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ABSTRACT 

Pavements in cold regions of the United States undergo significant accumulation of snow and ice on their 
surfaces during the extended winter season, leading to reduced skid resistance and increased traffic 
crashes. Deicers, such as sodium chloride, calcium chloride, and magnesium chloride, have been used to 
remove ice as part of winter maintenance measures. However, their use combined with freeze-thaw (F-T) 
cycles and the interactions of these factors with the pavement components is linked to durability issues 
and premature failures. These interactions result in the debonding of asphalt binder and aggregate in the 
presence of chloride deicers and F-T cycles. The pull-off strength of PG 58-34 asphalt binder-aggregate 
systems conditioned with different aqueous concentrations of deicers subjected to F-T cycles was 
determined at the component level. Furthermore, the thermodynamic-based approach was used to assess 
the adhesion, debonding, and moisture-induced damage potential of aggregate-binder systems in the 
presence of deicer solutions. On the mix-level, the moisture-induced damage potential and the rutting 
resistance of the PG 58-34 asphalt mix specimens conditioned with salt solutions and F-T cycles were 
evaluated using the tensile strength ratio and Hamburg wheel tracker tests. A semicircular bend test was 
used to characterize the fracture properties of the asphalt mixes subjected to salt solutions and F-T. This 
multi-scale study intends to offer valuable insights into the adhesion and moisture-induced damage 
mechanisms of asphalt mix components when exposed to calcium chloride deicers and F-T cycles, 
contributing to developing effective winter maintenance plans for more durable pavements in cold areas.  
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EXECUTIVE SUMMARY 

More than 70% of the United States’ roadway network is in regions subjected to severe winters, resulting 
in icy pavements that pose safety risks. Deicing, among different practices, is central to every winter 
maintenance effort. Deicing is defined as applying chemicals to facilitate the breaking up of the ice and 
snowpack and melting glare/black ice. Winter maintenance operations involving chloride-based deicers, 
such as NaCl, CaCl2, and MgCl2, are essential for ensuring road safety, mobility, and functionality. 
Deicing chemicals lower the freezing point and keep the precipitated water in the pavement in liquid form 
at freezing temperature. This, in turn, subjects the pavement to freeze-thaw cycles even during frigid 
temperatures. This mechanism accelerates moisture-induced damage, and pothole formation deteriorates 
asphalt pavements’ durability and may negatively affect their structural integrity. Although there are 
growing concerns over the adverse effects of deicers on asphalt mixes, limited research has been 
conducted to address these concerns. Based on the need mentioned above, this study investigated the 
effects of commonly-used deicing agents on the durability and performance of asphalt mixes exposed to 
those chemicals and freeze-thaw cycles. More specifically, this study examined the effects of these 
deicers on adhesion evolution and moisture-induced damage mechanisms of asphalt binder-aggregate 
systems. The performance characteristics of the hot mix asphalt specimens, including rutting, moisture-
induced damage, and cracking resistance, subjected to different deicer solutions and freeze-thaw cycles, 
were evaluated. At the component level, the effect of the deicer type (NaCl, CaCl2, and MgCl2) and 
freeze-thaw cycles on adhesion and damage mechanisms responsible for moisture-induced damage were 
assessed. At the micro-scale, a thermodynamic-based surface free energy method was pursued to 
characterize the adhesion and debonding energies and the moisture-induced damage potential of the 
binder-aggregate systems for different aggregates and asphalt binders in contact with various deicer 
solutions. According to the study’s findings, elevated salt concentrations of deicer solutions led to a 
deterioration of adhesive and cohesive bonds between asphalt binder and aggregate systems in different 
scales. However, lower concentrations had an even more damaging effect due to their high ion mobility, 
allowing them to penetrate the asphalt mix and binder’s internal structure. This infiltration induced 
chemical aging and altered the asphalt binder’s microstructure via salt erosion. The effects of this 
phenomenon were observed on multiple testing scales, and the results from the various testing scales 
corroborated one another, supporting the findings. The outcomes of this study will help transportation 
agencies and highway authorities understand the adverse effects of deicers on pavement performance. 
This will help with the decision-making process of selecting the type of deicing agents to minimize any 
damage to asphalt pavement structures in cold climates.  
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1. INTRODUCTION 

1.1 Problem Statement  

Winter maintenance is vital in keeping the highway system and airport pavements safe and functional 
during winter. More specifically, the pavements in regions subjected to harsh and extended winter 
periods, such as those in North Central states, need more attention to keep the traffic flowing. Deicing, 
among different practices, is central to every winter maintenance effort. Deicing is defined as “the 
application of chemicals in order to facilitate breaking up the ice and snow pack and melting glare/black 
ice” (MnDOT, 2019). While sodium chloride (NaCl) is widely used as a deicing agent, other chemicals, 
namely calcium chloride (CaCl2), magnesium chloride (MgCl2), potassium chloride (KCl), and acetates, 
are also being used for ice removal, depending on their effectiveness in different temperature ranges 
(NHDES, 2016; USGS, 2016a,b; USGS, 2015; Sumsion and Guthrie, 2013; AGS, 2017). Deicing 
chemicals lower the freezing point and keep the precipitated water in the pavement in liquid form at 
freezing temperature. This, in turn, subjects the pavement to freeze-thaw cycles even during frigid 
temperatures. This mechanism accelerates moisture-induced damage and pothole formation (Hassan et al., 
2002), deteriorates asphalt pavements’ durability, and negatively affects their structural integrity. 
Although there are growing concerns over the adverse effects of deicers on asphalt mixes, limited 
research has been conducted to address these concerns (Hassan et al., 2002; Goh et al., 2011; Shi et al., 
2009). Based on the need mentioned earlier, this study investigated the effects of commonly-used deicing 
agents on the durability and performance of asphalt mixes exposed to those chemicals and freeze-thaw 
cycles. The outcomes of this study will help transportation agencies and highway authorities better 
understand any possible adverse effects of using deicers on pavement performance. This will help with 
the decision-making process of selecting the type of deicing agent to minimize damage to asphalt 
pavement structures in cold climates.   

1.2 Research Objectives 

This study’s primary goal is to investigate the mechanisms through which chloride salt solutions of 
different types and concentrations and F-T cycles impact the mechanical and adhesion properties of 
asphalt mixes, leading to moisture-induced damage using a multi-level characterization approach. The 
specific objectives of this study were as follows. 

1. Investigate the rutting and stripping resistance and moisture-induced damage potential of a hot 
mix asphalt (HMA) containing a PG 58-34 asphalt binder conditioned with aqueous NaCl, 
MgCl2, and CaCl2 solutions with different concentrations, namely 0:1, 1:10, and 1:4 (volume 
of eutectic aqueous salt solution volume to volume of water) subjected to 7 F-T cycles by 
conducting tensile strength ratio (TSR) and Hamburg wheel tracker (HWT) test. 

2. Evaluate the cracking resistance of an HMA mix conditioned with aqueous salt solutions of 
different eutectic concentrations (0:1, 1:10, and 1:4) and seven F-T cycles by conducting the 
semicircular bend (SCB) test. 

3. Evaluate the evolution of adhesion and failure mechanisms in quartzite and PG 58-34 asphalt 
binder specimens conditioned with different aqueous eutectic concentrations salt solutions 
(0:1, 1:10, 1:15, 1:4, and 1:0) and seven F-T cycles using binder bond strength (BBS) test. 

4. Investigate the moisture-induced damage potential of quartzite and PG 58-34 binder systems 
subjected to aqueous salt solutions of different eutectic concentrations (0:1, 1:15, 1:10, 1:4, 
and 1:0)  using the surface free energy (SFE) approach. 
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1.3 Scope and Significance of Study 

The effect of exposing asphalt mix and asphalt binder to different aqueous concentrations of chloride-
based deicing salts (NaCl, MgCl2, and CaCl2), namely 1:0, 1:10, and 1:4 (by volume of eutectic solutions: 
water volume), and F-T cycles on their physical and mechanical properties, bonding characteristics, and 
failure mechanisms were evaluated. More specifically, the effect of the deicers and F-T cycles on mix 
characteristics, such as resistance to rutting, fatigue cracking, and moisture-induced damage potential, 
were evaluated for a Superpave mix containing a PG 58-34 asphalt binder and quartzite aggregates. The 
moisture-induced damage potential of dry and conditioned asphalt mixes was characterized by conducting 
the TSR test following the AASHTO T 283 standard procedure and the HWT test following the 
AASHTO T 324 standard method (AASHTO, 2022a,b). Outcomes of the HWT test were also used to 
determine resistance of the mixes (both non-conditioned and conditioned) to rutting. In addition, SCB 
tests conducted on the conditioned and non-conditioned asphalt mixes following the ASTM D 8044 
standard method were used to determine the resistance of the mixes to fatigue cracking  (ASTM, 2017). 
At the component level, the binder bond strength (BBS) test was conducted on asphalt binder-aggregate 
specimens prepared using a PG 58-34 asphalt binder and quartzite. The BBS tests were carried out 
according to the AASHTO T 361 standard method on the specimens in dry conditions and after 
conditioning them with aqueous solutions of salts prepared at 0:1, 1:15, 1:10, 1:4, and 1:0 concentrations 
(by volume of eutectic solutions: water volume) and F-T cycles standard method (AASHTO, 2022c). In 
addition, the failure mechanisms and their extents were investigated by analyzing the failure interface. To 
further explore the thermodynamical nature of the debonding mechanism in the presence of salt solutions, 
the SFE components of the PG 58-34 asphalt binder were determined by measuring its contact angles 
with three probe liquids with known SFE components. Similarly, SFE components of salt solutions of 
different concentrations were determined by measuring their contact angles with three solids of known 
SFE components. The interfacial energy parameters, such as work of adhesion, work of debonding, and 
energy ratios, were calculated for different salt concentrations to gain a multiscale understanding of the 
adhesion and stripping mechanisms and moisture-induced damage potential of aggregate-binder systems 
and mixes in the presence of moisture and deicer salts subjected to F-T cycles as a major step toward 
developing materials and methods to combat moisture and deicer-accelerated pavement distresses.  

1.4 Report Organization 

This report is organized in the following order:  

Chapter 1: Introduction – This chapter includes the problem statement, research objectives, research 
scope, and organization of the report.  

Chapter 2: Background –This chapter summarizes the literature review, focusing on the methods used to 
characterize the effects of deicing agents and moisture-induced damage on asphalt mixes.  

Chapter 3: Materials and Methods – This chapter describes the selection and collection of the materials, 
sample preparation in the laboratory, and methodologies used for the laboratory characterization of the 
asphalt mixes subjected to different decers and the F-T cycles.   

Chapter 4: Results and Discussions: Results of testing asphalt binders, asphalt binder-aggregate systems, 
and the asphalt mixes are summarized and presented in this section. More specifically, this chapter 
presents the outcomes of the BBS, SFE, SCB, HWT, and TSR tests.  

