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Abstract: Steel slag (SS), a widely produced industrial solid waste, presents a sustainable alternative 17 

to natural pavement aggregates. However, its broader utilization is often restricted by moisture-18 

induced interfacial debonding. To elucidate the microscopic interfacial mechanisms of epoxy asphalt 19 

(EA) in SS systems, this study integrates molecular dynamics simulations with laboratory 20 

experimental validation. Representative SS mineral crystal models were constructed to build 21 

atomistic EA–SS interfaces, facilitating the systematic investigation of adhesion, moisture stability, 22 

and molecular diffusion. Natural basalt and limestone aggregates were also examined for comparison. 23 

Results indicate that epoxy modification significantly improves interfacial thermodynamic stability. 24 

It shifts the primary adhesion mechanism from van der Waals forces to electrostatic interactions, 25 

particularly at the Ca2+-rich surfaces characteristic of SS. Under moisture intrusion, the energy ratio 26 

(ER) of EA systems exhibits a notable increase. Specifically, the ER of the EA40 formulation on SS 27 

is higher than that of conventional asphalt, indicating enhanced resistance to moisture displacement. 28 

Furthermore, the cross-linked EA network is found to restrict molecular diffusion at the interface, 29 

establishing a negative correlation between adhesion strength and diffusion coefficients. Relative 30 

concentration profiles reveal that lighter fractions tend to accumulate at the interface, while the cross-31 

linked network introduces steric hindrance that limits asphaltene migration. These molecular-level 32 

insights are consistent with macroscopic surface energy measurements and pull-off tests, confirming 33 

the improved moisture stability and interfacial durability of EA–SS composites. This study offers a 34 

molecular-level perspective on polymer–mineral adhesion and outlines a viable pathway for utilizing 35 

steel slag in sustainable pavements. 36 

Keywords: Epoxy asphalt; Steel slag; Interfacial adhesion; Molecular dynamics simulation; Surface 37 

free energy; Moisture susceptibility 38 



1. Introduction 39 

With the continuous development of transportation infrastructure in China, the mileage of 40 

highways continues to climb, and the demand for high-quality road aggregates has shown rapid 41 

growth. However, the excessive exploitation of high-quality natural basalt and limestone has not only 42 

led to the increasing depletion of non-renewable mineral resources but also caused severe mountain 43 

destruction and ecological imbalances [1, 2]. In this context, actively exploring the resource 44 

utilization of industrial solid waste has become an important direction for promoting green 45 

transportation construction and achieving the "Dual Carbon" goals. As the primary by-product of the 46 

steel smelting process, steel slag (SS) suffers from a low comprehensive utilization rate due to 47 

technical bottlenecks. Long-term open-air stockpiling not only occupies vast land resources but also 48 

constitutes a potential source of pollution for soil and groundwater [3-5]. In terms of material 49 

characteristics, SS possesses high density, high wear resistance, good angularity, and excellent anti-50 

skid performance, making it a theoretically ideal material to replace natural aggregates in asphalt 51 

pavements [6-8]. However, the large-scale application of SS in pavement engineering still faces 52 

severe challenges. Unlike natural aggregates with relatively stable mineral components, the mineral 53 

composition of SS is extremely complex, containing large amounts of active components such as free 54 

oxides. During service, moisture intrusion can easily trigger the expansion of SS, causing early 55 

distress such as interfacial stripping and raveling, which severely restricts the pavement durability of 56 

SS asphalt mixtures [9, 10]. 57 

To address pavement distress under heavy loads and complex environments, epoxy asphalt (EA) 58 

has received significant attention due to its superior mechanical properties. As a thermosetting 59 

material, EA forms an irreversible three-dimensional cross-linked network during the curing process, 60 

endowing the material with extremely high strength, high-temperature resistance, and fatigue 61 



resistance [11, 12]. Based on these superior properties, EA has been widely applied in paving projects 62 

for long-span steel bridge decks where requirements for material performance are extremely high [13, 63 

14]. Although EA has achieved great success in the field of special paving, the potential for 64 

application in SS asphalt pavements has not yet been fully explored, limited by high material costs 65 

and strict construction windows. Theoretically, utilizing the high polarity and cross-linking curing 66 

characteristics of epoxy resin can effectively mitigate the poor moisture stability of SS [15]. However, 67 

the mechanism of the strong polarity binder–high activity aggregate combination at the microscopic 68 

level still requires further investigation. 69 

It is well established that the interfacial adhesion performance between asphalt and aggregates 70 

acts as a core factor determining the durability of the mixture, directly influencing the resistance to 71 

stripping of the pavement under the coupling effects of moisture and mechanical loads [16, 17]. 72 

Existing research mostly focuses on evaluating adhesion strength through macroscopic methods such 73 

as pull-off tests, boiling tests, or freeze-thaw splitting tests [18, 19]. Although these methods can 74 

characterize the final failure state and macroscopic performance of materials, they are limited by the 75 

scale of observation. Consequently, it is difficult to directly observe the microscopic physicochemical 76 

changes in the interfacial region, resulting in a lack of theoretical explanation for the interfacial 77 

mechanism from the micro-nano perspective. On one hand, the microscopic interaction mechanism 78 

between the special polar components introduced by the epoxy modification system and the complex 79 

mineral phases on the surface of SS has not yet been clarified. On the other hand, there is also a lack 80 

of in-depth analysis regarding the influence of the thermosetting cross-linked network structure on 81 

the wetting behavior and molecular diffusion dynamics of the binder on the surface of aggregates. 82 

In recent years, molecular dynamics (MD) simulation technology has been widely introduced 83 

into the research of asphalt materials, becoming an effective tool for analyzing microscopic interfacial 84 



behavior [20, 21]. MD simulations can break through the limitations of the observation scale in 85 

macroscopic experiments and quantitatively characterize the interaction energy and movement 86 

trajectories between molecules at the atomic level. This provides a scientific means to deeply reveal 87 

the adsorption mechanism of polar components and the steric hindrance effect of the cross-linked 88 

network mentioned above. This not only helps to elucidate the bonding nature of the interface between 89 

asphalt and aggregates but also enables dynamic analysis of the interfacial evolution process under 90 

different environments [22, 23]. However, previous studies still have room for improvement 91 

regarding the authenticity and complexity of the simulation systems, making it difficult to fully cover 92 

the diverse mineral components of SS and the special cross-linked structure of EA. Therefore, 93 

constructing high-precision molecular models capable of truly reflecting material characteristics is 94 

key to accurately clarifying the interfacial adhesion mechanism and filling the gaps in existing 95 

research. 96 

To address the challenges mentioned above, this study employs MD simulations combined with 97 

laboratory experiments. Through a comparative analysis with basalt and limestone aggregates, the 98 

research systematically reveals the interfacial adhesion mechanism between EA and SS, as well as 99 

the mechanism of performance improvement. This aims to provide theoretical support for the large-100 

scale application of SS in asphalt pavement engineering. First, a molecular model of EA is constructed, 101 

and the reliability of the model is validated. Second, based on the mineralogical composition 102 

characteristics of SS, basalt, and limestone, representative crystal surface models are established. On 103 

this basis, from a thermodynamic perspective, the work of adhesion, work of debonding, and energy 104 

ratio are calculated to quantitatively evaluate the resistance to moisture damage. From a dynamic 105 

perspective, the constraint mechanism of the cross-linked network on asphalt molecular diffusion and 106 

interfacial evolution behavior is revealed through the analysis of mean square displacement and 107 



relative concentration distribution. Finally, the validation is conducted by combining results from 108 

laboratory experiments, such as surface energy tests and pull-off tests. The results of the research 109 

elucidate the improvement mechanism of EA regarding the moisture stability and durability of SS 110 

asphalt mixtures at the molecular level. Furthermore, this study provides scientific support for the 111 

engineering application of SS in high-performance and sustainable asphalt pavements. 112 

2. Materials and methods 113 

2.1. Raw Materials 114 

The raw materials used in this study primarily included 60-80 pen grade base asphalt (BA), an 115 

epoxy resin system (EPS), SS, basalt, and limestone. Specifically, the BA was provided by Nanjing 116 

Jinling Asphalt Industry Co., Ltd. (Nanjing, China); the EPS consisted of an epoxy resin, an amine 117 

curing agent, and a toughening agent; the SS was sourced from Jiangsu Yonggang Group Co., Ltd. 118 

(Suzhou, China); and the basalt and limestone were supplied by Suzhou Sanchuang Pavement 119 

Engineering Co., Ltd. (Suzhou, China). The basic properties of these raw materials were tested in 120 

accordance with the "Standard test methods of bitumen and bituminous mixtures for highway 121 

engineering" (JTG E20-2011), "Test Methods of Aggregate for Highway Engineering" (JTG E42-122 

2005), and "Steel Slag for Road" (GB/T 25824-2010) [24-26]. All materials met the requirements of 123 

the aforementioned specifications, and the test results are presented in Table 1. 124 

Table 1. Basic properties of raw materials 125 

Material type Basic property 

BA 
Penetration (25°C,100 g, 5 s): 68.6 (0.1mm); Ductility (5 cm/min, 10°C): 26.5 cm; Softening 

point: 47.4 ℃; Density (25°C): 1.035 g/cm3. 

