long-term aging, the asphalts were heavily deteriorated and the stripping potential per unit area became overly high, which resulted in the significant reduction in moisture resistance. 
[bookmark: _Toc118813142]Introduction
Moisture-induced damage is one of the most common forms of flexible pavement distress which directly causes or exacerbates pavement failure (Huang et al. 2010; Kim et al. 2009; Xiao et al. 2022). Moisture damage may result in raveling, stripping, permanent deformation and fatigue cracking. To be specific, the intrusion of moisture into the asphalt pavements reduces the overall mechanical properties of the locking structures and gives rise to one or more of the (visible) forms of distress mentioned above (Caro et al. 2008; Xiao et al. 2022). Over the last several decades, a great number of asphalt pavements were reported to show severe moisture damage in the US, which significantly increased the maintenance costs (Caro et al. 2008; Othman et al. 2015). Therefore, various attempts have been made to investigate the moisture damage mechanisms and to develop test methods reasonably evaluating the moisture susceptibility of asphalt mixtures (Huang et al. 2010; Ling et al. 2016; Moraes et al. 2017; Shu et al. 2012; Xiao et al. 2022).	
Several moisture damage mechanisms have been proposed to characterize the action of water on asphalt pavements including detachment, displacement, pore pressure, spontaneous emulsification, film rupture and hydraulic scouring etc. (Caro et al. 2008). Nonetheless, these mechanisms were far from one-size-fits-all solutions and were proposed based on limited field observations and specific situations (Arambula et al. 2010; Caro et al. 2008). Since the moisture damage mechanisms are complex and often related to each other, a lack of agreement still exists on the effect of individual or combined mechanisms on the overall moisture susceptibility of asphalt pavements (Caro et al. 2008). A promising way to evaluate the moisture damage potential might be to identify the fundamental chemistry of asphalt mix ingredients directly associated with the overall material properties.
Numerous efforts have been made to assess the moisture sensitivity through laboratory testing on asphalt mixtures (Amelian et al. 2014; Kiggundu and Roberts 1988; Lottman 1978; Moraes et al. 2017). In the early attempts, laboratory tests such as the static immersion test, boiling water test etc. were conducted using loose asphalt mixtures, and the mixtures were visually examined to determine if the asphalt binder was displaced from the aggregate (Ling et al. 2016; Weldegiorgis and Tarefder 2015). Later, increasing test methods based on compacted asphalt mixtures were developed, in which the behaviors of compacted specimens before and after moisture conditioning were compared to determine moisture susceptibility (Chen and Huang 2008; Huang et al. 2010; Ling et al. 2016). The widely adopted modified Lottman test (AASHTO T283) uses the indirect Tensile Strength Ratio (TSR) as the parameter for the moisture resistance evaluation (Lottman 1978). Moisture damage associated with rutting performance was also investigated using the asphalt pavement analyzer (APA) test and Hamburg wheel-tracking test (Kanitpong and Bahia 2005; Shu et al. 2012; Zhao et al. 2012). Until very recently, the NCHRP RRD 316 report delineated the use of Gibbs surface free energy (SFE) method to analyze the moisture resistance and adhesion between asphalt and aggregate (Final Rep. NCHRP RRD 316 Using Surf. Energy Meas. to Sel. Mater. Asph. Pavement 2007). For the first time, the thermodynamics from surface physical chemistry theory was employed in the asphalt research to fundamentally assess the bonding at aggregate-asphalt interface and the cohesion within asphalt (Final Rep. NCHRP RRD 316 Using Surf. Energy Meas. to Sel. Mater. Asph. Pavement 2007; Hefer et al. 2006). Afterwards, several studies reported the use of SFE method to evaluate the compatibility of asphalt-aggregate combinations in terms of the moisture resistance (Arabani and Hamedi 2014; Caro et al. 2008; Final Rep. NCHRP RRD 316 Using Surf. Energy Meas. to Sel. Mater. Asph. Pavement 2007; Hefer et al. 2006).
In recent years, factors influencing the moisture susceptibility of asphalt mixtures and the possible countermeasures have been widely investigated with those test methods. In general, the common factors are as follows: asphalt source, chemical components and rheological properties of asphalt binder, aggregate source, chemical and mineralogical compositions of aggregate, surface texture of aggregate, volumetric properties of asphalt mixture, water quality at the asphalt-aggregate interface, quality control during compaction, construction practice, traffic loading and others (Caro et al. 2008; Copeland et al. 2007; Hefer et al. 2006; Kakar et al. 2015a; b; Othman et al. 2015). Previous studies have shown that the use of acidic aggregate such as granite, gravel and quartz in asphalt mixtures were more likely to cause the stripping of asphalt, whereas the locally available rock is widely used in pavement construction. The fast and reliable method to increase the moisture resistance is to use the antistripping agent (ASA) (Kakar et al. 2015b). Various commercial liquid ASAs have become the indispensable products in asphalt mixing plants. The widely used styrene-butadiene-styrene (SBS) modification of asphalt can also enhance the moisture resistance (Khodaii et al. 2014).
The effect of asphalt aging on the moisture resistance of asphalt mixtures is still controversial, although a growing number of studies on both HMA and warm-mix asphalt (WMA) have been published concerning the aging effect recently. For example, Diab et al. evaluated the moisture resistance of polymer-modified HMA upon 16 hours of oven aging at 160 °C (Diab et al. 2019). Based on their results, the aging process did not influence the unmodified HMA while the HMA modified by SBS/HDPE/SAN/ABS showed considerably enhanced moisture resistance after aging (Diab et al. 2019). Interestingly, the polypropylene and PC modification impaired the moisture resistance (Diab et al. 2019). Aschenbrener et al. used the Hamburg Wheel test to evaluate the HMA with 2 h, 4 h and 8 h of short-term aging, concluding that the short-term aging could significantly increase the moisture resistance and lower the rutting depth (Aschenbrener 1995). Similar TSR results showing the positive effect of aging could also be found in (Albayati and Abduljabbar 2019; Ali et al. 2022; Guo et al. 2014; Li et al. 2015; Punith et al. 2012). On the other hand, many studies still pointed out the adverse effect of aging on moisture resistance especially for the long-term aging (Ali et al. 2022; Al Basiouni Al Masri et al. 2019; Do et al. 2019; Howson et al. 2011). Do et al. evaluated the moisture susceptibility of HMA subjected to 1, 2 and 4 weeks of oven aging at 160 °C, and found that the long-term aging could reduce the moisture resistance by 22%-45% (Do et al. 2019). In addition, most studies using SFE method showed that the aging reduced the energy ratios of asphalt-aggregate combinations, indicating the reduction in moisture resistance (Ali et al. 2022; Al Basiouni Al Masri et al. 2019; Howson et al. 2011). According to the study by (Al Basiouni Al Masri et al. 2019), although lime resulted in a high ER value before aging, its ER value decreased drastically after both short-term and long-term aging, suggesting that the use of lime may not be effective in the long term. However, further testing and investigation is required to further prove or refute this observation. Another interesting study by Ali et al. showed that the moisture resistance dropped with RTFO and PAV aging based on SFE results while the corresponding compacted mixtures showed an increase in moisture resistance (Ali et al. 2022). Due to the confusing results from literature, a more in-depth study is needed to reveal the effect of aging on the moisture resistance of asphalt mixtures.
[bookmark: _Toc118813143]Objectives and Scope
The primary objective of this study was to reveal the moisture damage mechanism and evaluate thermodynamic properties of hot-mix asphalt (HMA) upon short-term and long-term aging. Ninety asphalt-aggregate combinations including the unaged, RTFO-aged and PAV-aged asphalts were investigated by measuring the surface free energy. The effects of aging on the dry adhesion energy, spreading coefficient, debonding tendency, energy ratio etc. were systematically evaluated. To validate the surface energy results, nine types of asphalt mixtures (loose and compacted) with different aging regimes were designed, and those mixtures were subjected to boiling water test, tensile strength ratio test and dynamic modulus test. With all the test results, the moisture damage mechanism of HMA upon short-term and long-term aging and the role of ASA were analyzed. The limitations of surface free energy method and boiling test were also discussed.
[bookmark: _Toc118813144]Materials and Experimental Procedures
[bookmark: _Toc118813145]Materials
PG 64-22 and PG 76-22 were used as the asphalt binders in this study, and their basic properties are shown in Table 4.1. PG 76-22 is the SBS-modified asphalt which has a higher moisture damage resistance than PG 64-22 (Khodaii et al. 2014). The mixing temperatures of PG 64-22 and PG 76-22 were 154 °C and 180 °C, respectively, and the compaction temperatures were 144 °C and 170 °C, respectively. A commercial amine-based liquid ASA was used to modify the asphalt. Five types of Tennessee rock (Table 4.2) with different silica contents were used as the aggregates, which were identified by the Tennessee Department of Transportation (DOT). As summarized in Table 4.2, the limestone aggregates were rich in CaO while the granite and gravel had high silica contents.
[bookmark: _Toc118813146]Methodology
Figure 4.1(a-b) show the general experimental procedures in this study. As shown in Figure 4.1(a), the effect of RTFO and PAV aging on the thermodynamic properties of asphalts was evaluated by measuring the SFE before and after the aging, and the moisture resistance of different asphalt-aggregate combinations could be fundamentally determined by the energy (compatibility) ratio (Hefer et al. 2006).
Two different aging methods during the preparation of asphalt mixtures were used to evaluate the effect of aging on moisture susceptibility: (1) aging the asphalt binders before mixing with aggregate and (2) aging the asphalt mixtures after mixing (Figure 4.1a-b). To be specific, the first way was to make compacted and loose asphalt mixtures directly using the RTFO and PAV aged asphalt binders. The second way was to blend the unaged asphalt and aggregate first, and then the loose asphalt mixtures were subjected to RTFO, PAV or other aging methods before compaction. The special experimental procedures were designed to show the difference between aging asphalt before mixing and aging asphalt on aggregate.
The prepared loose asphalt mixtures were tested by boiling water test (ASTM D3625) with digital imaging. The detailed image processing method was based on our published study (Xiao et al. 2022). The compacted asphalt mixtures were tested by tensile strength ratio (TSR) test and dynamic modulus test.
[bookmark: _Toc118813147]Measuring Thermodynamic Properties of Asphalts and Aggregates
As summarized in Table 4.3, ninety asphalt-aggregate combinations were evaluated by measuring the thermodynamic properties. The effect of aging on moisture damage resistance could be fundamentally determined by comparing the results of unaged and aged asphalt binders.



The adhesive energy between asphalt binders and aggregates could be determined by the thermodynamic properties of both materials, which enables the quantitative evaluation of bond strength, moisture resistance and the selection of compatible materials (Hefer et al. 2006). Based on the acid-base theory, the SFE of a material consists of three components: Non-polar or Lifshitz-van der Waals component (), Lewis base component () and Lewis acid component () (Hefer et al. 2006; Van Oss et al. 1989). The total SFE of a material can be calculated by the three components (Eq. 1 and Eq. 2).

   (1)

Where    (2)



In this study, the SFE values of all the unaged and aged asphalt binders were measured by the sessile drop method (Staicopolus 1963). The testing samples were prepared by pouring hot asphalt over a preheated glass slide. Then, the excessive asphalt was allowed to move off the slide by lifting the samples for a period of time. The samples were stored in a drying machine for 8 hours when there was only a thin asphalt layer left on the slide. During the test, a drop of a probe liquid (approximately 3–5 μL) was dispensed over the sample at 25 °C using a micro-syringe. A digital image showing the drop over the sample was captured and the contact angle was measured by image processing. Four prob liquids including distilled water, ethylene glycol, glycerol and formamide were utilized and their SFE components have been reported in previous studies (Ghabchi et al. 2014; Hefer et al. 2006). The average value by three measurements was adopted as the final result of contact angle. Based on the Young-Dupre equation, the following equation (Eq. 3) was proposed by Van Oss et al. (Van Oss, C.J., Chaudhury, M.K. and Good 1988), showing the relationship between Gibbs free energy of adhesion (), work of adhesion () and the contact angle () of a solid surface (S) in contact with a prob liquid (L).

   (3)







Where  is the total surface energy of a prob liquid. , are the Lifshitz-van der Waals components of solid and prob liquid, respectively. ,  are the Lewis acid components of solid and prob liquid, respectively, and  ,  are the Lewis base components of solid and prob liquid, respectively.


The capillary rise method (column wicking method) was utilized to measure the contact angle between a prob liquid and aggregate, which was explained by Tan and Guo (Tan and Guo 2013). The powdered solid (passing #100 but retained on #200 sieve) was placed in a capillary tube and one end of tube is immersed into a prob liquid. The liquid rose through the capillaries formed in between the aggregate particles within the tube. The height  of the liquid travelling through the aggregate as a function of time  was measured. The contact angle between the prob liquid and the aggregate can be calculated using Washburn's equation Eq. (4).

   (4)



In this equation,  is the total surface free energy of the prob liquid.  is pore radius.  is the viscosity of prob liquid. Similar to sessile drop method, Eq. (3) was used to calculate the surface energy components of aggregate using the results of contact angle and surface energy components of prob liquids.
[bookmark: _Toc118813148]Mix Designs for Loose and Compacted Asphalt Mixtures
The most commonly used dense-graded mixture (D-mix) specified by Tennessee DOT were used in the study and Figure 4.2 shows the gradation of aggregate. D-mix is classified as a surface mixture with 12.7 mm aggregate size in Tennessee. LS2, GR and GL1 were selected to make the loose and compacted mixtures. Table 4.4 summarizes the results of mix designs for the asphalt mixtures. Since the addition of ASA and aging did not remarkably change the mix design, the preparation of those asphalt samples was still based on the results in Table 4.4. 
[bookmark: _Toc118813149]Aging Process and Preparation of Asphalt Mixtures
As mentioned in Figure 4.1(a), all the asphalt binders with and without ASA were subjected to short-term and long-term aging. RTFO test was conducted in accordance with ASTM D2872, simulating the short-term aging which generally occurs during the production, transportation and paving of asphalt mixtures. The asphalt samples were heated at 163 °C (325 °F) and dispensed into special glass bottles, each of which contained 35 g asphalt. During the test, the bottles were rotated at 15 rpm for 85 min to allow the uniform aging of asphalt. The PAV aging of asphalt binders was conducted using the RTFO-aged samples based on ASTM D6521. In general, PAV is an accelerated aging method, simulating the in-service aging of asphalt over 7 to 10 years. According to the procedure, 50 g of each asphalt was poured onto a preheated thin pan. Then, the pans were placed in a pan holder and put inside the preheated vessel. The aging in PAV was performed at 100°C and 2.07 MPa (300 psi) for 20 hours. The aged asphalt binders were further assigned to the SFE measurement and the preparation of asphalt mixtures (Figure 4.1a). 
As shown in Figure 4.1(b). the RTFO and PAV with the same operating conditions were also used to age the asphalt mixtures after mixing, which is scarcely found in literature. The special experimental procedures were designed to show the aging of asphalt on aggregate. Figure 4.3 shows the aging of asphalt mixtures in both RTFO and PAV. During the test, 100 g of loose asphalt mixture was placed in each glass bottle for RTFO, and 150 g of loose mixture was evenly spread onto the bottom of a steel container which was placed in PAV (Figure 4.3). Similarly, the samples for PAV aging were conducted after the RTFO aging. The compacted mixtures were made using the loose mixtures after aging. It should be noted that the post-aging mixtures were collected in batches and cooled down in the process. Therefore, the collected mixtures were heated in an oven at the compaction temperature for 25 min before compaction.
In addition to the RTFO and PAV aging, the asphalt mixtures were also subject to oven aging at the compaction temperature for 25 min, 2 hours, 8 hours and 14 hours. The SFE measurement of oven-aged asphalt was not conducted because without the rotation like RTFO, the surface skin on asphalt generally formed to inhibit further aging. However, for asphalt mixtures, the aggregate was only coated by a thin layer of asphalt after mixing, and hence the oven aging was also acceptable to achieve a uniform aging of mixtures.
In summary, for each asphalt (with or without ASA)-aggregate combination, there were 9 types of loose/compacted mixtures due to the different aging regimes. Figure 4.4(a-i) depicts the detailed preparation processes of the 9 types of mixtures for each combination.
[bookmark: _Toc118813150]Laboratory Performance Tests

Since the observation of moisture damage in asphalt pavements, many laboratory testing methods have been developed to assess the moisture resistance of asphalt mixtures (ASTM D 3625 2015; ASTM D4867/D4867M 2014; Huang et al. 2010; Lottman 1978). Boiling water test (ASTM D 3625), among those methods, is an empirical test which has been used for decades (ASTM D 3625 2015). Based on the testing procedures, the asphalt-coated aggregate mixture (around 95 °C) is soaked in the boiling distilled water for 10 min, and then the visual observation is performed to record the retained asphalt coating on the aggregate (ASTM D 3625 2015). In this study, each type of loose mixture as discussed in Figure 4.4 was evaluated. However, 60 min of boiling time was employed, and the coating ratios were calculated using digital imaging. The digital images of the testing samples before and after the boiling were captured, and then the color images were converted to the binary images. Since the color of aggregate was significantly lighter than that of asphalt, the asphalt-coated areas could be depicted by black pixels while the uncoated areas were indicated by white pixels. Therefore, the coating ratio after the boiling could be determined by counting the number of black and white pixels in the digital images, and the coating ratio () of an asphalt mixture can be calculated by Eq (5). Figure 4.5(a-b) show the image acquisition method and an example of the binary image processing.

   (5)

Where, : the number of black pixels;

            : the total number of both black and white pixels.
The TSR tests were performed using cylindrical samples with 150-mm diameter and 62.5-mm height. The testing samples were compacted to 6% to 8% air voids using the Superpave gyratory compactor (SGC). The freeze-thaw conditioning (F-T) specified by ASTM D4867 (Standard Test Method for Effect of Moisture on Asphalt Concrete Paving Mixtures) was used in this study to simulate the process of moisture damage of asphalt mixtures in the field. The specimens were firstly subjected to 15 hours of freezing at -18 °C and then soaked in 60 °C water for 24 h before testing. The tensile strengths of compacted asphalt mixtures before and after and the moisture conditioning were tested using a Material Testing System (MTS), and the loading rate in the diametral direction was 50 mm/min. Three repetitive tests were conducted for each type of specimen, and the average value was recorded. The TSR values were calculated using Eq. (6) and Eq. (7).

   (6)
Where: 

: split tensile strength (kPa);

: peak load (N);

: height of specimen (mm);

: diameter of specimen (mm).

   (7)
Where:

: tensile strength of the moisture conditioned specimen (kPa);

: tensile strength of the dry specimen (kPa).
For the AMPT dynamic modulus test of HMA mixtures, cylindrical samples of 150-mm diameter and 170-mm height were compacted with the Superpave Gyratory Compactor (SGC) (Figure 4.6a). Then, the samples were cored in the center to a 100-mm diameter and cut at both ends to a final height of 150 mm with smooth parallel cut faces. The air voids of the specimens were controlled at 7±1.0% to evaluate the effect of moisture damage. The modified MIST procedure (ASTM D7870) was adopted (40 psi, 3500 cycles, and 40 °C) to condition the specimens since we found that the standard MIST procedure (40 psi, 3500 cycles, and 60 °C) seriously damaged the AMPT samples (Figure 4.6b). Based on our observations, the specimens could not maintain their shapes in 60 °C water, and large cracks could be seen after the standard MIST conditioning. Therefore, the reduced temperature (40 °C) was used after several trials, which could effectively cause different degrees of moisture damage.