Chapter 5: Conclusions and Recommendations– Important findings of this study and the 
recommendations based on these findings are presented in this chapter. 
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2. BACKGROUND 

The asphalt mix is the primary material used in pavement construction, accounting for 93% of the 2.7 
million miles of paved roads in the United States (NAPA, 2023). The extensive use of asphalt for 
pavement construction is due to its advantages, such as smoother surface for a better ride quality 
compared to other road construction materials, minimal noise, durability, high construction speed, lower 
cost compared to other pavement materials, options for and ease of maintenance (Feng et al., 2022; Pang 
et al., 2018). A significant concern for pavements in cold regions, such as northern and northcentral 
states, is maintaining their safety and serviceability after snowfall or ice formation during the cold season. 
According to the Federal Highway Administration (FHWA), icy pavements contribute to more than 
150,000 crashes yearly (FHWA, 2023). This is predominantly due to reduced skid resistance, which leads 
to increased traffic incidents. Moreover, the economic losses caused by these problems are substantial 
(Shan et al., 2021; Han et al., 2019; Luo and Yang, 2015). 

The development of snow melting and deicing methods, known as winter maintenance strategies, has 
received attention from highway and road agencies and has given them financial resources (Nixon and 
Williams, 2001). These technologies include mechanical, chemical, and manual snow removal methods. 
Among these strategies, the application of chemical deicers to prevent ice formation and removal is the 
most commonly used winter maintenance technique implemented by almost all state departments of 
transportation and highway authorities (Muthumani et al., 2017).  

According to data from the United States Geological Survey (USGS), over 24 million metric tons of 
deicers, mainly sodium chloride and calcium chloride, are used annually  (Kolesar et al., 2018). The 
typical road salt has been reported to reduce crashes on four-lane roads by 93% (FHWA, 2023). A 
chloride salt-water solution system can reduce the water's freezing point to temperatures much lower than 
pure water’s freezing point. However, the effectiveness of the chloride salts varies, depending on type. 
For example, when temperatures are expected to drop very low, applying calcium chloride as a deicer is 
more effective than sodium chloride as the former drops the freezing temperature more than the latter 
(Ketcham et al., 1996). Deicers directly lower the freezing point of water, allowing the ice to melt and 
weakening the bond between ice and pavement to facilitate its mechanical removal (Muthumani et al., 
2017; Yang et al., 2018). The addition of deicer to snow causes the ice to thaw and, as thawing 
progresses, the liquid water content increases, resulting in the dilution of the deicer solution (Wå̊hlin et 
al., 2014; Atkin and De Paula, 2006). Therefore, changes in moisture and temperature regimes cause the 
pavement surface to undergo repeated freeze-thaw (F-T) cycles (Sarsembayeva and Collins, 2017). The 
combined effect of moisture, deicer, and F-T cycles can cause expansion and contraction, which shortens 
the service life of the pavement and causes failure modes, such as cracks and potholes (Choi, 2007; 
Teguedi et al., 2017). 

These failures occur due to a primary form of distress in asphalt mixes known as moisture-induced 
damage, which can cause durability loss in the asphalt mix. Moisture-induced damage occurs due to the 
loss of adhesive bonds between the aggregate surface and asphalt binder (adhesive failure) and the loss of 
cohesive bonds within the asphalt binder (cohesive failure) in the presence of water (Caro et al., 2010a; 
Kakar et al., 2015). When moisture comes into contact with the asphalt binder, water can enter the spaces 
between the asphalt binder and aggregate, weakening the adhesive bond and, ultimately, separating the 
asphalt binder from the aggregate. This phenomenon is known as stripping (Kakar et al., 2015). Attempts 
have been made to characterize the moisture-induced damage mechanisms; however, due to their 
complexity, it is assumed that the debonding of aggregate-binder systems in the presence of water is not 
the result of a single mechanism but rather the interaction of multiple mechanisms (Mihandoust and 
Ghabchi, 2024, 2023; Ghabchi et al., 2016; Caro et al., 2010a; Kim et al., 2004; Kakar et al., 2015). 
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One of the most conventional mechanical laboratory tests developed for assessing the moisture-induced 
damage potential of asphalt mixes is the tensile strength ratio (TSR) test. This method consists of 
obtaining the ratio of the tensile strength of moisture-conditioned specimens over those of dry specimens. 
This ratio is used to predict the field moisture-induced damage potential for a mix following the 
AASTHO T283 standard procedure (Lottman, 1982; AASHTO, 2022a). Despite the extensive use of TSR 
for assessing moisture-induced damage in the past, it has certain shortcomings. One of its shortcomings is 
an inability to identify the material and failure mechanism responsible for moisture-induced damage. 
Therefore, predicting the potential for moisture-induced damage in a mix may be limited under field 
conditions. In addition, The TSR test lacks the calibration or standardization required for testing 
specimens of asphalt mix with decider solutions as the test is conducted for specimens conditioned with 
water following the AASHTO T283 standard procedure (Yang et al., 2021; Ali et al., 2022). Another test 
method developed to assess the moisture-induced damage potential and rutting resistance of the asphalt 
mixes is the Hamburg Wheel Tracker (HWT) test. Several transportation agencies have adopted the HWT 
test as an alternative to traditional TSR testing (Tavassitu and Baaj., 2020). This method measures rut 
depth caused by steel wheels passing on asphalt mix specimens submerged in water per AASHTO T324 
standard procedure (AASHTO, 2022b). Due to the complicated effects of permanent deformation and 
stripping on rut-depth measurements, especially for asphalt mixes susceptible to moisture-induced 
damage, relying on rut-depth data may not accurately estimate mix rutting resistance. As a result, a 
considerable rut depth may indicate a mix susceptible to rutting, moisture-induced damage, or both (Yin 
et al., 2014; Yin et al., 2020). Due to the weakened aggregate-binder adhesive bond, moisture-induced 
damage may also exacerbate cracking failure observed in pavements, such as fatigue cracking. The semi-
circular bending (SCB) test has been developed to address this form of failure by characterizing the 
fracture properties of the asphalt mix during cracking propagation following ASTM D 8044 standard 
procedure (ASTM, 2017). This test evaluates fatigue cracking from a crack initiation point of view using 
the tensile stress developing around the tip of a pre-existing notch and its fracture toughness (Safazadeh et 
al., 2022). Many studies have used mechanical mix tests to assess the effect of moisture, deicers, and F-T 
cycles on asphalt mix’s moisture-induced damage potential, rutting, and cracking resistance. 

Behbahani et al. (2020) evaluated the effect of different deicer solutions, including NaCl, on the moisture-
induced damage potential and fatigue life of modified asphalt mixes with nano-hydrated lime. It was 
found that after calcium magnesium acetate (CMA), specimens moisture-conditioned with NaCl solutions 
had the highest TSR values compared to the other deicers. Wang et al. (2021) evaluated the effect of five 
different concentrations of sodium chloride deicer and freeze-thaw cycles on the moisture-induced 
damage potential of the mix, indicating that TSR values initially decrease with an increase in the NaCl 
concentration, then tend to be flat. Juli-Gándara et al. (2019) conducted TSR and HWT tests on asphalt 
mixes and reported when the aggregates were saturated in NaCl solutions, the mixes’ TSR and permanent 
deformations were worse than other mixes not conditioned by salt solutions. Jiang-san et al. (2022) found 
increasing the number of freeze-thaw cycles may increase the accumulation rate of fatigue damage in 
warm mix asphalt (WMA). They concluded freeze-thaw cycles of more than 15, or the concentration of 
the NaCl solution of more than 4%, had an apparent effect on the growth of micro-cracks. 

Similarly, Guo et al. (2022a) highlighted the effect of F-T cycles on modified asphalt mixes and indicated 
that F-T cycles worsen the fatigue performance of the mixes. In contrast, Ogbon et al. (2022) reported 
sodium chloride conditioning increased the mix stiffness, reducing rutting damage and fatigue damage in 
polymer-modified asphalt mixes. Zhang et al. (2022a,b) indicated a salt solution concentration greater 
than 6% and the number of freeze-thaw cycles of more than six, regardless of salt concentration, resulted 
in TSR values below the minimum requirement. Fakhri et al. (2019) evaluated the effects of chloride-
based deicers, namely sodium chloride and magnesium chloride, on the moisture-induced damage 
potential of warm mix asphalt (WMA) using the TSR test. They reported the minimum reduction of 
tensile strength value was caused by sodium chloride and magnesium chloride, respectively. 
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The mechanics of aggregate-binder interface bonding significantly impact the response of the asphalt mix 
to moisture-induced damage (Kakar et al., 2015). Therefore, it is crucial to directly evaluate the adhesive- 
and cohesive-bond strengths at this interface. The binder bond strength (BBS) test is a commonly used 
pull-off test that has successfully assessed the adhesion and cohesion properties of the aggregate-binder 
interface (Ghabchi and Castro, 2022; Ghabchi and Castro, 2021a,b; Kakar et al., 2015; Moraes et al., 
2011; Yan et al., 2016). This method measures the pull-off strength (POS) for the aggregate-binder 
specimens. While producing repeatable and reliable results, this test can determine the failure potential, 
mechanism, and extent in addition to the bond strength of asphalt binder and aggregate (Canestrari et al., 
2010). Yee and Hamzah (2019) used the BBS test to evaluate the effect of anti-stripping fillers, F-T 
cycles, and aging on the moisture-induced damage potential of warm mix asphalt (WMA). They reported 
long-term aging and freeze-thaw cycles increased the extent of adhesive failure. Asif et al. (2018) 
evaluated the bond strength of asphalt binder with different aggregate mineralogies using the BBS test. 
They found that reducing POS values for moisture-conditioned specimens led to a change in failure 
mechanisms from cohesive to adhesive (Asif et al., 2018). Chen et al. (2023) indicated an increase in 
NaCl concentration and the number of F-T cycles had a more detrimental effect on moisture-induced 
damage resistance and POS of the aggregate-binder scale than that of the binder scale and asphalt mix 
scale. 

Given that moisture-induced damage in asphalt mixes is a complex phenomenon involving different 
processes — namely thermodynamic, chemical, physical, and mechanical — evaluating the micro-scale 
interactions at the component level between the asphalt binder and aggregate is crucial to gain a 
fundamental understanding of the adhesion mechanisms (Caro et al., 2010b; Kakar et al., 2015; Ghabchi 
et al., 2014). For this purpose, the thermodynamic approach and modern surface energy theories predict 
moisture-induced damage (Howson., 2011; Bhasin et al., 2007b; Hamedi and Moghadas Nejad, 2015). 
Surface free energy (SFE), a fundamental thermodynamic property of a material, is defined as the work 
needed to create a unit area of a new surface of a material in vacuum conditions (Van Oss et al., 1988; 
Howson, 2011). Using the SFE components of asphalt binder and aggregate, the binding and debonding 
potential of the aggregate-binder systems in different conditions can be evaluated.  

The binding potential, assessed by the work of adhesion, determines adhesion between the asphalt binder 
and aggregate under dry conditions. At the same time, the work of debonding is the energy required to 
separate the asphalt binder from the aggregate in the presence of moisture (Bhasin and Little, 2007; 
Bhasin et al., 2007a). Many studies in the past have used the thermodynamic approach as a screening 
method for material selection and moisture-induced damage evaluation. For example, Bhasin et al. 
indicated how the surface free energy (SFE) method could serve as a helpful tool for evaluating and 
selecting different aggregate-binder systems that exhibit increased resistance to moisture-induced damage 
(Bhasin et al., 2007b). Moghadas Nejad et al. assessed the moisture-induced damage potential in 12 
different aggregate-binder systems. Additionally, they conducted the TSR tests on the mix specimens of 
the same aggregate-binder systems, and they were successful in establishing a correlation between the 
SFE and TSR results (Moghadas Nejad et al., 2013). Similarly, Habal and Singh (2017) investigated 16 
aggregate-binder systems using the SFE approach, finding the aggregate with the best resistance to 
moisture-induced damage and establishing relationships between SFE components and asphalt binder 
modification. 
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Despite the numerous established methodologies of evaluating the moisture-induced damage potential of 
aggregate-binder systems, there is still a need for a thorough multi-level characterization and analysis of 
adhesion development and moisture-induced damage mechanisms in the presence of moisture and 
chloride-based deicers combined with F-T cycles. There is a knowledge gap about the effects of all 
chloride-based deicers since most of the past research has primarily focused on sodium chloride. 
Therefore, this study seeks to close this gap by capturing the damage characteristics and adhesion 
evolution in asphalt binder and asphalt mix subjected to different concentrations of chloride deicers, 
namely calcium, magnesium, and sodium chlorides, and F-T cycles at component and composition levels.  



