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SUMMARY: In the context of increasingly complex road service environments and enhanced 

requirements for high durability maintenance, the precise characterization of the fatigue-

healing competition mechanism of nanomodified natural asphalt has become an important 

issue in material optimization. This paper integrates computer technologies such as molecular 

dynamics, cross-scale parameter mapping, damage driving function, competition state 

discrimination, and experimental-simulation collaborative calibration to construct a 

molecular-phase-state-microscopic-macroscopic coupled analysis framework. The results 

show that the dynamic modulus of group G3 reaches 2.36 GPa, the fatigue life is 7.10×104 

times, and the healing recovery rate is 66.9%, which demonstrates better anti-damage and 

recovery capabilities compared to group G0; the prediction errors of the model for fatigue life 

and healing recovery rate are both controlled within 4%. The research indicates that cross-

scale calculations can effectively reveal the main controlling path of the fatigue-healing 

competition of nanomodified natural asphalt, and have theoretical and engineering 

significance for the design and intelligent optimization of high durability asphalt materials. 

Povzetek: This paper focuses on the fatigue-healing competition mechanism of nanomodified 

natural asphalt, and constructs a cross-scale computational and experimental collaborative 

analysis framework involving molecular, phase state, microstructure and macroscopic coupling. 

It reveals the transmission relationship among interface interaction, phase state reorganization, 

crack propagation and performance evolution. Through model calibration, result verification 

and sensitivity analysis, the key control factors are identified, providing theoretical method 

support for the optimization design of high durability asphalt materials. 

 

KEYWORDS: Cross-scale calculation; Nano-modified natural asphalt; Fatigue-healing 

competition mechanism; Molecular dynamics; Damage evolution; Self-healing behavior 

1 Introduction 

In the context of continuously increasing traffic loads, increasingly complex service 

environments, and escalating green maintenance demands, the durability issue of asphalt 

materials has become a core concern in the field of road engineering. Fatigue cracking, as an 

important manifestation of early damage in asphalt pavements, directly affects the structural 

bearing capacity, service life, and maintenance costs. Meanwhile, asphalt materials possess 

certain self-healing potential. Processes such as internal light component migration, molecular 

chain rearrangement, and interface bonding recovery can promote the closure of some 

microcracks and the restoration of performance under suitable temperature, time, and stress 
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conditions. The fatigue damage and self-healing behavior are not isolated from each other but 

occur alternately and mutually restrict each other during the material's service life, ultimately 

jointly determining the macroscopic performance evolution of the asphalt system. 

Natural asphalt, due to its stable composition, strong polarity, and good adhesion properties, 

has significant advantages in improving the high-temperature stability and structural strength 

of base asphalt. However, the incorporation of natural asphalt may also cause an increase in 

stiffness, changes in dispersion, and phase structure reconfiguration, thereby having a dual 

impact on fatigue crack resistance and healing efficiency. In recent years, nanomaterials have 

been widely used in asphalt modification research due to their large specific surface area, strong 

interface effects, and diverse control pathways. The introduction of nanoparticles can affect the 

asphalt colloid structure, interfacial interactions, and multi-scale energy transfer processes, 

resulting in more complex co-evolution characteristics at the molecular, phase, microscopic, 

and macroscopic levels in the modified natural asphalt system. Thus, the fatigue-healing 

behavior of nano-modified natural asphalt is not a linear response of a single performance 

indicator but a comprehensive result of multi-scale structural changes. 

Most existing studies focus on fatigue performance testing, healing recovery evaluation, or 

analysis of certain scale mechanisms. Although they provide a foundation for understanding 

asphalt damage and recovery, there are two shortcomings: first, there is a lack of effective 

communication between different scales, making it difficult to directly explain macroscopic 

performance differences based on the molecular layer mechanism; second, the competition 

relationship between fatigue and healing under coexisting conditions, such as who dominates, 

when it transforms, and which factors control it, is still insufficiently depicted. Especially in 

nano-modified natural asphalt systems, component evolution, interface reorganization, and 

damage expansion are coupled, and traditional single-scale experiments or empirical analysis 

methods are unable to fully reveal their inherent laws. 

Based on this, this paper takes nano-modified natural asphalt as the research object, 

focusing on the core issue of fatigue-healing competition mechanism, and constructs a cross-

scale computational and experimental collaborative analysis framework to systematically 

reveal the intrinsic connections between the material's molecular structure, phase evolution, 

microscopic damage expansion, and macroscopic performance response. The research focuses 

include the construction of cross-scale characterization models, the depiction of fatigue-healing 

competition behavior, the extraction of quantitative indicators, and the sensitivity analysis of 

key parameters, and combines multi-scale experimental results to calibrate and validate the 

model. The aim is to provide theoretical basis and method support for the mechanism 

understanding, material optimization design, and construction of high-durability roads of nano-

modified natural asphalt.  