After the moisture conditioning, the samples were subjected to dynamic modulus tests (Figure 4.6c). A contact load equal to 5% of the dynamic load was first applied to the specimen. A sinusoidal dynamic load was then applied to the specimen such that the induced axial strain was controlled between 75 and 125 micro strains. The dynamic modulus () is defined as the ratio of the amplitude of dynamic modulus () to the amplitude of the induced dynamic axial strain (). In this study, the test was conducted under no confining pressure at 25 °C and at the loading frequencies from 0.01 to 25 Hz. In general, the stripping of asphalt will cause a decrease in dynamic modulus, which potentially provides a way to test the moisture resistance of asphalt mixtures. The dynamic modulus ratios (DMR) of the moisture-conditioned to unconditioned specimens were calculated at different frequencies.
[bookmark: _Toc118813151]Results and Discussion
[bookmark: _Toc118813152]SFE Results and Compatibilities of Asphalt-aggregate Combinations
Table 4.5 and Table 4.6 summarize the measured SFE values of both asphalts and aggregates. The effect of aging on thermodynamic properties of the 18 types of asphalt binders could be revealed. As shown in Table 4.5, the total surface free energy of asphalt binders ranged between 19.91 mJ/m2 and 23.66 mJ/m2, and very consistent experimental results were achieved. Both the RTFO and PAV aging increased the Lifshitz-van der Waals (nonpolar) components while the polar components (including both Lewis acid and Lewis base components) were reduced. An overall increase in total surface free energy could be observed after the aging of asphalt. Although the aging had different impacts on the nonpolar and polar components, it can be seen that the change to the nonpolar components governed, which was the reason why the total surface energy increased.
The use of ASA had an opposite impact on the surface energy components. With the addition of ASA, the nonpolar components of asphalt binders were reduced while the polar components increased, which generally led to the decrease in total surface energy. By comparison, it is obvious that the effects of aging were more dominant. For example, the full dosage of ASA reduced the total surface energy of PG64 specimen from 20.48 mJ/m2 to 19.91 mJ/m2. However, the RTFO and PAV aging could increase the total surface energy of PG64-F from 19.91 mJ/m2 to 21.45 mJ/m2 (PG64-F(R)) and 22.20 mJ/m2 (PG64-F(P)), respectively. Therefore, the aging of asphalt could significantly offset the effect of ASA.

As summarized in Table 4.6, LS1 and LS2 had high Lewis base components (), denoting the less acidity. Conversely, the base components of GR, GL1 and GL2 were considerably lower. The surface energy components of aggregates were obtained using a relative scale based on the assumption that the acid and base components for water are equal (Van Oss, C.J., Chaudhury, M.K. and Good 1988). Therefore, the absolute values of the SFE components are actually unknown and the magnitude of different components for a single material should not be compared (Van Oss, C.J., Chaudhury, M.K. and Good 1988).
[bookmark: _Toc118813153]Resistance to Fracture: Cohesive Energy of Asphalt and Dry Adhesive


In general, there are two possible ways for a crack to propagate in an asphalt mixture: through the bulk of asphalt binder or through the interface between aggregate and asphalt. The energy needed for a crack to propagate through asphalt binder is defined as the cohesive energy () within the asphalt, and the value can be determined by the SFE components of asphalt using Eq (8) (Naseri Yalghouzaghaj et al. 2021). With no presence of water, the energy required to separate asphalt and aggregate through the interface is defined as the dry adhesive or adhesive bond energy () which is also a function of the SFE components of both aggregate and asphalt (Eq. 9) (Hefer et al. 2006; Naseri Yalghouzaghaj et al. 2021).

   (8)

   (9)
Where, subscript A indicates the asphalt and subscript S denotes the aggregate.
Figure 4.7 depicts the effect of RTFO and PAV aging on the cohesive energy of asphalt binders. As shown in Figure 4.7, quite consistent experimental results were obtained and the aging of asphalt could considerably increase the cohesive energy, which suggested that the cracks became harder to propagate through the bulk of asphalt binders due to aging. Based on Eq. (8), it is obvious that the increased cohesive energy could be attributed to the increased Lifshitz-van der Waals (nonpolar) components of asphalt binders (Table 4.5).
Table 4.7 summarizes the changes to work of adhesion upon RTFO and PAV aging for different asphalt-aggregate combinations. In general, a high value of dry adhesive indicates a stronger bond between asphalt and aggregate and a higher resistance to fracture, which can significantly influence the durability properties and fatigue life of asphalt mixtures. As shown in Table 4.7, both the RTFO and PAV aging had a limited effect on the dry adhesive in which the percentage of increase due to aging ranged between -0.89% and 3.64%. For the most cases, the dry adhesives were slightly enhanced because the increase in nonpolar components of asphalts governed. However, the decrease in polar components with aging governed in some cases, which led to the negative values shown in Table 4.7. Since the dry adhesive is determined by both asphalt and aggregate, it can be seen that the effects of aging on the work of adhesion were not only determined by the changing SFE values of asphalts.
[bookmark: _Toc118813154]Wettability of the Asphalts over the Aggregates: Spreading Coefficient

Table 4.8 summarizes the changes to the spreading coefficients of different asphalts over aggregates upon RTFO and PAV aging. The spreading coefficient  of asphalt over aggregate, first defined by Bhasin et al., is determined by Eq. (10) (Caro et al. 2008). The spreading coefficient is an indicator of the wettability of an asphalt over an aggregate, and a higher value indicates the higher ability of asphalt to coat the aggregate. Therefore, a high spreading coefficient is desirable for HMA. According to Eq. (10), the spreading coefficient is determined by both the dry adhesive and the cohesive energy of asphalt, which means it is easier for aggregate to catch asphalt if the dry adhesive is high while the cohesive energy is low.

   (10)
As shown in Table 4.8, all the asphalt-aggregate combinations exhibited a decrease in spreading coefficient with aging, and the PAV aging caused a more drastic decrease than that of the RTFO aging. Therefore, the aging of asphalt could seriously impair the coating quality and make the asphalt mixtures vulnerable to moisture damage. In addition, the type of aggregate also influenced the wettability upon aging, and the use of acidic aggregates seemed to result in a more drastic reduction in wettability. For example, the spreading coefficients of GL2-PG64(P), GL2-PG64-H(P), GL2-PG64-F(P) reduced by 57.81%, 52.54% and 54.88%, respectively due to the long-term aging while the reductions of LS1 and LS2-based specimens were relatively lower (Table 4.7). Another interesting finding is that the use of ASA could to some extent offset the decrease in wettability since the liquid ASA tended to make the asphalt binders softer.
[bookmark: _Toc118813155]Wet adhesive
When water is present at the interface between asphalt and aggregate, the asphalt tends to be displaced by the water, which has been investigated as a thermodynamically favorable reaction (Hefer et al. 2006). The tendency can be quantified as the free energy released or sometimes called wet adhesive which can be obtained by Eq (11).

   (11)



Where subscript W denotes the water. In Eq (11),  indicates the energy of the interface between two phases  and , which can be obtained by the SFE components as shown in Eq (12).

   (12)
Table 4.9 summarizes the changes to the wet adhesives of different asphalts over aggregates upon RTFO and PAV aging. As shown in Table 4.9, both the RTFO and PAV aging increased the values of wet adhesive because of the change to the thermodynamic properties, suggesting that the aged asphalt binders could be more easily separated from aggregates, and a higher free energy would release from the systems upon aging. Therefore, based on the evaluation of wet adhesive, the aging of asphalt also had an adverse effect on the moisture resistance of HMA.
[bookmark: _Toc118813156]Compatibility between Asphalt and Aggregate: Energy Ratio (ER)
The overall performances of moisture resistance are actually based on the combined effect of spreading coefficient and wet adhesive. The tendency of moisture damage in HMA is highly related to the material properties, which means the selection of compatible asphalt and aggregate combinations can effectively relieve the moisture damage (Hefer et al. 2006). Previous studies have shown that the compatibility between an asphalt and an aggregate can be evaluated by the value of ER (Eq. 12) (Caro et al. 2008; Han et al. 2019; Hefer et al. 2006). The current study also takes advantage of the ER to investigate the effect of aging on the moisture resistance of HMA.

   (12)
	Figure 4.8(a-c) depict the ER values of the original asphalt-aggregate combinations and their new ERs upon short-term and long-term aging, and Table 4.10 summarizes the changes to ER values because of aging. According to Table 4.10, all the asphalt-aggregate combinations showed a reduction in ER values, and the percentage of decrease ranged from 11.60% to 59.68%. As the final indicator, the results of ER suggested that the aging of asphalt significantly impaired the moisture resistance of HMA. It can be seen that the decrease in ER directly resulted from the reduced spreading coefficient (Table 4.8) and increased wet adhesive (Table 4.3.10) upon aging. In addition, the ASA in asphalt binders still had an effect on reducing the moisture susceptibility after the aging of asphalts.
[bookmark: _Toc118813157]Results of Boiling Water Tests
In order to validate the SFE results, the loose and compacted asphalt mixtures were also prepared based on the procedures shown in Figure 4.4, and those loose mixtures were subjected to boiling water test (ASTM D3625). Figure 4.9(a-c) depict the boiling test results of the mixtures containing LS2, GR and GL1, respectively, and for each asphalt-aggregate combination, 9 types of mixtures prepared by different aging methods were investigated in terms of the moisture resistance.
As shown in Figure 4.9(a-c), the type 1 mixtures which had the least aging were used to compare with other mixtures. It can be seen that mixtures made by RTFO-aged asphalts and PAV aged asphalts showed considerably lower coating ratios, indicating the mixtures prepared by aged asphalts were more susceptible to moisture damage. The experimental results of type 1, type 2 and type 3 mixtures were well consistent with the SFE results (Table 4.3.11) that the aging of asphalt had an adverse effect on moisture resistance. Nevertheless, type 4 and type 5 mixtures showed significantly high moisture resistance, although the two types of mixtures were also subjected to short-term and long-term aging (Figure 4.9a-c). Therefore, it can be concluded that the aging process of asphalt directly on aggregate was remarkably different from the aging of asphalt prior to mixing. Based on our observation, the contact time (the time that an asphalt stayed on aggregate) at high temperatures could highly influence the adsorption of asphalt into the open voids of aggregate, which might be the main reason for the significantly enhanced moisture resistance. Similarly, the oven-aged mixtures (type 6, type 7, type 8 and type 9) also had 100% of coating ratios after 60 min of boiling. In fact, the mixtures with acidic aggregate (granite and gravel) should be quite vulnerable to moisture damage, whereas the type 4 to type 9 mixtures with GR and GL1 still showed no stripping at all. It should be noted that the type 6 mixtures were actually prepared based on the standard method. Therefore, the boiling water test may not be powerful enough to evaluate the moisture susceptibility of the aged mixtures. Another possible reason is that the boiling water could not completely displace the asphalt film on aggregate, although different degrees of moisture damage did occur during the test. When the samples were taken out from the water, the partially displaced asphalt film just sticked back to the aggregate.
[bookmark: _Toc118813158]TSR results
Figure 4.10(a-c) show the TSR results of different asphalt-aggregate combinations upon different ways of aging. Based on the results, it is clear that the aging process had a significant impact on the moisture resistance of HMA. Compared with the aforementioned boiling test, TSR was able to identify the different performances of type 4 to type 9 mixtures.
As illustrated in Figure 4.4, the asphalt binders in type 2 and type 3 mixtures were subjected to RTFO and PAV aging, respectively prior to mixing while the type 1 mixtures were prepared by the unaged asphalts. Based on the results (Figure 4.10a-c), the type 2 and type 3 mixtures were more susceptible to moisture damage due to the use of aged asphalt binders, and the long-term aging by PAV resulted in a more drastic decrease in TSR, which is well consistent with the SFE and boiling test results. As explained in the section 4.1.5, the aging of asphalt could significantly reduce the spreading coefficients and increase the tendency of debonding with the presence of water. A stickier asphalt was obtained after aging according to the observation, which led to the worse coating quality of asphalt over the aggregate.
Type 4 to type 9 mixtures were all compacted asphalt mixtures, and the aging process of asphalt binders occurred on the aggregates. For type 6 mixtures, the 2 hours of oven aging at the compaction temperatures were actually the standard aging method (Polaczyk et al. 2021a; b). As shown in Figure 4.10(a-c), the TSR values of the RTFO-aged mixtures were comparable to those of mixtures subjected to standard aging (type 6 mixtures) and much higher than those of the control samples (type 1) which only experienced 25 min of aging. In contrast, all the PAV-aged mixtures showed a decrease in moisture resistance compared with the type 6 mixtures. Therefore, it seemed that the short-term aging could enhance the moisture resistance while the long-term aging had an adverse effect, which is inconsistent with the results from type 1 to type 3 mixtures. The type 7 to type 9 mixtures subjected to extra times of oven aging also provided insights into the effect of aging. It can be seen that when the aging time increased to 8 h and 16 h, respectively, the moisture resistance reflected by TSR further increased, and the even some mixtures made by acidic aggregates (GR and GL1) could pass the TSR test (> 80%). Nevertheless, the weeklong oven aging for the type 9 mixtures resulted in the significant reduction in TSR, denoting the drastic decrease in moisture resistance (Figure 4.10a-c). Therefore, aging the asphalt mixtures was quite different from aging asphalt binders without touching aggregates. When the aging process of asphalts occurred on the aggregates, the short-term aging tended to enhance the moisture resistance of HMA while the long-term aging could make HMA more susceptible to moisture damage.
[bookmark: _Toc118813159]DMR results
Figure 4.11(a-c) depict the DMR results of different asphalt-aggregate combinations upon different ways of aging. Similar to the TSR tests, the dynamic modulus tests were conducted using the compacted mixtures, which can provide a fair comparison of moisture resistance. In this study, three combinations (LS2-PG64-F, GR-PG64-F and GL1-PG64-F) were chosen to evaluate the performances considering the 9 types of mixtures. As shown in Figure 4.11(a-c), the DMR of the moisture-conditioned to unconditioned specimens were determined at different frequencies, suggesting the great effect of aging on the moisture susceptibility. Table 4.12 summarizes the average DMRs obtained by calculating the average value of DMR at different frequencies, which provided the overall performances of mixtures. Similarly, it can be seen that the type 2 and type 3 mixtures using the aged asphalts had lower average DMRs than that of the type 1 mixture. Based on the average DMRs of type 4 to type 9 mixtures (Table 4.11), similar conclusions can be drawn that the short-term aging enhanced the moisture resistance of HMA while the long-term aging could impair the moisture resistance. For example, the GR-PG74-F after the standard aging had an average DMR value up to 74.24% (type 6), and the longer oven-aging time also increased the average DMR value up to 83.14% (type 7) and 88.96% (type 8), respectively. In contrast, the type 9 mixture of GR-PG74-F after the long-term aging had an average DMR of 62.95%, indicating the drop of resistance to moisture conditioning. Figure 4.12 shows the correlation between the average DMR and TSR results. It can be seen that the two experimental methods yielded well consistent results, which successfully measured the moisture susceptibility of type 4 to type 9 mixtures.
[bookmark: _Toc118813160]Further Discusion
[bookmark: _Toc118813161]Effect of Asphalt Aging on Moisture Resistance of HMA
In the study, the effect of aging on the thermodynamic properties of asphalt binders have been investigated, yielding the fundamental relationship between aging and moisture resistance of HMA. As depicted in Figure 4.13, both the short-term and long-term aging increased the nonpolar components while reduced the polar components in asphalt, which resulted in the increase in cohesion of asphalt and the debonding tendency (wet adhesive). For the most evaluated asphalt-aggregate combinations, the dry adhesives slightly increased upon aging (Table 4.7), but the changes to the work of adhesion were generally negligible since the overall spreading coefficients significantly decreased due to the increase in asphalt cohesion. Finally, the ERs indicative of the asphalt-aggregate compatibility significantly decreased with aging (Figure 4.13). Therefore, the aging of asphalt could fundamentally impair the moisture damage resistance based on the SFE results, which was also validated by both the loose and compacted type 1 to type 3 mixtures (discussed in the section 4.2, 4.3 and 4.4).
The current study showed that aging the asphalt alone before mixing with aggregate was completely different from aging the asphalt on aggregate. The asphalt mixtures made by pre-aged asphalt binders showed significant decrease in moisture resistance primarily due to the worse coating quality. In fact, the pre-aged asphalt binders can be considered as new asphalts with completely different properties. Under the same conditions, the pre-aged binders became harder to coat the aggregate, which was consistent with the SFE results. On the other hand, the contact time of asphalts over aggregates was also critical to the coating quality, which might explain the enhanced moisture damage resistance of HMA upon short-term aging (type 4, type 7, type 8 and type 9 mixtures). When the aging process of asphalt occurred on the aggregates, more asphalt binders could be absorbed by the pores, resulting in the enhanced mechanical bonding between asphalt and aggregate. It should be noted that the so-called mechanical bonding here is not the same as the dry adhesion energy (dry adhesive) determined by thermodynamic properties of asphalt and aggregate. In fact, the dry adhesive determines the fundamental adhesion energy per unit contact area of asphalt and aggregate. However, the increased contact time of asphalt over aggregate during the short-term aging actually created more contact areas between asphalt and aggregate via the absorption of asphalt into the pores (Figure 4.14). Since the volume of open pores on aggregates were limited, the contact area could not increase with contact time all the way, whereas the energy ratio still continued to decrease with aging time. Finally, the overly decreased energy ratios were reflected by the remarkable reduction of TSR and DMR values of type 3 and type 9 mixtures which were subjected to long-term aging.
Based on the analysis, the following equation (Eq 13) can be proposed to characterize the state of bonding between asphalt and aggregate under the action of water.

   (13)








In the equation,  is the total adhesion energy between asphalt and aggregate (mJ);  is the increase rate of contact area (m2/min);  is the contact time;  is the damage rate per unit area (mJ/m2/min) which is function of wet adhesive and moisture conditioning method. When the maximum contact area  is achieved, the Eq (13) can be rewritten as Eq (14).  increases with aging based on the SFE results. When the value of  equals , the total adhesion becomes zero, which means the asphalt is completely detached from the aggregate. 