 

3. MATERIALS AND METHODS 

3.1 Materials 

3.1.1 Deicer Salts 

The granular calcium chloride (CaCl2), magnesium chloride (MgCl2), and sodium chloride (NaCl) deicers 

shown in Figure 3.1 were collected from a local supplier and used to prepare aqueous deicer solutions 
with different concentrations for conditioning asphalt mix and binder samples. Initially, the salt solutions 
at their eutectic concentrations were prepared. The eutectic concentrations of the CaCl2, MgCl2, and NaCl 
consisted of 29.8%, 21.6%, and 23.3% of each salt by their weights and water, resulting in freezing 
temperatures as low as -51°C, -33°C, and -21°C, respectively  (Ketcham et al., 1996). The aqueous 
eutectic concentration of each salt is shown by 1:0 (volumetric mixture of eutectic salt solution: volume 
of water), which indicates one volumetric part of the eutectic salt solution and zero volumetric parts of 
water. Diluted salt solutions with 1:15, 1:10, and 1:4 concentrations were prepared by adding water to the 
eutectic solution. The 0:1 concentration represents pure water.  
 

 

 

 

 

  

Figure 3.1  Photographic views of collected deicer salts  

3.1.2 Asphalt Binder 

The component level evaluations in this study were conducted using a PG 58-34 asphalt binder. The PG 
58-34 asphalt binder, widely used in the northcentral states, was used to prepare the specimens required 
for conducting the binder bond strength test by following the AASHTO T 361 standard method and those 
needed for the SFE. The specific gravity of the used asphalt binder was 1.023. The 1-gallon asphalt binder 
canister was heated at 160°C to reach a liquid consistency and was poured into small cans, as presented in 
Figure 3.2, to be stored until specimen preparation. 

Figure 3.2 A photographic view of the PG 58-34 asphalt binder sample in a small can 

CaCl2 

7 
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3.1.3 Aggregates 

Aggregates’ mineral composition significantly affects the adhesion between aggregate and asphalt binder 
(Cui et al., 2014). Therefore, it is essential to investigate the adhesive properties of the aggregate used in 
HMA production to resemble the mix type used in this study, which was quartzite, representing most of 
the aggregate mineralogy used in asphalt mixes in many states in the Midwest. Quartzite was collected in 
rock forms with a minimum of 300 mm dimension and cut with a tile saw to the required size, as shown 
in Figure 3.3.  

 

  

Figure 3.3  A photographic view of the collected quartzite aggregate 

3.1.4 Asphalt Mix 

The asphalt mix used in this study was designed following Superpave requirements as per AASHTO M 
323 (AASHTO, 2017a) standard specification and AASHTO R 35 (AASHTO, 2017b) standard practice 
for a traffic level of less than 0.3 million design equivalent single axle load (ESAL) in 20 years of service 
life (Figure 3.4). The asphalt mix consisted of 4.2% optimum virgin PG 58-34 asphalt binder content and 
1.1% asphalt binder as a result of incorporating 20% reclaimed asphalt pavement (RAP), a total of 5.3% 
by the weight of the mix. The nominal maximum aggregate size (NMAS) of the HMA mixes was 12.5 
mm, consisting of a blend of five different quartzite aggregate stockpiles and one RAP stockpile (Table 
3.1). Other important volumetric parameters of the mix, namely void in mineral aggregates (VMA), voids 
filled with asphalt (VFA), and dust proportion (DP) values, were found as 15.1%, 73.5%, and 0.9%, 
respectively, all within the AASHTO M 323 (AASHTO, 2017a) requirements. This mix was produced in 
an asphalt plant, collected, and used to prepare the test specimens. The specimens of different geometries 
and dimensions needed for the mix performance tests were compacted in the laboratory in a Superpave 
gyratory compactor (SGC). The cylindrical specimens were sawed as needed to the shapes and 
dimensions specified by each test method. All performance tests were conducted on specimens having air 
voids of 7.0 ± 0.5%, representing the density of an asphalt layer right after construction. 
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Figure 3.4 A photographic view of the asphalt mix 

Table 3.1  Gradations, mineralogies, and fractions of each aggregate stockpile in asphalt mix 
Bin No. 

Mineralogy
Bin No. 1
Quartzite

Bin No. 2
Quartzite

Bin No. 3
Quartzite

Bin No. 4
Quartzite

Bin No. 5
Quartzite RAP Combined

Gradation
% in Mix 12 8 32 12 16 20

Size (mm) Percentage Passing (%)
19.0 100 100 100 100 100 100 100
15.9 95 95 100 100 100 99 99
12.5 66 88 100 100 100 97 94
9.5 35 48 100 100 100 94 87

4.75 6 6 82 100 100 78 71
2.36 2 2 65 71 83 60 55
1.18 2 2 48 49 61 46 41
0.6 2 2 31 33 42 35 28
0.3 1 1 15 18 23 23 15

0.075 1.0 1.0 6.1 1.9 2.2 9.9 4.7

3.2 Test Methods 

3.2.1 Binder Bond Strength (BBS) Test 

The BBS tests were conducted following the AASHTO T 361 standard method (AASHTO, 2022c) on 
asphalt binder-aggregate systems (Figure 3.5a). The BBS is a quick and reliable test method for 
evaluating the quality of binder-aggregate adhesion by measuring pull-off strength (POS) utilizing a 
pneumatic adhesion tensile testing instrument, PATTI. The BBS tests were conducted on dry and 
moisture-conditioned specimens. For moisture-conditioning of the BBS specimens, they were submerged 
in salt solutions of different concentrations, namely 1:0, 1:15, 1:10, 1:4, and 0:1, for 48 hours. The 
temperature of the solution was maintained at 25°C with a digital thermostat. Each specimen was sealed 
in a plastic bag containing 10 ml of the conditioning solution to prevent moisture from escaping the 
system. Using a programmable environmental chamber (Platinous P-300 Espec), plastic bags containing 
the specimens and solution were subjected to seven freeze-thaw (F-T) cycles. For each F-T cycle, the 
specimens underwent three hours of freezing at -18°C and three hours of thawing at 25°C. After the 
freeze-thaw cycles, the specimens were immersed in the conditioning solution at 25°C for two hours 
before testing. Dry specimens were tested at 25°C (Figure 5.2d), while the moisture-conditioned 
specimens were tested submerged in their respective conditioning solutions at 25°C, and pull-off strength 
(POS) values were measured. To this end, a pull-off force at a constant rate was applied to the pull stub 
using a PATTI. The test continued until failure, and the pull-off strength (POS) was recorded. Digital 
images of the aggregate-binder interface failure surfaces were examined to determine the failure 



 

mechanisms by quantifying the adhesive and cohesive failure areas (Figure 3.5b). The results were 
reported as a percentage of the total area of the pull stub for each specific failure mechanism. 

Additionally, the pull-off strength ratio (PSR) values were determined and reported by calculating the 
average POS value of the conditioned specimens to those of the dry specimens. The PSR values indicate 
the effect of salt solutions and F-T cycles on the adhesion between the aggregate and asphalt binder. Each 
BBS specimen set with different conditioning procedures and solution concentration combinations was 
tested with at least 11 aggregate-binder specimens.  

 
Figure 3.5  Photographic views of BBS test (a) pull stubs attached to the aggregate substrate; 

(b) adhesive and cohesive failures 

3.2.2 Thermodynamic-Based Evaluation of Moisture-induced Damage 

3.2.2.1 Surface Free Energy Concept 

Good-Van Oss-Chaudhury’s theory states a material’s total SFE (ΓTotal ) can be divided into a non-polar 
Lifshitz-van der Waals (ΓLW) component and polar acid-base (ΓAB ) component, with acid-base 
component further subdivided into the Lewis acid component (Γ+) and Lewis base component (Γ−) as 
expressed by equation 3.1 (Good, 1992). 

ΓTotal = ΓLW+ 2 √Γ+Γ− (3.1) 

The binding potential of the asphalt binder (A) and aggregates (S) in dry conditions can be determined by 
the work of adhesion (WAS), defined as the energy required to separate two phases of the interface to 
produce two as expressed in equation 3.2 (Bhasin et al., 2007b).  

WAS= 2(�ΓA
LWΓS

LW+ �ΓA
- ΓS

+ + �ΓA
+ Γs

-) 
(3.2) 

The work of debonding (WASW
Wet ), defined as the energy released through a thermodynamically favorable 

debonding of asphalt binder and aggregate in the presence of water (W), is determined from equation 3.3 
(Bhasin and Little, 2007; 2009). 

WASW
Wet  = ΓAW

 + ΓSW − ΓAS (3.3) 

The potential of an asphalt binder to coat the aggregate can be evaluated by wettability. The coefficient of 
spreading (SA/S) is a quantitative measure of (wettability), which is presented in equation 3.4 
(Zettlemoyer, 1968).  

 

(a) (b) 
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SA/S = ΓS
 - ΓAS – ΓA (3.4) 

As work of adhesion (WAS) increases and the magnitude of work of debonding (|WASW
Wet |) decreases, the 

moisture-induced damage potential is reduced. Therefore, the energy ratio (ER1) is used to express the 
work of adhesion and the work of debonding, as shown in equation 3.5 (Bhasin et al., 2007a).  

To account for the impact of wettability, Bhasin et al. (2007b) developed equation 3.6. 

ER2 =| SA/S

WASW
Wet | (3.6) 

3.2.2.2 Asphalt Binder’s SFE Components 

The surface interfacial energies of a liquid (L) and a solid (S) can affect the contact angle (θ) of a liquid 
over a solid (Young, 1805). Therefore, the SFE components of the asphalt binder as the solid surface can 
be determined using the acid-base theory and Young-Dupre equation using equation 3.7 (Van Oss et al., 
1988). 

 ΓL (1+cosθ) = 2(�ΓLLWΓS
LW+ �ΓL−ΓS

++ �ΓL+ΓS
−) 

(3.7) 

Equation 3.7, as a system of equations, can be solved for the measured contact angles of that solid with 
three probe liquids (polar, non-polar, bipolar natures) of known SFE components to determine the three 
unknown SFE components (ΓS

LW, ΓS
+, ΓS

- ) of any solid surface. 

The sessile drop (SD) method, as a relatively simple technique providing accurate and reliable 
measurements, has been widely applied for direct measurement of contact angles of probe liquids with 
asphalt binder (Van Oss, 1994; Van Oss, 2002; Koc and Bulut, 2014). In this study, the SD method was 
used to measure contact angles of the probe liquids with asphalt binder to determine the SFE components 
of the asphalt binder.  