2 Theoretical Basis and Related Research 

2.1 Molecular Structure and Phase Evolution Foundation of Nano-

modified Natural Asphalt 

Nano-modified natural asphalt is essentially a multi-phase composite system composed of base 

asphalt, natural asphalt components, and nanoparticles. Its internal structure evolution has 

obvious cross-scale characteristics. The saturated fraction, aromatic fraction, resin, and 

asphaltene in the base asphalt maintain colloid equilibrium. The introduction of natural asphalt 

increases the proportion of polar components in the system, enhancing intermolecular forces 

and exhibiting higher structural density and stronger interface adhesion. Nanoparticles, due to 

their large specific surface area and surface activity, can form adsorption layers with asphaltene 
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and resin, changing the local free volume distribution and chain segment movement ability, 

thereby promoting the evolution of the system from a relatively loose dispersed state to a stable 

aggregated state. This process not only affects the viscoelastic response of the material, but also 

alters the molecular migration conditions during the initiation, propagation and subsequent 

healing of microcracks. 

From a molecular perspective, the structural stability and component compatibility of 

nanomodified natural asphalt are closely related. Generally, the compatibility between different 

components can be characterized by the solubility parameter, which is expressed as: 

𝛿 = (
𝐸𝑐𝑜ℎ
𝑉𝑚

)
1/2

(1) 

where, δ is the solubility parameter, Ecoh is the cohesive energy, and Vm is the molar volume. 

The closer δ is, the easier it is for the matrix asphalt, natural asphalt and nanomaterials to form 

a stable phase structure. Further, the interfacial interaction energy can be used to evaluate the 

binding strength between nanoparticles and the asphalt system: 

Eint = Etotal − Easphalt − Enano (2) 

In the equation, Eint represents the interfacial interaction energy, Etotal is the total energy of 

the composite system, Easphalt is the energy of the asphalt phase, and Enano is the energy of the 

nano-phase. The larger the absolute value of Eint, the stronger the interfacial binding, which is 

more conducive to the formation of a stable multi-scale phase state network. The key 

components and phase-state action characteristics of nano-modified natural asphalt are shown 

in Table 1. 

Table 1: Key Components and Phase-State Action Characteristics of Nano-modified Natural 

Asphalt 

Component Structural Feature 
Main Action 

Scale 

Phase State 

Evolution 

Manifestation 

Effect on Fatigue - 

Healing Behavior 

Base asphalt 

Significant colloid 

system, coexistence 

of light components 

At the 

molecular/ 

macroscopic 

level 

Maintaining basic 

flow and viscoelastic 

balance 

Providing fatigue 

energy dissipation 

and healing flow 

foundation 

Natural asphalt 

Strong polarity, 

more hard 

components 

At the 

molecular/ 

phase level 

Improving the 

density and adhesion 

of the system 

Preventing crack 

propagation, but 

may reduce the 

flow healing rate 

Nanoparticles 

High specific 

surface area, strong 

interfacial activity 

At the 

molecular/ 

microscopic 

level 

Forming adsorption 

layers and 

strengthening 

interfacial 

connection 

Enhancing 

structural stability, 

regulating fatigue 

and healing balance 

Interface 

transition layer 

There is energy 

exchange and chain 

segment 

reorganization 

At the phase/ 

microscopic 

level 

Promoting local 

structural 

reconstruction 

Deciding crack 

closure and 

recovery efficiency 
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2.2 Coupling mechanism and competitive criterion of fatigue damage and 

self-healing 

Under the combined action of cyclic loading and temperature fluctuations, nano-modified 

natural asphalt will simultaneously undergo fatigue damage accumulation and self-healing 

recovery processes. Fatigue damage is mainly manifested as the gradual relaxation of weak 

intermolecular bonds, enhanced local stress concentration, and the initiation and expansion of 

microcracks; self-healing is reflected in the migration of light components, reordering of 

molecular chains, and reestablishment of interfacial adhesion, restoring part of the structural 

integrity and mechanical properties of the damaged area within a certain period of time. These 

two mechanisms do not exist independently but alternate and mutually restrict each other during 

the material's service life. When the damage propagation rate is higher than the structural 

recovery rate, the macroscopic performance of the material shows continuous attenuation; when 

the interface reorganization and molecular diffusion are strong, the stress at the crack tip can be 

partially released, and the system will exhibit certain recovery ability. The coupling mechanism 

and characterization indicators of fatigue damage and self-healing are shown in Table 2. 

To quantitatively describe the evolution process of fatigue damage, the damage variable can 

be defined as: 

𝐷 = 1 −
𝑆𝑛
𝑆0

(3) 

In the formula, D represents the damage variable, S0 is the initial stiffness, and Sn is the 

stiffness after the nth cycle. The larger D is, the higher the cumulative degree of damage in the 

system. 

To characterize the healing and recovery effect, the healing index can be defined as: 

𝐻 =
𝑃ℎ − 𝑃𝑑
𝑃0 − 𝑃𝑑

× 100% (4) 

In the formula, H represents the healing index, P0 is the initial performance value, Pd  is the 

performance value after damage, and Ph is the performance value after healing. The higher the 

H value, the stronger the material's recovery ability. 