Epoxy resin 
Viscosity (23°C): 16900 mPa·s; Epoxide equivalent: 194 g/eq; Exterior condition: Colorless 

transparent liquid. 

Curing agent 
Viscosity (23°C): 2500 mPa·s; Amine value: 209 mgKOH/g; Exterior condition: Light yellow 

liquid. 



Toughening 

agent 
Viscosity (23°C): 10000 mPa·s; Exterior condition: Brown liquid. 

SS Density: 3.476 g/cm3; Hygroscopic rate: 1.87%; Crush value: 13.0%; Abrasion value: 13.9%. 

Basalt Density: 2.874 g/cm3; Hygroscopic rate: 0.98%; Crush value: 10.2%; Abrasion value: 14.1%. 

Limestone Density: 2.783 g/cm3; Hygroscopic rate: 1.12%; Crush value: 10.3%; Abrasion value: 14.2%. 

2.2. Model building and validation 126 

2.2.1. Selection of MD simulation parameters 127 

MD simulations were employed to model the asphalt-aggregate system. The Velocity-Verlet 128 

algorithm was selected because it maintains low computational complexity while ensuring 129 

computational accuracy, effectively solving the motion state of particles through iteration [27]. 130 

Considering the chemical heterogeneity of the epoxy asphalt and the presence of ionic and polar sites 131 

on the aggregate surface, the COMPASS III force field was adopted in this study to characterize the 132 

epoxy asphalt–aggregate interface system [28]. The COMPASS force field family is a Class II, 133 

condensed-phase-optimized force field, whose parameters are fitted using both ab initio calculations 134 

and experimental data. Its energy expression includes not only diagonal valence terms but also cross-135 

coupling terms between internal coordinates, enabling a precise description of the molecular 136 

conformations and condensed-phase behaviors of complex organic materials [29, 30]. Compared with 137 

the CVFF force field, which was developed primarily for organic and biomolecular systems, 138 

COMPASS III possesses a broader parameter set coverage for condensed-phase organic materials and 139 

selected inorganic materials. Although the PCFF force field also adopts a Class II functional form, 140 

COMPASS III is equipped with an updated parameter system that allows both the asphalt phase and 141 

the aggregate phase to be described within a unified force field framework, avoiding the uncertainties 142 

associated with mixing multiple independently parameterized force fields. Previous studies have 143 

confirmed that the COMPASS force field family can be effectively used to predict asphalt density, 144 

cohesive properties, molecular aggregation behaviors, and asphalt–mineral interfacial adhesion 145 



properties [20, 31, 32]. 146 

The presence of charged or partially charged sites on the mineral surface generates Coulombic 147 

interactions that cannot be adequately characterized by a simple cutoff method; therefore, the Ewald 148 

summation method was employed in this paper to calculate the long-range electrostatic interactions. 149 

Ewald summation can account for electrostatic interactions with periodic images in both real and 150 

reciprocal spaces simultaneously, reducing truncation errors in periodic ionic systems [33]. Van der 151 

Waals interactions were evaluated using the atom-based calculation method, with a cutoff distance 152 

set to 18.5 Å. Compared to Coulombic interactions, dispersion interactions decay more rapidly with 153 

distance; directly performing pairwise summation within a sufficiently large cutoff radius can 154 

efficiently handle the interface model constructed in this study. This cutoff distance was selected 155 

based on previous related molecular dynamics studies on asphalt–minerals, where similar parameter 156 

settings can obtain stable non-bonded interaction energies and interfacial properties [20, 34]. 157 

2.2.2. Molecular model of BA 158 

Given the extreme complexity of the chemical composition of asphalt, MD simulations typically 159 

employ an assembly method, which involves constructing amorphous cells by arranging 160 

representative molecules according to the ratio of SARA (Saturates, Aromatics, Resins, and 161 

Asphaltenes). Although early studies often adopted simplified three-component or four-component 162 

models, this study selected the 12-component all-atom model representing SHRP AAA-1 asphalt 163 

proposed by Li and Greenfield to more authentically reproduce the microstructure and 164 

thermodynamic properties of asphalt [35]. This model has been widely validated to possess higher 165 

consistency with experimental data compared to traditional simplified models in the prediction of 166 

density, coefficient of thermal expansion, and rheological properties. Furthermore, considering the 167 

strict requirements for the stoichiometric ratio during the subsequent construction of the EA cross-168 



linked network, directly adopting the simplified number of molecules from the literature could lead 169 

to errors in mass fraction. Therefore, this study performed a proportional scaling up of the molecular 170 

population of the original model, constructing a large-scale system containing a greater number of 171 

particles. Theoretically, proportionally enlarging the system size under periodic boundary conditions 172 

does not change intensive thermodynamic properties such as system density and cohesive energy 173 

density; instead, it can effectively mitigate finite-size effects [36]. Furthermore, the scaling factor is 174 

selected based on the requirement of "mass resolution". Due to the discrete nature of the molecular 175 

weights of the cross-linked units, scaling up the base asphalt matrix can significantly reduce 176 

stoichiometric rounding errors, making the mass fractions of the epoxy formulations closer to the 177 

experimental design values [35]. The detailed molecular formulas and quantities of each component 178 

are presented in Table 2, and the established initial equilibrium configuration is illustrated in Fig. 1. 179 

Table 2. Molecular composition and mass fractions of the four components in the BA model 180 

Representative component and molecular 

constituent 
Molecular formula 

Number of 

molecules 
Mass fraction /% 

Saturates 
Squalane C30H62 8 5.2 

Hopane C35H62 8 5.9 

Aromatics 
PHPN C35H44 22 15.7 

DOCHN C30H46 26 16.2 

Resins 

Quinolinohopane C40H59N 8 6.8 

Thioisorenieratane C40H60S 8 5.9 

Trimethylbenzeneoxane C29H50O 30 6.4 

Pvridinohopane C36H57N 8 6.2 

Benzobisbenzothiophene C18H10S2 10 13.4 

Asphaltenes 

Asphaltene-phenol C42H54O 6 5.3 

Asphaltene-pyrrole C66H81N 4 5.5 

Asphaltene-thiophene C51H62S 6 6.5 



 181 

Fig. 1. Construction of the BA molecular model 182 

2.2.3. Molecular models of EPS and EA 183 

To construct an accurate EPS model, the solubility parameters (δ) at varying degrees of 184 

polymerization were first calculated based on the cohesive energy density (CED) theory to determine 185 

the optimal molecular chain length for each component. The calculation results indicated that the δ 186 

of the system tends to converge and stabilize when the degree of polymerization for the epoxy resin 187 

monomer is n=0 and for the toughening agent is n=10. Consequently, this configuration was selected 188 

as the foundational model [20]. On this basis, to investigate the influence of EPS content on interfacial 189 

performance, two hybrid systems were constructed. The optimized EPS components (epoxy resin, 190 

curing agent, and toughening agent) were mixed with the aforementioned BA model according to 191 

mass ratios. Models with EPS mass fractions of 20% (EP20) and 40% (EP40) were established and 192 

designated as EA20 and EA40, respectively. According to previous studies, EA20 and EA40 are 193 

typically suitable for ordinary pavements and bridge deck pavements, respectively; thus, they were 194 



selected as the research objects in this study [11, 15]. The molecular mixing ratios are presented in 195 

Table 3. All initial models were constructed within amorphous cells with an initial low density set to 196 

0.1 g/cm3 to prevent initial atomic overlap and facilitate uniform mixing. 197 

Table 3. EPS composition and its molecular proportion in the EA model 198 

Material system Component Molecular formula 
Number of 

molecules 
Mass fraction/% 

EP20 

Epoxy resin C21H24O4 27 

20.91 Curing agent C18H37N 23 

Toughening agent C40H56N2O4 3 

EP40 

Epoxy resin C21H24O4 70 

40.31 Curing agent C18H37N 59 

Toughening agent C40H56N2O4 7 

The curing process of EPS was implemented via a Perl script program, which simulates the 199 

stepwise cross-linking reaction between epoxy groups and amine curing agents based on distance 200 

criteria [37, 38]. The reaction mechanism was defined as a diffusion-controlled process; that is, a 201 

chemical bond is generated when reactive atoms (the C atom of the epoxy group and the N atom of 202 

the curing agent) enter a specific cutoff distance. The specific procedure is as follows: First, the initial 203 

search radius was set to 4.5 Å. If reactive sites existed within this range, a C-N bond was formed. 204 