   (14)
As depicted in Figure 4.15, it can be concluded that the aging of asphalt always impaired the moisture resistance fundamentally, and the moisture-induced damage rate per unit area increased with aging. In other words, under moisture conditioning, the debonding between asphalt and aggregate became faster and faster with increasing degree of aging. However, the laboratory aging process of asphalt mixtures increased the contact area between asphalt and aggregate, increasing the overall adhesion energy. At the beginning, the increase in adhesion governed, making the short-term aged mixtures show an enhanced moisture damage resistance, whereas the contact area could not further increase after reaching the “perfect coating time” (Figure 4.15). The long-term aging severely deteriorated the asphalt binders and the stripping potentials per unit area became overly high. Therefore, the long-term aged mixtures were remarkably more susceptible to moisture damage.
Although our asphalt mixtures showed that the short-term aging could increase the moisture resistance, there are still two possible situations where the short-term aging may cause the reduction in moisture resistance (Figure 4.16): (a) aggregate with very low absorption capacity and (b) too fast deterioration of asphalt upon aging. It is still likely to see the increasing moisture susceptibility at the later stage of short-term aging if the thermodynamic properties of asphalt somehow change drastically.
[bookmark: _Toc118813162]Role of ASA
[bookmark: _Hlk94615656]Figure 4.17 depicts the effect of ASA on the moisture damage resistance of HMA. As summarized in Figure 4.17, the ASA decreased the nonpolar components while increased the polar components of unaged/aged asphalt, which further reduced the cohesion within asphalt and wet adhesive while increased the dry adhesive and spreading coefficient. All the changes finally resulted in the increase in ER, enhancing the compatibility of asphalt-aggregate combinations. Therefore, the ASA had an opposite effect on the properties of asphalt binders in comparison to aging. In other words, the use of ASA could to some extent compensate the reduction in moisture resistance upon aging. However, the effect of ASA against aging seemed to be limited based on the laboratory performance test results.
[bookmark: _Toc118813163]Limitations of SFE Methods and Boiling Water Test
According to the theory of SFE, the spreading coefficient (wettability) is only associated with the cohesive energy of asphalt and the dry adhesion energy between asphalt and aggregate (Eq. 10). Nevertheless, the coating quality of asphalts over aggregates is also related to the contact time of asphalt-aggregate under high temperatures. During the short-term aging, asphalt tends to enter the pores of aggregate slowly, and the coating quality actually increases with time. It is obvious that this process cannot be well characterized by the spreading coefficient. Therefore, the ER indicative of the compatibility between asphalt and aggregate is more suitable to comparing the moisture resistance of mixtures with the same short-term aging time. Also, if the extended short-term aging is applied, it is possible that all the mixtures reach the perfect coating, which in fact makes the spreading coefficient invalid. 
Different laboratory performance tests on both loose and compacted mixtures were performed in this study. According to the results, the boiling water test (ASTM D3625) was unable to identify the moisture resistance of mixture 4 to mixture 9. It is obvious that this phenomenon was associated with the contact time of asphalt on aggregate. For example, the mixture 9 should be remarkably susceptible to moisture damage as shown by TSR and DMR results, whereas the mixture 9 showed no stripping during the boiling test. Based on the observation, the possible explanation is that the boiling could not completely displace the asphalt from aggregate, although moisture damage had happened (Figure 4.18a). After the boling, the detached asphalt still covered the aggregate, which made the specimen look like there was no stripping at all. Therefore, it seems that the boiling water test should be generally conducted on specimens without too much short-term aging. In contrast, the adhesion failure in compacted mixtures (Figure 4.18b) can be reflected by TSR and DMR, since the separation between asphalt and aggregate will impair the mechanical properties of asphalt mixtures.
[bookmark: _Toc118813164]Conclusions
In this study, moisture damage mechanism and thermodynamic properties of hot-mix asphalt (HMA) upon short-term and long-term aging were investigated. The energy ratios of ninety asphalt-aggregate combinations including the unaged, RTFO-aged and PAV-aged asphalts were evaluated by measuring the surface free energy. Nine types of asphalt mixtures with different aging regimes were evaluated by boiling tests, TSR and dynamic modulus tests.
According to the results, the aging of asphalt had a significant impact on the moisture resistance. Both the short-term (RTFO) and long-term (PAV) aging significantly impaired the properties of asphalt and always increased the debonding potential per unit contact area at asphalt-aggregate interface. The drop in moisture resistance of mixtures made by pre-aged asphalt binders could be observed primarily due to the decreased wettability of aged asphalts. Nevertheless, if the aging of asphalt occurred on the aggregate surface, the overall moisture resistance of the mixture was also related to the contact time of asphalt and aggregate. Upon short-term aging, the wettability of asphalt associated with the coating quality was actually improved with contact time, and more asphalt could be absorbed into the pores of aggregate. In other words, the contact area of asphalt and aggregate continued to increase, contributing to an increase in overall adhesion and a stronger bond. In fact, the asphalt mixtures after short-term aging exhibited better moisture resistance, although the asphalt became deteriorated. However, the contact area could not further increase upon reaching the “perfect coating” while the surface free energy of asphalt continued to change with aging time. After the long-term aging, the asphalts were heavily deteriorated and the stripping potential per unit contact area became overly high, which resulted in the significant reduction in moisture resistance. Based on the analysis, there are two possible situations where the short-term aging may cause the reduction in moisture resistance: (a) aggregate with very low absorption and (b) too fast deterioration of asphalt upon aging.
The following conclusions can be drawn according to the details of experimental results and other aspects:
· The both the RTFO and PAV aging changed the thermodynamic properties of asphalt. The nonpolar components in asphalt increased while the polar components dropped, which led to the reduction in dry adhesive between asphalt and aggregate and increased the free energy released at the presence of water.
· The aging process decreased the dry adhesion energy while increased the cohesive energy within asphalt, resulting in the reduced spreading coefficient (wettability) of asphalt over aggregate. Therefore, the coating quality of mixtures made by pre-aged asphalts was much lower.
· The use of liquid ASA had a positive effect on the moisture resistance of HMA by changing the thermodynamic properties of asphalt binders. ASA could to some extent compensate the adverse effect of aging. However, the effect seemed very limited.
· During the short-term aging, asphalt slowly entered the pores of aggregate, and the coating quality actually increased with time. It is obvious that this process cannot be well characterized by the spreading coefficient, showing the limitation of SFE method.
· The boiling water test was sensitive to the contact time of asphalt and aggregate and should be generally conducted on specimens without too much short-term aging. Otherwise, the boiling water could not completely displace the asphalt from aggregate, although moisture damage had happened. After the boiling, the detached asphalt still covered the aggregate, which made the specimen look like there was no stripping at all. In contrast, the adhesion failure in compacted mixtures can be reflected by the drop of TSR and DMR.
· During the preparation of HMA, the time of short-term aging can be potentially increased to enhance the coating quality of asphalt and the moisture resistance. However, it must be carefully managed considering the “perfect coating time” and the degree of deterioration of asphalt binders.
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(a) Aging of Asphalt before Mixing
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(b) Aging of Asphalt Mixtures after Mixing
[bookmark: _Toc52356347][bookmark: _Toc119078242]Figure 4.1. Methodology and General Experimental Procedures
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[bookmark: _Toc52356348][bookmark: _Toc119078243]Figure 4.2. Gradation of Aggregate
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[bookmark: _Toc52356349][bookmark: _Toc119078244]Figure 4.3. Aging of Asphalt Mixtures in RTFO and PAV
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(a) Type-1 Samples (Control Mixtures with the Least Aging). 
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(b) Type-2 Samples (Mixtures Made by RTFO-aged Asphalts) 
[bookmark: _Toc119078245]Figure 4.4. Detailed Preparation Processes of the 9 Types of Mixtures for Each Asphalt-aggregate Combination. The Processes which Caused the Aging of Asphalt were Marked by Purple Areas.
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(c) Type-3 Samples (Mixtures Made by PAV-aged Asphalts) 
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(d) Type-4 Samples (RTFO-aged Asphalt Mixtures) 
[bookmark: _Toc119078246]Figure 4.4. Continued
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(e) Type-5 Samples (PAV-aged Asphalt Mixtures) 
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(f) Type-6 Samples (Oven-aged Asphalt Mixtures (2 h)) 
[bookmark: _Toc119078247]Figure 4.4. Continued
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(g) Type-7 Samples (Oven-aged Asphalt Mixtures (8 h)) 
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(h) Type-8 Samples (Oven-aged Asphalt Mixtures (16 h)) 
[bookmark: _Toc119078248]Figure 4.4. Continued
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(i) Type-9 Samples (Oven-aged Asphalt Mixtures (1 Week)) 
[bookmark: _Toc119078249]Figure 4.4. Continued
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[bookmark: _Toc119078250]Figure 4.5. Image Acquisition Method and an Example of the Binary Image Conversion: (a) Image Acquisition Method, (b) Binary Image Conversion
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[bookmark: _Toc119078251]Figure 4.6. AMPT Samples Made by Different Aggregates, MIST Conditioning and Dynamic Modulus Test: (a) AMPT Samples, (b) MIST Conditioning, (c) Dynamic Modulus Test.
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[bookmark: _Toc119078252]Figure 4.7. Cohesive Energy of Asphalt Binders upon Aging
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(a) ER Values of Different Unaged Asphalt-aggregate Combinations
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(b) ER Values of Different Asphalt-aggregate Combinations upon RTFO Aging
[bookmark: _Toc119078253]Figure 4.8. ER Values of Different Asphalt-aggregate Combinations
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(c) ER Values of Different Asphalt-aggregate Combinations upon PAV Aging
[bookmark: _Toc119078254]Figure 4.8. Continued
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(a) Asphalt Mixtures with LS2 upon Aging
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(b) Asphalt Mixtures with GR upon Aging
[bookmark: _Toc119078255]Figure 4.9. ER Values of Different Asphalt-aggregate Combinations
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(c) Asphalt Mixtures with GL1 upon Aging
[bookmark: _Toc119078256]Figure 4.9. Continued
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(a) Asphalt Mixtures with LS2 upon Aging
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(b) Asphalt Mixtures with GR upon Aging
[bookmark: _Toc119078257]Figure 4.10. TSR Results (S in the Figures Means Standard Aging.)


[image: Chart, bar chart

Description automatically generated]
(c) Asphalt Mixtures with GL1 upon Aging
[bookmark: _Toc119078258]Figure 4.10. Continued.
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(a) LS2-PG64-H upon Different Ways of Aging
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(b) GR-PG64-H upon Different Ways of Aging
[bookmark: _Toc119078259]Figure 4.11. DMR Results
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(c) GL1-PG64-H upon Different Ways of Aging
[bookmark: _Toc119078260]Figure 4.11. Continued
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[bookmark: _Toc119078261]Figure 4.12. DMR Results
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[bookmark: _Toc119078262]Figure 4.13. Influence of Aging on the Thermodynamic Properties of Asphalt Binders
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[bookmark: _Toc119078263]Figure 4.14. Relationship between Contact time, Contact area and Damage Rate Per Unit Area upon Aging







[image: A picture containing timeline

Description automatically generated]
[image: Chart, scatter chart

Description automatically generated]
[bookmark: _Toc119078264]Figure 4.15. Changes to Stripping Potential, Contact Area and Moisture Resistance with Time in this Study
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[bookmark: _Toc119078265]Figure 4.16. Two Possible Situations where the Short-term Aging May Cause the Reduction in Moisture Resistance: (a) Aggregate with Low Absorption, (b) Too Fast Deterioation of Asphalt upon Aging.
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[bookmark: _Toc119078266]Figure 4.17. Effect of ASA on the Moisture Resistance
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(a) Boiling Test Fails to Completely Displace the Asphalt from Aggregate after a Long Time of  Laboratory Aging.
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(b) Adhesion Failure in Compacted Mixtures which Can Be Reflected by TSR and DMR (Adapted from (Othman et al. 2015))
[bookmark: _Toc119078267]Figure 4.18. Limitation of Boiling Water Test (ASTM D3625)
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[bookmark: _Toc52356303][bookmark: _Toc119483672]Table 4.1. Basic Properties of the Asphalt Binders.
	Material properties
	PG 64-22
	PG76-22

	Specific gravity at 15.6 °C
	1.013
	1.029

	Viscosity at 135 °C (Pa· s)
	0.365
	1.03

	Flash point temperature (°C)
	298
	326

	Polymer content (%)
	0
	3.4

	Cross link (%)
	-
	0.14















[bookmark: _Toc52356304][bookmark: _Toc119483673]Table 4.2. Different Types of Aggregate in the Study
	Oxide (%)
	LS1
(Limestone)
	LS2
(Limestone)
	GR
(Granite)
	GL1
(Gravel)
	GL2
(Gravel)

	CaO
	52.70
	43.50
	2.50
	0.86
	0.35

	SiO2
	1.94
	17.70
	67.81
	77.46
	79.82

	Al2O3
	0.52
	0.82
	14.50
	14.17
	13.30

	Fe2O3
	0.35
	1.52
	1.20
	1.64
	1.66

	MgO
	1.71
	0.45
	0.81
	1.21
	0.40

	K2O
	0.05
	0.22
	4.09
	1.02
	0.13

	Na2O
	0.05
	0.17
	3.52
	1.14
	1.72

	TiO2
	0
	0.03
	0.03
	0.05
	1.10













[bookmark: _Toc52356305][bookmark: _Toc119483674]Table 4.3. Asphalt-aggregate Combinations
	Combinations
	Asphalt
	Aggregate
	ASA
	Aging

	LS1-PG64
	PG64-22
	LS1 (limestone)
	-
	-

	LS1-PG64(R)
	PG64-22
	LS1 (limestone)
	-
	RTFO

	LS1-PG64(P)
	PG64-22
	LS1 (limestone)
	-
	PAV

	LS1-PG64-H
	PG64-22
	LS1 (limestone)
	Half dosage
	-

	LS1-PG64-H(R)
	PG64-22
	LS1 (limestone)
	Half dosage
	RTFO

	LS1-PG64-H(P)
	PG64-22
	LS1 (limestone)
	Half dosage
	PAV

	LS1-PG64-F
	PG64-22
	LS1 (limestone)
	Full dosage
	-

	LS1-PG64-F(R)
	PG64-22
	LS1 (limestone)
	Full dosage
	RTFO

	LS1-PG64-F(P)
	PG64-22
	LS1 (limestone)
	Full dosage
	PAV

	LS1-PG76
	PG76-22
	LS1 (limestone)
	-
	-


[bookmark: _Toc119483675]Table 4.3. Continued
	Combinations
	Asphalt
	Aggregate
	ASA
	Aging

	LS1-PG76(R)
	PG76-22
	LS1 (limestone)
	-
	RTFO

	LS1-PG76(P)
	PG76-22
	LS1 (limestone)
	-
	PAV

	LS1-PG76-H
	PG76-22
	LS1 (limestone)
	Half dosage
	-

	LS1-PG76-H(R)
	PG76-22
	LS1 (limestone)
	Half dosage
	RTFO

	LS1-PG76-H(P)
	PG76-22
	LS1 (limestone)
	Half dosage
	PAV

	LS1-PG76-F
	PG76-22
	LS1 (limestone)
	Full dosage
	-

	LS1-PG76-F(R)
	PG76-22
	LS1 (limestone)
	Full dosage
	RTFO

	LS1-PG76-F(P)
	PG76-22
	LS1 (limestone)
	Full dosage
	PAV

	LS2-PG64
	PG64-22
	LS2 (limestone)
	-
	-

	LS2-PG64(R)
	PG64-22
	LS2 (limestone)
	-
	RTFO


[bookmark: _Toc119483676]Table 4.3. Continued
	Combinations
	Asphalt
	Aggregate
	ASA
	Aging

	LS2-PG64(P)
	PG64-22
	LS2 (limestone)
	-
	PAV

	LS2-PG64-H
	PG64-22
	LS2 (limestone)
	Half dosage
	-

	LS2-PG64-H(R)
	PG64-22
	LS2 (limestone)
	Half dosage
	RTFO

	LS2-PG64-H(P)
	PG64-22
	LS2 (limestone)
	Half dosage
	PAV

	LS2-PG64-F
	PG64-22
	LS2 (limestone)
	Full dosage
	-

	LS2-PG64-F(R)
	PG64-22
	LS2 (limestone)
	Full dosage
	RTFO

	LS2-PG64-F(P)
	PG64-22
	LS2 (limestone)
	Full dosage
	PAV

	LS2-PG76
	PG76-22
	LS2 (limestone)
	-
	-

	LS2-PG76(R)
	PG76-22
	LS2 (limestone)
	-
	RTFO

	LS2-PG76(P)
	PG76-22
	LS2 (limestone)
	-
	PAV


[bookmark: _Toc119483677]Table 4.3. Continued
	Combinations
	Asphalt
	Aggregate
	ASA
	Aging

	LS2-PG76-H
	PG76-22
	LS2 (limestone)
	Half dosage
	-

	LS2-PG76-H(R)
	PG76-22
	LS2 (limestone)
	Half dosage
	RTFO

	LS2-PG76-H(P)
	PG76-22
	LS2 (limestone)
	Half dosage
	PAV

	LS2-PG76-F
	PG76-22
	LS2 (limestone)
	Full dosage
	-

	LS2-PG76-F(R)
	PG76-22
	LS2 (limestone)
	Full dosage
	RTFO

	LS2-PG76-F(P)
	PG76-22
	LS2 (limestone)
	Full dosage
	PAV

	GR-PG64
	PG64-22
	GR (granite)
	-
	-

	GR-PG64(R)
	PG64-22
	GR (granite)
	-
	RTFO

	GR-PG64(P)
	PG64-22
	GR (granite)
	-
	PAV

	GR-PG64-H
	PG64-22
	GR (granite)
	Half dosage
	-

	GR-PG64-H(R)
	PG64-22
	GR (granite)
	Half dosage
	RTFO

	GR-PG64-H(P)
	PG64-22
	GR (granite)
	Half dosage
	PAV

	GR-PG64-F
	PG64-22
	GR (granite)
	Full dosage
	-

	GR-PG64-F(R)
	PG64-22
	GR (granite)
	Full dosage
	RTFO


[bookmark: _Toc119483678]Table 4.3. Continued
	Combinations
	Asphalt
	Aggregate
	ASA
	Aging

	GR-PG64-F(P)
	PG64-22
	GR (granite)
	Full dosage
	PAV

	GR-PG76
	PG76-22
	GR (granite)
	-
	-

	GR-PG76(R)
	PG76-22
	GR (granite)
	-
	RTFO

	GR-PG76(P)
	PG76-22
	GR (granite)
	-
	PAV

	GR-PG76-H
	PG76-22
	GR (granite)
	Half dosage
	-

	GR-PG76-H(R)
	PG76-22
	GR (granite)
	Half dosage
	RTFO

	GR-PG76-H(P)
	PG76-22
	GR (granite)
	Half dosage
	PAV

	GR-PG76-F
	PG76-22
	GR (granite)
	Full dosage
	-

	GR-PG76-F(R)
	PG76-22
	GR (granite)
	Full dosage
	RTFO

	GR-PG76-F(P)
	PG76-22
	GR (granite)
	Full dosage
	PAV

	GL1-PG64
	PG64-22
	GL1 (gravel)
	-
	-

	GL1-PG64(R)
	PG64-22
	GL1 (gravel)
	-
	RTFO

	GL1-PG64(P)
	PG64-22
	GL1 (gravel)
	-
	PAV

	GL1-PG64-H
	PG64-22
	GL1 (gravel)
	Half dosage
	-

	GL1-PG64-H(R)
	PG64-22
	GL1 (gravel)
	Half dosage
	RTFO

	GL1-PG64-H(P)
	PG64-22
	GL1 (gravel)
	Half dosage
	PAV

	GL1-PG64-F
	PG64-22
	GL1 (gravel)
	Full dosage
	-



[bookmark: _Toc119483679]Table 4.3. Continued
	Combinations
	Asphalt
	Aggregate
	ASA
	Aging

	GL1-PG64-F
	PG64-22
	GL1 (gravel)
	Full dosage
	-

	GL1-PG64-F(R)
	PG64-22
	GL1 (gravel)
	Full dosage
	RTFO

	GL1-PG64-F(P)
	PG64-22
	GL1 (gravel)
	Full dosage
	PAV

	GL1-PG76
	PG76-22
	GL1 (gravel)
	-
	-

	GL1-PG76(R)
	PG76-22
	GL1 (gravel)
	-
	RTFO

	GL1-PG76(P)
	PG76-22
	GL1 (gravel)
	-
	PAV

	GL1-PG76-H
	PG76-22
	GL1 (gravel)
	Half dosage
	-

	GL1-PG76-H(R)
	PG76-22
	GL1 (gravel)
	Half dosage
	RTFO

	GL1-PG76-H(P)
	PG76-22
	GL1 (gravel)
	Half dosage
	PAV

	GL1-PG76-F
	PG76-22
	GL1 (gravel)
	Full dosage
	-

	GL1-PG76-F(R)
	PG76-22
	GL1 (gravel)
	Full dosage
	RTFO

	GL1-PG76-F(P)
	PG76-22
	GL1 (gravel)
	Full dosage
	PAV

	GL2-PG64
	PG64-22
	GL2 (gravel)
	-
	-

	GL2-PG64(R)
	PG64-22
	GL2 (gravel)
	-
	RTFO

	GL2-PG64(P)
	PG64-22
	GL2 (gravel)
	-
	PAV

	GL2-PG64-H
	PG64-22
	GL2 (gravel)
	Half dosage
	-


[bookmark: _Toc119483680]Table 4.3. Continued
	Combinations
	Asphalt
	Aggregate
	ASA
	Aging

	GL2-PG64-H(R)
	PG64-22
	GL2 (gravel)
	Half dosage
	RTFO

	GL2-PG64-H(P)
	PG64-22
	GL2 (gravel)
	Half dosage
	PAV

	GL2-PG64-F
	PG64-22
	GL2 (gravel)
	Full dosage
	-

	GL2-PG64-F(R)
	PG64-22
	GL2 (gravel)
	Full dosage
	RTFO

	GL2-PG64-F(P)
	PG64-22
	GL2 (gravel)
	Full dosage
	PAV

	GL2-PG76
	PG76-22
	GL2 (gravel)
	-
	-

	GL2-PG76(R)
	PG76-22
	GL2 (gravel)
	-
	RTFO

	GL2-PG76(P)
	PG76-22
	GL2 (gravel)
	-
	PAV

	GL2-PG76-H
	PG76-22
	GL2 (gravel)
	Half dosage
	-

	GL2-PG76-H(R)
	PG76-22
	GL2 (gravel)
	Half dosage
	RTFO

	GL2-PG76-H(P)
	PG76-22
	GL2 (gravel)
	Half dosage
	PAV

	GL2-PG76-F
	PG76-22
	GL2 (gravel)
	Full dosage
	-

	GL2-PG76-F(R)
	PG76-22
	GL2 (gravel)
	Full dosage
	RTFO

	GL2-PG76-F(P)
	PG76-22
	GL2 (gravel)
	Full dosage
	PAV


[bookmark: _Toc52356306][bookmark: _Toc119483681]Table 4.4. Results of the Mix Designs
	Mixture ID
	Asphalt
	Aggregate
	Optimum AC (%)
	Air void (%)
	Gmm
	VMA (%)
	VFA (%)

	LS2-PG64
	PG64-22
	LS2
	5.5
	4.0
	2.517
	15.1
	73.5

	LS2-PG76
	PG64-22
	LS2
	5.5
	4.0
	2.520
	15.0
	73.3

	GR-PG64
	PG64-22
	GR
	5.7
	4.1
	2.467
	17.1
	76.0

	GR-PG76
	PG76-22
	GR
	5.7
	4.1
	2.469
	17.0
	75.9

	GL1-PG64
	PG64-22
	GL1
	5.2
	3.9
	2.295
	15.0
	74.0

	GL1-PG76
	PG76-22
	GL1
	5.2
	4.0
	2.298
	14.8
	73.0








[bookmark: _Toc119483682]Table 4.5. SFE Results of the Asphalts
	Sample ID
	

	