Furthermore, a fatigue-healing competition criterion can be constructed: 

𝐶 =
𝐻

𝐷
(5) 

In the formula, C represents the competition coefficient. When C > 1, cooperative effect 

dominates; when C < 1, fatigue damage dominates; when C ≈ 1, it indicates that the system is 

in a dynamic competitive equilibrium state. This criterion can provide a unified basis for 

subsequent cross-scale quantitative analysis and model verification. 
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Table 2: Coupling mechanism and characterization indicators corresponding to fatigue 

damage and self-healing 

Mechanism 

category 

Primary 

manifestation 
Dominant scale 

Typical 

characterization 

parameters 

Effect on 

competitive 

relationship 

Cumulative 

fatigue damage 

Generation and 

expansion of 

microcracks and 

stiffness attenuation 

Fine scale/Macro 

scale 

Damage variables, 

modulus attenuation 

rate, cycle life 

Propagates 

performance 

degradation 

Self-healing 

recovery 

Crack closure, 

molecular migration 

and interface 

reorganization 

Molecular/Phase 

state/Fine scale 

Healing index, 

recovery rate, 

adhesion work 

Promotes 

structural 

repair 

Damage-healing 

competition 

Synchronous 

evolution of the two 

processes 

Inter-scale 

Competition 

coefficient, 

recovery-decay ratio 

Determines the 

final evolution 

trend 

2.3 Related Work 

Domestic and foreign scholars have conducted extensive research on fatigue damage, self-

healing behavior and nano-modification mechanisms of asphalt materials. Chaudhary et al. 

(2025) focused on the influence of nano-modifying agents on the self-healing and fatigue 

performance of asphalt binders, indicating that the fatigue response and self-healing ability of 

the material would change significantly after the introduction of nano-components, providing 

a research basis for nano-scale regulation of asphalt service performance [1]. Chen et al. (2025) 

conducted multi-scale indoor experimental analysis on the self-healing behavior of steel slag 

asphalt mixtures under microwave heating conditions, indicating that revealing the structural 

recovery process from a multi-scale perspective is feasible [2]. He et al. (2021) studied the 

physical properties and anti-aging characteristics of nano-TiO2/Irganox 1010 composite 

modified asphalt, indicating that the nano-composite modification can play a positive role in 

structural stability and durability maintenance [3]. 

In terms of microscopic mechanism analysis, Yuan et al. (2024) analyzed the self-healing 

mechanism of TB composite modified asphalt based on molecular dynamics methods, 

providing a microscopic basis for explaining the connection between molecular migration, 

interface reorganization and recovery behavior [4]. Shu et al. (2025) studied the problem of 

self-healing performance degradation of asphalt mixtures under fatigue action from the 

perspectives of mechanism analysis and quantitative characterization, indicating that fatigue 

accumulation not only weakens the material's bearing capacity but also reduces its subsequent 

recovery potential [5]. Qinbao et al. (2025) explored the influence of graphene oxide on the 

rheology and self-healing performance of modified asphalt, further demonstrating the 

advantages of nano-materials in regulating viscoelastic characteristics and recovery behavior 

[6]. 

In addition, Zhang et al. (2023) studied the microstructure, fatigue and self-healing 

performance evolution of SBS modified asphalt under ultraviolet radiation conditions, 

indicating that environmental aging factors would significantly change the fatigue-healing 

relationship [7]. Yang et al. (2024) evaluated the fatigue-healing performance of fiber-modified 

asphalt mixtures, expanding the scope of research on damage recovery synergy in modified 

systems [8]. Zhang et al. (2025) analyzed the influence of aging on the structure and 

performance of SBS modified asphalt with dual dynamic chemical bond self-healing 
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reinforcement, indicating a close relationship between chemical bond design and structural 

response [9]. The progress and shortcomings of related research are shown in Table 3. 

Table 3: Analysis of Related Research Progress and Shortcomings 

Reference Research Object 
Research 

Perspective/Method 
Primary Focus Existing Shortcomings 

[1] 
Nanomodified 

asphalt binder 
Performance tests 

Healing and fatigue 

performance 

Insufficient in 

revealing the multi-

scale mechanism 

[2] 
Steel slag 

asphalt mixture 

Multi-scale indoor 

tests 

Microwave heating 

self-healing 

Overemphasizes 

external field excitation 

conditions, with 

limited material types 

[3] 

Nano-TiO2 

composite 

modified asphalt 

Physical and anti-

aging tests 

Stability and 

durability 

Does not deeply 

discuss the fatigue-

healing coupling 

relationship 

[4] 
TB composite 

modified asphalt 
Molecular dynamics 

Healing micro-

mechanism 

Insufficient 

macroscopic response 

verification 

[5] Asphalt mixture 

Mechanism analysis 

and quantitative 

characterization 

Fatigue-induced 

healing degradation 

Overemphasizes 

degradation results, 

with insufficient 

unified competitive 

criteria 

[6] 
Graphene oxide 

modified asphalt 

Flowability and 

healing analysis 

Nanometer 

regulation effect 

Insufficient discussion 

on phase evolution and 

multi-scale connection 

[7] 
SBS modified 

asphalt 

Structural and 

environmental effect 

analysis 

Ultraviolet aging 

fatigue and healing 

More emphasizes 

environmental factors, 

with less involvement 

of natural asphalt 

system 

[8] 
Fiber modified 

asphalt mixture 

Performance 

evaluation 

Fatigue-healing 

synergy 

performance 

Insufficient micro-

mechanism support 

[9] 