Subsequently, energy minimization was performed on the new topology immediately to eliminate 205 

local high-energy stress caused by bond formation. If the energy fluctuation remained within the 206 

threshold, the bond was retained. Following this, the cutoff radius was expanded stepwise to 15 Å 207 

with an increment of 0.5 Å, and the search-bond-relax process was executed cyclically until the preset 208 

degree of curing was reached or no further reaction sites were available. Ultimately, an EA system 209 

featuring a three-dimensional network structure was generated. 210 

All simulations were conducted using the Forcite module based on the COMPASS III force field. 211 



To eliminate anisotropy and simulate macroscopic bulk materials, PBC were applied in all three 212 

directions. The simulation protocol comprised the following key stages: i) Geometry Optimization: 213 

Energy minimization was performed on both the initial and cross-linked structures using the Smart 214 

algorithm with 20,000 iteration steps. ii) Dynamic Relaxation: Simulations under the NVT ensemble 215 

for 500 ps at 298.15 K and the NPT ensemble for 500 ps at 1 atm were conducted sequentially to 216 

achieve the initial equilibrium of density and energy for the system. iii) Annealing Treatment: To 217 

eliminate local metastable structures potentially resulting from rapid cross-linking, five cycles of 218 

simulated annealing were executed. The temperature oscillated cyclically between 200 K and 600 K, 219 

with each cycle containing 10 temperature gradients. iv) Production Sampling: The fully annealed 220 

system underwent a final production run of 500 ps under the NPT ensemble at 298.15 K and 1 atm. 221 

During the simulation, temperature and pressure were controlled by the Nosé-Hoover-Langevin 222 

thermostat and the Berendsen barostat, respectively. Van der Waals interactions were calculated using 223 

the Atom-based summation method with a cutoff radius of 12.5 Å, while electrostatic interactions 224 

were treated using the Ewald summation method with an accuracy of 10-4 kcal/mol and a cutoff radius 225 

of 12 Å. The constructed molecular model of EA is illustrated in Fig. 2. 226 

 227 

Fig. 2. Construction of EA molecular models 228 



2.2.4. Validation of EA molecular models 229 

To comprehensively evaluate the accuracy of the molecular models and the applicability of the 230 

force field parameters, dynamic equilibrium simulations of 500 ps were first conducted on the BA, 231 

EA20, and EA40 systems under the NPT ensemble at standard conditions of 298.15 K and 1 atm. As 232 

presented in Table 4, the equilibrium density of each system aligns well with experimental 233 

measurements and data reported in the literature, with deviations controlled within a reasonable range. 234 

The minor discrepancies between simulated and actual values are primarily due to physical 235 

simplifications. On one hand, although the 12-component asphalt model covers the characteristics of 236 

the four SARA components, it cannot fully reproduce the extreme molecular complexity of actual 237 

heavy asphaltenes. On the other hand, the epoxy resin monomer in the model was set to a fixed degree 238 

of polymerization (n=0), neglecting the influence of polydisperse oligomers on the free volume of 239 

the system in the actual material [20]. Nevertheless, the verification confirms that the model 240 

accurately reflects the bulk packing density and macroscopic structural characteristics of the material, 241 

providing a reliable structural foundation for subsequent simulations. Based on CED theory, the δ of 242 

each component was further calculated to quantitatively evaluate the compatibility between EPS and 243 

the asphalt matrix at the microscopic level. The results indicate that the differences in δ among the 244 

components in EA are strictly maintained within the empirical compatibility threshold. This outcome 245 

not only validates the accuracy of the COMPASS III force field in describing the non-bonded 246 

interaction potential between molecules in complex organic-inorganic hybrid systems but also 247 

confirms, from the perspective of thermodynamic equilibrium, that a stable miscible structure has 248 

formed between the epoxy cross-linked network and the asphalt matrix. The absence of micro-phase 249 

separation indicates that the model possesses good thermodynamic stability. 250 

 251 



Table 4. Comparison of MD simulation parameters for different asphalt models with references 252 

Item BA model EA20 model EA40 model 

Simulated density/(g/cm3) 0.997 0.994 0.991 

Reference density/(g/cm3) 1.035 0.997–1.040 [39, 40] 

Simulated Solubility 

Parameter/(J/m3)1/2 

17.9 16.28 16.09 

Reference Solubility 

Parameter/(J/m3)1/2 

15.3–23.0 15.146–18.221 [39, 40] 

Given the decisive role of polar groups in the curing kinetics and dielectric properties of EA, 253 

geometry optimization and analysis of electronic properties were performed on the cross-linking 254 

intermediates within the EA system using the DMol3 module. The BLYP density functional under the 255 

generalized gradient approximation was employed, coupled with Semi-core pseudopotentials for the 256 

treatment of core electrons. As shown in Fig. 3, Mapping analysis of ESP revealed significant 257 

heterogeneity in charge distribution: the carbon backbone region primarily exhibited electrical 258 

neutrality (green regions), whereas areas of high electron density (red/negative potential) were highly 259 

concentrated around oxygen-containing functional groups. Quantitative polarity ranking indicated 260 

that the -OH generated by the ring-opening reaction exhibited the highest polarity strength, followed 261 

by unreacted epoxy groups, while ether bonds and C-N bonds at the cross-linking points possessed 262 

relatively weaker polarity. This characteristic of the electronic structure aligns perfectly with 263 

conclusions regarding the dielectric relaxation mechanism of epoxy resins found in literature [41], 264 

validating the chemical rationality of the cross-linking reaction path and the structure of the product 265 

from a quantum mechanical perspective. 266 



 267 

Fig. 3. Electrostatic Potential Distribution of the EPS Curing Intermediate 268 

2.2.5. Molecular models of aggregates 269 

(1) Model selection for aggregates 270 

Given the diverse sources and varying cooling conditions of SS, the mineral composition 271 

exhibits significant heterogeneity and complexity. Research by Qian et al. [42] indicates that, despite 272 

substantial differences in minor components among SS from different origins, the primary mineral 273 

phases typically consist of silicates, ferrites, and oxides. To construct a SS model with general 274 

applicability for MD simulations, this study performed a simplified screening based on the principle 275 

of dominant mineral phases, while ignoring trace crystallographic variants. Ultimately, five key 276 

minerals were selected as representative model components for SS: C2S, Ca(OH)2, C2F, Fe3O4, and 277 

the RO phase (represented by CaO). These components cover the main cementitious active phases 278 

and metal oxide phases in SS, effectively characterizing the physicochemical properties of the surface. 279 

In comparison to SS, basalt and limestone, as natural mined ores, possess relatively stable 280 

mineralogical compositions. Based on XRD test results and literature [43-45], the primary rock-281 

forming minerals of basalt are plagioclase and olivine, while limestone is dominated by carbonate 282 

minerals. Therefore, this study selected albite (Na[AlSi3O8]) and anorthite (Ca[Al2Si2O8]) from the 283 

plagioclase as representative molecular models for basalt; calcite (CaCO3) was selected as the single 284 



dominant mineral model for limestone. This simplified treatment retains the typical surface energy 285 

characteristics of the aggregates while ensuring computational efficiency. 286 

The initial crystal structure parameters for all selected minerals were exported from the Inorganic 287 

Crystal Structure Database (ICSD). In the construction of the simulation, supercells were first 288 

established based on the standard unit cells from the ICSD. Subsequently, cutting was performed 289 

along specific cleavage planes to expose the most representative crystal surfaces. Finally, aggregate 290 

slab models were constructed for the analysis of interfacial interaction. The chemical formulas and 291 

lattice parameters for each representative mineral are detailed in Table 5 and Table 6. 292 

Table 5. Representative mineral chemical formulas and structures in SS 293 

Mineral Chemical 

Formula 

Representative 

Molecular 

Structure 

Lattice Parameter 

Space 

Group 

Lattice Vector Lengths/Å Interaxial Angles/° 

a b c α β γ 

C2S 

 

P121/N1 5.51 6.67 9.32 90 94.45 90 

Ca(OH)2 

 

P-3M1 3.58 3.58 4.90 90 90 120 

Fe3O4 

 

BBMM 9.27 9.23 2.74 90 90 90 

C2F 

 

PNMA 10.66 9.20 3.01 90 90 90 

CaO 

 

FM-3M 5.27 5.27 5.27 90 90 90 



Table 6. Representative mineral chemical formulas and structures in basalt and limestone 294 

Mineral Chemical 

Formula 

Representative 

Molecular 

Structure 

Lattice Parameter 

Space 

Group 

Lattice Vector Lengths/Å Interaxial Angles/° 

a b c α β γ 

Na[AlSi3O8] 