	

	
 
	
 

	
	Avg.
	SD
	Avg.
	SD
	Avg.
	SD
	
	

	PG64
	20.48
	0.9
	0.00
	0.0
	2.69
	0.2
	0.00
	20.48

	PG64(R)
	21.45
	0.7
	0.000
	0.0
	1.95
	0.1
	0.00
	21.45

	PG64(P)
	22.51
	0.5
	0.000
	0.0
	1.76
	0.0
	0.00
	22.51

	PG64-H
	19.31
	0.7
	0.11
	0.1
	2.14 
	0.1
	0.97
	20.28

	PG64-H(R)
	20.27
	0.8
	0.07
	0.0
	1.75
	0.1
	0.70
	20.97

	PG64-H(P)
	21.81
	0.7
	0.05
	0.0
	1.45
	0.1
	0.54
	22.35

	PG64-F
	18.57
	0.6
	0.18
	0.0
	2.51
	0.2
	1.34
	19.91

	PG64-F(R)
	20.44
	0.4
	0.15
	0.0
	1.69
	0.1
	1.01
	21.45

	PG64-F(P)
	21.44
	0.4
	0.12
	0.0
	1.19
	0.0
	0.76
	22.20

	PG76
	22.35
	1.2
	0.001
	0.0
	5.82
	0.3
	0.15
	22.50

	PG76(R)
	22.99
	1.4
	0.000
	0.0
	4.86
	0.2
	0.00
	22.99

	PG76(P)
	23.27
	1.2
	0.000
	0.0
	4.41
	0.3
	0.00
	23.27

	PG76-H
	20.24
	0.9
	0.22
	0.0
	4.33
	0.3
	1.97
	22.21

	PG76-H(R)
	21.78
	0.9
	0.11
	0.0
	3.96
	0.3
	1.32
	23.10

	PG76-H(P)
	22.51
	0.5
	0.07
	0.0
	3.73
	0.2
	1.10
	23.61

	PG76-F
	19.16
	0.4
	0.35
	0.1
	6.21
	0.3
	2.96
	22.12

	PG76-F(R)
	21.48
	0.6
	0.18
	0.1
	4.22
	0.2
	1.75
	23.23

	PG76-F(P)
	22.06
	0.7
	0.15
	0.0
	4.22
	0.2
	1.60
	23.66



Note: Avg = average; SD = standard deviation. The unit of  is mJ/m2.
[bookmark: _Toc119483683]Table 4.6. SFE Results of the Aggregates
	Aggregate
	

	

	

	

	


	
	Avg.
	SD
	Avg.
	SD
	Avg.
	SD
	
	

	LS1
	25.06
	2.7
	2.55
	0.1
	20.87
	2.4
	14.59
	39.65

	LS2
	28.87
	3.2
	0.89
	0.0
	15.13
	1.5
	7.35
	36.22

	GR
	22.79
	1.9
	3.64
	0.1
	10.24
	1.1
	12.21
	35.00

	GL1
	23.15
	2.0
	2.40
	0.1
	9.78
	0.9
	9.68
	32.83

	GL2
	20.14
	2.1
	3.26
	0.1
	9.49
	1.2
	11.12
	31.26



Note: Avg = average; SD = standard deviation. The unit of  is mJ/m2.













[bookmark: _Toc119483684]Table 4.7. Changes to the Dry Adhesives of Different Asphalt-aggregate Combinations upon RTFO and PAV Aging
	Percentage of increase in dry adhesive (%)
	LS1
	LS2
	GR
	GL1
	GL2

	PG64 (R)
	0.56
	1.31
	0.16
	0.54
	0.15

	PG64 (P)
	2.35
	3.41
	1.81
	2.34
	1.79

	PG64-H (R)
	0.04
	0.71
	0.13
	0.38
	0.11

	PG64-H (P)
	1.83
	3.11
	1.92
	2.41
	1.87

	PG64-F (R)
	1.68
	2.76
	1.40
	1.89
	1.37

	PG64-F (P)
	1.78
	3.64
	1.37
	2.19
	1.32

	PG76 (R)
	-0.51
	0.15
	-0.65
	-0.37
	-0.67

	PG76 (P)
	-0.58
	0.36
	-0.87
	-0.45
	-0.89

	PG76-H (R)
	0.18
	0.96
	0.66
	0.86
	0.61

	PG76-H (P)
	0.14
	1.32
	0.82
	1.13
	0.75

	PG76-F (R)
	-0.60
	1.14
	-0.51
	0.15
	-0.57

	PG76-F (P)
	-0.1
	1.82
	0.14
	0.84
	0.07







[bookmark: _Toc119483685]Table 4.8. Changes to the Spreading Coefficients of Different Asphalts over Aggregates upon RTFO and PAV Aging
	Percentage of change in wettability (%)
	LS1
	LS2
	GR
	GL1
	GL2

	PG64 (R)
	-17.29
	-11.72
	-21.85
	-21.85
	-33.49

	PG64 (P)
	-29.92
	-21.35
	-37.21
	-38.12
	-57.81

	PG64-H (R)
	-12.20
	-8.38
	-14.42
	-14.33
	-21.42

	PG64-H (P)
	-28.63
	-20.84
	-34.97
	-35.52
	-52.54

	PG64-F (R)
	-17.88
	-12.64
	-23.47
	-23.25
	-33.67

	PG64-F (P)
	-29.68
	-20.75
	-38.49
	-37.92
	-54.88

	PG76 (R)
	-12.16
	-8.41
	-13.93
	-14.34
	-20.80

	PG76 (P)
	-18.00
	-12.60
	-21.07
	-21.74
	-31.47

	PG76-H (R)
	-14.51
	-10.82
	-15.05
	-16.09
	-23.07

	PG76-H (P)
	-22.17
	-16.57
	-23.22
	-24.77
	-35.47

	PG76-F (R)
	-19.85
	-13.10
	-23.11
	-23.10
	-32.80

	PG76-F (P)
	-24.26
	-17.02
	-27.71
	-28.36
	-39.64







[bookmark: _Toc119483686]Table 4.9. Changes to the Wet Adhesives of Different Asphalt-aggregate Combinations upon Aging
	Percentage of increase in wet adhesive (%)
	LS1
	LS2
	GR
	GL1
	GL2

	PG64 (R)
	6.20
	5.44
	3.88
	4.01
	3.67

	PG64 (P)
	8.17
	7.29
	5.03
	5.22
	4.65

	PG64-H (R)
	3.79
	3.64
	2.88
	2.94
	2.70

	PG64-H (P)
	7.13
	6.91
	5.22
	5.34
	4.78

	PG64-F (R)
	7.61
	7.03
	5.07
	5.23
	4.67

	PG64-F (P)
	13.14
	12.11
	8.90
	9.17
	8.31

	PG76 (R)
	6.55
	5.62
	4.09
	4.23
	3.93

	PG76 (P)
	9.76
	8.31
	5.98
	6.19
	5.74

	PG76-H (R)
	3.54
	3.77
	3.17
	3.20
	2.90

	PG76-H (P)
	5.64
	5.92
	4.96
	5.00
	4.56

	PG76-F (R)
	15.43
	13.12
	10.53
	10.81
	9.94

	PG76-F (P)
	15.78
	13.64
	10.99
	11.26
	10.29







[bookmark: _Toc119483687]Table 4.10. Changes to the ERs of Different Asphalt-aggregate Combinations upon Aging
	Percentage of change to  ER (%)
	LS1
	LS2
	GR
	GL1
	GL2

	PG64 (R)
	-22.12
	-16.27
	-24.76
	-24.86
	-35.84

	PG64 (P)
	-35.21
	-26.69
	-40.22
	-41.19
	-59.68

	PG64-H (R)
	-15.41
	-11.60
	-16.82
	-16.78
	-23.49

	PG64-H (P)
	-33.38
	-25.95
	-38.19
	-38.79
	-54.70

	PG64-F (R)
	-23.69
	-18.37
	-27.16
	-27.07
	-36.64

	PG64-F (P)
	-37.84
	-29.31
	-43.52
	-43.13
	-58.34

	PG76 (R)
	-17.56
	-13.28
	-17.31
	-17.81
	-23.79

	PG76 (P)
	-25.29
	-19.31
	-25.52
	-26.30
	-35.20

	PG76-H (R)
	-17.43
	-14.06
	-17.66
	-18.69
	-25.24

	PG76-H (P)
	-26.32
	-21.23
	-26.84
	-28.35
	-38.28

	PG76-F (R)
	-30.54
	-23.17
	-30.43
	-30.60
	-38.88

	PG76-F (P)
	-34.58
	-26.98
	-34.86
	-35.61
	-45.27







[bookmark: _Toc119483688]Table 4.11. The Average DMR
	Mixture type
	1
	2
	3
	4
	5
	6
	7
	8
	9

	LS2-PG64-H
	67.98%
	60.54%
	57.31%
	84.89%
	71.01%
	86.63%
	91.88%
	92.27%
	66.93%

	GR-PG64-H
	60.16%
	56.48%
	56.32%
	74.15%
	66.34%
	74.24%
	83.14%
	88.96%
	62.95%

	GL1-PG64-H
	60.70%
	57.61%
	56.57%
	67.61%
	63.61%
	67.50%
	78.88%
	86.26%
	58.84%
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MEASURING MOISTURE DAMAGE OF ASPHALT MIXTURES: THE DEVELOPMENT OF A NEW MODIFIED BOILING TEST BASED ON COLOR IMAGE PROCESSING


















A version of this chapter was published as Xiao, R., Polaczyk, P. and Huang, B., (2022). “Measuring moisture damage of asphalt mixtures: The development of a new modified boiling test based on color image processing”. Measurement, 190, p.110699. DOI: https://doi.org/10.1016/j.measurement.2022.110699

Abstract: A new digital image processing method based on color images was developed to analyze the coating quality of asphalt mixtures with moisture damage. The asphalt coating ratio can be measured automatically and objectively, improving the accuracy of boiling test (ASTM D3625). This method is based on RGB color model and the characteristic color pixels representing virgin aggregate are directly utilized to search the damaged areas. The developed color image processing was compared to the two existing digital imaging methods. The selection of threshold value was a subjective process in the binary image processing. The problem of the grayscale-based image processing was the lack of a reasonable method to obtain the representative image of virgin aggregate. Also, the light reflection on asphalt and the shadow between aggregates might lead to grave errors. In contrast, the proposed method could avoid those issues and realize the objective inspection of stripping in asphalt mixtures.
[bookmark: _Toc118813169][bookmark: _Hlk52180995]Introduction
The durability of asphalt mixtures is highly influenced by the presence of moisture which can directly cause the stripping and raveling of asphalt, and exacerbate the fatigue cracking, rutting and other forms of functional deterioration (Huang et al. 2010). The main reason is that the action of water tends to weaken the adhesion between asphalt binder and aggregate and/or the cohesion within asphalt (Kiggundu and Roberts 1988). Since it is a spontaneous process based on thermodynamics, the moisture damage of asphalt concrete has been widely observed since the early 1900s (Huang et al. 2010; Kiggundu and Roberts 1988). Based on the theory of surface free energy, the moisture resistance of asphalt mixtures is associated with the dry adhesion energy between asphalt and aggregate (dry adhesive) and the free energy released due to the presence of water (wet adhesive) (Hefer et al. 2006).
Over the last several decades, many laboratory testing methods were successfully developed to evaluate the moisture susceptibility of asphalt mixtures, which significantly made the moisture damage predictable and controllable (ASTM D 3625 2015; ASTM D4867/D4867M 2014; Huang et al. 2010; Lottman 1978). Among those methods, boiling water test (ASTM D 3625) is a traditional and empirical test which has been used for many years (ASTM D 3625 2015). According to the testing procedures, the asphalt-coated aggregate mixture is soaked in the boiling distilled water for 10 min, and then the visual observation is made to record the retained asphalt coating on the aggregate (ASTM D 3625 2015). Nonetheless, it is obvious that such a subjective measurement is very likely to impair the accuracy and lower the repeatability of the test results. Therefore, the traditional boiling water test is more often used to compare the relative moisture susceptibility of asphalt mixtures rather than used as a measure of field performance (ASTM D 3625 2015). If the degradation of asphalt due to moisture damage is indicated, other tests (i.e., indirect tensile strength ratio (TSR), dynamic modulus test etc.) should be performed to further evaluate the mixture due to the limitations of standard boiling test method (ASTM D 3625 2015; Huang et al. 2010).

In this regard, the recently developed modified boiling test based on digital image processing has gained significant attention in the research community, aiming at turning the visual assessment into the objective measurement (Amelian et al. 2014; Kim et al. 2009; Ling et al. 2016; Swiertz et al. 2012). The new method requires the digital images of the testing sample before and after the boiling, and then the color images are converted to the binary (black and white) images (Amelian et al. 2014). Since the color of most aggregate is significantly lighter than that of asphalt, the asphalt-coated areas for mixtures can be represented by black pixels while the uncoated areas are indicated by white pixels (Amelian et al. 2014). In this way, the coating ratio of asphalt after the boiling can be accurately calculated by counting the number of black and white pixels in the digital images, and the coating ratio () of an asphalt mixture can be expressed by Eq (1). To the best of our knowledge, Kim et al. firstly used the modified boiling test with binary image processing to evaluate the moisture susceptibility of Nebraska hot mix asphalt (HMA) mixtures in 2009 (Kim et al. 2009). Afterwards, Swiertz et al. successfully used the same method to quantify the moisture damage of cold mix asphalt (CMA) in 2012 (Swiertz et al. 2012).

          (1)

Where, : the number of black pixels;

            : the total number of both black and white pixels.

The most recent development in this area is a newly proposed image processing method in 2018 which uses the average grayscale (luminance) of digital images as the indicator to quantify the degree of stripping (Tayebali et al. 2018). To test one sample, this method requires three digital images showing asphalt mixture before boiling, asphalt mixture after boiling and virgin aggregate. The stripping of asphalt after the boiling can be represented by the decrease in average grayscale of the image. The damage ratio () in percent relative to virgin aggregate can be calculated by Eq (2) (Tayebali et al. 2018).

          (2)

Where, : the grayscale of sample after boiling;

             : the grayscale of sample before boiling;

             : the grayscale of virgin aggregate
[bookmark: _Toc118813170]Limitations of Current Image Processing Methods
Although the image processing methods have been used by many studies to quantify moisture damage, the limitations and disadvantages of the current methods are scarcely discussed. In fact, the binary image processing is still more or less subjective because the selection of threshold value is not unique (Amelian et al. 2014). In general, most digital image files support a minimum of 8-bit grayscale, which provides the grayscale value ranging between 0 and 255 (256 levels) for each pixel (Bovik 2005). A binay image only has two gray levels: 0 (black) and 255 (white). During the binary image conversion, the threshold grayscale needs to be selected and the pixels with a higher or lower grayscale will be converted to pure white or black pixels, respectively, and the digital image will be completely reconstructed. It is obvious that different threshold values will lead to the generation of different binary images, which can affect the test results. Most studies adopted the trial-and-error method to select the threshold for binary image conversion (Amelian et al. 2014; Arbabpour Bidgoli et al. 2020). Amelian et al. selected a threshold value of 65 to distinguish the black and white pixels and claimed that the threshold values ranging between 62 and 68 did not significantly influence the results (Amelian et al. 2014). However, it is obvious that selecting the threshold manually is very subjective and the results can be affected by the lighting conditions.
Another outstanding issues are the light reflection on asphalt and the shadow between aggregates (Figure 5.1), which may cause significant error in analysis (Amelian et al. 2014; Arbabpour Bidgoli et al. 2020). Based on the study by Amelian et al., the light reflection on asphalt could be removed to some degree if the sufficient and indirect light was provided during the photography capture by applying strong light behind opague glass (Amelian et al. 2014). However, this method required special tools as well as more cost and time. The influence of shadow between aggregates has not been discussed by scientific commnity so far. However, it will obviously have an effect on the generation of binary image and average graycale value. Currently, no automatic processing method has been well developed to deal with the two problems.
[bookmark: _Toc118813171]Objective and Scope
The objective of this study was to develop an innovative modified boiling test method based on color image processing. The new method was aimed to realize a more objective evaluation of digital images of loose asphalt mixtures, and the problems of previous image processing methods (i.e., selection of threshold value, sparkle of asphalt and shadow between aggregate) could be avoided. The influence of lighting condition on the test results was also evaluated. The calculated coating ratios of asphalt mixtures obtained by color image processing were compared to the results by binary image and grayscale-based image processing.
[bookmark: _Toc118813172]Development of Color Image Processing Method

In this study, the lighting conditions and the distance between testing samples and digital camera were always the same. All the digital images were analyzed using RGB color model and the image processing was conducted using Matlab. Each image has  pixels with a bit depth of 24. The color of a pixel is determined by three variables (red, green and blue intensities). Since the intensity of each basic color varies between 0 and 255, the RGB model can provide 2563 color values (Figure 5.2). The detailed explanation of the new color image processing method is as follows.
Step 1: Take three digital images showing aggregate, well-coated asphalt mixture and asphalt mixture with stripping (mixture after boiling), respectively.
For the purpose of describing the method, Figure 5.3(a-c) show an example of the three images required by step 1. A commercial asphalt (PG 64-22) and gravel from Stantonville, Tennessee were used to make the loose asphalt mixtures in the study. It should be noted that Figure 5.3(a) should contain the aggregate with all the sizes required by the mixture since the color of aggregate may vary with size. The mixture after boiling (Figure 5.3c) was also air dried for at least 24 hours before the image was taken.
Step 2: Smooth the color images and reduce the total number of colors. As shown in Fig. (4), the intensity of RGB varying between 0 and 20, 20 and 40, 40 and 60 etc. will be given a fixed value of 10, 30, 50 etc.
As an example, Fig. (5) shows the Figure 5.3(a) after smoothing and the change of RGB histograms. It can be seen that the RGB histograms became discontinuous after the image processing, although the image seemed to show no difference based on visual observation. Also, the mean value of the intensity almost remained the same (Figure 5.5). The smoothing process described in step 2 successfully reduced the possible number of colors from 2563 to 133 without losing image information, which could remove possible image perturbations and increase the image processing speed.
Step 3: In the aggregate image, remove the shadow between aggregates by removing the pixels which also appear in the well-coated asphalt mixture image. Pixels with the same RGB values are counted as the same pixel in two images. The locations of all pixels are not considered.
Figure 5.6 shows the contents in each figure and the generation of new aggregate image by removing the shadow between aggregates. The color of pixels representing the shadow were changed to a special blue with RGB values of (0, 150, 255) for observation (Figure 5.6). This process is aimed to obtain the data of pure aggregate colors. Since the dark pixels representing the shadow existed in both aggregate image (Figure 5.3a) and well-coated asphalt mixture image (Figure 5.3b), Figure 5.3b could be used to remove the shadow. In addition, the light pixels showing the sparkle of asphalt due to light reflection were not included in the processed aggregate image. The coding algorithm is based on Eq. (3) for comparing the RGB values of different images.

          (3)


Where : the  pixel in the first image;


            : the intensity of red, green and blue for the  pixel, respectively;


            : the  pixel in the second image;


            : the intensity of red, green and blue for the  pixel, respectively.


Step 4: In the image of asphalt mixture with stripping, compute the number of pixels () which also appear in the processed aggregate image in step 3. The coating ratio () by color image processing can be calculated by Eq. (4).