The choice of probe liquids greatly influences the estimation of surface-free energy components of a 
material; therefore, probe liquids were selected based on condition number (CN) (Hefer et al., 2006; Little 
and Bhasin, 2007; Mishra et al., 2020). CN is a mathematical indicator of the sensitivity of the estimated 
SFE components to minor experimental errors in contact angle measurements (Hefer et al., 2006; Alvarez 
et al., 2012). Three probe liquids were selected for characterizing SFE components of asphalt binder with 
the lowest CN value, namely diiodomethane, ethylene glycol, and water. Table 5.2 presents the SFE 
components of the probe liquids (Good et al., 1990; Good and Van Oss, 1990; Van Oss et al., 1987). 

  

ER1 =| WAS

WASW
Wet | (3.5) 
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Table 3.2  Surface free energy components of probe liquids at 20°C 

Probe Liquids Polarity 

SFE Components of the Probe Liquids (mJ/m2) 

ΓLW 

(non-polar) 
Γ+  

(acid) 
Γ-  

(base) 
ΓAB  

(acid-base) 
Γ  

(total) 

Diiodomethane (D) Non-polar 50.8 0.0 0.0 0.0 50.8 
Ethylene Glycol (E) Polar 29.0 1.92 47.0 19.0 48.0 
Water (W) Bi-Polar 21.8 25.5 25.5 51.0 72.8 

3.2.2.3 Salt Solutions’ SFE Components 

The SD method was used to measure contact angles of all three salt solutions, namely 1:15, 1:10, 1:4, and 
1:0 (volume of eutectic aqueous salt solution to the volume of water) on probe solids with known SFE 
components. Using the measured contact angles and SFE components of three probe solids, three sets of 
equation 5.7 were solved to determine the SFE components of salt solutions (Van Oss et al., 1988). The 
three probe solids selected for this study were Polytetrafluoroethylene (PTFE) as a non-polar substrate, 
Poly(methyl methacrylate) (PMMA), a polar substrate, and the microscope glass slide as a substrate with 
bi-polar nature (Zdziennicka et al., 2017). Additionally, the contact angle measurements of the probe 
liquids (W-D-F) suggested by Zdziennicka et al. (2017) with probe solids were found to determine the 
SFE components of the probe solids using equation 3.7. 

3.2.2.4 Preparation of Asphalt Binder Specimens for Sessile Drop Test 

Square glass plates of 100 mm length and 2 mm thickness were cleaned with ethanol and distilled water, 
flamed using a Bunsen burner, and then used to prepare asphalt binder specimens. A small amount of PG 
58-34 asphalt binder was heated to a liquid consistency in an oven at 160°C. Approximately 3g of the 
asphalt binder was placed on the glass plate and put inside the oven at 160°C for 15 minutes to allow the 
binder to spread and create a level and smooth surface (Figure 3.6a). Then, the asphalt binder specimen 
was stored for 24 hours at room temperature in a desiccator before being tested. 

3.2.2.5 Contact Angle Measurement 

Theta Lite OneAttension optical tensiometer (Biolin Scientific) was used for contact angle measurements 
(Figure 3.6b). The device was calibrated prior to each contact angle measurement. A 200-μL pipette was 
filled with probe liquid, and a droplet of 3-μL volume was carefully positioned on the solid surface at a 
drop rate of 2 μL/s. The contact angle measurements were recorded at a rate of 2 fps for 10 seconds until 
a steady angle was obtained, and the images were analyzed with the OneAttension built-in analysis 
software (Figure 3.6c). Then, the solid's surface free energy (SFE) components were calculated using the 
observed contact angles following the methodology discussed in section 3.2.2.2. 
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Figure 3.6  Photographic views of (a) prepared asphalt binder specimens, (b) conducting contact angle 

test on the asphalt binder specimen with an optical tensiometer, and (c) automatic digital 
contact angle measurement 

3.2.3 Tensile Strength Ratio (TSR) Test 

The TSR test was used to evaluate the moisture-induced damage potential of the mix specimens. TSR 
specimens of 95 mm height and 150 mm diameter were compacted following the AASHTO T 312 
standard procedure (AASHTO, 2019). Four specimens were prepared for each test set and were moisture-
conditioned following the AASHTO T 283 standard method (AASHTO, 2022a). The moisture-
conditioning of the specimens included vacuum saturation in the corresponding salt solutions until 
reaching a saturation between 70 and 80% (AASHTO, 2022a). The specimens were placed in a sealed 
plastic bag with 10 ml of the same solution used for moisture-conditioning and placed in the 
environmental chamber for seven F-T cycles (Figure 3.7a). The specimens were submerged in their 
corresponding conditioning solution at 25°C for two hours before the test. The TSR tests were carried out 
by following the standard procedure in AASHTO T 283 (AASHTO, 2022a). Specimens were loaded at a 
constant rate of movement of 50 mm/min in the loading frame of an MTS tensile testing equipment at 25± 
0.5 °C until failure, as seen in Figure 3.7b. The peak load at failure was recorded and used to calculate the 
tensile strength of each specimen using equation 3.8.   

St=
2000P

πtD
 (3.8) 

where, St = tensile strength (kPa); P = peak load at failure (N); t = specimen thickness (mm); and D = 
specimen diameter (mm). 

The TSR value was determined by dividing the average tensile strength of moisture-conditioned 
specimens by those of the dry-conditioned specimens using equation 3.9.  

TSR = St (Wet)
St (Dry)

 (3.9) 

where, St (Wet) = tensile strength of moisture-conditioned specimens (kPa); and St (Dry) = tensile strength of 
dry specimens (kPa). 



 

 

 

  

Figure 3.7  Photographic views of (a) TSR specimens in the environmental chamber, 
(b) a TSR specimen during testing 

3.2.4 Hamburg Wheel Tracker (HWT) Test 

The HWT test was conducted to evaluate rutting and stripping potential of the mix specimens. For each 
set, four HWT specimens of 60 mm height and 150 mm diameter with 7.0% ± 0.5% air voids were 
prepared and tested for dry and moisture-conditioned specimens following the AASHTO T 324 test 
methods (AASHTO, 2022b). The HWT specimens were moisture-conditioned following the same 
procedure discussed in section 3.2.3. The specimens were cut to the required shape and tested using a 
Troxler two-wheel Hamburg wheel tracker (HWT) while submerged in water (Figure 3.8) at 50°C until 
20,000 passes or a rut depth of 12.5 mm, whichever happened first. The recorded rut depth values were 
the average deformation from the right and left wheels measured at the midspan of each specimen set and 
the number of wheel passes measured and reported. The maximum permanent deformation and stripping 
inflection point (SIP), which serve as indicators of resistance to rutting and moisture-induced damage, 
were found through the test results analysis.  

Figure 3.8  Photographic view of the submerged HWT specimens at 50⁰C subjected to wheel loading 

(a) (b) 
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3.2.5 Semi Circular Bend (SCB) Test 

The fracture potential of asphalt mixes was evaluated using the critical strain energy release rate (Jc ) 
determined by the semi-circular bend (SCB) test. The semi-circular specimens of 7.0 ± 0.5% air voids 
were prepared and tested following the ASTM D 8044 standard procedure (ASTM, 2017). For this 
purpose, cylindrical specimens of 135 mm in height and 150 mm in diameter were compacted. The 
compacted specimens were marked and saw-cut at their mid-height. Each half was cut to a diameter of 
150 mm and a height of 57±1 mm with two cut faces to minimize the variations caused by the 
irregularities of the compacted surface. Each cylindrical specimen was cut into four semi-circular 
specimens. The specimens’ long-term temperature-conditioning (aging) for 120 hours at 85⁰C was carried 
out according to AASHTO R30 (AASHTO, 2016) standard practice. The specimens were moisture-
conditioned following the steps described in section 3.2.3 (Figure 3.9a). After the completion of F-T 
cycles, three nominal notch depths, namely 25mm, 32mm, and 38 mm, vertical to the rectangular base of 
the specimens, were cut, and the specimens were air-dried on a steel grid surface for 48 hours to avoid 
inflicting the heating-healing of the asphalt mix by drying it in the oven. SCB tests were conducted on dry 
and moisture-conditioned specimens using an asphalt mix performance tester (AMPT) inside an 
environmental chamber at 16°C intermediate temperature following ASTM D 8044, as shown in Figure 
3.9b (ASTM,  2017). The specimens were kept inside the environmental chamber of the AMPT at the 
intermediate temperature for at least two hours before the test. After each test, load-deformation data for 
the SCB specimens were plotted for each notch depth. They were used to calculate the critical strain 
energy release rate, Jc, using equation 3.10. The area under the load-deformation curve was determined by 
the discrete integration method.  

Jc=
-1
b
�
dU
da
� 

(3.10) 

where, Jc = critical strain energy release rate (kJ/m2); b = specimen thickness (m); a = notch depth (m); U 
= strain energy to failure (kJ); and dU/da = change of strain energy with notch depth (kJ/m). 

 

 

Figure 3.9  Photographic view of (a) semi-circular specimens during vacuum saturation 
and (b) a semi-circular bend specimen during the test 

(a) (b) 

15 
 



 

16 
 

4. RESULTS AND DISCUSSION 

4.1 Asphalt Binder-aggregate Tensile Bond Strength 

The effects of different deicer salts with various concentrations and freeze-thaw (F-T) cycles on the 
adhesion between the asphalt binder and quartzite by conducting binder bond strength (BBS) test are 
summarized in this section. The results include the pull-off strength (POS) and the pull-off strength ratio 
(PSR) values obtained for BBS specimens of quartzite with PG 58-34 asphalt binder subjected to aqueous 
salt solutions with different concentrations and F-T cycles. Furthermore, based on the overall area of the 
pull stub and the areas with different failure modes, the extent of the cohesive and adhesive failure modes 
was assessed and provided as a percentage. 

Table 4.1 presents the POS and PSR values for quartzite aggregate-PG 58-34 binder specimens in dry 
condition and specimens conditioned by different aqueous CaCl2 concentrations, including 0:1 (pure 
water), 1:15, 1:10, 1:4, and 1:0 (ratio of eutectic CaCl2 solution volume to volume of water) and subjected 
to 7 F-T cycles. Additionally, the observed failure mechanisms, namely cohesive and adhesive, as a 
percentage of the failure interface areas are shown in Table 4.1. The POS values of quartzite-binder 
specimens subjected to water and calcium chloride solutions with eutectic concentrations of 0:1 (pure 
water), 1:15, 1:10, 1:4, and 1:0 and 7 F-T cycles exhibited 11, 12, 2, 10, and 15% reduction compared to 
those of dry specimens, respectively. The most significant reduction in POS value (15%) pertains to 
specimens moisture-conditioned with the highest concentration of CaCl2 (1:0). It was also observed that 
the primary failure mechanism of the quartzite-binder systems was cohesive while remaining between 93 
to 100% for all tests, indicating the cohesive bond was more significantly affected than the adhesive bond. 
In the presence of higher CaCl2 concentrations, the CaCl2 concentration in the interior voids of the 
specimen reaches saturation conditions more readily than at lower concentrations. This saturation results 
in the crystallization of CaCl2 and the subsequent growth of crystals within the asphalt binder. The 
crystallization and expansion of crystals apply tensile stresses on the surrounding asphalt binder, which 
can cause the voids within the asphalt binder to expand, thereby reducing the asphalt binder’s cohesive 
strength. Furthermore, the crystal expansion pressure may cause micro-cracking in the asphalt binder, 
which might provide pathways for moisture infiltration, further compromising the cohesive tensile 
strength (Cui et al., 2017).  