 

C-1 8.153 12.86 7.107 93.52 116.4 90.25 

Ca[Al2Si2O8] 

 

P-1 8.196 12.90 14.20 93.13 115.9 91.25 

CaCO3 

 

P121/C1 6.334 4.948 8.033 90 107.9 90 

(2) Establishment of aggregate molecular models 295 

To construct a realistic asphalt-aggregate interface, it is necessary to determine the cleavage 296 

plane with the highest thermodynamic stability for each mineral. The Morphology Method was 297 

employed to predict the growth habit of the crystals. This method relies on the Bravais-Friedel-298 

Donnay-Harker theory, which postulates that the growth rate of a crystal face is directly proportional 299 

to the attachment energy [46, 47]. By calculating the section energy of various low-index crystal 300 

planes, the most active surface possessing the maximum attachment energy was selected as the 301 

direction for cutting. The preferred cleavage planes and relevant parameters for each representative 302 

mineral are detailed in Table 7. 303 

Table 7. Selection of reactive crystal surfaces for aggregate minerals 304 

Aggregate Type Mineral Chemical Formula Selected Surface（k h l） 

SS 

C2S (0 1 1) 

Ca(OH)2 (1 -1 0) 

Fe3O4 (1 1 1) 



C2F (1 1 0) 

CaO (1 0 0) 

Basalt 
Na[AlSi3O8] (1 -1 0) 

Ca[Al2Si2O8] (0 1 0) 

Limestone CaCO3 (1 0 0) 

Using C2S as an example, the unit cell was cleaved along the direction of the selected cleavage 305 

plane. Since the dimensions of the original unit cell are small (merely 5.5×11.5 Å), they are 306 

insufficient to eliminate finite-size effects within the interfacial simulation. Consequently, a supercell 307 

with dimensions of approximately 55.05×55.05 Å was constructed by expanding the lattice within 308 

the XY plane. Subsequently, the two-dimensional surface model was transformed into a three-309 

dimensional periodic slab model, incorporating a vacuum layer of sufficient thickness to isolate 310 

periodic image interactions along the Z-direction. The topology of all aggregate models underwent 311 

force field verification, and unnecessary explicit chemical bonds were removed. This step ensures 312 

that ionic interactions are accurately described by non-bonded potential energy terms. Fig. 4 313 

illustrates the construction process of the aggregate slab models. 314 

 315 

Fig. 4. Schematic diagram of the processing workflow for constructing mineral unit cell models 316 

Given that the initial mineral structures selected in this study were derived directly from the 317 

ICSD, the lattice parameters have undergone rigorous experimental validation. Existing literature 318 

indicates  that in simulations of the asphalt-aggregate interface, performing additional geometric 319 



optimization on rigid mineral substrates makes a minimal contribution to the reduction of the total 320 

energy of the system and has a negligible impact on the interfacial adsorption configuration [48]. 321 

Consequently, to preserve the experimental authenticity of the crystal structures and enhance 322 

computational efficiency, no further geometric relaxation was performed on the mineral aggregate 323 

models following construction. 324 

2.2.6. EA-aggregate interface molecular models 325 

To construct a bilayer interface model under PBC, it is necessary to address the issue of lattice 326 

mismatch between the amorphous asphalt cell and the aggregate mineral cell in the XY plane. Taking 327 

the XY dimensions of the aggregate supercell as the reference, the lattice parameters of the asphalt 328 

model were adjusted for compatibility. Since forced lattice deformation can induce bond stretching 329 

and molecular conformational distortion, leading to a significant increase in the potential energy of 330 

the system, strict geometry optimization was performed on the adjusted asphalt model prior to 331 

assembly, as shown in Fig. 5. This step effectively eliminated high-energy structures and ensured that 332 

the asphalt bulk phase reached a state of thermodynamic relaxation under the new lattice dimensions. 333 

The optimized asphalt model was superimposed upon the mineral slab model to construct an 334 

asphalt-aggregate bilayer interface system. To eliminate non-physical van der Waals interactions 335 

arising from periodic images in the direction of the Z-axis, a vacuum slab with a thickness of 140 Å 336 

was established above the asphalt layer. In the subsequent simulation, all atoms within the mineral 337 

aggregate layer were set to "Fixed" to simulate the mechanical support provided by macroscopic bulk 338 

materials. Upon completion of the assembly, energy minimization was applied to the entire interfacial 339 

model using the Smart algorithm. This step aimed to eliminate local high-energy spots resulting from 340 

atomic overlap or steric hindrance at the stacking interface, ultimately obtaining an equilibrated dry 341 

interface model. 342 



 343 

Fig. 5. Optimization of the asphalt model: 344 

(a) EA40 after lattice parameter adjustment; (b) Local detail of EA40 in (a); (c) EA40 after 345 

geometry optimization with adjusted lattice parameters; (d) Local detail of EA40 in (c). 346 

To investigate the mechanism of interfacial stripping under moisture conditions, a hydrated 347 

interface model was further constructed. Referring to relevant literature, this study first established a 348 

pre-equilibrated amorphous water layer containing 200 water molecules, and placed this water layer 349 

between the mineral surface and the asphalt layer to form an aggregate-water-asphalt sandwich 350 

structure [33, 49]. The equivalent water film thickness corresponding to this number of water 351 

molecules is approximately 2.0 Å, which is smaller than the kinetic diameter of a single water 352 

molecule of about 2.8 Å. Therefore, this model system represents a not fully saturated state, which is 353 

used to simulate competitive adsorption behavior following the intrusion of moisture into the 354 

interfacial zone. Taking the EA40 system as a representative example, the construction process and 355 

final configurations of the interface under dry and wet states are illustrated in Fig. 6 and Fig. 7, 356 

respectively. 357 



 358 

Fig. 6. Workflow for constructing the interfacial molecular model359 

 360 

Fig. 7. Constructed interfacial models for EA40 with different mineral substrates 361 

2.3. Methods 362 

2.3.1. Simulation parameters 363 

Prior to the MD simulation, the Smart algorithm was employed to perform geometry 364 

optimization on the assembled interface model (5000 iterations). This step aimed to eliminate local 365 

stress and excess potential energy generated during the initial configuration process, ensuring that the 366 

system reached a reasonable state of minimum energy. To investigate the influence of service 367 

temperature on interfacial adhesion behavior, 298 K (25°C) and 333 K (60°C) were selected to 368 



represent the ambient and high-temperature operating conditions of road pavements, respectively. 369 

MD simulations with a duration of 500 ps were conducted for all interface systems under the NVT 370 

ensemble. This duration suffices to allow the system to attain thermodynamic equilibrium and 371 

provides adequate statistical data for the subsequent analysis of trajectories. 372 

 373 

Fig. 8. Evolution of the EA-Mineral Interface Model during 500 ps of Equilibration. 374 

During the simulation process, van der Waals interactions were calculated using the Atom-based 375 

method with a cutoff radius set to 15.5 Å to ensure the computational accuracy of long-range 376 

interactions. Electrostatic interactions were treated using the PPPM (Particle-Particle Particle-Mesh) 377 

algorithm. Upon completion of the simulation, the trajectory files for BA, EA, and various aggregates 378 

in the equilibrium state were exported for the subsequent analysis of interfacial energy and structural 379 

characteristics, as illustrated in Fig. 8. 380 

2.3.2. Adhesion properties 381 

To quantify the adhesion performance between EA and different mineral aggregates (SS, basalt, 382 

and limestone), the interfacial interaction energy (Eint) was calculated based on MD trajectories. On 383 

this basis, the work of adhesion (Wadhesion) was introduced as a key evaluation index, defined as the 384 



energy required to separate a unit area of the interface into two independent free surfaces [50]. Eint 385 

and Wadhesion are calculated using Eqs. (1) and (2). Thermodynamically, a negative interaction energy 386 

indicates the existence of attractive forces at the interface. A larger Wadhesion indicates that the energy 387 

required to overcome interfacial bonding is higher, meaning that the adhesion performance between 388 

asphalt and aggregates under dry conditions is superior. 389 

Considering that moisture intrusion is a core factor leading to early distress in asphalt mixtures, 390 

this study simulated the interfacial bonding performance of the asphalt-aggregate interface eroded by 391 

moisture. It is assumed that moisture penetration destroys the original close contact, leading to 392 

competitive adsorption. To this end, the work of debonding Wdebonding was introduced to evaluate the 393 

damaging effect of moisture on interfacial bonding ability. According to Eqs. (3)-(5), Wdebonding is 394 

defined as the difference in free energy of the system as it transforms from a dry bonded state to a 395 

wet separated state. Specifically, this calculation quantifies the process where the original asphalt-396 

aggregate interface vanishes due to moisture intrusion and is replaced by new asphalt-water and 397 

aggregate-water interfaces. 398 

To comprehensively evaluate the resistance of the interface system to moisture damage, the 399 

energy ratio (ER) was further introduced as a dimensionless evaluation index by combining 400 

thermodynamic data on dry adhesion and wet stripping, as shown in Eq. (6). The ER reflects the 401 

tendency of the interface to maintain bonding in a humid environment; a higher ER implies that the 402 

asphalt-aggregate interface is thermodynamically more stable and possesses stronger resistance to 403 

water displacement and durability. 404 

ΔEinter-as-ag=Etotal-(Easphalt+Eaggregate) (1) 