          (4)


Where : the total number of pixels in the partially coated asphalt mixture image
The algorithm of comparing two pixels in step 4 is similar to the method used in step 3. The stripped area can be obtained directly using the data of pure aggregate colors. Figure 5.7 shows the pixels (denoted by red) appearing in both the processed aggregate image and the partially coated asphalt image in the example.
[bookmark: _Toc118813173]Comparison of the Three Image Processing Methods
Five digital images (Figure 5.8) of loose asphalt mixtures with different degrees of stripping were utilized in this study to compare the performances of aforementioned three image processing methods (i.e., binary image processing, grayscale-based image processing and color image processing). All the mixtures shown in Figure 5.8 were made using a commercial asphalt (PG 64-22) and crushed gravel from Stantonville, Tennessee. The optimum asphalt content was 5.2%. The mixtures were subjected to boiling water test (ASTM D 3625) with different boiling times for the purpose of causing different degrees of moisture damage. Based on careful observation, there was no stripping in mixture 1, although the digital image showed some sparkle of asphalt which could not be avoided (Figure 5.8). It is obvious that mixture 2 to 5 had different degrees of stripping.
[bookmark: _Toc118813174]Binary Image Processing Method
Figure 5.9(a-b) show the generated binary images and the relationship between coating ratio and threshold value. As shown in Figure 5.9(a), the boiling test results based on binary image processing could be significantly influenced by the selected threshold values. For the same mixture, the binary image with a lower threshold value will have more white pixels, which may lead to the absurd analysis of the boiling test results. Mixture 1 was actually a well-coated mixture, but a decreasing coating ratio can be observed with a lower threshold value. For most mixtures (1 to 4), it seems that the relative moisture susceptibility of different mixtures can still be identified correctly, although the threshold value ranges from 40 to 100 (Figure 5.9b). Nonetheless, it can be seen that the comparison between the mixture 5 and other mixtures is highly influenced by threshold value. If the threshold is lower than 50, the coating ratio of mixture 5 is higher than that of mixture 3. Conversely, the mixture 3 shows higher coating ratios if the threshold is larger than 50, and finally the mixture 5 and mixture 4 have a similar result of coating ratio when threshold is 100. Therefore, the selection of a wrong threshold value can result in not only the incorrect calculation of coating ratio for asphalt  mixtures but also influence the comparison of different mixtures. Currently, this problem is scarcely discussed by the scientific community and the trial-and-error method is usually used to select the threshold (Arbabpour Bidgoli et al. 2020). It is widely accepted that the binary image processing method is much better than visual observation, but it cannot be considered as a perfect and objective evaluation.
[bookmark: _Toc118813175]Grayscale-based Image Processing Method
As mentioned before, the grayscale-based image processing method utilizes the average grayscale (luminance) of digital images as the indicator to quantify the damage ratio of asphalt mixtures after boiling, and the digital image of virgin aggegate is considered as the asphalt mixture with 100% of stripping (Tayebali et al. 2018). However, based on the authors’ experience, it is very hard to take the representative digital images for graded aggregate since the color of aggregate will change with the size even if only one source of aggregate is used in the mixture. The shadow between aggregate particles will also influence the average grayscale of the aggregate image. In addition, when aggregate is mixed with asphalt, the mineral fillers and very fine particles will be dispersed in asphalt binder to form the mastic which will cover the surface of coarser aggregate. During the boiling test, there will be a considerable amount of fine particles lost in the boiling water based on observation. Therefore, using the color of virgin aggregate to represent the color of fully stripped areas has some intrinsic problems in the grayscale-based image processing method.
In this study, the image processing method was conducted on the five mixtures (Figure 5.8). Figure 5.10(a) shows the grayscale images of the mixtures and their average grayscale values. An average grayscale of 0 was used to represent the well-coated asphalt mixtures (Tayebali et al. 2018). The graded aggregate of the five mixtures (Figure 5.8) was blended in a bucket and spread onto several sheets of papers randomly. Then, digital images of the virgin aggregate were taken and five representative aggregate images were chosen in the experiment. Figure 5.10(b) shows the selected aggregate images with their grayscale images and histograms. It can be seen that the grayscale histograms and average grayscales of different aggregate images were different, although the graded aggregate was crushed gravel sourced from the same place. As shown in Figure 5.10(b), the aggregate image with more finer particles tended to be darker and had a relatively lower average grayscale. This conclusion may not be suitable to all types of rock, but it showed that the size and layout of aggregate and could influence the average grayscale.
Figure 5.10(c) shows the relationship between the damage ratios calculated by Eq. (2) and the selection of virgin aggregate image. According to the results, a higher average grayscale of virgin aggregate image could result in a smaller value of damage ratio. The largest difference between the results of aggregate 1 and aggregate 5 could be up to 10.393% based on the study. Therefore, the outstanding issue of the grayscale-based image processing is the lack of a standardized and reasonable method to obtain the representative virgin aggregate image. In fact, the accuracy of the test results can even be lower if the aggregate is a combination of different types of rock.
[bookmark: _Toc118813176]Color Image Processing Method
Figure 5.11(a-b) shows the color image processing results. The stripped areas are denoted by red pixels in Figure 5.11(a) for better observation. Since there were not input variables, the color image processing only gave one result of coating ratio for each mixture, which could not be influenced by subjective judgement. The virgin aggregate image in the new method was only used to obtain all the possible colors of aggregate. Therefore, if the aggregate of all sizes appeared in the aggregate image, the layout of aggregate could not influence the test result, which is different from the grayscale-based processing method. Another outstanding advantage is that the coating ratio could not be affected by the sparkle of asphalt due to light reflection, which successfully solved a major issue of other image processing methods. As mentioned before, the light pixels showing the sparkle of asphalt are not included in the processed aggregate image. This explains the reason why the pixels of sparkle areas are almost not possible to be recognized as aggregate pixels. As shown in Figure 5.11(a-b), the mixture 1 showed a coating ratio of 100%, which is consistent with the visual examination. In contrast, the testing results of mixture 1 based on other two methods both showed some degrees of stripping (Figure 5.9 and Figure 5.10). Therefore, it can be concluded that the innovative color image processing method can be successfully used to analyze the mixtures for boiling water test. More importantly, it can avoid the problems of other image processing methods and realize the objective measurement of stripped areas in asphalt mixtures.
Figure 5.12 shows the comparison between color image processing and binary image processing results. It can be seen that if the threshold value is between 70 and 90, the coating ratios obtained by binary image are very similar to those obtained by color image processing, indicating the appropriate threshold value under our lighting condition is around 80. It also means that the color image processing can be potentially used to find the threshold value for binary image processing. Otherwise, the selection of threshold is still difficult without reasonable methods, and different lighting conditions will lead to the change of threshold value as well.
[bookmark: _Toc118813177]Influence of Lighting Conditions
	The lighting conditions can significantly influence the results of binary image processing and grayscale-based image processing (Arbabpour Bidgoli et al. 2020). In general, more sparkle of asphalt tends to be found under strong lighting conditions, which will cause the decrease in the calculated coating ratio. On the other hand, a poor lighting condition may cause the overestimation of coating ratio because the stripped areas may be represented by dark pixels. Since the influence of lighting conditions on the color image processing was unknown, the mixture 3 (Figure 5.8) was selected to do the further study. Six different lighting conditions (a-f) were used during the digital image acquisition (Figure 5.13a). The image under the lighting condition (d) is the same as the one in previous sections. Due to the difference in lighting, the average grayscales of the mixture images ranged between 27.226 and 65.510, although it was the same mixture.
Figure 5.13(b) shows the relationship between coating ratio and lighting conditions for the same mixture. According to Figure 5.13(b), the obtained coating ratios based on color image processing almost remained the same when the average grayscale of the images increased from 45.607 to 65.510, which suggested that the coating ratio could not be significantly influenced if sufficient lighting was provided. Even though a stronger light might cause more sparkle of asphalt, the obtained coating ratio still remained unchanged due to the superior image processing algorithm. Nonetheless, it can be seen that the accuracy of testing results could be affected under poor lighting conditions (a and b). When the average grayscale of image reduced to 27.226 and 32.937, the obtained coating ratio reached up to 88.435 and 81.643, respectively. The possible explanation is that the overall range of intensity for color pixels was narrowed with poor lighting, which resulted in the lost data of pure aggregate color. Therefore, the use of color image processing entails a good lighting condition to obtain reasonable results.
[bookmark: _Toc118813178]Comparison between the Modified Boiling Test Results and TSR
Three types of aggregate (siliceous limestone, granite and gravel) which have been reported to have stripping issue in Tennessee were used to make compacted asphalt mixtures as shown in Figure 5.14. The gradation of aggregate was in accordance with the D-mix used by the Tennessee Department of Transportation. Two types of asphalt (PG64-22 and PG76-22) from Marathon Petroleum Corporation  were used in this study. Table 5.1 summarizes the mix design of evaluated asphalt mixtures and the tensile strength ratio (TSR) results based on the freeze-thaw conditioning method (ASTM D4867). All the TSR samples were compacted to have 6-8% air void. The samples were subjected to 15 h of freezing before the immersion in 60 °C water for 24 h. All the experimental results were based on the average value of three repetitive tests. The loose asphalt mixtures for the proposed modified boiling test results were also prepared using the respective optimum asphalt contents (Table 5.1). The boiling test was conducted in terms of ASTM D3625. Approximately 250 g loose mixture was placed in the boiling water for 10 min, and the stripped area was examined based on the color image processing. Figure 5.15 shows the comparison between the TSR results and the coating ratios obtained by the modified boiling test with color image processing. It can be seen that the two results representing the moisture damage resistance correlated well with each other, which indicates that the proposed modified boiling test can yield reasonable results to examine the moisture damage resistance of asphalt mixtures.
[bookmark: _Toc118813179]Conclusions
In this study, an innovative digital image processing method based on color images has been successfully developed to evaluate the coating quality of asphalt mixtures with moisture damage. The asphalt coating ratio of loose mixtures with different degrees of stripping could be measured automatically without subjective visual evaluation, which improved the accuracy of traditional boiling water test (ASTM D3625) results. The images were analyzed using RGB color model, and the color pixels representing virgin aggregate were directly used to search the stripped areas in damaged mixtures.Aggregate angularity had a significant influence on the locking point of asphalt mixtures. As aggregate angularity increased, the locking point of asphalt mixtures decreased.  More angular aggregates not only made asphalt mixtures more challenging to compact but also increased the possibility for aggregate particles to interlock with each other at the early stage of compaction, resulting in a lower locking point.
            The newly proposed color image processing was compared to the two existing image processing methods. It was found that the selection of threshold value was a subjective process in the binary image processing, and the most outstanding issue of the grayscale-based image processing was the lack of a standardized and reasonable method to obtain the representative image of graded aggregate. In addition, the light reflection on asphalt and the shadow between aggregates might lead to grave errors with the previous methods. However, the new method could avoid those issues and realize the objective measurement of stripped areas in asphalt mixtures. Different lighting conditions also had a marginal effect on the coating ratios obtained by color image processing if sufficient lighting was provided. This study improved the modified boiling test procedure using digital imaging, paving the path for a wider utilization of boiling test and the potential establishment of boiling test result database.
[bookmark: _Toc118813180]Possible Limitations and Outlook
Based on the algorithm of color image processing, the color of aggregate used in the experiment should be clearly different from the color of asphalt. Therefore, the proposed method may not be suitable to the asphalt mixtures containing  recycled asphalt pavement or the black aggregate with asphalt-like colors. However, the new method can also be used to determine the threshold value for binary image processing under different lighting conditions, which means the binary image processing can still be used after the caliberation of threshold if the color image processing is not appropriate.
The algorithm of color image smoothing (described in step 2) is not unique. More studies can be conducted to find if there is a better way to reduce the number of colors without impairing the experimental results.
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[bookmark: _Toc52356350][bookmark: _Toc119078268]Figure 5.1. An example Showing the Influence of (a) Light Reflection on Asphalt and (b) Shadow between Aggregates (Adapted from (Amelian et al. 2014))
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[bookmark: _Toc52356351][bookmark: _Toc119078269]Figure 5.2. RGB color model
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[bookmark: _Toc52356352][bookmark: _Toc119078270]Figure 5.3. An Example of Digital Images Showing (a) Aggregate, (b) Well-coated Asphalt Mixture and (c) Asphalt Mixture after Boiling.
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[bookmark: _Toc52356353][bookmark: _Toc119078271]Figure 5.4. Color Image Smoothing
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[bookmark: _Toc52356354][bookmark: _Toc119078272]Figure 5.5. The Smoothing of Figure 5.3(a) and the Change of RGB Histograms
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[bookmark: _Toc52356355][bookmark: _Toc119078273]Figure 5.6. The Contents in Each Figure and the Generation of New Aggregate Image by Removing the Shadow between Aggregates
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[bookmark: _Toc119078274]Figure 5.7. The Pixels (Shown by Red) Appearing in Both the Processed Aggregate Image and the Partially Coated Asphalt Image
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[bookmark: _Toc119078275]Figure 5.8. Five Asphalt Mixtures with Different Degrees of Stripping
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[bookmark: _Toc119078276]Figure 5.9. Binary Image Processing Results: (a) (a) The Generated Binary Images with Different Threshold Values, (b) Relationship between Coating Ratio and Threshold Value of Binary Image
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[bookmark: _Toc119078277]Figure 5.10. Grayscale-based Image Processing Results: (a) Grayscale images of the five asphalt mixtures (G = average grayscale value), (b) Color and Grayscale Images of Virgin Aggregate and the Grayscale Histograms (G = Average Grayscale Value), (c) Relationship between damage ratio and the selection of virgin aggregate image
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[bookmark: _Toc119078278]Figure 5.11. Color Image Processing Results: (a) Stripped Areas (Denoted by Red Pixels) Ddentified by Color Image Processing, (b) Coating Ratios of Different Mixtures based on Color Image Processing
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[bookmark: _Toc119078279]Figure 5.12. Comparison between Color Image Processing and Binary Image Processing Results
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[bookmark: _Toc119078280]Figure 5.13. Influence of Lighting Conditions on the Color Image Processing Results: (a) Digital Images of Mixture 3 under Six Different Lighting Conditions and the Grayscale Histograms (G = Average Grayscale Value), (b) Relationship between Coating Ratio and Lighting Conditions
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[bookmark: _Toc119078281]Figure 5.14. Limestone, Granite and Gravel Used for TSR Tests
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[bookmark: _Toc119078282]Figure 5.15. Comparison between the Modified Boiling Test Results and TSR
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[bookmark: _Toc52356307][bookmark: _Ref54770879][bookmark: _Toc119483689]Table 5.1. Mix Design of Asphalt Mixtures and TSR Results.
	Mixture ID
	Asphalt
	Aggregate
	Optimum AC (%)
	Air void (%)
	Gmm
	VMA (%)
	VFA (%)
	TSR (%)

	LS-PG64
	PG64-22
	Limestone
	5.5
	4.0
	2.517
	15.1
	73.5
	71.6

	LS-PG76
	PG76-22
	Limestone
	5.5
	4.0
	2.520
	15.0
	73.3
	80.2

	GR-PG64
	PG64-22
	Granite
	5.7
	4.1
	2.467
	17.1
	76.0
	59.5

	GR-PG76
	PG76-22
	Granite
	5.7
	4.1
	2.469
	17.0
	75.9
	65.4

	GL-PG64
	PG64-22
	Gravel
	5.2
	3.9
	2.295
	15.0
	74.0
	47.0

	GL-PG76
	PG76-22
	Gravel
	5.2
	4.0
	2.298
	14.8
	73.0
	61.1
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THERMODYNAMIC PROPERTIES OF AGGREGATE COATED BY DIFFERENT TYPES OF WASTE PLASTIC: ADHESION AND MOISTURE RESISTANCE OF ASPHALT-AGGREGATE SYSTEMS


















A version of this chapter has been submitted to Journal of Materials in Civil Engineering as Xiao, R., Shen, Z., Polaczyk, P. and Huang, B. “Thermodynamic Properties of Aggregate Coated by Different Types of Waste Plastic: Adhesion and Moisture Resistance of Asphalt-aggregate Systems”.

Abstract: The utilization of acidic aggregates in hot-mix asphalt (HMA) is often inevitable due to the limited supply of locally available aggregates, posing a potential threat of moisture damage to asphalt pavements. In this regard, the use of urban waste plastic to coat the low-quality aggregates is a promising way to improve the moisture resistance. This study fundamentally evaluated the compatibility between asphalt and plastic-coated aggregate by measuring surface energy, and for the first time compared the effects of different types of waste plastic including high-density polyethylene (HDPE), low-density polyethylene (LDPE), polyethylene terephthalate (PET), polyvinyl chloride (PVC) and polypropylene (PP). The plastic-coating significantly altered the chemistry of aggregate surface by increasing the nonpolar components and reducing the polar components. Such changes remarkably increased the dry adhesion energy between asphalt and aggregate and enhanced the wettability of aggregate. For the acidic aggregates, the polymeric treatment could decrease the value of wet adhesive, which indicated the debonding tendency in the presence of water was reduced. Finally, the energy ratios of the asphalt-aggregate combinations significantly increased by the surface pretreatment, which proved the effect of waste plastic-coating on improving the moisture damage resistance of asphalt mixtures. By comparison, the HDPE coating was the most effective way to enhance the compatibility with asphalt, followed by PP and LDPE coatings. The PVC and PET coatings were investigated as the least effective way. This study can not only contribute to the potential large-scale utilization of waste plastic but also remove the obstacles of using large quantities of acidic natural aggregate in asphalt pavements.
[bookmark: _Toc118813185]Introduction
The accumulation of waste plastic worldwide has resulted in severe plastic pollution posing a great threat to the ecosystems and humans (Sharma and Bansal 2016). The plastic refuse is found in the ocean from surface to seafloor and even in the tissues of animals (Paterson 2019). Recent studies have shown that the chemicals leaching from waste plastic products have harmful effects on human health. Of the 906 chemicals likely associated with plastic packaging, 63 rank highest for human health hazards and 68 for environmental hazards (Paterson 2019). Generally, there are several types of waste plastic including high-density polyethylene (HDPE), low-density polyethylene (LDPE), polyethylene terephthalate (PET), polyvinyl chloride (PVC), polypropylene (PP) and others (Ma et al. 2021; Mangesh et al. 2020). In 2018, about 35.7 million tons of plastic were generated in the US, whereas only 8.7% was recycled (Abd El-Rahman et al. 2018). Due to the increasing environmental pressure, there is an urgent need for the innovative and value-added ways to consume the waste plastic on a large scale.
The use of waste plastic in asphalt pavements has been investigated as a promising way over the last several decades (Ma et al. 2021). The most common approach is to modify asphalt by incorporating plastic. In general, the incorporation of waste plastic in asphalt mixtures is a sustainable way to improve the rutting resistance and high temperature performances of the flexible pavements (Ma et al. 2021). Two methods including the wet method and the dry method are usually adopted by current asphalt plants. The wet method means the asphalt binder is blended with polymer modifiers under high temperatures before it is mixed with aggregate (He et al. 2022; Quintana et al. 2016; Shu and Huang 2014; Wang et al. 2022). Generally, the wet method requires extra equipment for the crushing of plastic and the asphalt blending. The dry method means the waste plastic is directly mixed with asphalt mixtures in the form of either mixture modifiers or aggregates (Huang et al. 2005; Quintana et al. 2016). Also, the waste plastic with relatively low melting temperatures could possibly coat the surface of aggregate to form a thin plastic film and changed the interfacial properties at the asphalt-aggregate interface, although the uniformity of the coating was still questionable and less studied (Ma et al. 2021; Modarres and Hamedi 2014). It is still unknown what percentage of waste plastic effectively forms the coating film while the other portion is embedded in the asphalt binder.
Instead of producing plastic modified asphalt, the concept of using waste plastic to coat aggregate surface also makes a difference to improving asphalt mixtures in that the adhesion between plastic-coated aggregate and asphalt is significantly stronger and more resistant to moisture damage (Abdo 2017; Arabani and Hamedi 2014; Min-Gu et al. 1989; Sarkar et al. 2016). Some researchers proposed the mixing of waste plastic fines and aggregates at high temperatures followed by a cooling process (Min-Gu et al. 1999). In this way, the plastic coating efficiency and quality could be reasonably enhanced. In the study by Min-Gu et al. (1999), 1% LDPE (with a particular size of 2-3 mm) by weight of total aggregate was used to coat the coarse aggregate at 377 °F (187.8 °C), and the mixing was continued until the aggregate had cooled down. This amount of LDPE did not completely coat the surface of aggregate in case of aggregate lumping. However, it should be noted that the appropriate amount is also related to the particle size of plastic and the surface area of aggregate. Based on their results, the use of LDPE-coated aggregate to make asphalt mixtures could function as the liquid antistripping agent (Min-Gu et al. 1999). Arabani and Hamedi (2014) utilized 0.43% LDPE and HPDE by weight of aggregate in the coating. In addition to the mixing and cooling, the aggregate was wetted by 0.5% water to allow the formation of initial coating before the temperature was risen to 180-190 °C. It was found that the mixtures with plastic treated aggregate showed larger adhesion energy between asphalt and aggregate and higher dynamic modulus ratios (Arabani and Hamedi 2011). Sarkar et al. (2016) investgated the asphalt mixtures made by plastic-coated overburnt brick aggregate and concluded that the modifed aggregate contributed to the increase in tensile strength ratio (TSR) by 9.44%, indicating the improved moisture resistance. Many studies also concluded that the asphalt pavements made by plastic-coated aggregate exhibited higher overall quality and durability than those with regular aggregates (Hake et al. 2020; Nana et al. 2019; Vasudevan et al. 2012).
Generally, most studies analyzed the effect of polyethylene coated aggregate on the moisture resistance of asphalt mixtures by laboratory performance tests (Idris et al. 2016; Min-Gu et al. 1989; Nejad et al. 2013). However, in order to connect the large-scale utilization of waste plastic and pavement construction, the utilization of other types of waste plastic should also be investigated, although different coating temperatures should be adopted. In addition, there is a lack of fundamental study on the adhesion between asphalt and pretreated aggregate and the debonding tendency at the presence of water based on interfacial chemistry. The moisture damage of asphalt pavements due to the locally available low-quality aggregates is always a big issue in the US (Xiao et al. 2022a; b; c). It has been shown that the common liquid anti-stripping agent was sometimes not enough to solve the issues when large quantities of acidic aggregate were used in the asphalt mixtures (Xiao et al. 2022a). Therefore, the utilization of waste plastic in pavement industry can potentially contribute to the construction of more durable and moisture-resistant pavements and reduce the mantenance cost as well.
[bookmark: _Toc118813186]Objective and Scope
The objective of this study was to fundamentally analyze the compatibility between asphalt and plastic-coated aggregate by moisture susceptibility. Five common types of waste plastic powder including high-density polyethylene (LDPE), low-density polyethylene (HDPE), polyethylene terephthalate (PET), polyvinyl chloride (PVC) and polypropylene (PP) were used for the coating of acidic and basic aggregates. The surface energy components of all the aggregates were investigated by universal sorption device (USD). The dry adhesion energy, debonding tendency, energy ratio for different asphalt-aggregate combinations were determined and compared to each other, yielding the effect of each plastic on enhancing the moisture resistance.
[bookmark: _Toc118813187]Experimental Procedures
[bookmark: _Toc118813188]Materials
PG 64-22 and PG 76-22 were used as the asphalt binders in the study, and the binder properties were provided by the Marathon Petroleum Asphalt (Table 6.1). The mixing temperatures of PG 64-22 and PG 76-22 were 154 °C and 180 °C, respectively, and the compaction temperatures were 144 °C and 170 °C, respectively. Three types of rock (limestone (LS), granite (GR) and siliceous gravel (GL)) were used as the aggregates which were sourced from the different regions in Tennessee and identified by the Department of Transportation (DOT). GR and GL have been investigated as the acidic rocks and were more likely to have the stripping issues (Xiao et al. 2022a). 
Commercial plastic powder (d50 = 35 µm) including low-density polyethylene (LDPE), high-density polyethylene (HDPE), polyethylene terephthalate (PET), polyvinyl chloride (PVC) and polypropylene (PP) were obtained from Goonvean Fibres Ltd and used for the coating of aggregate. Table 6.2 summarizes the thermal properties of different types of plastic powder measured by DSC.
[bookmark: _Toc118813189]Aggregate Coating