Self-healing 

reinforced SBS 

modified asphalt 

Structure and 

performance analysis 

Aging influence 

and dynamic 

chemical bonds 

Still insufficient 

characterization of 

cross-scale competitive 

mechanism 

 

Overall, existing research has explored the issues of asphalt fatigue and healing from 

perspectives such as nano-modification, microwave heating, molecular dynamics, flow 

analysis, and aging environment. However, it is still mainly focused on single material systems, 

single-scale analysis, or local performance evaluation. For the composite system of nano-

modified natural asphalt, especially the competitive mechanism and cross-scale 

characterization under the condition of concurrent fatigue damage and self-healing, there is 

still a lack of systematic and unified research framework. Therefore, it is necessary to further 
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construct an analysis method that covers multi-level coupling from molecular to phase state to 

microstructure to macroscopic levels to achieve quantitative depiction of the fatigue-healing 

competitive mechanism. 

3 Cross-scale computational-driven study on the fatigue- 

healing competition mechanism of nano-modified natural 

asphalt 

3.1 Construction of a cross-scale characterization model integrating 

molecular, phase state, microscale and macroscale 

To reveal the transmission law of structural evolution to performance response of nano-

modified natural asphalt under fatigue loading, this paper constructs a four-level coupling cross-

scale characterization model integrating molecular, phase state, microscale and macroscale. The 

effects of micro-component action, phase state reorganization, crack damage expansion and 

macroscopic mechanical degradation are unified into the same analysis framework. The model 

starts from the interface interaction between nanoparticles, active components of natural asphalt 

and the colloid structure of the matrix asphalt, extracts parameters such as interface interaction 

energy, diffusion ability and local binding stability at the molecular scale, and maps them to the 

phase state scale to characterize the structural evolution characteristics of different components 

during aggregation, dispersion and reorganization [10]. Further, by transferring local 

heterogeneous information from the phase state scale to the microscale, a characterization 

channel for the coordinated evolution of crack initiation, expansion and interface recovery is 

established, and finally, the unified prediction of modulus attenuation, fatigue life and healing 

recovery rate indicators is achieved at the macroscopic scale. The framework of the molecular-

phase-state-microscale-macroscopic coupling cross-scale characterization model is shown in 

Figure 1.  

 

Figure 1: Cross-scale characterization model framework of molecular-phase-state- 

microscopic-macroscopic coupling 

At the molecular scale, the state vector of the nano-modified natural asphalt system is 

defined as: 
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Xm = [Eint, δ, Df, ρb] (6) 

where, Xm is the molecular-scale state vector, Eint is the interfacial interaction energy, δ is the 

solubility parameter, Df  is the molecular diffusion coefficient, and ρb is the local binding density. 

This vector is used to describe the compatibility and binding stability of nanoparticles and 

natural asphalt components at the molecular level, providing the underlying input for 

subsequent phase-state reconstruction. 

At the phase-state scale, the molecular-scale parameters are mapped to phase-state 

characterization quantities, and a phase-state state vector is constructed: 

Xp = [ϕa, ϕn, ηs, λi] (7) 

where, Xp is the phase-state scale state vector, ϕa is the asphalt aggregation degree, ϕn is the 

dispersion coefficient of nanoparticles, ηs is the phase structure stability index, and λi is the 

continuity parameter of the interface transition layer. The relationship between molecular 

parameters and phase-state parameters can be established through a mapping function:  

Xp = TmpXm (8) 

In the equation, Tmp is the coupling transfer matrix from the molecular scale to the phase-

scale, which is used to represent the mapping relationship between interfacial energy, diffusion 

characteristics, and phase structure stability. 

At the microscale, considering factors such as local stress concentration, discontinuity of 

the phase interface, and microcrack propagation, the microscale damage state quantity is 

defined as: 

Md = αϕa + β(1 − ϕn) + γ(1 − λi) (9) 

In this equation, Md is the microscale damage driving factor, and α, β, and γ are weight 

coefficients. This equation indicates that the enhancement of asphalt aggregation, the 

insufficiency of nano-dispersion, and the decline in interface continuity will all increase the 

local damage sensitivity and promote the evolution of cracks from initiation to the expansion 

stage. At the same time, if the molecular diffusion ability and interface binding stability remain 

at a high level, the local damaged area still has certain potential for reorganization and recovery, 

thereby forming a competitive situation where fatigue damage and self-healing coexist. 

At the macroscale, this paper further maps the cross-scale features into the material 

mechanical response and establishes a comprehensive characterization function: 

R = ω1Md +ω2ηs +ω3Eint +ω4Df (10) 

In this equation, R is the macroscopic response characterization value, and ω1 to ω4 are the 

weight coefficients of each scale feature. Depending on different research goals, R can 

correspond to output indicators such as dynamic modulus, fatigue life, healing recovery rate, or 

competitive coefficient. The core of this model lies in integrating the microscopic structure 

information, phase evolution characteristics, and microscale damage state into the macroscopic 

performance expression, enabling the fatigue-healing behavior of nanomodified natural asphalt 

no longer to rely solely on a single experimental result for judgment, but to be systematically 

characterized through the linkage of cross-scale parameters. 