Wadhesion=
ΔEint-as-ag

A
 (2) 

ΔEinter-ag-w=Etotal-ag-w-(Eaggregate+Ewater) (3) 



ΔEinter-as-w=Etotal-as-w-(Easphalt+Ewater) (4) 

Wdebonding water=
（ΔEinter-as-w+ΔEinter-ag-w）-ΔEinter-as-ag

A
 

(5) 

ER=
|Wadhesion|

Wdebonding water
 

(6) 

Where, ΔEinter-as-ag represents the interaction energy within the interfacial system of asphalt and 405 

aggregate (kcal/mol); Etotal denotes the total energy of the combined system of aggregate and asphalt 406 

(kcal/mol); Easphalt signifies the energy of the binder component within the system (kcal/mol); Eaggregate 407 

stands for the energy of the aggregate (kcal/mol); A refers to the cross-sectional area of the interfacial 408 

contact region (Å²); Wadhesion represents the work of adhesion for the asphalt-aggregate system under 409 

dry conditions (mJ/m2); ΔEinter-ag-w indicates the interaction energy between the asphalt layer and the 410 

water molecule layer (kcal/mol); ΔEinter-as-w denotes the interaction energy between the water 411 

molecule layer and the aggregate layer (kcal/mol); ΔEinter-as-ag refers to the interaction energy between 412 

asphalt and aggregate (kcal/mol). 413 

2.3.3. Diffusion behavior of EA 414 

To elucidate the microscopic dynamic behavior of the EA system, Mean Square Displacement 415 

(MSD) was employed to characterize the mobility of polymer chain segments and molecular 416 

migration rates, as expressed in Eq. (7). The magnitude of MSD directly reflects the interplay between 417 

the fluidity and rigidity of the material [51]. A higher MSD value implies that molecular chains 418 

possess greater degrees of freedom in movement, which facilitates the self-healing of micro-cracks 419 

and stress relaxation. Conversely, a lower MSD value indicates that molecules are subject to 420 

significant restriction (the confinement effect), corresponding to enhanced rigidity of the system and 421 

resistance to deformation at high temperatures. Therefore, analysis of MSD allows for an effective 422 

evaluation of the equilibrium mechanism between toughness and high-temperature stability within 423 



the material. 424 

In a fully relaxed system, MSD typically exhibits a linear growth trend over time. Based on the 425 

Einstein relation, the self-diffusion coefficient (D) of the molecules can be quantified via the slope of 426 

the linear region of the MSD curve. When the simulation time is sufficiently long, D is defined as 427 

one-sixth of the slope of the MSD, as shown in Eq. (8). This parameter provides a quantitative 428 

description of interfacial dynamics, intuitively reflecting the extent to which adsorption by different 429 

mineral surfaces restricts or promotes the diffusion behavior of EA molecules. 430 

MSD(t)=⟨Δri(t)2⟩=⟨(ri(t)-ri(0))2⟩ (7) 

D=
r(t)2

6t
 (8) 

Where, Δri(t)2 represents the position vector of atomic group i at time t; ri(t) denotes the position 431 

vector of atomic group i at time t; ri(0) signifies the initial reference position of the atomic group; ⟨ ⟩ 432 

denote the ensemble average over all selected atomic groups; r(t)2 refers to the displacement of the 433 

molecule. 434 

2.3.4. Compositional distribution characteristics of EA 435 

Although MSD effectively characterizes the dynamic migration rate of molecules, it fails to 436 

provide structural information regarding the spatial arrangement and packing patterns of molecules 437 

at the interface. In the asphalt-aggregate interface system, forces of solid-liquid interaction drive 438 

asphalt components to undergo directional migration toward the mineral surface, resulting in the 439 

formation of specific adsorption layers. To accurately analyze the spatial distribution characteristics 440 

and layered structure of EA components in the direction perpendicular to the aggregate surface (Z-441 

axis), relative concentration (RC) was introduced as a key metric for static structural evaluation. RC 442 

is defined as the distribution of atomic number density along a specific coordinate axis. The specific 443 

calculation method involves dividing the simulation system along the Z-direction into multiple thin 444 



slabs of unit thickness. The quantity of atoms or centroids within each slab is then counted and 445 

normalized according to Eqs. (9) and (10). By analyzing the distribution curve of RC along the Z-446 

axis, it is possible to intuitively identify enrichment regions and depletion regions of asphalt at the 447 

interface, thereby quantifying the thickness and compactness of the interfacial adsorption layer. 448 

RCi=Ci/Cbulk (9) 

Ci=Ni/V (10) 

Where, Ci represents the concentration of the slab; Cbulk denotes the concentration of the system; V 449 

indicates the volume (cm3); Ni refers to the number of atoms. 450 

2.3.5. Microscale surface energy test 451 

Based on the theory of surface free energy, this study introduces the work of adhesion (Was) and 452 

the work of stripping (Waws) to evaluate the thermodynamic stability of the asphalt-aggregate interface 453 

under dry and moist environments, respectively [52]. Defined as the reduction in the free energy of 454 

the system when two phases come into contact to form a unit interface, Was is expressed in Eq. (11). 455 

A higher value indicates a tighter interfacial bond under dry conditions. To simulate the process of 456 

moisture damage, Waws is utilized to characterize the change in Gibbs free energy during the 457 

displacement of the asphalt film by moisture, as illustrated in Eq. (12). This model quantifies the 458 

resistance of the interface to stripping as the energy difference involved in the transition from an 459 

asphalt-aggregate system to aggregate-water and asphalt-water systems, thereby predicting moisture 460 

stability from a thermodynamic perspective. 461 

Was=2√γS
dγL

d +2√γS
pγL

p  (11) 

Waws=Waw+Wsw-Was (12) 

Where, γd represents the dispersion component of surface free energy (mJ/m2); γp denotes the polar 462 



component of surface free energy (mJ/m2); γS signifies the dispersion component of surface free 463 

energy for the solid (mJ/m2); γL refers to the dispersion component of surface free energy for the 464 

liquid (mJ/m2); Waws stands for the work of stripping (mJ/m2); Waw represents the work of adhesion 465 

between asphalt and water (mJ/m2); Wsw indicates the work of adhesion between aggregate and water 466 

(mJ/m2); Was denotes the work of adhesion between asphalt and aggregate (mJ/m2). 467 

The sessile drop method was employed to measure the contact angles on various solid surfaces, 468 

as illustrated in Fig. 9. Large particles of SS, basalt, and limestone were selected and polished 469 

stepwise to 2000 mesh using a metallographic polishing machine. This step ensured that the surface 470 

roughness satisfied the requirements for testing. Subsequently, the polished samples underwent 471 

ultrasonic cleaning with distilled water and were dried at 70°C for 2 h to eliminate adsorbed water 472 

from the surface. BA, EA20, and EA40 were drop-coated onto glass slides. To simulate performance 473 

in the field, the specimens were first leveled at 80°C. Subsequently, the EA specimens were placed 474 

in an oven at 60°C for a curing period of 4 d to ensure the completion of the cross-linking reaction. 475 

Three probe liquids with known surface energy parameters were selected: distilled water, formamide, 476 

and glycerol. The testing instrument employed was a video optical contact angle measuring device 477 

(LAUDA Scientific, Model OSA), featuring a measurement range of 0° to 180° and precision 478 

controlled within ±0.1°. During the experimental process, a micro-injection system was utilized to 479 

deposit droplets precisely onto the flat surface of the asphalt or aggregate. A high-resolution camera 480 

captured the droplet profile in real time to fit the contact angle, from which the surface free energy 481 

components were calculated based on the extended Fowkes model. To eliminate random errors, at 482 

least 3 parallel tests were conducted for each liquid on each substrate, with the arithmetic mean 483 

adopted as the final result. 484 



 485 

Fig. 9. Contact angle test 486 

2.3.6. Pull-off test 487 

In accordance with the AASHTO T361 standard, the Binder Bond Strength (BBS) test was 488 

employed to determine the macroscopic bond strength (PAs-Agg) between asphalt and aggregate [53]. 489 