Previous studies have shown the component fractions of asphalt binder, namely resins, asphaltenes, 
aromatics, and saturates, change when moisture-conditioned with chloride ions (Qian et al., 2021). The 
resins and asphaltenes increase while the aromatics and saturate decrease; therefore, the asphalt binder 
becomes stiffer as it goes through a chemical aging process and negatively impacts the cohesive bonds 
within asphalt binder (Pang et al., 2018; Qian et al., 2021). In the mineralogy of quartzite, the high quartz 
content (>90%) may play an essential role in establishing a strong adhesive bond with asphalt binder. 
Previous research indicates that asphaltenes, the polar components of asphalt binder, exhibit strong 
adhesion with quartz (Du and Zhu, 2019). In addition, determining the aggregate’s nature (acidic or basic) 
can provide more insight into its adhesion quality and compatibility with asphalt binder, as discussed in 
section 5.6.2. In the same section, the potential of CaCl2 solutions to penetrate aggregate-binder interfaces 
using the SFE method was also investigated. 
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Table 4.1  Summary of POS and PSR values and failure mechanisms observed in the BBS specimens 
prepared using PG 58-34 asphalt binder and quartzite aggregate  conditioned with different 
concentrations of CaCl2 salt and F-T cycles 

F-T 
Cycles  

Conditioning Solution 
Volumetric  

Eutectic CaCl2 
Solution:Water 

Asphalt Binder Type: PG 58-34 
Aggregate Type: Quartzite PSR Value 

(POSWet/POSDry) POS 
(kPa) 

COV 
(%) 

Failure 
Type 

(% Cohesive) 
0 None (dry) 468.6 3.4% 100% - 
7 0:1 (pure water) 418.4 7.5% 100% 0.89 
7 1:15 414.6 7.2% 100% 0.88 
7 1:10 457.9 2.6% 93% 0.98 
7 1:4 423.7 8.0% 100% 0.90 

7 1:0 396.6 2.5% 97% 0.85 
   
Table 4.2 presents the POS and PSR values for quartzite aggregate-PG 58-34 binder specimens in dry 
condition and specimens conditioned by different aqueous MgCl2 concentrations, including 0:1 (pure 
water), 1:15, 1:10, 1:4, and 1:0 (ratio of eutectic MgCl2 solution volume to volume of water) and 
subjected to seven F-T cycles. Additionally, the observed failure mechanisms, namely cohesive and 
adhesive, as a percentage of the failure interface areas are shown in Table 4.2. It was observed that the 
POS values of the specimens conditioned with MgCl2 aqueous solutions of 0:1(pure water), 1:15, 1:10, 
1:4, and 1:0 concentrations, and seven F-T cycles were reduced by 2, 18, 1, 32, and 22% respectively. As 
a result, a general decrease in POS values was observed for the specimens conditioned with moisture. 
Notably, specimens conditioned with a 1:4 concentration of MgCl2 exhibited the highest loss in POS 
value, reaching 32%, followed by specimens conditioned with a 1:0 concentration, which exhibited a 22% 
loss in POS value. 

Furthermore, Table 4.2 demonstrates a substantial change in failure mechanism from cohesive to adhesive 
for concentrations greater than 1:15. In the concentrations of 1:4 and 1:0, where POS was most negatively 
impacted, 100% adhesive failures were recorded, indicating the loss in POS was predominantly 
attributable to a weakening of the adhesive bonds. This finding indicates the high concentration of MgCl2 
had a negative effect on the adhesive bonds. This is due to moisture infiltration into the asphalt binder via 
adsorption, replacement, and diffusion mechanisms, weakening the aggregate-binder interface adhesive 
bond (Zhou et al., 2021). 

Table 4.2  Summary of POS and PSR values and failure mechanisms observed in the BBS specimens 
prepared using PG 58-34 asphalt binder and quartzite aggregate conditioned with different 
concentrations of MgCl2 salt and F-T cycles 

F-T 
Cycles  

Conditioning Solution 
Volumetric  

Eutectic MgCl2 
Solution:Water 

Asphalt Binder Type: PG 58-34 
Aggregate Type: Quartzite PSR Value 

(POSWet/POSDry) POS 
(kPa) 

COV 
(%) 

Failure 
Type 

(% Cohesive) 
0 None (dry) 468.6 3.4% 100% - 
7 0:1 (pure water) 459.7 2.9% 100% 0.98 
7 1:15 383.6 5.5% 100% 0.82 
7 1:10 461.7 3.5% 49% 0.99 

7 1:4 318.5 7.6% 0% 0.68 
7 1:0 367.6 2.9% 0% 0.78 



 

18 
 

Table 4.3 presents the POS and PSR values for quartzite aggregate-PG 58-34 binder specimens in dry 
condition and specimens conditioned by different aqueous NaCl concentrations, including 0:1 (pure 
water), 1:15, 1:10, 1:4, and 1:0 (ratio of eutectic NaCl solution volume to volume of water) and subjected 
to seven F-T cycles. Additionally, the observed failure mechanisms, namely cohesive and adhesive, as a 
percentage of the failure interface areas are shown in Table 4.3. It was observed that the POS values of 
specimens conditioned with NaCl aqueous solutions of concentrations 0:1 (pure water), 1:15, 1:10, 1:4, 
and 1:0 subjected to seven F-T cycles were 2, 17, 4, 6, and 17% lower than those of the dry specimen, 
respectively. The specimens conditioned with the lowest concentration (1:15) and the highest 
concentration (1:0) of NaCl solutions experienced the highest reduction in POS values, with a 17% 
decrease for both. Analyzing the failure mechanisms presented in Table 4.3 for samples conditioned with 
NaCl solution reveals the failure mode observed at all concentrations was cohesive. Therefore, it is 
reasonable to conclude that NaCl negatively affected cohesive bonds. At low concentrations, F-T cycles 
result in expansion and crystallization owing to ice formation, exerting freezing expansion forces on the 
asphalt binder's internal structure when water freezes (Guo et al., 2019; Wu et al., 2023). Alternatively, at 
high concentrations (1:0 in this instance), the migration of NaCl into the asphalt binder due to osmotic 
pressure difference results in the reaction of NaCl with the binder in salt erosion (Zhang et al., 2022a; Wu 
et al., 2023). This salt erosion can change the asphalt binder's composition, decreasing the proportion of 
light components, such as saturated and aromatic fractions, while increasing the proportion of heavy 
components, such as resin and asphaltene fractions (Zhou et al., 2022; Zhang et al., 2022a). As a result, 
the asphalt binder undergoes aging, becomes more brittle, and ultimately becomes more prone to cohesive 
failure. 

Table 4.3  Summary of POS and PSR values and failure mechanisms observed in the BBS specimens 
prepared using PG 58-34 asphalt binder and quartzite aggregate conditioned with different 
concentrations of NaCl salt and F-T cycles 

F-T 
Cycles  

Conditioning Solution 
Volumetric  

Eutectic NaCl 
Solution:Water 

Asphalt Binder Type: PG 58-34 
Aggregate Type: Quartzite PSR Value 

(POSWet/POSDry) POS 
(kPa) 

COV 
(%) 

Failure 
Type 

(% Cohesive) 
0 None (dry) 468.6 3.4% 100% - 

7 0:1 (pure water) 459.7 2.9% 100% 0.98 
7 1:15 388.7 5.4% 100% 0.83 
7 1:10 449.1 4.5% 100% 0.96 
7 1:4 441.2 4.8% 100% 0.94 
7 1:0 388.7 5.4% 100% 0.83 

 

 

 

  

Notably, the PSR values of specimens conditioned with NaCl and CaCl2 were higher than those observed 
for MgCl2. This finding suggests that MgCl2 had a more detrimental effect on the POS than other twp 
salts, as it was also found to have a more significant effect on the adhesion bond. This negative effect can 
be attributed to the Mg2+ ion's lower atomic radius than the Na+ and Ca+ ions, which potentially allows it 
to penetrate the interface more effectively than the Na+ ion, leading to a higher degree of moisture-
induced damage, adhesion failure, and debonding of aggregate-binder systems. 
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4.2 Surface Free Energy Parameters 

4.2.1 SFE Components of Asphalt Binder 

A summary of the contact angles measured on PG 58-34 asphalt binder using different probe liquids (W-
E-D) and SFE components of PG 58-34 is shown in Table 4.4. At least 10 angles were measured for each 
probe liquid to assure accuracy. The mean value indicates the average of the reliable readings, and the 
coefficient of variance (COV) values are also given, showing the degree of fluctuation among the 
recorded contact angles. The readings were selected to maintain a coefficient of variation below 1% to 
guarantee they are reliable and repeatable, indicating their consistency and precision. The water exhibited 
the highest contact angle measurement of all probe liquids (104.96°). This observation was due to the 
bipolar nature of water, which resulted in a contact angle greater than 90 degrees with the non-polar and 
hydrophilic asphalt binder, indicating minimal wettability. In contrast, diiodomethane exhibited the 
smallest contact angle (47.51°) due to its non-polar properties, allowing it to spread on asphalt binder 
readily. Hence, the non-polar SFE component had the highest value for asphalt binder, highlighting its 
non-polar nature in agreement with those reported in the literature (Bhasin and Little, 2007; Bhasin et al., 
2007a,b; Soenen et al., 2020; Zhang et al., 2018). 

Table 4.4  Measured contact angles and SFE components of the PG 58-34 asphalt binder 

Probe Liquids 
Measured Contact Angles SFE Components (mJ/m2) 

Mean (degrees) COV(%) ΓLW (non-polar) 35.63 

Diiodomethane 47.51 0.8 Γ+ (acid) 0.54 

Ethylene Glycol 80.58 0.6 Γ- (base) 0.31 

Water 104.96 0.5 Γ (total) 36.45 

4.2.2 SFE Components of Probe Solids  

The SFE components of the probe solids were determined by measuring their contact angles with the 
probe liquids, consistent with the methodology discussed in section 3.2.2.2. Table 4.5 presents the SFE 
components of the glass, PMMA, and PTFE probe solids. 

Table 4.5  Measured SFE components of the probe solids (glass, PMMA, PTFE) 

Probe Solids 
SFE Components (mJ/m2) 

ΓLW 
(non-polar) 

Γ+ 
(acid) 

Γ- 
(base) 

ΓAB 
(acid-base) 

Γ 
(total) 

Glass 32.0 1.8 22. 4 12.7 45.7 
PMMA 41.1 0.0 9.6 1.0 42.1 
PTFE 19.8 0.1 0.9 0.4 20.2 

 
 

 
4.2.3 SFE Components of CaCl2 Solutions   

The measured contact angles of CaCl2 solutions with different concentrations, namely 0:1 (pure water), 
1:15, 1:10, 1:4, and 1:0 (volume of eutectic solution: volume of water) with probe solids (glass, PMMA, 
and PTFE), were used to determine the SFE components of the salt solutions. For each probe solid and 
salt concentration, a minimum of 10 measurements were taken, and the standard deviation values were 
also given to provide insight into the measurement variability. The surface free energy components of 
CaCl2 solutions calculated based on the contact angle measurements are shown in Table 4.6. As the 
concentration of CaCl2 rises, the acid, base, and acid-base SFE components tend to decrease. This finding 
implies that compared to solutions with lower concentrations, when the CaCl2 concentration rises, the 



 

total surface energy component of the CaCl2 solutions reduces. In the presence of higher-concentration 
CaCl2 solutions, less energy is needed to create a new surface area; therefore, the solution may spread 
quickly onto the aggregates and the binder. 