The aggregates (LS, GR and GL) passing sieve #4 (4.75 mm) and retained on sieve #8 (2.36 mm) were collected for the plastic coating. The amount of plastic required for the coating is highly associated with the particle size of plastic and the surface area of aggregate. In another study, we proposed the calculation method of theoretical weight of plastic upon the perfect coating. The plastic monolayer model was assumed considering the hexagonal close packing of plastic particles on the surface (Figure 6.1). The theoretical weight of plastic () required for the perfect coating can be determined by Eq. (1).

   (1)

Where, : Specific surface area of aggregate;


       : Weight of aggregate retained on sieve ;

       : Average diameter of plastic particles;

       : Density of plastic particles.


Therefore, the theoretical plastic-to-aggregate ratio () for the aggregate retained on sieve  can be determined by Eq. (2).

   (2)
Table 6.3 shows the theoretical amount of plastic powder required for all the plastic-aggregate combinations, which set a baseline for the amount of plastic used in the experiment. The specific surface area of each aggregate was determined by random sectioning method (Cepuritis et al. 2017). This method is described in the chapter 7 in detail. Since the monolayer model is an ideal model, the actual amount of plastic required should be higher than the theoretical values. Based on the trial-and-error method and observation on the coating quality, the actual account of plastic in the experiment was determined by the theoretical value multiplied by 1.2 to ensure the aggregate surface was completely coated.
The aggregates were coated by waste plastic according to the following procedures. 0.5% water (by weight of aggregate) were sprayed onto the aggregates to wet the surface. Then, the plastic powder was added and mixed with the wet aggregate. Due to the moisture, the plastic powder was relatively easier to stick to the surface of aggregate. After the mixing, a thin layer of plastic powder was spread over the aggregate. Then, the aggregates were heated to high temperatures in an oven or asphalt ignition furnace to melt the plastic. It should be noted that the coating temperatures for different types of waste plastic were different and should be between the melting temperature and decomposition temperature for each type. Based on the material properties and tentative experiments, the coating temperatures for LDPE, HDPE, PET, PVC and PP were 160 °C, 180 °C, 270 °C, 180 °C and 190 °C, respectively. The coating process was also accompanied by mixing to prevent aggregate lumping. Afterwards, the coated aggregates were allowed to cool down in the air, and the aggregate particles were further separated by hand to ensure the quality of samples for the next experiments.
[bookmark: _Toc118813190]Sessile Drop Method



The SFE of both asphalts and aggregates were measured to analyze the moisture damage mechanism of different asphalt-aggregate combinations and the effect of polymeric treatment. SFE is an intrinsic property for any material and can be described by three components: Non-polar or Lifshitz-van der Waals component (), Lewis base component () and Lewis acid component () (Hefer et al. 2006; Van Oss et al. 1989). The three components are utilized to calculate the total SFE of a material (Eq. 3 and Eq. 4).

   (3)

Where    (4)



The SFE components of asphalt binders were determined by the sessile drop method (Figure 6.2). The testing specimens were prepared by pouring hot asphalt binders (at mixing temperatures) over a preheated glass slide. Then the excessive asphalt binder was allowed to move off the slide by lifting the samples for a period of time. The specimens were placed in a drying machine for 8 hours when there was only a thin asphalt layer left on the slide. During the test, a drop of a probe liquid (3–5 μL) was dispensed over the sample at room temperature using a micro-syringe. A digital image showing the drop over the sample was captured and the contact angle was measured using an image processing software (Figure 6.2b). Four prob liquids (distilled water, ethylene glycol, glycerol and formamide) were used in this study and their material properties are shown in Table 6.4 (Ghabchi et al. 2014; Hefer et al. 2006). The average value from three measurements taken by three different slides was used as the final result of contact angle between prob liquid and asphalt. Based on the Young-Dupre equation, the following equation (Eq. 5) was proposed by Van Oss et al. (Van Oss, C.J., Chaudhury, M.K. and Good 1988), showing the relationship between Gibbs free energy of adhesion (), work of adhesion () and the contact angle () of a solid surface (S) in contact with a prob liquid (L).

   (5)







Where  is the total surface energy of a prob liquid. , are the Lifshitz-van der Waals components of solid and prob liquid, respectively. ,  are the Lewis acid components of solid and prob liquid, respectively, and  ,  are the Lewis base components of solid and prob liquid, respectively.




Eq. (5) can be rewritten as Eq. (6) for any given prob liquid . The unknown parameters ,  and  are the square roots of the surface energy components of the unknown asphalt binder.

   (6)



, ,    (7)




Since there are four prob liquids in the study, Eq. (6) can be written in the matrix form as Eq. (8). , ,  and  form the error matrix. Then, the surface energy components of the asphalt can be determined by an iterative method to minimize the error matrix.

   (8)
[bookmark: _Toc118813191]Universal Sorption Device (USD)

The SFE components of aggregates before and after the polymeric treatment were tested by the USD method (Arabani and Hamedi 2011). As mentioned before, the aggregates (for both untreated and treated aggregates) passing sieve #4 (4.75 mm) and retained on sieve #8 (2.36 mm) were collected for the test. For each measurement, 35 g of aggregates were prepared and washed by tap water to remove contaminants. Then, the aggregates were dried in an oven for at least 3 hours. Instead of using prob liquids, the USD method utilized three prob vapors with known SFE components as shown in Table 6.5. The aggregates were placed in the USD after being cooled down to 25 °C. In the test, the specific surface area () of aggregate was determined by Branauer, Emmett, and Teller (BET) equation as below:

   (9)





Where  is the BET constant;  is the monolayer adsorbed gas capacity per unit weight of aggregate;  is the adsorbed gas quantity per unit weight of aggregate;  is the equilibrium vapor pressure;  is the saturated vapor pressure.






Eq. (9) is an adsorption isotherm which can be plotted (BET plot) as a straight line with  on the vertical axis and  on the horizontal axis. The value of  and  can be determined by the slope () and the y-intercept () of the BET plot as below:

   (10)

   (11)

The specific surface area () of aggregate can be determined by Eq. (12).

   (12)



Where  is the Avogadro number;  is the molar mass of the prob vapor;  is the projected area of a single molecule of prob vapor. 

Then, the work of adhesion () between an aggregate and a prob vapor can be determined by Eq. (13).

   (13)



In this equation,  is the ideal gas constant;  is the absolute temperature in the test;  is the total surface energy of a prob vapor. Similarly, the work of adhesion is also determined by the SFE components of the aggregate and prob vapor as described by Eq. (14). Therefore, the SFE components of aggregates can be calculated based on the method described in the last section.

   (14)



Where is the Lifshitz-van der Waals component of prob vapor.  is the Lewis acid component of prob vapor, and  is the Lewis base component of prob liquid.
In summary, three types of aggregate and five types of plastic were used, and 15 aggregate-plastic combinations were subjected to USD tests. Considering the two types of asphalt, the thermodynamic properties of 30 aggregate-plastic-asphalt combinations in total were analyzed to compare the effect of each plastic coating (Table 6.6).
[bookmark: _Toc118813192]Experimental Results and Discussion
[bookmark: _Toc118813193]Effect of Polymeric Treatment on the SFE Components of Aggregates
Table 6.7 and Table 6.8 summarize the measured SFE results of asphalt binders and aggregates. The SFE results of the different asphalt binders were used to analyze the quality of those aggregates before and after the polymeric treatment.
As shown in Table 6.8, the use of waste plastic as coating materials had a significant impact on the SFE components of the three aggregates. In general, polar surfaces always exist for most natural rocks while the asphalt is primarily composed of nonpolar components (Arsalan et al. 2013; Parks 1984). Therefore, the relatively weak bond between aggregate and asphalt can be attributed to the weak dispersion forces between the two materials. The waste plastic treatment significantly changed the properties of aggregate surface by increasing the nonpolar components (Figure 6.3a). Although the untreated LS, GR and GL had different values of Lifshitz-van der Waals component (72.52 mJ/m2, 55.89 mJ/m2 and 44.56 mJ/m2), the polymeric treatment with the same type of waste plastic could generally increase their values to the same level (Figure 6.3a). It can be seen that the improvement was more prominent for GL which had the lowest initial nonpolar component. In comparison, the treatment by HDPE showed the largest changes by increasing the original values to 103.45 mJ/m2 (LS-HDPE), 107.38 mJ/m2 (GR-HDPE) and 99.45 mJ/m2 (GL-HDPE), respectively. The PET and PVC treatments seemed to have less effect based on the experimental results (Figure 6.3a).
Figure 6.3(b) shows the comparison of polar components for the original and coated aggregates. The GR and GL had much higher values of polar components (239.17 mJ/m2 and 212.85 mJ/m2) compared with that of LS (151.13 mJ/m2), which could be attributed to the higher silica contents (Al-Khafaji et al. 2017). In contrast to the results of Lifshitz-van der Waals component, the waste plastic coating considerably reduced the polar components on all the aggregate surfaces (Figure 6.3b).
Figure 6.3(c) depicts the total SFE results which are directly related to the nonpolar and polar components. A significant decrease in total SFE could be observed after the polymeric treatment primarily due to the reduced polar components (Figure 6.3b). Since polymers generally have a low SFE, the coating could effectively decrease the SFE of aggregates, indicating the improved wettability of the aggregate surfaces. However, such an improvement of wettability could be favorable to both asphalt and water. Therefore, the overall moisture resistance of each asphalt-aggregate combination should be further analyzed.
[bookmark: _Toc118813194]Dry Adhesion Energy

Based on the SFE results, the adhesion energy between an asphalt and an aggregate under dry condition () could be determined by the SFE components of the two materials (Eq. 15). The dry adhesion energy (sometimes called dry adhesive) actually characterizes the energy required for a crack to propagate through the asphalt-aggregate interface (Hefer et al. 2006; Howson et al. 2011).

   (15)
Where, the subscript A indicates the asphalt, and the subscript S denotes the aggregate.
Figure 6.4(a-b) show the calculated results of work of adhesion for each asphalt-aggregate combination under dry condition. In general, a high value of dry adhesive indicates the bond strength between the asphalt and aggregate is strong without considering the action of water (Graybeal and Tanesi 2008). As shown in Fig 4(a-b), the asphalts and original aggregates had different bond strengths. The LS as a basic rock showed a higher value of dry adhesive with asphalts while the GR and GL as acidic aggregates had relatively lower values. The results were consistent with previous studies showing the acidic aggregates had a weaker bond with asphalt and were generally more susceptible to stripping (Hefer et al. 2006; Xiao et al. 2022a). More importantly, the waste plastic coating remarkably influenced the results of dry adhesive due to the change to the SFE components (Figure 6.4a-b). It can be seen that the polymeric treatment significantly enhanced the dry adhesive between aggregates and asphalts, indicating the interface became more resistant to crack propagation. Also, the changes were more remarkable for the acidic aggregates (GR and GL), which denotes the plastic coating had great implications for the moisture damage resistance. For example, the dry adhesive between untreated GL and PG 64-22 was 74.97 mJ/m2 while after the coating by LDPE, HDPE, PET, PVC and PP, the values were increased to 96.86 mJ/m2, 99.47 mJ/m2, 91.96 mJ/m2, 93.93 mJ/m2 and 99.08 mJ/m2, respectively (Figure 6.4a). In addition, the effects of different types of plastic coating could be compared to each other based on the results. For both PG 64-22 and PG 76-22, the HDPE always yielded the highest dry adhesion energy, which was followed by LDPE and PP coatings. In comparison, it seemed that the PET and PVC coatings had relatively less improvement for the dry adhesive. Therefore, the HDPE coating might be the best choice in order to enhance the bond strength between aggregate and asphalt.
[bookmark: _Toc118813195]Dry Adhesion Energy

The spreading coefficient () was widely used by previous studies to characterize the wettability of an asphalt over an aggregate, which can be determined by Eq. (16) (Caro et al. 2008; Xiao et al. 2022a).

   (16)

Where  is the cohesive energy within asphalt and can be calculated by Eq. (17).

   (17)
In general, the cohesive energy indicates the energy required for crack to propagate through the asphalt itself, and the spreading coefficient is characterized by a function of dry adhesive and cohesive energy. As shown in Figure 6.5 (a-b), the results of spreading coefficient followed the same trend of dry adhesive results, since the cohesive energy remained the same for each type of asphalt used in the calculation. In fact, the spreading coefficient represents a competing relationship that the molecules in asphalt can preferentially interact with either asphalt or the surface of aggregate. The untreated aggregates were relatively harder to catch the asphalts due to the low works of adhesion (Figure 6.4). By comparison, the asphalts could wet the waste plastic-coated aggregates more easily, indicating an improved coating quality. Similarly, the wettability of asphalts over HDPE-coated aggregates showed the highest values, and the LDPE- and PP-treated aggregates showed an intermediate level of wettability. The PVC and PET coating had the least improvement for the spreading coefficient.
[bookmark: _Toc118813196]Debonding Tendency (Wet Adhesive)
Previous studies have shown that water molecules tended to displace the asphalt from the surface of aggregate, which was a spontaneous process (Caro et al. 2008; Omar et al. 2020; Xiao et al. 2022a). The reason is that there is an overall decrease in the Gibbs free energy of the three-phase system (asphalt-aggregate-water) favoring the debonding of asphalt from aggregate to reach the thermodynamically stable state. Based on thermodynamics, such a tendency can be quantified by wet adhesive between asphalts and aggregates as shown by Eq. (18) (Caro et al. 2008).

   (18)



Where the subscript W denotes the water. In Eq (18),  indicates the energy of the interface between two phases  and , which can be obtained by their SFE components as shown in Eq. (19).

   (19)
Figure 6.6 (a-b) depict the results of wet adhesive for all the asphalt-aggregate combinations. For the untreated aggregates, the acidic aggregates (GR and GL) showed larger values of wet adhesive than that of the basic aggregate (LS), indicating the GR and GL had relatively higher debonding tendencies. It can be seen that the waste plastic coating reduced the values of wet adhesive for the most cases, and such an effect was more remarkable for GR and GL. However, it seemed that the plastic coating might increase the debonding tendency for the LS possibly because the initial value of wet adhesive for the untreated LS was already low enough. Therefore, the effect of plastic coating on the debonding tendency was also related to the type of aggregate. For acidic aggregate, the polymeric treatment could considerably reduce the wet adhesive, indicating the free energy released in the presence of water could be decreased. For basic aggregate, the polymeric coating did not necessarily reduce the debonding tendency. Based on the results, the PET coating had the least effect on decreasing the wet adhesive, and the PET-coated LS even showed an increased wet adhesive (Figure 6.6a-b).
[bookmark: _Toc118813197]Energy Ratio (ER)
The overall moisture damage resistance of asphalt mixtures is closely related to the selection of asphalt mix ingredients (Hefer et al. 2006; Xiao et al. 2022a). It has been found that the use of compatible asphalt-aggregate combinations could fundamentally reduce the moisture susceptibility of asphalt mixtures (Xiao et al. 2022a). The compatibility of materials can be quantified by the ER (or sometimes called compatibility ratio) considering the effects of both spreading coefficient and wet adhesive (Eq. 20) (Caro et al. 2008; Howson et al. 2011).