The substrate of the specimen was prepared using the mortar embedding method. Specifically, 490 

aggregates with a particle size of 16 mm were embedded in cement mortar. Upon hardening, the 491 

blocks were cut to expose a flat, fresh aggregate surface. Subsequently, heat-resistant acrylic rings 492 

were utilized to define the bonding area. The prepared asphalt was poured onto the surface of the 493 

aggregate, and metal pull-off stubs with a diameter of 20 mm were attached. All specimens were 494 

initially conditioned at 20°C under constant humidity for 24 h. For EA specimens, to ensure the 495 

successful completion of the cross-linking reaction, curing was conducted at 60°C for a period of 4 496 

d. To evaluate the impact of moisture erosion on interfacial bonding performance, the specimens were 497 

categorized into dry and immersion groups. The dry group was stored at ambient temperature, 498 

whereas the immersion group was placed in a water bath at 60°C for accelerated moisture damage 499 

treatment lasting 48 h, respectively. Following the water bath, the specimens were removed and 500 

cooled for 30 min in an environment with constant temperature (20°C) and humidity to eliminate the 501 

influence of thermal stress. Testing was performed using a digital adhesion tester (Model DK500) at 502 



20°C. A vertical pulling force was applied to the specimen with a loading rate strictly controlled at 503 

0.7 MPa/s. Loading continued until failure occurred at the asphalt-aggregate interface, and the 504 

maximum pull-off strength at failure was recorded as PAs-Agg. In addition, to evaluate the interfacial 505 

moisture damage resistance, the Pull-off Strength Ratio (PSR) was introduced based on the corrected 506 

interfacial strength. This parameter is defined as the ratio of the strength after water immersion (PAs-507 

Agg1) to the unimmersed strength (PAs-Agg0), as expressed by Eq. (13). 508 

Given the irregularity of the aggregate surface and the potential interference of the cement matrix 509 

in the mortar embedding method, direct calculation of PAs-Agg may contain errors. To obtain precise 510 

interfacial strength between aggregate and asphalt, this study proposed an area normalization method 511 

based on Python and Computer Vision, as shown in Fig. 10. The specific workflow is as follows: i) 512 

Image annotation: Photoshop was utilized to annotate the failure interface, marking the aggregate 513 

region and the non-aggregate region with specific colors (e.g., red and green). ii) Masking: A Python 514 

script read the image and converted it to the HSV color space. The cv2.inRange() function was used 515 

to set thresholds, creating a Binary Mask to distinguish the target region from the background. iii) 516 

Processing: Morphological Closing was applied to remove noise and fill holes, ensuring the integrity 517 

of the regional contours. Subsequently, cv2.findContours() was employed to extract contours and 518 

calculate the actual Effective Bonding Area of the aggregate. iv) Normalization: The pull-off force 519 

was normalized based on the extracted effective aggregate area. This step eliminates interference 520 

from the cement matrix region in the experimental data, ensuring the accuracy and comparability of 521 

bond strength indices among different specimens. Finally, the corrected interfacial strength was 522 

calculated using Eq. (14). 523 



 524 

Fig. 10. Processing procedure of pull-off test data 525 

PSR=
PAs-Agg1

PAs-Agg0
 (13) 

PAs-Agg=PT×ST − Pc×Sc

Sagg
 (14) 

Where, PAs-Agg represents the corrected interfacial strength (MPa); PT denotes the interfacial strength 526 

of the aggregate group (MPa); ST signifies the interfacial area of the aggregate group (px2); Pc stands 527 

for the interfacial strength of the blank group (MPa); Sc refers to the interfacial area of the cement 528 

portion within the aggregate group (px2); Sgg indicates the interfacial area of the aggregate portion 529 

within the aggregate group (px2). 530 

3. Results and discussion 531 

3.1. Adhesion work of the asphalt-aggregate interface system 532 

As illustrated in Fig. 11, the incorporation of EPS significantly enhanced the Wadhesion at the 533 

asphalt-aggregate interface. As the content of EPS increased from 0% (BA) to 40% (EA40), the 534 

average absolute value of Wadhesion across all mineral systems rose by approximately 141 mJ/m2. In 535 



terms of energy components, this enhancement is attributed primarily to the dominance of 536 

electrostatic interactions (WCoulombic). Although BA is composed mainly of non-polar components and 537 

relies heavily on van der Waals forces (WVander) for adhesion, the introduction of EPS—rich in polar 538 

functional groups such as epoxy and hydroxyl groups—significantly increases the average dipole 539 

moment of the system. While this shift results in a decrease in the proportion of non-polar components 540 

and a slight reduction in WVander, it drastically strengthens the Coulombic interactions between polar 541 

groups within the asphalt and oxides on the mineral surface [54, 55]. This indicates that modification 542 

with EPS induces a fundamental transformation in the mechanism of interfacial adhesion: a shift from 543 

physical adsorption dominated by van der Waals forces to a high-strength adhesion mode governed 544 

by strong electrostatic interactions. 545 

Due to variations in surface chemical environments and ion distributions, different mineral 546 

crystals exhibit distinct adhesion responses. In the EA40 system, the ranking of the absolute 547 

magnitude of Wadhesion for the various mineral phases is as follows: 548 

C2S>CaCO3>C2F>Fe3O4>Ca[Al2Si2O8]>CaO>Na[AlSi3O8]>Ca(OH)2. Among these, C2S 549 

demonstrates the most superior adhesion performance, reaching an absolute Wadhesion of 702.51 mJ/m2 550 

at 60°C. This is primarily derived from the extremely high electrostatic potential contribution of the 551 

surface (WCoulombic=-695.80 mJ/m2). Similarly, CaCO3 and C2F achieved substantial increases in 552 

strength due to epoxy modification, with absolute increments of 319.8 mJ/m2 and 159.4 mJ/m2, 553 

respectively. Mechanistic analysis reveals that the balanced distribution of ions on the surfaces of 554 

these minerals forms strong dipole interactions with polar groups in EA, thereby significantly 555 

amplifying the contribution of Coulombic forces. 556 

In contrast to the active minerals mentioned above, certain minerals exhibit a weaker response 557 

to epoxy modification. For instance, the increase for CaO after modification was merely 2.38 mJ/m2 558 



at 25°C, while Ca[Al2Si2O8] displayed weak overall adhesion due to low surface chemical activity. 559 

Notably, Ca(OH)2 exhibits an extremely low work of adhesion, even showing positive electrostatic 560 

potential energy in BA (WCoulombic=26.75 mJ/m2), which suggests the presence of electrostatic 561 

repulsion.  This is attributed mainly to polarity mismatch: the surface of Ca(OH)2 is rich in strongly 562 

hydrophilic -OH groups, whereas the asphalt matrix is generally hydrophobic. This disparity in 563 

polarity leads to poor interfacial wettability, making it difficult to establish effective dipole orientation 564 

and electrostatic adsorption, thus limiting the formation of interfacial strength. 565 

 566 

Fig. 11. Bond energy and Wadhesion at the interface between different aggregates and asphalt: (a) 567 

25°C; (b) 60°C 568 



As illustrated in Fig. 12, under moisture intrusion conditions, water molecules infiltrate the asphalt-569 

aggregate interface and tend to displace the original asphalt film. To quantitatively evaluate the 570 

interfacial stripping potential and moisture damage resistance, Wdebonding and ER are introduced as 571 

evaluation indices. Generally, an ER<1.0 indicates that moisture displacement at the interface is a 572 

thermodynamically spontaneous and severe process, making it highly prone to triggering stripping 573 

failure [56]. The results show that across all mineral systems, the ER exhibits a monotonically 574 

increasing trend with the increase in EPS content. Taking the CaCO3 as an example, its Wdebonding is 575 

significantly reduced by the introduction of EPS. Specifically, it drops from 606.88 mJ/m2 in the BA 576 

system to 87.59 mJ/m2 in the EA40 system at 25°C, and further decreases from 588.80 mJ/m2 to 577 

74.99 mJ/m2 at 60°C. Correspondingly, at 25°C, the ER increases from 0.31 for the BA system to 578 

5.73 for the EA40 system, indicating that epoxy modification can significantly enhance wet-state 579 

interfacial stability, reduce the thermodynamic affinity of the interface for moisture, and effectively 580 

inhibit the displacement of the asphalt film by water. Notably, the ER of the EA40 system reaches 581 