To improve the interpretability and computability of the model, this paper introduces a four-

stage path of "parameter extraction - scale mapping - damage characterization - macroscopic 
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response" during model construction. This path retains the analytical advantage of molecular 

simulation for interface mechanisms, takes into account the physical meanings of phase 

reorganization and microscale damage expansion, and can be calibrated with subsequent 

experimental data [11]. Through this cross-scale characterization model, a unified method basis 

can be provided for the quantitative analysis of the fatigue-healing competitive mechanism of 

nanomodified natural asphalt, and a model support can be laid for the subsequent 

characterization of competitive behavior and the construction of key indicators. 

3.2 Characterization Method for Fatigue-Healing Competitive Behavior 

Based on Damage Evolution and Interface Reorganization 

Under the combined action of cyclic loading, intermittent recovery time, and temperature, in 

nanomodified natural asphalt, internal damage does not only occur in a unidirectional manner 

but presents a dynamic competitive process of "crack propagation - interface reorganization - 

local recovery". During the fatigue stage, local stress concentration prompts the priority damage 

of weak interface regions, and microcracks gradually expand in the microheterogeneous 

structure; in the healing stage, molecular chain segment migration, redistribution of light 

components, and interface adhesion reconstruction around the nanoparticles will partially 

weaken the driving force at the crack tip, causing a certain degree of closure and recovery in 

the damaged area [12]. Based on this feature, this paper regards the fatigue-healing competitive 

behavior as a coupled evolution problem of the "damage growth term" and "interface recovery 

term", and establishes a behavior characterization method based on the cross-scale parameter 

transfer. The key processes and model parameters in the characterization of fatigue-healing 

competitive behavior are shown in Table 4. 

Table 4: Key Processes and Model Parameter Settings in Fatigue-Healing Competitive 

Behavior Characterization 

Process category Primary physical meaning 
Primary parameter 

name 

Suggested 

range of values 

Role in the competitive 

behavior 

Local damage 

accumulation 

Expansion of micro-defects and structural 

weakening under cyclic loading 

Damage evolution 

coefficient 
0.015~0.035 

Controls the growth rate of 

fatigue damage 

Local damage 

accumulation 

Expansion of micro-defects and structural 

weakening under cyclic loading 

Local equivalent 

stress ratio 
0.72~0.91 

Reflects the degree of stress 

concentration 

Local damage 

accumulation 

Expansion of micro-defects and structural 

weakening under cyclic loading 

Damage driving 

level 
0.40~0.68 

Characterizes the sensitivity 

of crack initiation and 

propagation 

Phase-state stability 

constraint 

Inhibition of damage propagation by phase-

structure continuity 

Phase-structure 

stability level 
0.63~0.86 

Delays the evolution of 

local damage 

Phase-state stability 

constraint 

Inhibition of damage propagation by phase-

structure continuity 

Interface continuity 

level 
0.58~0.82 

Enhances overall structural 

coordination 

Interface 

reorganization 

recovery 

Reconstruction of interfacial adhesion and 

crack closure 

Interface 

reorganization rate 

0.020~0.048 

min⁻¹ 

Controls the recovery rate 

of healing 

Interface 

reorganization 

recovery 

Reconstruction of interfacial adhesion and 

crack closure 
Recovery time 10~60 min 

Determines the adequacy of 

interface reconstruction 

Interface 

reorganization 

recovery 

Reconstruction of interfacial adhesion and 

crack closure 

Interfacial 

interaction level 
 

1.12~1.38 

Represents the enhancement 

capability of interfacial 

adhesion 

Molecular 

migration support 

Promotion of recovery by diffusion of light 

components and molecular chains 

Molecular 

diffusion level 
0.78~1.21 

Affects mass transfer 

efficiency during the 

healing stage 

Molecular 

migration support 

Promotion of recovery by diffusion of light 

components and molecular chains 

Migration 

activation level 
0.46~0.73 

Reflects the mobility of 

molecular chain segments 

Competitive state 

identification 

Comprehensive judgment of fatigue- or 

healing-dominated trend 
Net driving level -0.25~0.37 

Determines whether crack 

propagation or recovery is 

dominant 

Competitive state Comprehensive judgment of fatigue- or Competition state -0.30~0.45 Outputs fatigue-dominated, 
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identification healing-dominated trend index balanced, or healing-

dominated states 

To describe the cumulative damage state under cyclic loading, the normalized fatigue 

damage function is defined as: 

Ω(N) = 1 − exp [−kdN(
σloc
σc

)
m Md

ηs + λi
] (11) 

where, Ω(N) is the damage state function under the Nth cycle, kd is the damage evolution 

coefficient, σloc is the local equivalent stress, σc is the critical stress, m is the stress sensitivity 

index, Md is the microscopic damage driving factor, ηs is the phase structure stability index, and 

λi is the interface continuity parameter. This equation indicates that when the local stress level 

increases and the microstructure heterogeneity enhances, the damage growth rate will 

significantly accelerate; while higher phase state stability and interface continuity will help 

delay the accumulation of damage. 