Table 4.6  Surface free energy components of CaCl2 solutions 
Aqueous CaCl2 Concentration 

(Eutectic Solution: Water) 

SFE Components (mJ/m2) 
ΓLW 

(non-polar) 
Γ+ 

(acid) 
Γ- 

(base) 
ΓAB 

(acid-base) 
Γ 

(total) 
0:1 (Water) 21.8 25.5 25.5 51.0 76.5 

1:15 0.0 74.7 10.4 55.9 55.9 
1:10 0.0 64.7 9.1 48.5 48.5 
1:4 0.1 52.7 8.4 42.0 42.1 
1:0 0.3 36.8 0.0 1.8 2.1 

 
 
 
 

 

 

 

  

4.2.4 SFE Components of MgCl2 Solutions   

The measured contact angles of MgCl2 solutions with different concentrations, namely 0:1 (pure water), 
1:15, 1:10, 1:4, and 1:0 (volume of eutectic solution: volume of water) with probe solids (glass, PMMA, 
and PTFE), were used to determine the SFE components of the salt solutions. For each probe solid and 
salt concentration, a minimum of 10 measurements were taken, and the standard deviation values were 
also given to provide insight into the measurement variability. The surface free energy components of 
MgCl2 solutions calculated based on the contact angle measurements are shown in Table 4.7. Using 
MgCl2 solutions of 1:15, 1:10, 1:4, and 1:0 concentrations resulted in the total SFE component of the 
water (76.5 mJ/m2) initially decreasing to 38.5 and subsequently increasing to 53.7, 66.1, and 101.3 
mJ/m2 respectively. Therefore, the total SFE of MgCl2 solutions increased as the concentration increased. 

Table 4.7  Surface free energy components of MgCl2 solutions 
Aqueous MgCl2 Concentration 

(Eutectic Solution: Water) 

SFE Components (mJ/m2) 
ΓLW 

(non-polar) 
Γ+ 

(acid) 
Γ- 

(base) 
ΓAB 

(acid-base) 
Γ 

(total) 
0:1 (Water) 21.8 25.5 25.5 51.0 76.5 

1:15 0.0 79.3 4.7 38.5 38.5 
1:10 0.0 57.5 12.5 53.7 53.7 
1:4 0.0 51.4 21.2 66.1 66.1 
1:0 0.3 23.3 109.8 101.1 101.3 

4.2.5 SFE Components of NaCl Solutions   

The measured contact angles of NaCl solutions with different concentrations, namely 0:1 (pure water), 
1:15, 1:10, 1:4, and 1:0 (volume of eutectic solution: volume of water) with probe solids (glass, PMMA, 
and PTFE), were used to determine the SFE components of the salt solutions. For each probe solid and 
salt concentration, a minimum of 10 measurements were taken to minimize measurement variability. The 
surface free energy components of NaCl solutions calculated based on the contact angle measurements 
are shown in Table 4.8. From Table 4.8, it was observed that an increase in the concentration of NaCl in 
the solution led to a reduction in the total SFE component. As observed in Table 4.8, NaCl solutions of 
1:15, 1:10, 1:4, and 1:0 concentrations resulted in the total SFE component of the water (76.5 mJ/m2) 
decreasing to 52.8, 47.0, 37.0, and 15.8 mJ/m2 respectively. 
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Table 4.8  Surface free energy components of NaCl solutions 
Aqueous NaCl Concentration 

(Eutectic Solution: Water) 

SFE Components (mJ/m2) 
ΓLW 

(non-polar) 
Γ+ 

(acid) 
Γ- 

(base) 
ΓAB 

(acid-base) 
Γ 

(total) 
0:1 (Water) 21.8 25.5 25.5 51.0 76.5 

1:15 0 71.3 9.8 52.8 52.8 
1:10 0 63.7 8.6 46.9 47.0 
1:4 0.1 54.7 6.2 36.9 37.0 
1:0 0.3 32.8 1.8 15.5 15.8 

4.2.6 SFE Components of Aggregates   

Measuring the contact angle between probe liquids and aggregates to determine the SFE components of 
aggregates through the sessile drop method has proven challenging due to variability caused by surface 
roughness of the aggregate (Drelich, 1997). Therefore, SFE components of quartzite were adopted from 
the literature, as seen in Table 4.9 (Arabani and Hamedi, 2011). The highest SFE component for quartzite 
aggregate was observed to be the basic component, indicating it is a relatively basic aggregate. 
Hydrophobic aggregates are considered to be chemically basic and tend to have a higher moisture-
induced damage resistance than acidic aggregates (Tarrer and Wagh, 1991). 

Table 4.9  Surface free energy components of quartzite (Arabani and Hamedi, 2011) 

Aggregate 
Type Literature Source 

SFE Components  
(mJ/m2) 

ΓLW 
(non-polar) 

Γ+ 
(acid) 

Γ- 
(base) 

ΓAB 
(acid-base) 

Γ 
(total) 

Quartzite Arabani and Hamedi 
(2011) 54.91 19.67 583.53 214.27 269.18 

 
4.2.7 Energies of Adhesion and Debonding 

The SFE components of the quartzite aggregate (Table 4.9) and those of the PG 58-34 asphalt binder 
(Table 4.4) were plugged into equations 3.2 and 3.4 to determine the work of adhesion and spreading 
coefficient of the two phases. As a result, the work of adhesion value for the PG 58-34 asphalt binder and 
quartzite in dry conditions was calculated as 128.8 mJ/m2 and the spreading coefficient of PG 58-34 
asphalt binder over quartzite was found as 55.92 mJ/m2. In addition, the SFE components of asphalt 
binder (Table 4.4), SFE components of quartzite (Table 4.9), and SFE components of salt solutions with 
various concentrations (Tables 4.6, 4.7, and 4.8) and equation 3.3 were used to determine the work of 
debonding in the presence of the liquid phase for the aggregate-binder-salt solutions system. Table 4.10 
presents a summary of the work of debonding values for quartzite and PG 58-34 asphalt binder when 
subjected to aqueous salt solutions of different concentrations, namely 0:1, 1:15, 1:10, 1:4, and 1:0 
(volumetric parts of eutectic salt solution: volumetric parts of water). 

For all deicers, an increase in solution concentration resulted in a rapid reduction and subsequent increase 
in the work of debonding (WASW

Wet ) values. More specifically, the CaCl2 solutions substantially reduced the 
work of debonding for aggregate-binder systems. In particular, the work of debonding values (WASW

Wet ) for 
systems with CaCl2 concentrations of 1:15, 1:10, 1:4, and 1:0 were 45.8, 26.4, 21.6, and 19.6% less than 
that of water. This observation suggests the magnitude of the work of debonding (|WASW

Wet |) increased, 
indicating that higher energy was released during the debonding of asphalt binder and aggregate in the 
presence of CaCl2 solutions than water. Therefore, this thermodynamically favorable phenomenon makes 
the aggregate-binder system more susceptible to moisture-induced damage. The highest reduction in the 
work of debonding value was observed at the lowest (1:15) concentration (45.8%). 
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The WASW
Wet  for aggregate-binder systems and MgCl2 concentrations of 1:15, 1:10, 1:4, and 1:0 were 70.2 

and 15.3% less and and 4.9 and 81.0% more than that of water, respectively. Therefore, the magnitude of 
the work of debonding (|WASW

Wet |) initially increased and then decreased, indicating that during the 
debonding of aggregate and binder in contact with MgCl2 solution of different concentrations, the lowest 
concentration (1:15) exhibited the highest energy release (259.3 mJ/m2) and the highest concentration 
(1:0) had the lowest energy release (28.9 mJ/m2). Therefore, the aggregate-binder system was more 
susceptible to moisture-induced damage in lower concentrations of MgCl2. However, it must be noted that 
the SFE approach does not characterize the mechanisms occurring due to F-T cycles. More specifically, it 
does not account for crystallization, expansion forces acting on the internal structure of asphalt binders 
due to F-T cycles, salt erosion, or the effects of asphalt binder’s chemical aging in high concentrations of 
deicer solutions. 

Additionally, it was observed that the WASW
Wet  for aggregate-binder systems, NaCl concentrations of 1:15, 

1:10, 1:4, and 1:0 were 44.6, 35.9, 29.5, and 0.7% less than water. Similarly, the lowest concentration 
(1:15) of NaCl resulted in the highest energy release during the debonding of aggregate and binder. Salt 
solutions have more mobility at low concentrations than those at higher concentrations. Therefore, 
migration and displacement of light fractions and the water-soluble layer of the asphalt binder are more 
facilitated (Prieve et al., 2019; Van Oss, 2008). 

Table 4.10  Work of debonding for PG 58-34 asphalt binder, quartzite aggregate, and salt solutions 

Aqueous Salt Concentration 
(Eutectic Solution: Water) 

Work of Debonding (WASW
Wet ) 

(mJ/m2) 

CaCl2 MgCl2 NaCl 

0:1 (pure water without salt) -152.3 
1:15 -222.1 -259.3 -220.3 
1:10 -207.8 -175.7 -207.0 
1:4 -185.3 -144.8 -197.2 
1:0 -182.3 -28.9 -151.3 

 
 
 
 

 
4.2.8 Effect of Aqueous Salt Solutions on Moisture-induced Damage Potential  

The moisture-induced damage potential and compatibility of the asphalt binder, aggregate, and salt 
solutions were evaluated using energy ratio parameters ER1 and ER2. To this end, the work of adhesion, 
work of debonding, spreading coefficient values, and equations 3.5 and 3.6 were used to determine the 
energy parameters ER1 and ER2, as summarized in Table 4.11. Overall, the ER1 and ER2 parameters 
exhibited similar trends with variations in deicer concentrations. As the deicer concentration increased, 
the energy ratio parameters were first reduced at the lowest concentration of 1:15 and subsequently 
increased. This finding was attributed to the higher mobility of the deicer solutions at low concentrations. 

ER1 and ER2 found for aggregate-binder systems in the presence of CaCl2 solutions of different 
concentrations exhibited a similar trend, as seen in the work of debonding values. It was concluded that 
CaCl2 and moisture significantly reduced the energy parameters, implying a decrease in the aggregate-
binder systems’ resistance to moisture-induced damage. Particularly notable reductions were observed for 
the 1:15 and 1:10 CaCl2 concentrations.  

Using salt solutions at their lowest concentration (1:15) also resulted in lower energy ratio parameters 
than higher concentrations, indicating it may lead to more severe moisture-induced damage than when the 
deicer is diluted. However, as the deicers' concentration increased, the energy ratio parameters increased, 
with the highest ER1 and ER2 observed for the 1:0 salt concentration. 
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Table 4.11  Energy ratio values for PG 58-34 asphalt binder, quartzite aggregate, and salt solutions 
Aqueous Salt Concentration 
(Eutectic Solution: Water) 

ER1 ER2 

CaCl2 MgCl2 NaCl CaCl2 MgCl2 NaCl 

0:1 (pure water without salt) 0.85 0.37 
1:15 0.58 0.50 0.58 0.25 0.22 0.25 
1:10 0.62 0.73 0.62 0.27 0.32 0.27 
1:4 0.70 0.89 0.65 0.30 0.39 0.28 
1:0 0.71 4.45 0.85 0.31 1.93 0.37 

 

  

4.3 Tensile Strength Ratio (TSR) Test 

The indirect-measured tensile strength (ITS) values of dry specimens and those conditioned with different 
types of salt solutions of different concentrations, namely 0:1 (pure water), 1:10, and 1:4, subjected to 
seven F-T cycles were measured to determine the moisture-induced damage potential of the asphalt mix 
specimens. The average tensile strength values measured for dry and moisture-conditioned specimens and 
their TSR values are summarized in Table 4.12.  