   (20)
Many studies have shown that the ER could correlate well with the results of other laboratory performance tests and denote the fundamental moisture damage resistance of asphalt-aggregate combinations (Ali et al. 2022; Hefer et al. 2006; Xiao et al. 2022a). Figure 6.7 (a-b) show the results of ER for all the combinations in this study. For the untreated aggregates, the ER values of LS, GR and GL were 0.285, 0.208 and 0.181, respectively with PG 64-22 and 0.322, 0.249 and 0.220, respectively with PG 76-22. The results of original aggregates set a baseline for the study, and it can be seen that the combinations with LS were more resistant to moisture damage than those with GR and GL, which is consistent with the previous studies (Moghadas Nejad et al. 2013; Xiao et al. 2022a). The use of PG 76-22 (SBS-modified asphalt) also considerably increased the values of ER.
According to Figure 6.7 (a-b), although the original aggregates had very different compatibility ratios with asphalts, the polymeric treatment by the same type of waste plastic could generally make the ER values of the three aggregates reach the same level. Based on the results, the HDPE coating was the most effective way to enhance the moisture resistance, which was followed by LDPE and PP treatments. In comparison, the PVC and PET coating seemed to be the least effective way to improve moisture resistance. However, it should be noted that all the types of waste plastic remarkably improved the compatibility between asphalts and aggregates, indicating all the waste plastic could be potentially used in the road construction. For example, the treatment by HDPE, PP, LDPE, PET and PVC, respectively increased the ER of GL and PG 64-22 combination from 0.181 to 0.361, 0.332, 0.320, 0.284 and 0.296, respectively. Such an improvement in compatibility for acidic aggregates actually made the selection of aggregate less important for asphalt mixtures since the plastic coating could change the thermodynamic properties of all the aggregates.
[bookmark: _Toc118813198]Moisture Damage Mechanism and Role of Plastic Coating
Generally, the investigation of moisture damage mechanism includes the system attributes, moisture transport and the response of the system (Caro et al. 2008). The material properties (system attributes) fundamentally determine the moisture resistance of asphalt pavements. Previous studies have shown that the utilization of high quality aggregates might be the most effective way to enhance moisture resistance (Hefer et al. 2006; Xiao et al. 2022a). Nonetheless, the construction of pavements always requires large quantities of aggregate, and most of them have to be the locally available aggregates. Many regions in the US only have limited supplies of basic aggregate, which makes the use of acidic aggregates inevitable. As shown in Figure 6.8, when the acidity of aggregate increased, the spreading coefficient associated with the dry adhesion energy decreased while the wet adhesive indicating the debonding tendency increased. Both effects resulted in the decrease in ER, denoting the aggregate with high acidity was more susceptible to stripping issues. Therefore, the selection of compatible asphalt-aggregate combinations was very critical for asphalt pavements without pretreatment of aggregate (Xiao et al. 2022a).
The current study has shown that the waste plastic coating could significantly change the thermodynamic properties of aggregate surface. Figure 6.8 summarizes the effect of plastic coating on the moisture resistance. The polymeric treatment fundamentally changed the SFE components of aggregate by increasing the nonpolar components and reducing the polar components. Since the effect of nonpolar components was more remarkable, the waste plastic coating could increase the dry adhesion energy between asphalt and aggregate and hence improved the wettability of asphalt over the pretreated aggregate. For acidic aggregates, the plastic coating tended to decrease the wet adhesive while for some basic aggregates, the coating might increase the wet adhesive. However, the total effect of plastic coating was to increase the compatibility of the asphalt-aggregate combination because the remarkably increased dry adhesion energy generally governed the durability in this process. Therefore, it can be concluded that the technology of plastic coating can not only contribute to the utilization of waste plastic but also remove the obstacles of using large quantities of acidic natural aggregate in asphalt pavements.
[bookmark: _Toc118813199]Conclusions
This study fundamentally investigated the effects of waste plastic-coating on the surface energy components of the aggregates used in asphalt mixtures. Five common types of waste plastic were studied including LDPE, HDPE, PET, PVC and PP. The interaction between moisture and asphalt-aggregate systems were further analyzed based on thermodynamics. The plastic-coating significantly altered the chemistry of aggregate surface by increasing the Lifshitz-van der Waals components and reducing the polar components. Such changes increased the dry adhesion energy between asphalt and aggregate, and therefore, the wettability of asphalt over the plastic-coated aggregate was enhanced. For the acidic aggregates, the polymeric treatment could decrease the value of wet adhesive, indicating the debonding tendency in the presence of water was reduced. Finally, the energy ratios of the asphalt-aggregate combinations significantly increased by the surface pretreatment, which proved the effect of waste plastic-coating on improving the moisture damage resistance of asphalt mixtures. In addition, the HDPE coating was found to be the most effective way, followed by PP and LDPE coatings. In comparison, the PVC and PET coatings were the least effective way to improve moisture resistance. The findings in this study can not only contribute to the utilization of urban waste plastic but also remove the obstacles of using large quantities of acidic natural aggregate in asphalt pavements
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[bookmark: _Toc119078284]Figure 6.2. SFE Measurement of Asphalt Binders: (a) Sessile Drop Method, (b) Contact Angle Measurement
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(a) Lifshitz-van der Waals Components 
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(b) Polar Components 
[bookmark: _Toc119078285]Figure 6.3. SFE Components of Aggregates

[image: Chart, bar chart

Description automatically generated]

(c) Total surface energy 
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(a) PG 64-22
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(b) PG 76-22
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(a) PG 64-22
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(b) PG 76-22
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(a) PG 64-22
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(b) PG 76-22
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(b) PG 76-22
[bookmark: _Toc119078290]Figure 6.7. ER Results
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[bookmark: _Toc119078291]Figure 6.8. Effect of Aggregate Type and Plastic Coating on the Moisture Resistance
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[bookmark: _Toc52356313][bookmark: _Toc119483690]Table 6.1. Basic Properties of the Asphalt Binders provided by Marathon Petroleum Asphalt
	Material properties
	PG 64-22
	PG76-22

	Specific gravity at 15.6 °C
	1.013
	1.029

	Viscosity at 135 °C (Pa· s)
	0.365
	1.03

	Flash point temperature (°C)
	298
	326

	Polymer content (%)
	0
	3.4

	Cross link (%)
	-
	0.14
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[bookmark: _Toc119483691]Table 6.2. Thermal Properties of Different Types of Plastic by DSC
	Types
	Density (g/cm3)
	Melting point (°C)
	Decomposition temperature (°C)

	LDPE
	0.930
	105-115
	>300

	HDPE
	0.960
	120-140
	>300

	PET
	1.378
	260-268
	283-306

	PVC
	1.385
	100-260
	200-320

	PP
	0.905
	160-165
	328-410















[bookmark: _Toc52356315][bookmark: _Toc119483692]Table 6.3. Theoretical Amount of Plastic Powder Required for Each Plastic-aggregate Combination.
	

	LDPE
	HDPE
	PET
	PVC
	PP

	LS
	2.17
	2.34
	3.22
	3.23
	2.11

	GR
	2.21
	2.29
	3.28
	3.30
	2.15

	GL
	1.95
	2.01
	2.89
	2.91
	1.90
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[bookmark: _Toc119483693]Table 6.4. Surface Energy Components (mJ/m2) of the Prob Liquids
	Prob liquid
	

	

	

	


	Distilled water
	21.8
	25.5
	25.5
	72.8

	Ethylene glycol
	29.0
	1.92
	47.0
	48.0

	Glycerol
	34.0
	3.92
	57.4
	64.0

	Formamide
	39.0
	2.28
	39.6
	58.0


















[bookmark: _Toc52356317][bookmark: _Toc119483694]Table 6.5. Surface Energy Components (mJ/m2) of the Prob Vapors
	Prob liquid
	

	

	

	


	Water
	21.8
	25.5
	25.5
	72.8

	Hexane
	18.4
	0
	0
	18.4

	Methyl propylketone
	21.7
	0
	19.6
	21.7



















[bookmark: _Toc52356318][bookmark: _Toc119483695]Table 6.6. Aggregate-plastic-asphalt Combinations
	Combinations
	Aggregate
	Plastic
	Asphalt

	LS-64
	Limestone
	-
	PG 64-22

	LS-LDPE-64
	Limestone
	LDPE
	PG 64-22

	LS-HDPE-64
	Limestone
	HDPE
	PG 64-22

	LS-PET-64
	Limestone
	PET
	PG 64-22

	LS-PVC-64
	Limestone
	PVC
	PG 64-22

	LS-PP-64
	Limestone
	PP
	PG 64-22

	GR-64
	Granite
	-
	PG 64-22

	GR-LDPE-64
	Granite
	LDPE
	PG 64-22

	GR-HDPE-64
	Granite
	HDPE
	PG 64-22

	GR-PET-64
	Granite
	PET
	PG 64-22

	GR-PVC-64
	Granite
	PVC
	PG 64-22

	GR-PP-64
	Granite
	PP
	PG 64-22

	GL-64
	Gravel
	-
	PG 64-22

	GL-LDPE-64
	Gravel
	LDPE
	PG 64-22

	GL-HDPE-64
	Gravel
	HDPE
	PG 64-22

	GL-PET-64
	Gravel
	PET
	PG 64-22

	GL-PVC-64
	Gravel
	PVC
	PG 64-22

	GL-PP-64
	Gravel
	PP
	PG 64-22

	LS-76
	Limestone
	-
	PG 76-22

	LS-LDPE-76
	Limestone
	LDPE
	PG 76-22


[bookmark: _Toc119483696]Table 6.6. Continued
	Combinations
	Aggregate
	Plastic
	Asphalt

	LS-HDPE-76
	Limestone
	HDPE
	PG 76-22

	LS-PET-76
	Limestone
	PET
	PG 76-22

	LS-PVC-76
	Limestone
	PVC
	PG 76-22

	LS-PP-76
	Limestone
	PP
	PG 76-22

	GR-76
	Granite
	-
	PG 76-22

	GR-LDPE-76
	Granite
	LDPE
	PG 76-22

	GR-HDPE-76
	Granite
	HDPE
	PG 76-22

	GR-PET-76
	Granite
	PET
	PG 76-22

	GR-PVC-76
	Granite
	PVC
	PG 76-22

	GR-PP-76
	Granite
	PP
	PG 76-22

	GL-76
	Gravel
	-
	PG 76-22

	GL-LDPE-76
	Gravel
	LDPE
	PG 76-22

	GL-HDPE-76
	Gravel
	HDPE
	PG 76-22

	GL-PET-76
	Gravel
	PET
	PG 76-22

	GL-PVC-76
	Gravel
	PVC
	PG 76-22

	GL-PP-76
	Gravel
	PP
	PG 76-22






[bookmark: _Toc52356319][bookmark: _Toc119483697]Table 6.7. SFE Results of Asphalt Binders
	Asphalt
	

	

	

	
 
	
 

	
	Avg.
	SD
	Avg.
	SD
	Avg.
	SD
	
	

	PG64-22
	20.48
	0.9
	0.00
	0.0
	2.69
	0.2
	0.00
	20.48

	PG76-22
	22.35
	1.2
	0.001
	0.0
	5.82
	0.3
	0.15
	22.50



Note: Avg = average (based on three measurements); SD = standard deviation. The unit of  is mJ/m2. 
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[bookmark: _Toc119483698]Table 6.8. SFE Components of Aggregates
	Aggregate
	

	

	

	

	


	
	Avg.
	SD
	Avg.
	SD
	Avg.
	SD
	
	

	LS
	72.52
	8.43
	11.34
	2.54
	503.55
	32.31
	151.13
	223.65

	LS-LDPE
	91.3
	6.17
	8.02
	1.97
	489.44
	23.57
	125.30
	216.60

	LS-HDPE
	103.45
	11.01
	5.93
	0.65
	523.55
	26.54
	111.44
	214.89

	LS-PET
	91.56
	9.75
	7.41
	0.95
	610.41
	71.03
	134.51
	226.07

	LS-PVC
	79.41
	7.87
	8.35
	1.03
	502.41
	28.45
	129.54
	208.95

	LS-PP
	98.21
	6.43
	8.02
	0.54
	533.44
	22.89
	130.82
	229.03

	GR
	55.89
	4.69
	22.38
	3.41
	638.99
	35.56
	239.17
	295.06

	GR-LDPE
	94.13
	7.42
	9.87
	1.67
	616.55
	74.21
	156.02
	250.15

	GR-HDPE
	107.38
	9.67
	6.43
	0.52
	583.08
	43.86
	122.46
	229.84

	GR-PET
	81.52
	5.56
	7.15
	1.88
	531.44
	18.94
	123.28
	204.80

	GR-PVC
	88.41
	7.67
	8.14
	0.89
	544.33
	13.45
	133.13
	221.54

	GR-PP
	100.45
	5.65
	8.55
	1.25
	524.56
	24.58
	133.94
	234.39

	GL
	44.56
	4.88
	19.68
	2.42
	575.53
	42.85
	212.85
	257.41

	GL-LDPE
	89.67
	6.54
	11.56
	1.72
	544.97
	35.57
	158.74
	248.41

	GL-HDPE
	99.45
	7.84
	7.88
	0.52
	504.65
	64.58
	126.12
	225.57

	GL-PET
	84.11
	6.86
	7.45
	1.32
	589.32
	58.48
	132.52
	216.63

	GL-PVC
	86.95
	9.28
	8.45
	1.02
	579.55
	74.57
	139.96
	226.91

	GL-PP
	96.42
	6.84
	9.67
	1.48
	552.54
	34.42
	146.19
	242.61



Note: Avg = average; SD = standard deviation. The unit of  is mJ/m2.
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MITIGATING STRIPPING IN ASPHALT MIXTURES: PRETREATMENT OF AGGREGATE BY THERMOPLASTIC POLYETHYLENE POWDER COATING


















A version of this chapter has been submitted to Transportation Research Record: Journal of the Transportation Research Board as Xiao, R., Polaczyk, P. and Huang, B. “Mitigating stripping in asphalt mixtures: Pretreatment of aggregate by thermoplastic polyethylene powder coating”.

[bookmark: _Hlk15558964]Abstract: The thermoplastic polyethylene (PE) powder coating was proposed as a new technique to pretreat the aggregate of asphalt mixtures and improve the corresponding moisture resistance. The ethanol solution was investigated as the fluidized bed to disperse the PE powder. The surface tension of the solution indicating the wettability decreased with increasing ethanol concentration and temperature. The PE powder could be stably dispersed into the liquid phase when 15% ethanol solution heated to 40-50 °C was used to reduce the surface tension of liquid to less than 40 mN/m. The suspension carrying PE particles could be uniformly sprayed onto the hot aggregate surface (180-190 °C) where the liquid phase evaporated fast while the PE powder melt and stayed. The powder coating technique could prevent the aggregate from lumping and achieve a high-quality and efficient coating for aggregate. The PE monolayer model considering a hexagonal close packing of PE on aggregate surface was tentatively proposed to determine the theoretical amount of PE required to perfectly coat the aggregate. The predicted PE content was reasonably lower than that determined by the experimental results considering the ideal monolayer coating was hard to achieve. However, the modelling results could be used to determine the lower bound of required PE content. The optimum PE content significantly increased with increasing particle size of PE and specific surface area of aggregate. The use of high-density polyethylene (HDPE) powder with a smaller particle size was more effective in the coating process. In addition, the excessive PE could not further enhance the moisture resistance of asphalt mixtures efficiently. This study can contribute to both the recycling of waste plastic and the building of durable asphalt pavements.
[bookmark: _Toc118813204]Introduction
Moisture damage of asphalt pavement is identified as the intrusion of moisture into the flexible pavement structure reducing the adhesion between asphalt and aggregate and impairing the overall mechanical properties of the locking structures (Huang et al. 2010; Kim et al. 2009; Xiao et al. 2022b). Almost all the visible forms of asphalt pavement distress are closely related to moisture damage such as raveling, stripping, fatigue cracking, rutting, pothole and other functional deterioration (Caro et al. 2008; Xiao et al. 2022b). It typically occurs over time and is not apparent for several years unless it is catastrophic. Even if moisture damage may not be the original reason for many pavement distresses, it will exacerbate those issues due to the easier penetration of water into the pavement materials. Over the last several decades, a great number of asphalt pavements showed severe moisture-induced pavement distress in the US, which remarkably increased the maintenance costs (Caro et al. 2008; Othman et al. 2015). Therefore, the US department of transportation (DOT) has recognized the importance of understanding moisture damage mechanism and seeking feasible ways to enhance the durability and sustainability of flexible pavements.
The investigation of moisture damage mechanism of asphalt pavements generally includes three parts (Caro et al. 2008): (a) system attributes: physical, chemical and geometrical properties of asphalt mixture which control the response of the system and sometimes the transport modes; (b) moisture transport: processes by which moisture in either a liquid or vapor state infiltrates the asphalt mixture as well as the asphalt binder or mastic and reaches the asphalt binder–aggregate interface; (c) response of the system: changes in the internal structure due to the loss of asphalt leading to a reduction in load bearing capacity of the asphalt mixture.
There may be other actions such as dynamic loading due to traffic, freeze-thaw cycles, contamination of water, rise in temperature etc. which also influence the response of the system, and the coating asphalt can be damaged by moisture in several ways including detachment, displacement, dispersion, film rupture, desorption and spontaneous emulsification (Caro et al. 2008).
In general, mitigating stripping in asphalt pavements can be achieved by two aspects of strategies: (a) material selection and modification and (b) pavement design (Huang et al. 2010; Kandhal et al. 1989). Typically, the surface layers of pavements are made to be impervious while granular courses with good drainage properties are employed to accelerate the water removal from the pavement structure (Kandhal et al. 1989). According to several case studies in the US, the moisture damage of asphalt pavements might not be a general phenomenon but rather a localized phenomenon in the areas which were oversaturated with water and/or water vapor because of undesirable subsurface drainage conditions (Kandhal et al. 1989). On the other hand, without the use of materials in good quality and resistant to moisture damage, the stripping of asphalt may become a general phenomenon irrespective of drainage conditions. Since the system attributes fundamentally determine the moisture susceptibility and are more controllable, mitigating stripping in asphalt pavements are mostly achieved by manipulating pavement materials.
The selection of compatible asphalt-aggregate combinations is critical to reducing moisture susceptibility of asphalt pavement (Arabani and Hamedi 2014; Hefer et al. 2006; Xiao et al. 2022a). The compatibility of materials can be determined by many laboratory tests such as boiling water test, tensile strength ratio (TSR) test and Hamburg wheel test. Until recently, the surface free energy method was also proposed to fundamentally assess the moisture resistance of asphalt-aggregate combinations (Hefer et al. 2006; Moghadas Nejad et al. 2012). It was found that the basic aggregate with a higher Ca/Si ratio had a stronger bond with asphalt and was more resistant to moisture damage (Omar et al. 2020). In contrast, the polarized silanol groups on the surface of acidic aggregate tend to adsorb water molecules by hydrogen bonding, which directly results in the penetration of water into the interface between the asphalt and aggregate (Morrow and McFarlan 1990). Therefore, the use of more basic aggregate such as limestone in asphalt mixtures is effective in enhancing moisture resistance.
Previous studies also showed that the polymer modified asphalt generally contributed to a higher moisture resistance (Graybeal and Tanesi 2008; Xiao et al. 2022b). The most commonly used asphalt modifiers include the styrene-butadiene rubber (SBR) and styrene-butadiene-styrene (SBS) (Ma et al. 2021a). The use of antistripping agent (ASA) including hydrated lime and amine-based liquid ASA also effectively reduced the moisture susceptibility of asphalt mixture by increasing the polar components in asphalt binder (Ali et al. 2022; Chen and Huang 2008; Huang et al. 2010). Typically, it was found that the hydrated lime could drastically increase the TSR results (Huang et al. 2010).
In recent years, the use of waste plastic in asphalt mixtures has gained significant attention since it contributes to both the recycling of waste plastic and the improvement of asphalt pavements (Arabani and Hamedi 2011; Diab et al. 2019; Ma et al. 2021b). It is estimated that only 9% waste plastic worldwide is recycled annually, which lays a solid foundation for the synergy between the pavement industry and waste plastic recycling (Ferdous et al. 2021). There are generally two traditional methods by which plastic waste can be added to the asphalt mixture (Ma et al. 2021a). The dry method involves the addition of plastic waste directly to the aggregate before the manufacture of the mixture, while the wet method uses addition of the plastic waste to the binder. It has been shown that the adhesion between plastic and asphalt was generally high due to the hydrophobic nature of plastic (Arabani and Hamedi 2011). Especially for the dry method, the waste plastic melts and partially coats the aggregate, improving the adhesion at the asphalt-aggregate interface and enhance the moisture resistance of asphalt mix.
[bookmark: _Toc118813205]Objectives and Scope
Although the concept of using waste plastic to coat the aggregate of asphalt mixtures is desirable, there are still several questions remaining to be solved: (a) how to apply the coating; (b) how to achieve a uniform coating and (c) how to avoid the agglomeration of fine aggregate. Also, the required amount of waste plastic in the coating is also unknown.
In this regard, we proposed the thermoplastic powder coating as a new coating technique to pretreat the aggregate of asphalt mixtures. The method of preparing liquid dispersion carrying polyethylene powder and the coating procedures were elaborated. An analytical model considering the perfect monolayer coating of aggregate was tentatively proposed. The theoretical polyethylene content required in the coating was compared to the experimental results.
[bookmark: _Toc118813206]Materials and Asphalt Mix Designs
[bookmark: _Toc118813207]Materials
PG 64-22 was used as the asphalt binder in this study and the binder properties are summarized in Table 7.1. The asphalt mixing temperature was 154°C and the compaction temperature was 144°C. Two types of acidic rock (granite (GR) and gravel (GL)) were used as the aggregates which were obtained from the different regions in Tennessee and identified by the Department of Transportation (DOT). Table 7.2 shows the oxide compositions of the aggregates which were tested by X-ray florescence (XRF, PANalytical Axios). The densities of GR and GL were 2.24 g/cm3 and 1.91 g/cm3, respectively.
Two types of commercial polyethylene (PE) powder including the high-density polyethylene (HDPE) and low-density polyethylene (LDPE) were used for the powder coating. For each type, the polyethylene powder has two different average sizes (35 µm and 75 µm). The densities of HDPE and LDPE were 0.96 g/cm3 and 0.93 g/cm3, respectively. 
[bookmark: _Toc118813208]Asphalt Mix Design
The most commonly used dense-graded asphalt mixture (called D-mix) by Tennessee DOT was used in the study. Figure 7.1 shows the aggregate gradation of D-mix which is classified as a surface mixture with 12.7 mm aggregate size. Table 7.3 shows the results of mix designs for both GR and GL mixtures.
[bookmark: _Toc118813209]Thermoplastic Polyethylene Powder Coating
A thermoplastic powder coating method for aggregate was proposed in this study for a more uniform and effective coating. In general, the powder coating requires a well-controlled fluidized bed to stably disperse the powder. Without any pretreatment, the PE powder floated on the surface of water and could not form a stable dispersion. Therefore, we used ethanol as a surfactant and increased temperature to reduce the surface energy and increase the wettability of water. Figure 7.2 show the surface tension results (measured by a force tensiometer (Sigma CMC)) of different ethanol solutions at 20-50 °C, which were also validated by the results in literatures. Based on our experiments, if the surface tension of the ethanol solution was below 40 mN/m, a stable dispersion of PE powder could be achieved. Therefore, we used 15% ethanol solution heated to 40-50 °C as the final fluidized bed. The liquid dispersion contained 30% PE powder.
Figure 7.3 shows the procedures of the proposed thermoplastic powder coating. After we obtained the stable dispersion of PE powder, the powder suspension was stored in a sprayer. The aggregate must be heated to 180-190 °C by oven, and then the liquid dispersion was sprayed onto the surface of aggregate. Due to the high temperature, the fluidized bed evaporated fast, and the solid PE particles were left and melted on the hot surface of aggregate. This process could be finished by several times of coating, and the amount of PE powder that was used could be measured by the weight change of aggregate. The PE to aggregate ratio ( ) can be determined by Eq. (1). In addition, the mixtures should be mixed slowly for a uniform coating. After the pretreatment of aggregate, the temperature could be lowered to the mixing temperature of asphalt mixtures. It should be noted that if the coating was applied to aggregates passing #8, the aggregate particles tended to lump and form bigger aggregates. Therefore, we tentatively did not consider the coating of aggregates passing #8 and only treated the rest of bigger aggregates.