Considering the combined influence of interface adhesion reconstruction and molecular 

migration during the healing stage, the interface reformation coefficient is further defined as: 

Ψ(tr) = λi(1 − e−khtr) (
Eint
Eref

)
p

(
Df

Dref
)
q

(12) 

where, Ψ(tr) is the interface reformation coefficient during the recovery time tr, kh is the 

interface reformation rate constant, Eint is the interface interaction energy, Eref  is the reference 

interface energy, Df is the molecular diffusion coefficient, Dref is the reference diffusion 

coefficient, p and q are weight indices. This equation explains that an extended recovery time, 

enhanced interface interaction, and improved molecular diffusion ability will all increase the 

interface reformation level, thereby enhancing the healing potential of the material. 

To further depict the competitive relationship between crack propagation and interface 

reformation, the net driving function is defined as: 

Fnet = G0Ω(N) − μΨ(tr) (13) 

where, Fnet is the fatigue-healing net driving function, G0 is the initial crack driving benchmark 

term, and μ is the reduction coefficient of the interface reformation on the crack driving force. 

When Fnet > 0, it indicates that the fatigue propagation effect is dominant, and the crack tends 

to develop further; when Fnet < 0, it means that the interface reformation has a strong inhibitory 

effect on crack propagation, and the system is more likely to enter the dominance of recovery. 

Based on this, the competitive state discrimination function is constructed: 

Θ = ω1Ω(N) − ω2Ψ(tr) + ω3

Fnet
G0

(14) 

In the formula, Θ represents the competition state factor, while ω1, ω2, and ω3 are weight 

coefficients. Considering the need to form a unified output indicator in the subsequent multi-

scale parameter fusion calculation, this paper takes Θ as the intermediate discriminant quantity 

in the competition process. Its positive and negative directions are consistent with the 

competition state coefficient Γ in Section 3.3. When Θ < 0, it indicates that the fatigue 

expansion effect is dominant, and the system as a whole shows fatigue dominance; when Θ > 

0, it indicates that the recovery effect corresponding to interface reorganization and molecular 

migration is stronger, and the system shows healing dominance; when Θ ≈ 0, it can be 
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considered that the material is in a competitive state where fatigue and healing are balanced 

[13]. Compared with merely relying on a single recovery rate or stiffness attenuation rate for 

judgment, this method can simultaneously incorporate cross-scale information such as local 

stress, phase stability, interfacial energy, and diffusion behavior, and provide a process 

discriminant basis for the unified calculation of the competition state coefficient Γ in Section 

3.3. 

3.3 Multi-scale Parameter Fusion for Fatigue-Hybridization Competition 

State Discrimination and Computational Flow Design 

After completing the construction of the cross-scale representation model and the 

characterization of fatigue-hybridization competition behavior, it is necessary to establish a set 

of state discrimination methods that can connect the molecular scale, phase state scale, 

microscale and macroscopic response, enabling parameters from different sources to be fused, 

calculated and output within a unified framework. For nanomodified natural asphalt, fatigue 

propagation is not solely determined by the load level; interface reorganization, molecular 

migration, phase structure stability and local crack evolution all jointly affect the competition 

state [14]. Therefore, in this section, starting from multi-scale parameter fusion, a fatigue-

hybridization competition state discrimination and computational flow is constructed, 

converting the molecular interaction information, phase structure information and 

microdamage information in the aforementioned model into computable state functions. The 

fatigue-hybridization competition state discrimination and computational flow based on multi-

scale parameter fusion is shown in Figure 2.  
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Figure 2: Flowchart of fatigue-healing competition state discrimination and calculation based 

on multi-scale parameter fusion 

Taking into account the differences in dimension, range, and physical meaning of different 

scale parameters, the input parameters are first uniformly mapped, and the standard state 

quantity before fusion is defined as:  

yi =
xi

xi + xi
ref

(15) 

In this equation, yi represents the standard state quantity of the i-th parameter, xi is the 

original input parameter, and xi
ref is the reference state value. This equation can avoid the direct 

superposition deviation caused by the dimensional differences of different parameters, allowing 

information such as the interface action level, phase structure stability degree, local stress 

concentration level and diffusion ability to enter the same calculation space. 

Based on this, the fatigue driving function is defined as: 

Pf = c1ys + c2yc + c3ym (16) 

In the formula, Pf  is the fatigue driving function, ys is the stress level mapping value, yc is 

the crack evolution-related state quantity, and ym is the microscopic damage driving state 

quantity. c1, c2, and c3 are corresponding weights. This function is used to characterize the 

overall trend of the system's evolution towards the damage expansion direction under cyclic 

loading, and the larger the value, the more obvious the fatigue expansion tendency within the 

material. 

Correspondingly, the healing driving function is defined as:  

Ph = d1yr + d2yd + d3yl (17) 

In the formula, Ph is the healing driving function, yr is the interface reorganization state 

quantity, yd is the molecular migration ability mapping value, yl is the interface continuity state 

quantity, and d1, d2, d3 are corresponding weights. This function mainly reflects the potential of 

the material to achieve local repair through interface adhesion reconstruction and light 

component diffusion during the recovery stage. 