It was observed that the tensile strength values measured for dry specimens and those conditioned with 
pure water and CaCl2 solutions of 1:10 and 1:4 concentrations subjected to F-T cycles were 884.6, 723.0, 
665.8, and 686.9 kPa, respectively. Additionally, the TSR values for specimens conditioned with water, 
1:10, 1:4 solutions, and seven F-T cycles were found to be 0.82, 0.75, and 0.78, respectively. This finding 
indicated the tensile strength values for conditioned specimens with water subjected to seven F-T cycles 
exhibited an 18.3% reduction compared to the dry specimens. This tensile strength loss was 24.7 and 
22.3% for specimens conditioned with CaCl2 solutions with 1:10 and 1:4 concentrations subjected to 
seven F-T cycles, respectively. Hence, it can be suggested that the presence of CaCl2 had a damaging 
effect on the tensile strength of the mix specimens, while the worst cases were observed for the 1:10 and 
1:4 concentrations, respectively, for which the TSR values dropped below the minimum requirement of 
0.8 (Wen et al., 2013; Farooq et al., 2018; AASHTO, 2022a). A TSR value of less than the minimum 
requirement 0.8 indicates susceptibility to moisture-induced damage. This test’s findings agreed with the 
results of the SFE method, indicating that while the presence of CaCl2 increased the moisture-induced 
damage potential of the mix, the 1:10 concentration had the most damaging effect. Due to the difference 
in osmotic pressure, Ca2+ and Cl- ions in CaCl2 solutions can permeate the asphalt mix specimen’s 
internal structure. In general, in lower concentrations, due to higher degrees of water saturation and 
osmotic pressure, the migration of water and CaCl2 ions into the internal structure of the mix is facilitated 
(Wu et al., 2023). At concentrations higher than 1:10, a higher amount of salt may precipitate within the 
pores and channels of the HMA specimens, increasing the asphalt mix’s density. Therefore, water and salt 
ion infiltration may be mitigated (Wu et al., 2023). In addition, the presence of CaCl2 decreases the 
solution’s freezing point. As a result, ice formed at higher concentrations would be weaker than those 
formed in lower concentrations, resulting in relatively lower stress subjected to the HMA specimen (Wu 
et al., 2023; Yang et al., 2020; Coussy and Monteiro, 2008). 

The average tensile strength values for mix specimens conditioned with NaCl solutions at concentrations 
1:10 and 1:4 and F-T cycles were identical to those conditioned with pure water (0:1) and F-T cycles, 
exhibiting an 18% decrease compared to the dry specimens. This finding indicates that NaCl had little to 
no effect on the specimens’ average tensile strength values. 
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Mix specimens conditioned with MgCl2 solutions at concentrations of 0:1, 1:10, and 1:4 had average 
tensile strength values of 18, 14, and 11% less than the dry specimens, respectively. This suggests higher 
MgCl2 concentrations resulted in average tensile strength values that were comparatively higher than dry 
specimens. 

These findings indicate that moisture-conditioned specimens conditioned with different deicer solutions 
and F-T cycles had the highest TSR value for MgCl2 aqueous solution with 1:4 concentration (0.89), 
followed by MgCl2 aqueous solution with 1:10 concentration (0.86), and equal values for NaCl aqueous 
solution with 1:10, and 1:4 concentrations, and pure water (0.82). However, CaCl2 deicer was found to 
have the most detrimental effect on TSR values compared to other salts. The phase diagram of the deicers 
at different temperatures and solution concentrations demonstrates that, at the same concentration, MgCl2 
has a higher ability to lower freezing point temperatures than NaCl and CaCl2 (Ketcham et al., 1996). 
Therefore, the higher effectiveness of MgCl2 in lowering the freezing point has likely contributed to less 
ice formation during F-T cycles, resulting in an improvement of average tensile strength. 

While specimens conditioned with MgCl2 and NaCl deicers may have contained a mix of ice and solution 
within the mix system during the F-T process, ice formation may have been more pronounced in the case 
of NaCl, resulting in an increase in expansion stress and, consequently, a decrease in tensile strength (Wu 
et al., 2023). At the 1:4 MgCl2 concentration, however, the formed ice may have been weaker and exerted 
less tension on the mix (Goh et al., 2011; Wu et al., 2023). Moreover, at higher concentrations, more 
MgCl2 may have precipitated in the pores and channels of the specimens, increasing the specimen's 
density, partially obstructing water and ion infiltration, and reducing the moisture-induced damage 
potential. The similarity of the trends observed for the TSR results and the energy ratio parameters 
confirms both methods validate the same conclusions. 

Table 4.12  Summary of ITS and TSR values specimens prepared using HMA conditioned using different 
concentrations of deicer salts and F-T cycles 

Salt 
Type  

Conditioning Solution 
Volumetric  

Eutectic Salt Solution:Water 

F-T 
Cycles 

ITS 
(kPa) 

COV 
(%) 

TSR 
(ITSWet/ITSDry) 

None 
No Conditioning (dry) 0 884.6 1.4% - 

0:1 (pure water) 7 723.0 6.3% 0.82 

CaCl2 
1:10 7 665.8 0.9% 0.75 
1:4 7 686.9 2.8% 0.78 

MgCl2 
1:10 7 756.7 1.6% 0.86 
1:4 7 783.9 4.7% 0.89 

NaCl 
1:10 7 726.6 2.0% 0.82 
1:4 7 722.6 0.5% 0.82 

 

  

4.4 Hamburg Wheel Tracker (HWT) Test 

Rut depth values with the numbers of wheel passes, inverse creep slope, and SIP values measured for dry 
specimens and those conditioned with aqueous salt solutions of different concentrations (eutectic solution: 
water), namely 0:1, 1:10, and 1:4, subjected to seven F-T cycles are presented in Table 4.13. Table 4.13 
shows the maximum corrected post-SIP rut depth measured for dry mix specimens and those conditioned 
with pure water and seven F-T cycles were 10.5 and 10.9 mm, respectively. 
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The maximum corrected post-SIP rut depth measured for mix specimens moisture-conditioned with CaCl2 
solutions of 1:10 and 1:4 concentrations subjected to seven F-T cycles are 10.9, 14.8, and 10.7 mm, 
respectively. This indicates the rutting resistance of the PG 58-34 HMA specimens conditioned with 
CaCl2 solution of 0:1 (pure water), 1:10, and 1:4 concentrations deteriorated by 3.8, 41.0, and 1.9%, 
respectively, compared to the dry specimens. Therefore, CaCl2 exacerbates the rutting, and it is evident 
that the worst case is when a salt concentration of 1:10 is used. Additionally, at the 1:10 concentration, 
the corrected rut depth value (14.8 mm) exceeds the rutting failure criteria of 12.5 mm, the maximum 
allowable rut depth. The moisture and aggressive chloride ions penetrating the HMA specimen’s internal 
structure and infiltrating the aggregate-binder interface may weaken adhesion at this interface and reduce 
the moisture-induced damage and rutting resistance. Additionally, CaCl2 crystallization may result in 
expansion stress and can exacerbate the damage (Feng et al., 2010). However, high salt concentrations 
(1:4 in this case) may have improved rutting resistance (Jiang et al., 2022). This observation confirms 
trends observed in other tests, such as TSR, and the results from energy ratio parameters. For all four 
conditions, specimens underwent stripping, which occurred at 14,847, 13,044, 10,025, and 12,558 passes 
for dry HMA specimens, and HMA specimens conditioned with CaCl2 solutions with concentrations of 
0:1 (pure water), 1:10, and 1:4 subjected to seven F-T cycles respectively. This finding indicates the 
stripping occurred at fewer passes in specimens subjected to the 1:10 concentration than the other 
specimens, followed by specimens conditioned with 1:4 concentration, water, and dry specimens, 
respectively. The inverse creep slope values of the mix specimens conditioned with CaCl2 solutions with 
concentrations of 0:1 (pure water), 1:10, and 1:4 subjected to seven F-T cycles were 2500, 3333, 1666, 
and 2500 passes/mm, respectively. Therefore, in the presence of the 1:10 concentration of CaCl2 solution, 
fewer passes resulted in 1 mm of traffic-induced rutting compared to the 1:4 concentration, and hence, 
CaCl2 solution with 1:10 concentration decreased the resistance of the asphalt mix to traffic-induced 
creep, the second stage of rutting.  

It was observed that the maximum rut depths measured for the specimens conditioned with MgCl2 and 
NaCl solutions of 1:10 and 1:4 concentrations and seven F-T cycles were 10.0, 14.8, 11.3, and 11.6 mm, 
respectively. Thus, the rutting resistance of the conditioned mix specimens increased by 1.9% and 5.7% 
for water and MgCl2 1:10 solutions, respectively, whereas it decreased by 39.6, 6.6, and 9.4% for 
specimens conditioned with MgCl2 solution at 1:4 concentration, NaCl solution at 1:10 and 1:4 
concentrations, respectively. Therefore, the MgCl2 salt with a 1:4 solution concentration had the most 
detrimental impact on rutting resistance (39.6%), followed by the NaCl 1:4 (9.4%) and NaCl 1:10 (6.6%) 
solutions. Consequently, the higher concentration of MgCl2 led to a higher susceptibility to rutting 
compared to dry specimens. In high-temperature conditions, NaCl crystals may function as lubricants 
between aggregate and binder and reduce their resistance to rutting (Zhang et al., 2019). 

The difference in results between the HWT test, the BBS test, and the findings of the SFE technique can 
be attributed to factors specific to this test. The aggregate-binder interfaces in asphalt mixes are subjected 
to tensile and shear stress during the HWT test, and the BBS test does not characterize this aspect. 
Therefore, the HWT test may contribute to failure mechanisms different from the BBS test. Additionally, 
the porous nature of the specimens and the high temperature at which the test is conducted are not present 
in the other methods and may result in a significant impact on the mechanisms involved in moisture-
induced damage. 

The inverse creep slope values were found to be 2,500, 3,333, 3,333, 1,429, 2,500, and 2,000 passes/mm 
for dry mix specimens and those conditioned with deicer aqueous solutions at different concentrations, 
namely 0:1 (pure water), MgCl2 1:10 and 1:4, and NaCl 1:10 and 1:4, subjected to seven F-T cycles, 
respectively. The specimens conditioned with water and MgCl2 solution at 1:10 concentration and 
subjected to F-T cycles exhibited the highest inverse creep slope values, indicating they were more 
resistant to traffic-induced creep. The inverse creep slope values for the mix specimens conditioned with 
NaCl solutions were very close or identical to those of the dry specimens, indicating overall conditioning 
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with NaCl solution did not significantly affect their secondary rutting stage. However, the highest 
concentration of MgCl2 (1:4) caused the most traffic-induced creep in mix specimens conditioned with 
this solution. The stripping inflection points (SIP) were detected for all the tested specimens, indicating 
this mix is susceptible to rutting overall. The SIP for dry mix specimens and those conditioned with 
deicer aqueous solutions of different concentrations, namely pure water (0:1), MgCl2 1:10 and 1:4, and 
NaCl 1:10 and 1:4, subjected to  F-T cycles were 12,389, 12,652, 14,413, 9,381, 12,082, and 7,000 passes 
(Figure 6.14). Therefore, it is suggested that the stripping mechanism was initiated earlier at higher MgCl2 
and NaCl concentrations than lower concentrations, with NaCl 1:4 having the most detrimental effect on 
stripping initiation.  