   (1)

Where, : Weight of aggregate after coating.

            : Weight of aggregate before coating.
[bookmark: _Toc118813210]Modelling the Coating of Aggregate
It is critical to determine the amount of waste plastic that should be used in the coating process. Based on previous studies, approximately 0.43% waste plastic by weight of aggregate was used in the coating (Ma et al. 2021a; Rahmani et al. 2018). However, this value was only determined by specific asphalt mixtures, and the quality of coating was also unknown. Therefore, a theoretical model was proposed to determine the amount of PE powder that should be used in the thermoplastic powder coating.
In general, the coating quality is highly associated with surface area of aggregate. In this study, we used the random sectioning method with image processing to determine the specific surface area of aggregates (Cepuritis et al. 2017; Ren et al. 2021). The aggregate retained on each sieve size was collected and blended with fresh ordinary Portland cement paste, respectively. The obtained fresh concrete was cured in prism molds (10 × 10 × 40 cm) until a decent strength (around 10 MPa) was achieved. Afterwards, the hardened concrete was cut using an electric saw to get slice samples (10 × 10 cm) (Figure 7.4).










Digital images of the slice samples soaked in water were captured, and image processing was applied to determine the perimeter and surface of aggregate particles on the cross-section. The color images were firstly converted to grey images. It could be seen that the color of aggregate was generally darker than that of hardened cement (Figure 7.4). The minimum error thresholding method was used to convert the grey images to binary images (Kittler and Illingworth 1986). Based on this algorithm, the greyscale histogram of an image is also considered as an estimate of the probability density function (PDF) of both object (aggregate) and background (cement paste) (). The pixels of a given image can be represented in  grey levels . The number of pixels at level  and the total number of pixels are represented by  and , respectively. Also, the greyscales of aggregate and background are considered to follow the normal distribution with a PDF of , a mean value of  and a standard deviation of . The probability of occurrence of each level  can be determined by Eq. (2).
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Since ,  and  are usually unknown, a criterion function (Eq. 3) is used.
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In these equations, ,  and  are the cumulative probability, mean value and standard deviation of greyscales less than or equal to . ,  and  are the cumulative probability, mean value and standard deviation of greyscales higher than . The optimum threshold  can be determined by minimizing  (Eq. 10).
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After the binary image is obtained, the aggregate particles can be identified precisely from the background (Figure 7.4). The specific surface area () can be determined by (Eq. 11).

   (11)






In the equations,  is the surface area of aggregate (mm2);  is the density of aggregate (g/mm3);  is the volume of aggregate (mm3);  is the number of pixels corresponding to the aggregate boundaries;  is the number of pixels corresponding to aggregate;  is the edge length of each pixel.
The PE monolayer model was proposed to determine the theoretical amount of PE that was required to perfectly coat the aggregate (Figure 7.5). It was assumed that the surface of aggregate was coated by a single layer of PE powder, and the PE particles formed hexagonal close packing on the surface. The theoretical weight of PE upon the perfect coating can be calculated by Eq. (12).

   (12)



Where, : Theoretical weight of PE required to perfectly coat the aggregate retained on sieve ;


             : Weight of aggregate retained on sieve ;

             : Average diameter of PE;

             : Density of PE.



Therefore, the theoretical PE-to-aggregate ratio () for the aggregate retained on sieve  and the total PE-to-aggregate ratio () can be determined by Eq. (13) and Eq. (14), respectively.

   (13)


   (14)


Table 7.5 summarizes the results of  and  for all the aggregate-PE combinations. It can be seen that the weight of PE is higher when the HDPE and 75 µm powder are used. Also, the increase in particle size of PE will significantly increase the required amount PE for perfect coating. Another interesting finding is that the GL requires less amount of PE due to the smaller surface area.
[bookmark: _Toc118813211]Laboratory Performance Tests and Discussion
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The compacted samples for all the asphalt mixtures shown in Table 7.6 were prepared for the TSR test. The cylindrical specimens for TSR tests had 62.5-mm height and 150-mm diameter. The samples were compacted to 6% to 8% air voids by the Superpave gyratory compactor (SGC). The freeze-thaw conditioning (F-T) procedures specified by ASTM D4867 (Standard Test Method for Effect of Moisture on Asphalt Concrete Paving Mixtures) were implemented. The asphalt samples were subjected to 15 hours of freezing at -18 °C and afterwards immersed in 60 °C water for 24 h prior to testing. The tensile strengths of specimens before and after and the moisture conditioning were tested using a Material Testing System (MTS). The loading rate in the diametral direction was 50 mm/min. The TSR values were determined by Eq. (15) and Eq. (16).

   (15)

   (16)






In the equations,  is the split tensile strength (kPa);  is the peak load (N);  is the height of specimen (mm);  is the diameter of specimen (mm);  is the tensile strength of the moisture conditioned specimen (kPa);  is the tensile strength of the dry specimen (kPa).
Figure 7.6(a-d) show the TSR results of GR and GL-based mixtures containing varying PE contents. It can be seen that the asphalt mixtures made by GR and GL without pretreatment had low TSR values (59.5% and 47.0%, respectively) due to the acidic nature of the two aggregates (Xiao et al. 2022a). However, the PE powder coating increased the TSR values, indicating the enhanced moisture damage resistance. Previous studies showed that PE as a highly hydrophobic material had a strong bond with asphalt, which explains the improved moisture resistance after the PE coating (Kakar et al. 2015; Ma et al. 2021b; Xiao et al. 2022a). As shown in Figure 7.6(a-d), all the asphalt mixtures had TSR results higher than 80% when enough PE contents were applied. Therefore, this powder coating technology can effectively improve the asphalt pavements in those regions primarily with acidic rock.

In Table 7.5, the theoretical PE content for each mixture was proposed to set a baseline. Based on the experimental results, the required amount of PE contents were actually higher that those of predicted results. The possible reason is that the PE could not form a perfect monolayer on the surface of aggregate by powder coating, and some areas might be coated by more than one layer of PE. The optimum PE content was highly related to the surface area of aggregate and the particle size of PE (Figure 7.6a-d). Based on the results, the theoretical  determined by the PE monolayer model can still provide a guideline for the lower bound of required amount of PE. In addition, the excessive PE could no longer significantly enhance the moisture resistance. Another interesting finding was that the HDPE was more effective in reducing the moisture susceptibility.
[bookmark: _Toc118813213]Conclusions
In this study, the thermoplastic PE powder coating was proposed as a new method to coat the aggregate of asphalt mixtures and enhance the moisture damage resistance. The ethanol solution was used as the fluidized bed to disperse the PE powder. It was found that the surface tension of the solution indicative of the wettability decreased with increasing ethanol concentration and temperature. A stable dispersion of PE powder could be achieved when 15% ethanol solution heated to 40-50 °C was adopted to lower the surface tension of liquid to less than 40 mN/m. The dispersion liquid carrying PE particles could be sprayed onto the hot aggregate (180-190 °C) where the liquid phase evaporated fast while the PE powder melt and stayed. The new coating method could prevent the aggregate from lumping and realize an efficient and high-quality coating for aggregate. The PE monolayer model considering a hexagonal close packing of PE on aggregate surface was tentatively proposed to determine the theoretical amount of PE required to perfectly coat the aggregate. The predicted PE content was reasonably lower than that determined by the experimental results since the perfect monolayer coating was hard to achieve. However, the modelling results could still determine the lower bound of required PE content. The optimum PE content remarkably increased with increasing particle size of PE and specific surface area of aggregate. The use of HDPE powder with a smaller particle size was more efficient in the coating process. In addition, the excessive PE could not further enhance the moisture resistance of asphalt mixtures efficiently. This study can contribute to both the recycling of waste plastic and the building of durable asphalt pavements.
Future studies should focus on the potential environmental impacts of plastics in pavements and the durability properties of plastic coated aggregates.
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[bookmark: _Toc52356362][bookmark: _Toc119078292]Figure 7.1. Asphalt Mixtures’ Granulometric Composition
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[bookmark: _Toc52356363][bookmark: _Toc119078293]Figure 7.2. Surface Tension of Ethanol Solutions at Different Temperatures
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[bookmark: _Toc52356364][bookmark: _Toc119078294]Figure 7.3. Thermoplastic Polyethylene Powder Coating
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[bookmark: _Toc52356365][bookmark: _Toc119078295]Figure 7.4. (a) Preparation of samples  and cross-section, (b) grayscale histogram and gray image and (c) binary image
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[bookmark: _Toc119078296]Figure 7.5. PE Monolayer Model
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(a) TSR Results of GR-LDPE-35 and GR-LDPE-75 Mixtures
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(b) TSR Results of GR-HDPE-35 and GR-HDPE-75 Mixtures
[bookmark: _Toc119078297]Figure 7.6. TSR Results of Mixtures with Varying PE contents. The dashed lines show the theoretical amount of PE content by PE monolayer model.
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(c) TSR Results of GL-LDPE-35 and GL-LDPE-75 Mixtures
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(d) TSR Results of GL-HDPE-35 and GL-HDPE-75 Mixtures
[bookmark: _Toc119078298]Figure 7.6. Continued
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[bookmark: _Toc52356321][bookmark: _Toc119483699]Table 7.1. Basic Properties of the Asphalt Binder Provided by the Marathon Petroleum Asphalt
	Material properties
	PG 64-22

	Specific gravity at 15.6 °C
	1.013

	Viscosity at 135 °C (Pa· s)
	0.365

	Flash point temperature (°C)
	298

	Polymer content (%)
	0

	Cross link (%)
	-
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[bookmark: _Toc119483700]Table 7.2. Chemical Compositions of Different Aggregates by XRF
	[bookmark: _Toc52356323]Oxide (%)
	CaO
	SiO2
	Al2O3
	Fe2O3
	MgO
	K2O
	Na2O
	TiO2

	GR
	2.50
	67.81
	14.50
	1.20
	0.81
	4.09
	3.52
	0.03

	GL
	0.86
	77.46
	14.17
	1.64
	1.21
	1.02
	1.14
	0.05



















[bookmark: _Toc119483701]Table 7.3. Asphalt Mix Designs
	Mixture type
	Asphalt
	Aggregate
	Optimum AC (%)
	Air void (%)
	Gmm
	VMA (%)
	VFA (%)

	1
	PG64-22
	GR
	5.7
	4.1
	2.467
	17.1
	76.0

	2
	PG64-22
	GL1
	5.2
	3.9
	2.295
	15.0
	74.0
















[bookmark: _Toc52356324][bookmark: _Toc119483702]Table 7.4. Results of SSA Based on Random Sectioning (mm2/g)
	Sieve size
	1/2 in
	3/8 in
	#4
	#8
	#30

	GR
	259.02
	327.25
	537.02
	1126.01
	2059.08

	GL
	228.32
	288.46
	473.37
	992.56
	1815.04
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[bookmark: _Toc119483703]Table 7.5. Results of  and 
	Combinations
	Aggregate
	PE type
	

1/2 in
	

3/8 in
	

#4
	

#8
	


	1
	GR
	LDPE-35µm
	0.51
	0.64
	1.06
	2.21
	0.87

	2
	GR
	LDPE-75µm
	1.09
	1.38
	2.26
	4.74
	1.86

	3
	GR
	HDPE-35µm
	0.53
	0.66
	1.09
	2.29
	0.90

	4
	GR
	HDPE-75µm
	1.13
	1.42
	2.34
	4.90
	1.92

	5
	GL
	LDPE-35µm
	0.45
	0.57
	0.93
	1.95
	0.76

	6
	GL
	LDPE-75µm
	0.96
	1.22
	1.99
	4.18
	1.64

	7
	GL
	HDPE-35µm
	0.46
	0.59
	0.96
	2.01
	0.79

	8
	GL
	HDPE-75µm
	0.99
	1.25
	2.06
	4.32
	1.69





[bookmark: _Toc52356326][bookmark: _Toc119483704]Table 7.6. Asphalt Mixtures for Laboratory Tests
	Mixtures
	Aggregate
	PE type
	


	GR-LDPE-35
	GR
	LDPE-35µm
	0%, 0.4%, 0.8%, 1.2%

	GR-LDPE-75
	GR
	LDPE-75µm
	0%, 0.5%, 1%, 1.5%, 2%

	GR-HDPE-35
	GR
	HDPE-35µm
	0%, 0.4%, 0.8%, 1.2%

	GR-HDPE-75
	GR
	HDPE-75µm
	0%, 0.5%, 1%, 1.5%, 2%

	GL-LDPE-35
	GL
	LDPE-35µm
	0%, 0.4%, 0.8%, 1.2%

	GL-LDPE-75
	GL
	LDPE-75µm
	0%, 0.5%, 1%, 1.5%, 2%

	GL-HDPE-35
	GL
	HDPE-35µm
	0%, 0.4%, 0.8%, 1.2%

	GL-HDPE-75
	GL
	HDPE-75µm
	0%, 0.5%, 1%, 1.5%, 2%
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CONCLUSIONS AND RECOMMENDATIONS





































[bookmark: _Toc118813218]Summary of Conclusions
The use of amine ASA changed the thermodynamic properties of asphalt by decreasing the nonpolar components and increasing the polar components, which enhanced the dry adhesion energy between asphalt and aggregate and reduced the free energy released at the presence of water.
With amine ASA, the increase in dry adhesive and decrease in cohesive energy within asphalt contributed to the increased spreading coefficient (wettability) of asphalt over aggregate, leading to a better coating quality of asphalt mixtures.
The asphalt mixtures with acidic aggregate tended to show more serious moisture damage, which could be attributed to the lower dry adhesion energy between asphalt and aggregate and the larger free energy released with moisture. To enhance the moisture resistance, the selection of compatible asphalt-aggregate combinations seemed more effective than the use of amine ASA. The effect of full dosage of ASA was always better than that of half dosage.
The ER indicating the moisture resistance and compatibility of an asphalt-aggregate combination was enhanced by ASA due to the improved thermodynamic properties of asphalt. At the molecular level, it might be because the amino groups from ASA adsorbed the silanol groups at the aggregate surface, leading to a stronger bond between asphalt and aggregate.
Both the short-term (RTFO) and long-term (PAV) aging significantly impaired the properties of asphalt and always increased the debonding potential per unit contact area at asphalt-aggregate interface. The drop in moisture resistance of mixtures made by pre-aged asphalt binders could be observed primarily due to the decreased wettability of aged asphalts. Nevertheless, if the aging of asphalt occurred on the aggregate surface, the overall moisture resistance of the mixture was also related to the contact time of asphalt and aggregate. Upon short-term aging, the wettability of asphalt associated with the coating quality was actually improved with contact time, and more asphalt could be absorbed into the pores of aggregate. In other words, the contact area of asphalt and aggregate continued to increase, contributing to an increase in overall adhesion and a stronger bond. In fact, the asphalt mixtures after short-term aging exhibited better moisture resistance, although the asphalt became deteriorated. However, the contact area could not further increase upon reaching the “perfect coating” while the surface free energy of asphalt continued to change with aging time. After the long-term aging, the asphalts were heavily deteriorated and the stripping potential per unit contact area became overly high, which resulted in the significant reduction in moisture resistance.
Both the RTFO and PAV aging changed the thermodynamic properties of asphalt. The nonpolar components in asphalt increased while the polar components dropped, which led to the reduction in dry adhesive between asphalt and aggregate and increased the debonding tendency.
The boiling water test was sensitive to the contact time of asphalt and aggregate and should be generally conducted on specimens without too much short-term aging. Otherwise, the boiling water could not completely displace the asphalt from aggregate, although moisture damage had happened. After the boiling, the detached asphalt still covered the aggregate, which made the specimen look like there was no stripping at all. In contrast, the adhesion failure in compacted mixtures can be reflected by the drop of TSR and DMR.
An innovative digital image processing method based on color images has been successfully developed to evaluate the coating quality of asphalt mixtures with moisture damage. The asphalt coating ratio of loose mixtures with different degrees of stripping could be measured automatically without subjective visual evaluation, which improved the accuracy of traditional boiling water test (ASTM D3625) results. The images were analyzed using RGB color model, and the color pixels representing virgin aggregate were directly used to search the stripped areas in damaged mixtures.
The plastic-coating significantly altered the chemistry of aggregate surface by increasing the Lifshitz-van der Waals components and reducing the polar components. Such changes remarkably increased the dry adhesion energy between asphalt and aggregate, and therefore, the wettability of asphalt over the plastic-coated aggregate was improved.
For the acidic aggregates, the polymeric treatment could decrease the value of wet adhesive, indicating the debonding tendency in the presence of water was reduced. The energy ratios of the asphalt-aggregate combinations significantly increased by the surface pretreatment, which proved the effect of waste plastic-coating on improving the moisture damage resistance of asphalt mixtures.
The thermoplastic PE powder coating was proposed as a new method to coat the aggregate of asphalt mixtures and enhance the moisture damage resistance. The ethanol solution was used as the fluidized bed to disperse the PE powder. It was found that the surface tension of the solution indicative of the wettability decreased with increasing ethanol concentration and temperature. A stable dispersion of PE powder could be achieved when 15% ethanol solution heated to 40-50 °C was adopted to lower the surface tension of liquid to less than 40 mN/m. The dispersion liquid carrying PE particles could be sprayed onto the hot aggregate (180-190 °C) where the liquid phase evaporated fast while the PE powder melt and stayed. The new coating method could prevent the aggregate from lumping and realize an efficient and high-quality coating for aggregate.
The use of HDPE powder with a smaller particle size was more efficient in the coating process. In addition, the excessive PE could not further enhance the moisture resistance of asphalt mixtures efficiently. This study can contribute to both the recycling of waste plastic and the building of durable asphalt pavements.
[bookmark: _Toc118813219]Recommendations for Future Work
SFE methods are able to achieve the fast screening of compatible asphalt-aggregate combinations with amine ASA based on the fundamental chemistry of materials. However, the test method fails to reflect the influence of many factors such as the gradation of aggregate, asphalt content, air void and moisture conditioning method. Moreover, the current method is not able to predict the moisture resistance of mixtures with mixed aggregate until a more sophisticated model is proposed considering the surface area of aggregate and other factors.
Based on the algorithm of color image processing, the color of aggregate used in the experiment should be clearly different from the color of asphalt. Therefore, the proposed method may not be suitable to the asphalt mixtures containing  recycled asphalt pavement or the black aggregate with asphalt-like colors. However, the new method can also be used to determine the threshold value for binary image processing under different lighting conditions, which means the binary image processing can still be used after the caliberation of threshold if the color image processing is not appropriate.
The modified boiling test with image processing has significantly improved the accuracy of the test results. However, more laboratory and field performance tests should be conducted to compare with the boiling test and determine whether the modified test method can be used as a measure of field performance. 
The proposed PE powder coating has provided a promising way to uniformly coat the aggregate of asphalt mixtures. However, in order to apply such a technology,  more work is needed to update the equipment of asphalt mixing plants.
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