6.83 at 60°C, representing an increase of 2103.23% compared to the base asphalt system. Although 582 

this relative increment partially stems from the percentage amplification effect caused by the low 583 

initial ER of the base asphalt, its absolute value far exceeds the critical criterion of ER=1.0, 584 

demonstrating that epoxy modification can substantially improve the moisture stripping resistance of 585 

the interface under high-temperature conditions. Although epoxy modification generally enhances 586 

interfacial moisture damage resistance, the responses of different mineral components to moisture 587 

erosion still exhibit distinct differences. Among them, the Ca(OH)2 system consistently displays the 588 

lowest ER under all conditions, indicating that its interface is the most sensitive to moisture 589 

displacement. This is primarily because the surface of Ca(OH)2 possesses strong polarity, enabling it 590 

to form stable interactions with water molecules, thereby leading to high moisture susceptibility and 591 



poor wet-state interfacial stability. 592 

Although the main mineral components of steel slag generally exhibit good interfacial adhesion, 593 

the free CaO within it is prone to hydration reactions upon contact with water, generating Ca(OH)2. 594 

Therefore, it is recommended to subject steel slag to a carbonation pretreatment in engineering 595 

applications, converting surface free CaO and its hydration products into stable CaCO3 to reduce the 596 

moisture damage risk of the steel slag system. Furthermore, because limestone is rich in CaCO3 and 597 

exhibits high interfacial stability with the epoxy asphalt system, it shows great application potential 598 

in service environments with stringent requirements for moisture damage resistance. Regarding basalt 599 

aggregates, priority can be given to mineral sources rich in Ca[Al2Si2O8] to fully leverage its superior 600 

interfacial moisture stripping resistance compared to Na[AlSi2O6]. 601 

 602 

Fig. 12. Calculated results for Wdebonding and ER at different asphalt-aggregate interface systems: (a) 603 

Wdebonding at 25℃; (b) ER at 25℃; (c) Wdebonding at 60℃; (d) ER at 60℃ 604 

3.2. Diffusion behavior of EA within the interface system 605 



Based on the evolution curves of MSD at 25°C shown in Fig. 13(a), the diffusion behavior of 606 

EA40 on the surfaces of different aggregates exhibits three typical stages: the initial adsorption stage 607 

(0–100 ps, rapid non-linear diffusion), the stable diffusion stage (100–300 ps, linear diffusion), and 608 

the later stage of anomalous diffusion. According to the Einstein relation, only the slope of the linear 609 

interval accurately reflects the characteristics of Brownian motion. Therefore, this study selected the 610 

stable interval of 150–250 ps to fit and calculate D. As presented in Fig. 13(b), the ranking of D for 611 

the various mineral surfaces is: 612 

Ca2SiO4<CaCO3<C2F<Fe3O4<Ca[Al2Si2O8]<CaO<Na[AlSi3O8]<Ca(OH)2. 613 

 614 

Fig. 13. (a) MSD of EA40 on the surfaces of various aggregate mineral components; (b) D of 615 

asphalt on different aggregates 616 

A comparison between D and Wadhesion reveals a significant negative correlation; specifically, 617 

stronger interfacial adhesion corresponds to a lower rate of molecular diffusion. This phenomenon is 618 

attributed to surface energy levels and mechanisms of electrostatic constraint. On one hand, surfaces 619 

rich in metal cations (Ca2+, Fe3+), such as C2S and CaCO3, generate intense Coulombic electrostatic 620 

attraction with polar groups within EA. These high-intensity interactions constitute energy traps that 621 

firmly anchor the macromolecular cross-linked network onto active sites. The resulting steric 622 

hindrance and kinetic confinement significantly inhibit the free migration of chain segments [49, 55]. 623 



Conversely, the interaction between asphalt and silicate minerals dominated by covalent bonds (such 624 

as Na[AlSi3O8]) relies mainly on weaker van der Waals forces. This interface with a low energy 625 

barrier imposes less restriction on molecules, allowing asphalt molecules to exhibit higher fluidity. 626 

Furthermore, Ca(OH)2 possesses the highest D. It is hypothesized that extreme saturation of surface 627 

-OH groups leads to a poor polarity match with functional groups in EA (Polarity Saturation), failing 628 

to form effective anchors for chemical adsorption.  629 

From an engineering perspective, the high adhesion-low diffusion response mode of mineral 630 

surfaces to EA is more favorable for the long-term durability of the interface. A lower D implies that 631 

interfacial molecular chains exist in a state of thermodynamic stability, forming an immobilized 632 

interface layer resistant to shearing and water displacement [57]. Although the high polarity of EA40 633 

universally enhances wettability on all aggregate surfaces, the chemical attributes of the mineral itself 634 

remain the core factor determining interfacial dynamics. Specifically, stronger surface polarity leads 635 

to more pronounced restriction of molecular motion, thereby forming a denser and more stable 636 

interface with mechanical interlocking. In contrast, while low-polarity surfaces facilitate molecular 637 

spreading, the potential for resistance to stripping within the interfacial bond remains relatively weak. 638 

3.3. Distribution characteristics of EA components across different interfaces 639 

To quantify the heterogeneity of the spatial distribution of components within the EA40 system 640 

perpendicular to the surface of the aggregate (Z-axis), RC distribution curves were calculated, as 641 

shown in Fig. 14. Given the geometric differences among various mineral models, coordinates along 642 

the Z-axis were normalized using the top surface of the aggregate as the origin. Results indicate that 643 

adsorption of EA40 on the surfaces of different aggregates exhibits a similar Layering Phenomenon: 644 

saturates and resins with lower molecular weights display significant affinity for the interface. These 645 

components preferentially form a high-concentration primary adsorption layer (with peak 646 



concentrations reaching 8%–10%) in the near-interface region, located 5–20 Å from the surface of 647 

the aggregate. In comparison, concentration peaks for aromatics, asphaltenes, and the epoxy cross-648 

linked network are distributed primarily in the secondary layer. This suggests that during the process 649 

of competitive adsorption, light components with high mobility penetrate voids on the mineral surface 650 

more readily, playing a crucial role in establishing initial wetting and adhesion of the interface. 651 

 652 

Fig. 14. Relative concentration of EA40 components along the Z-axis within interfacial systems 653 

formed by EA40 and various aggregates: (a) Fe3O4; (b) CaO; (c) Ca(OH)2; (d) C2F; (e) Ca2SiO4; (f) 654 

Ca[Al2Si2O8]; (j) Na[AlSi3O8]; (h) CaCO3; 655 

Simultaneously, the chemical attributes of the mineral components significantly influence the 656 

compactness of the interfacial layer. Comparative analysis reveals that on active mineral surfaces rich 657 

in metal cations such as Ca2+ and Fe3+, the relative concentration peaks for resins, saturates, and the 658 

epoxy cross-linked network exhibit higher intensity. Furthermore, the positions of these peaks are 659 



located closer to the surface of the aggregate. This phenomenon is attributed to the synergistic effect 660 

between Coulombic electrostatic attraction and van der Waals forces. Specifically, high-energy 661 

surfaces exert a stronger traction effect on polar components, promoting the formation of a more 662 

compact and ordered packing configuration at the interface. This finding aligns with the results 663 

regarding Wadhesion mentioned previously. 664 

To elucidate the reconstruction mechanism of epoxy modification on the microstructure of 665 

asphalt, the spatial distribution behavior of asphaltenes in EA40 and BA was further compared, as 666 

illustrated in Fig. 15. Results indicate fundamental differences between the two. Specifically, within 667 

the BA system, asphaltene molecules tend to migrate rapidly toward the aggregate surface and 668 

accumulate there. Conversely, in the EA40 system, the migration of asphaltenes is significantly 669 

inhibited; the concentration peaks do not appear close to the interface but rather cluster between 670 

adjacent epoxy cross-linked networks. This anomalous distribution is attributed to the Steric 671 

Hindrance Effect generated by the three-dimensional network structure of the EPS. The cross-linked 672 

network establishes a physical barrier within the asphalt matrix, restricting the free diffusion and 673 

interfacial migration of heavy components (macromolecular asphaltenes). Although this network 674 

locking mechanism reduces the direct adsorption of asphaltenes at the interface to some extent, it 675 

enhances the overall cohesion and shear resistance of the system by forming a uniform 676 

Interpenetrating Network. 677 



 678 

Fig. 15. Variations in relative concentration for different asphalt during the adsorption process: (a) 679 

BA; (b) EA40 680 

3.4. Micro-surface energy 681 

The results of the sessile drop test are presented in Table 8. The hydrophilicity of the different 682 

aggregate surfaces differs significantly, with the contact angle of distilled water following the order: 683 

limestone>basalt>SS. The minimal contact angle of SS reveals its strong hydrophilic character, 684 

predicting a high risk of water wetting. Surface energy results, calculated based on contact angles, 685 

are shown in Table 9. It is evident that the surface energy of the aggregates is far higher than that of 686 

the asphalt, with SS exhibiting the highest surface energy (a polar component reaching 118.32 mJ/m2). 687 