To further unify the description of the competition between fatigue and healing, a 

competitive state coefficient is constructed: 

Γ =
Ph − Pf

Ph + Pf + ε
(18) 

In the formula, Γ is the competitive state coefficient, and ε is a correction term to prevent 

the denominator from being too small and causing fluctuations. The value range of this 

coefficient is close to [-1, 1]. When Γ approaches a negative value, it indicates that fatigue 

propagation dominates; when Γ approaches a positive value, it indicates that the healing 

recovery effect is stronger; when Γ approaches zero, it indicates that the system is in a 

competitive state where damage and recovery are balanced. 

To enable the calculation results to form clear state outputs, a hierarchical discrimination 

function is further set: 
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Rs = {

Fatigue − dominant, Γ < −0.15

Competitivestate, −0.15 ≤ Γ ≤ 0.15

Healing − dominant, Γ > 0.15

(19) 

In this formula, Rs is the competitive state category. This discrimination method converts 

the continuous state coefficient into a discrete result, enabling the identification of competitive 

states under different material ratios, different recovery times, and different load levels in a 

unified standard. 

In the calculation process, this paper adopts the method path of "parameter input - state 

mapping - double driving function construction - competitive state coefficient calculation - state 

classification output". The key of this path is not to regard fatigue and healing as two 

independent processes that are mutually separated, but to express both in a unified framework 

[15]. This not only retains the explanatory ability of molecular-scale interface effects and 

diffusion behaviors on healing and recovery, but also takes into account the stability of phase 

states and the evolution of micro-damage on fatigue propagation. Compared with traditional 

methods that only rely on a single recovery rate, stiffness decay rate, or fatigue life for judgment, 

the state discrimination and calculation process proposed in this section can better reflect the 

cross-scale coupling characteristics of the fatigue-healing competition mechanism of 

nanomodified natural asphalt, and is more in line with the writing positioning of the chapter as 

a research method chapter. 

4 Experimental and Result Analysis 

4.1 Material Preparation and Nanomodification Scheme and Multi-scale 

Characterization Test Design 

To ensure the comparability between the cross-scale calculation results and the real response 

of the material, this paper selects 70# base asphalt as the basic material, builds a composite 

modification system with natural asphalt and nanomodifying agents, and conducts test design 

along the technical route of "material preparation - specimen molding - fatigue loading - healing 

and recovery - multi-scale characterization". During the preparation process, the base asphalt is 

heated to 160 ℃ and kept in a flowing state, then natural asphalt is added in the set proportion, 

and it is pre-mixed at high-speed shear for 30 minutes to fully disperse the hard component; 

then, the nanomaterial is added and further sheared for 45 minutes to promote the uniform 

distribution of nanomaterials in the continuous phase of the asphalt [16]. Considering that the 

aggregation of nanomaterials will affect the interface effect and subsequent fatigue-healing 

behavior, the shear temperature, rotational speed, and holding time during the preparation stage 

are synchronized controlled to ensure the consistency of sample preparation conditions. The 

material preparation and nanomodification scheme and multi-scale characterization test design 

are shown in Table 5. 
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Table 5: Material Preparation and Nanomodification Scheme and Multi-scale 

Characterization Test Design 

Group 

Base 

asphalt 

/ % 

Natural 

asphalt 

/ % 

Nanomaterial 

/ % 

Preparation 

temperature 

/ °C 

Shear 

speed / 

(r·min⁻¹) 

Shear 

time / 

min 

Main test contents 
Corresponding 

scale 

G0 100.0 0.0 0.0 160 3000 60 

Baseline 

rheological, fatigue, 

and healing tests 

Macroscale 

G1 94.0 6.0 0.0 165 3500 75 

Evaluation of 

natural asphalt 

modification effect 

Phase state / 

Macroscale 

G2 93.5 6.0 0.5 165 4000 75 

Rheological, 

fatigue–recovery, 

and microscopic 

observation tests 

Mesoscale / 

Macroscale 

G3 93.0 6.0 1.0 165 4000 75 

Crack evolution, 

interface 

distribution, and 

recovery capacity 

tests 

Mesoscale / 

Macroscale 

G4 92.5 6.0 1.5 165 4500 90 

Multiscale 

collaborative 

characterization and 

model calibration 

Molecular–

Macroscale 

 

In the test grouping, a non-modified control group, a natural asphalt modified group, and 

different nano-dosage composite modified groups were set up to compare the changes in 

material structural stability, fatigue damage resistance, and healing recovery potential under the 

synergistic effect of natural asphalt and nano-materials. After the specimen was formed, 

dynamic shear rheology, linear amplitude scanning, and fatigue-recovery cyclic tests were 

conducted at the macroscopic level to obtain indicators such as modulus, damage evolution, 

and healing recovery rate; at the fine-scale level, fluorescence microscopy and scanning 

electron microscopy were used to observe crack initiation and interface distribution 

characteristics; at the phase/state level, thermal analysis and component separation results were 

combined to identify the structural evolution trend; at the molecular level, parameters related 

to interface interaction, diffusion migration, and binding stability were extracted to provide 

input for subsequent cross-scale mapping and model calibration. Through this design, the 

material responses at different scales can be realized to correspond and connect within the same 

test framework. 