Table 4.13  Summary of rut depths, inverse creep slopes, and SIP measured for different dry and 
moisture-conditioned asphalt mixes  

Salt 
Type  

Conditioning Solution 
Volumetric  

Eutectic Salt Solution:Water 

F-T 
Cycles 

Measured Permanent Deformation 
(mm) Inverse 

Creep 
Slope 

(pass/mm) 

SIP 
(passes) Number of Wheel Passes 

5,000 10,000 15,000 20,000 

None 
Dry (no moisture) 0 4.5 6.4 8.5* 10.5* 2,500 14,847 
0:1 (pure water) 7 6.2 7.6 9.6* 10.9* 3,333 13,044 

CaCl2 
1:10 7 5.7 9.3 11.8* 14.8* 1,666 10,025 
1:4 7 4.6 6.9 8.2* 10.7* 2,500 12,558 

MgCl2 
1:10 7 4.6 6.4 8.3* 10.0* 3,333 14,413 
1:4 7 5.1 8.1* 11.5* 14.6* 1,429 9,381 

NaCl 
1:10 7 4.5 6.8 9.3* 11.3* 2,500 12,082 
1:4 7 5.1 8.4* 9.3* 11.6* 2,000 7,000 

*Corrected post-SIP rut depth  
 
4.5 Semicircular Bend (SCB) Test  

Table 4.14 presents the Jc values measured for dry SCB specimens and those conditioned with aqueous 
salt solutions of different concentrations (eutectic solution: water), namely 0:1, 1:10, and 1:4 subjected to 
seven F-T cycles.  

From Table 4.14, it is evident that the Jc value was reduced by 14.9, 26.9 and 22.8% for HMA specimens 
conditioned with solutions of 0:1 (pure water), 1:10, and 1:4 concentrations of CaCl2, respectively, 
compared to the dry specimens. The lowest Jc value was observed for the CaCl2 having a concentration of 
1:10 (0.70 kJ/m2); however, it was still higher than the values (0.50 kJ/m2) recommended by ASTM D 
8044 required for adequate crack resistance in mixes (ASTM, 2017). Given that a higher Jc value means a 
higher resistance to the formation and propagation of cracks in an asphalt mix, it is reasonable to expect 
that dry specimens followed by specimens moisture-conditioned with water and aqueous CaCl2 solutions 
of 1:4 and 1:10 concentrations would have stronger resistance to cracking respectively.  

The previously mentioned mechanisms can explain the findings of the SCB test. The migration of CaCl2 
ions into the HMA’s internal structure can promote the emulsification of the asphalt binder and the 
dissolution of polar chemical groups within the asphalt binder, leading to the chemical aging of the 
asphalt mix. Additionally, during the dissolution and aging process, the decreased light components and 
increased heavy components of asphalt binder can increase stiffness (Cheng et al., 2023). Combined with 
the increased stiffness of the asphalt binder induced by F-T cycles, there is an increased risk of thermal 
stress buildup and micro-crack progression (Pang et al., 2018; Ma et al., 2011; Lei et al., 2015; Kavussi et 
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al., 2020). As a result, at the low concentration of 1:10, the potential for the formation and propagation of 
cracks was the highest. 

This finding also suggests specimens conditioned with CaCl2 concentrations of 0:1 (pure water), 1:4, and 
1:10, respectively, were less susceptible to moisture-induced damage that could contribute to cracking. 
The energy ratio parameters supported this observation, with water exhibiting the highest energy ratio 
parameters, followed by the 1:4 and 1:10 solutions, respectively. A higher energy ratio parameter 
indicates increased resistance to moisture-induced damage (Bhasin et al., 2006). Additionally, the trend 
observed in the SCB test confirmed results of the TSR and HWT tests. 

From Table 4.14, it was also observed that the Jc values measured for mix specimens conditioned with 
aqueous solutions of different concentrations, namely pure water (0:1), MgCl2 solution at 1:10 and 1:4 
concentrations subjected to seven F-T cycles, were 0.82, 0.86 and 0.83 respectively. The Jc values for mix 
specimens conditioned with NaCl solutions at 1:10 and 1:4 concentrations and seven F-T cycles were 
found to be 0.74 and 0.78, respectively. More notably, the reductions in Jc values for specimens 
conditioned with water, MgCl2, and NaCl solution at 1:10 and 1:4 concentrations were, respectively, 15.0, 
10.0, 13.1, 22.7, and 18.5% lower than that of dry specimens. Therefore, overall, conditioning the asphalt 
mix specimens with deicer solutions of different concentrations resulted in a reduction in Jc values, hence 
indicating higher susceptibility to the formation and propagation of cracks. This reduction was most 
significant for NaCl solutions at 1:10 (22.7%) and 1:4 (18.5%) concentrations. This observation can be 
explained by the erosion effect of chloride ions, which promotes the dissolution of polar chemical groups 
in binders. Consequently, the binder undergoes aging during the moisture-conditioning process and F-T 
cycles, increasing its brittleness and susceptibility to fracture (Zhang et al., 2022b; Guo et al., 2019; Long 
et al., 2022). The energy ratio parameters suggest a higher moisture-induced damage potential due to 
NaCl solutions than MgCl2 solutions, which may have influenced the adhesive and cohesive bonds, 
resulting in lower fracture energy and higher propagation of cracks in specimens conditioned with NaCl 
than MgCl2. It is important to note that despite the reduction in the Jc value for conditioned value, the 
values were higher than the minimum acceptable value of Jc (0.5 kJ/m2) as determined by ASTM D8044 
standard procedure (ASTM, 2017). 

Table 4.14  Summary of rut depths, inverse creep slopes, and SIP measured for different dry and 
moisture-conditioned asphalt mixes  

Salt 
Type  

Conditioning Solution 
Volumetric  

Eutectic Salt Solution:Water 

F-T 
Cycles 

Critical Strain 
Energy Release Rate, 

Jc  
(kJ/m2) 

None 
Dry (no moisture) 0 0.96 
0:1 (pure water) 7 0.82 

CaCl2 
1:10 7 0.70 
1:4 7 0.74 

MgCl2 
1:10 7 0.86 
1:4 7 0.83 

NaCl 
1:10 7 0.74 
1:4 7 0.78 

 

 



 

28 
 

5. CONCLUSIONS AND RECOMMENDATIONS  

In this study, a multiscale characterization approach was used to investigate the effect of different deicing 
salts, namely CaCl2, MgCl2, and NaCl, used with various concentrations and freeze-thaw (F-T) cycles on 
the adhesion and debonding of aggregate-binder systems. The following conclusions are based on the 
findings, observations, and analysis from the tests conducted in this study. 

1. In general, conditioning the aggregate-binder specimens with moisture and salt solutions 
reduced the pull-off strength values due to the weakening of cohesive bonds within the 
asphalt binder. 

2. The crystallization of CaCl2, resulting in the expansion of internal voids within the asphalt 
binder and the formation of micro-cracks in the asphalt binder, providing pathways for 
moisture infiltration, compromised the cohesive tensile strength. 

3. The high concentration of MgCl2 had a negative effect on the adhesive bonds, while NaCl 
negatively affected cohesive bonds. The weakening of the aggregate-binder interface 
adhesive bond was attributed to moisture infiltration into the asphalt binder via adsorption, 
replacement, and diffusion mechanisms. The mechanisms responsible for cohesive failure 
were salt crystallization due to F-T cycles, asphalt binder chemical aging, and increased 
brittleness. 

4. Overall, specimens conditioned with NaCl solutions exhibited higher POS and PSR values 
than those subjected to MgCl2 solutions. This finding was attributed to the Mg2+ lower atomic 
radius than the Na+ ion, which may result in its more effective penetration into the interface. 

5. The chemical aging and dissolution of the asphalt binder’s polar chemical groups were linked 
to the asphalt binder’s increased stiffness and reduced cohesive bond.  

6. The presence of CaCl2 solutions reduced the work of debonding and energy ratio parameters, 
with the lowest values observed at the concentration of 1:15. This was attributed to the 
increased mobility of the solution, which facilitates the transportation and displacement of the 
water-soluble layer and lighter bitumen binder components. 

7. The total SFE of MgCl2 solutions increased as the concentration increased, in contrast to 
NaCl, where an increase in concentration led to a decrease in the total SFE component. 

8. The lowest MgCl2 and NaCl concentrations (1:15) exhibited the lowest energy ratio 
parameters for both deicers and, therefore, the highest moisture-induced damage potential. 
High mobility of low-concentration solutions may facilitate the migration and displacement 
of light fractions and water-soluble layers of the asphalt binder. 

9. NaCl solutions had a more detrimental effect on the cracking resistance of the mixes than 
MgCl2. 

10. The highest rutting was observed for the highest concentrations of salts. Additionally, the 
highest concentration of MgCl2 caused the most traffic-induced creep in mix specimens 
conditioned with this solution, while the specimens conditioned with the highest 
concentration of NaCl had an increased stripping potential. 
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11. The higher effectiveness of MgCl2 in lowering the freezing point has likely contributed to 
less ice formation during F-T cycles, improving average tensile strength and TSR values. 

12. Energy ratio parameters and results from SCB, HWT, and TSR tests were found to agree, 
indicating the aqueous salt solutions with low concentrations of 1:15 and 1:10 had the most 
damaging effect. 

The adhesion, debonding, and moisture-induced damage mechanisms and their evolution under the 
influence of three chloride-based deicers and environmental conditions in cold climates were studied by 
applying a comprehensive and multiscale material characterization and testing program. The following 
recommendations are suggested for future studies based on the study's limitations and observations.  

1. Constructing a test section in cold regions (e.g., South Dakota) where periodical pavement 
monitoring and distress mapping are recommended to be carried out to compare laboratory 
findings with those observed in the field is recommended. Additionally, cores are 
recommended to be periodically extracted from the field test section and tested in the lab. 
These field observations can help calibrate laboratory findings to predict the durability of the 
asphalt mixes in cold regions more accurately by utilizing the laboratory test results.  

2. Alternative methods for determining the aggregates’ SFE components, such as a universal 
sorption device and dynamic vapor sorption, are recommended as they can predict the SFE 
components of aggregates with high accuracy.  

3. It is recommended that the effects of deicers and F-T cycles on asphalt binder’s rheology be 
studied at low, intermediate, and high temperatures. 

4. It is recommended that the effect of deicers and F-T cycles on the resistance of asphalt mixes 
to low-temperature cracking be determined using a fracture energy-based characterization 
technique such as the disk-shaped compact tension (DCT) test.  

5. Conducting a chemical analysis on asphalt binders is recommended to determine the effect of 
subjecting them to different deicer solutions and F-T cycles on their chemical aging rate. 
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