This is attributed to its complex network structure of covalent and ionic bonds [58]. Regarding the 688 

asphalt binders, the introduction of EPS induced a significant reconstruction of surface energy 689 

components. The polar component of EA40 leaped from 0.28 mJ/m2 to 3.82 mJ/m2, while the 690 

dispersion component increased synchronously. This dramatic surge in the polar component results 691 

from the generation of abundant polar functional groups during the curing process of EPS, providing 692 



a thermodynamic basis for enhanced interfacial interaction. 693 

Table 8. Contact angle test results for the various materials 694 

Material type 
Contact angle/° 

Distilled water Formamide Glycerol 

BA 98.0 80.5 89.5 

EA20 103.3 84.5 94.3 

EA40 100.3 86.1 96.9 

Basalt 51.9 23.3 75.4  

Limestone 61.9 33.3 85.4 

SS 45.7 24.9 78.2 

Table 9. Test results for surface energy parameters of the different materials 695 

Material type 
Surface free 

energy/(mJ/m2) 
Polar component/(mJ/m2) 

Dispersion 

component/(mJ/m2) 

BA 26.55 0.28 26.27 

EA20 28.39 0.94 27.45 

EA40 35.02 3.82 31.20 

Basalt 360.28 90.08 270.20 

Limestone 412.62 91.69 320.93 

SS 413.96 118.32 295.64 

The calculation results for Was under dry conditions are presented in Fig. 16(a). Increasing the 696 

content of EPS significantly elevated the Was of all systems, a result primarily attributed to the 697 

chemical-physical synergistic enhancement mechanism. On one hand, the high polar component 698 

introduced by EPS enhances the effects of the electrical double layer and instantaneous dipole 699 

interactions at the interface. On the other hand, the transition of EA from a dispersed phase to a 700 

continuous phase increases surface roughness, thereby expanding the effective contact area [59]. 701 

Regarding the influence of aggregates, SS exhibited the strongest adhesion potential (the EA40-SS 702 

system reached 257.55 mJ/m2) due to high calcium content and high surface energy, validating the 703 



advantage of alkaline aggregates in improving the bonding performance of asphalt [60, 61]. 704 

The calculation results for Wasw under wet conditions are shown in Fig. 16(b). Experimental 705 

results reveal the thermodynamic trends of moisture erosion. A decrease in the absolute value of Wasw 706 

signifies an enhancement in the capacity for resistance to moisture damage. Epoxy modification 707 

significantly reduced the risk of debonding for all systems. Taking limestone as an example, Wasw 708 

improved from -20.09 mJ/m2 for MA to -0.97 mJ/m2 for EA40, demonstrating excellent interfacial 709 

stability. A comparison of different aggregates reveals that limestone and EA systems exhibited the 710 

lowest work of debonding (indicating the best resistance to moisture damage). This aligns with the 711 

conclusion from the MD simulation mentioned previously regarding CaCO3 possessing the highest 712 

ER. Conversely, although SS possesses strong dry adhesion, the absolute value of its Wasw remains 713 

large (reaching 28.70 mJ/m2 for the EA40 system). This corresponds to the high debonding tendency 714 

of components such as C2S and C2F found in the simulation. These experimental results powerfully 715 

validate the accuracy of MD simulations in predicting behavior regarding resistance to interfacial 716 

moisture damage. 717 

 718 

Fig. 16. Comparison of Was and Wasw for the various samples 719 

3.5. Adhesion strength between different aggregates and asphalt 720 



The results of the Pull-off test are presented in Fig. 17. It is evident that the introduction of EPS 721 

produced a decisive enhancement effect on the mechanical performance of the asphalt-aggregate 722 

interface. The average adhesion strength of the BA group was maintained at approximately 2 MPa. 723 

With the increase in EPS content, the EA20 group achieved an improvement of roughly 22%, while 724 

the adhesion strength of the EA40 group generally exceeded 4 MPa. This significant leap in strength 725 

is attributed to the Interpenetrating Polymer Network formed after the curing of EPS. This network 726 

not only provides higher cohesive strength but also reinforces mechanical interlocking and chemical 727 

bonding at the interface. To quantitatively evaluate the capacity for resistance to moisture damage at 728 

the interface, the PSR was calculated following water bath treatment for 48 h. The results indicate 729 

that epoxy modification significantly improved the hygrothermal stability of the interface. 730 

Specifically, the PSR of the BA group was distributed mainly between 74% and 84%, implying a 731 

significant water displacement effect. In contrast, the PSR of the EA40 group jumped to a range of 732 

91%–96%. This confirms that the EPS with a high degree of cross-linking is capable of effectively 733 

sealing interfacial pores and blocking paths of moisture intrusion, thereby maintaining extremely high 734 

interfacial integrity even in extreme hygrothermal environments. 735 

 736 

Fig. 17. Pull-off test results for different asphalt-aggregate systems 737 



Simultaneously, the mineralogical characteristics of different aggregates resulted in 738 

differentiated bonding responses. In general, limestone exhibited the best interfacial compatibility 739 

with asphalt; particularly in the EA40 system, both its adhesion strength and PSR values were the 740 

highest. Although the adhesion strength of basalt was slightly lower, its PSR was second only to that 741 

of limestone, displaying good chemical stability. It is worth noting that while SS possessed high initial 742 

strength in the dry state, it exhibited strong sensitivity to water in the BA system. However, epoxy 743 

modification greatly overcame this defect. In the EA40-SS interface, the adhesion strength after the 744 

water bath remained as high as 4.43 MPa, and the PSR reached 91.34%, representing a substantial 745 

increase of 291.4% compared to the adhesion strength of the BA-SS system. This result powerfully 746 

proves that the introduction of EPS is a key technical means to solve the problem of moisture damage 747 

in SS asphalt mixtures and to fully utilize the advantage of the high mechanical strength of SS, which 748 

is consistent with the conclusions of previous experiments [9, 15]. 749 

4. Conclusions 750 

By integrating MD simulations with laboratory tests, this study deeply analyzed the interfacial 751 

interaction behavior between EA and aggregates at the atomic scale. The work elucidated the key 752 

mechanisms by which epoxy modification enhances the moisture stability of SS asphalt mixtures. 753 

The principal conclusions are as follows: 754 

a) In traditional asphalt systems, interfacial adhesion relies primarily on van der Waals forces. 755 

However, following epoxy modification, polar functional groups rich in epoxy and hydroxyl 756 

units significantly enhance electrostatic interactions with metal ions on the aggregate 757 

surface. This transition shifts interfacial adhesion from weak physical adsorption to a high-758 

stability bonding mode dominated by strong electrostatic actions. Notably, high-activity 759 

mineral phases in SS, represented by C2S and CaCO3, exhibited the most optimal interfacial 760 



response characteristics. 761 

b) Under moisture intrusion conditions, the introduction of EPS significantly suppressed 762 

Wdebonding, substantially reducing the thermodynamic driving force for moisture stripping. 763 

The significant increase in the ER of the EA40 system indicates that epoxy modification 764 

effectively mitigates the destructive effect of moisture on interfacial bonding, providing a 765 

molecular-level explanation for the intrinsic mechanism behind the superior moisture 766 

damage resistance of epoxy asphalt. 767 

c) A distinct negative correlation exists between interfacial adhesion strength and the 768 

molecular diffusion coefficient. Strong interactions between high-polarity mineral surfaces 769 

and EA significantly enhance the stability of interfacial bonding. Simultaneously, the steric 770 

constraint effect generated by the cross-linked network structure further restricts the 771 

migration behavior of asphalt molecules. This facilitates the formation of a dense and stable 772 

interfacial layer structure, thereby improving the long-term service durability of the 773 

interface. 774 

d) Light components migrate preferentially toward the aggregate surface to form an initial 775 

adsorption layer, whereas the interfacial enrichment behavior of heavy asphaltenes is 776 

markedly suppressed under the constraint of the epoxy cross-linked network. This molecular 777 

rearrangement mechanism, dominated by the cross-linked network, enhances the overall 778 

cohesion of the system while avoiding the risk of interfacial embrittlement caused by 779 

excessive accumulation of heavy components. 780 

e) Laboratory experimental results demonstrate high consistency with the conclusions from 781 

MD simulations. The PSR of the EA40-SS system reached 91.34% after water bath 782 

treatment, a significant improvement over the BA system, proving that EA effectively 783 



overcomes the water sensitivity defects of SS. 784 

f) Future research may further introduce surface chemical reaction processes of SS, such as 785 

hydration and carbonation, alongside long-term aging factors to construct dynamic interface 786 

models closer to service conditions. Additionally, building upon the key mineral phase 787 

patterns discovered in this study, including the distinct moisture sensitivity and adhesion 788 

characteristics of C2S and CaO, combining reactive MD or mesoscale simulation methods 789 

will deepen the investigation into the evolution mechanisms of the EA–SS system in 790 

complex environments. 791 
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