4.2 Cross-scale calculation settings and test-simulation collaborative 

calibration process 

To ensure that the cross-scale calculation model can truly reflect the structural evolution 

characteristics of nano-modified natural asphalt during fatigue and healing processes, this paper 

sets corresponding calculation parameters at the molecular, phase/state, fine-scale, and 

macroscopic levels, and conducts test-simulation collaborative calibration using the method of 

"test input - parameter mapping - initial value calculation - error feedback - iterative correction". 

The molecular layer mainly inputs interface interaction level, diffusion ability, and binding 

stability parameters to characterize the interaction between nano-particles and natural asphalt 

components; the phase/state layer focuses on setting aggregation degree, dispersion level, and 
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structural continuity parameters to describe the characteristics of phase structure reorganization 

in the system; the fine-scale layer introduces local stress concentration, crack extension 

sensitivity, and damage driving level; the macroscopic layer takes dynamic modulus, fatigue 

life, and healing recovery rate as the final response output [17]. The key parameter settings and 

calibration targets of cross-scale calculation are shown in Table 6. 

Table 6: Key parameter settings and calibration targets of cross-scale calculation 

Scale level Parameter name 
Initial 

value 
Unit Parameter source Calibration objective 

Molecular 

scale 

Interfacial 

interaction level 
1.24 — 

Molecular interaction 

analysis 

Improve the 

characterization accuracy 

of interfacial bonding 

Molecular 

scale 

Diffusion 

capability 
0.93 — 

Molecular migration 

analysis 

Reflect migration 

characteristics during the 

healing stage 

Phase-state 

scale 

Structural stability 

level 
0.78 — 

Phase-state evolution 

identification 

Characterize the balance 

between aggregation and 

dispersion 

Phase-state 

scale 

Interface 

continuity level 
0.74 — 

Structural 

reorganization 

analysis 

Improve the accuracy of 

phase-state mapping 

Mesoscale 
Damage growth 

coefficient 
0.028 — 

Crack propagation 

characterization 

Match the evolution trend 

of fatigue damage 

Mesoscale 

Local stress 

amplification 

coefficient 

1.16 — 
Mesomechanical 

analysis 

Correct the sensitivity of 

local damage 

Macroscale 
Reference dynamic 

modulus 
2.00 GPa Rheological test 

Calibrate stiffness 

prediction results 

Macroscale 
Reference healing 

recovery value 
61.0 % Fatigue–recovery test 

Calibrate healing response 

results 

 

Macroscopic scale Healing recovery reference value 61.0 % Fatigue-recovery test Calibrate 

healing response results During the collaborative calibration process, initially, the initial values 

of parameters at each level are determined based on the material preparation plan and the results 

of multi-scale experiments. Then, the molecular and phase state information is mapped into the 

microstructural damage evolution model to obtain the initial predicted results for different 

sample groups. Subsequently, the simulation outputs are compared with the results obtained 

from dynamic shear rheology tests and fatigue-recovery cycle tests. The relative error and 

fitting consistency are used as correction criteria, and the interface reorganization rate, 

structural stability level, and damage growth parameters are iteratively adjusted until the main 

response indicators reach a high degree of matching [18]. This not only retains the explanatory 

ability of cross-scale calculations for the microscopic action mechanism but also enhances the 

model's adaptability to macroscopic mechanical responses. The collaborative calibration 

comparison curve of the experimental values and simulation values is shown in Figure 3.  
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Figure 3: Coordinated calibration comparison curve of test values and simulation values 

As shown in Figure 3, the dynamic modulus prediction curves of each group of samples are 

consistent with the overall change trend of the test curves, indicating that the constructed model 

can well describe the change law of the stiffness response of the material after the synergistic 

modification of natural asphalt and nanomaterials. Among them, the test values of G3 group 

are the closest to the simulation values, suggesting that under the current parameter settings, 

the model adequately characterizes the interface enhancement and structural stability effects 

under a 1.0% nano-concentration condition; G4 group shows a slight deviation, indicating that 

when the nano-concentration is further increased, local agglomeration and phase heterogeneity 

will have a certain impact on the model accuracy. Overall, the coordinated calibration process 

established in this section provides a reliable parameter basis for the subsequent fatigue-healing 

performance evolution analysis and competitive mechanism verification. 

4.3 Comparison of Fatigue and Healing Performance Evolution Results 

and Model Verification 

After completing the cross-scale parameter calibration, a further comparative analysis was 

conducted on the fatigue damage accumulation process, healing recovery ability, and model 

prediction accuracy of different sample groups. The fatigue damage evolution curve is shown 

in Figure 4, and the comparison chart of healing recovery rates is shown in Figure 5.  

 

Figure 4: Fatigue Damage Evolution Curve 
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As shown in Figure 4, the damage variables of each group of specimens continuously 

increased with the continuous loading cycles, but the growth rates were significantly different. 

The unmodified group G0 increased the fastest, reaching a damage variable of 0.72 at 5×104 

cycles; while the G3 group was only 0.53 at the same time, indicating that the appropriate 

addition of nanomaterials in combination with natural asphalt can effectively delay the initiation 

and propagation of cracks. The G1 and G2 groups showed a more gradual damage growth trend 

compared to G0, while the G4 group was slightly better than the control group but slightly 

weaker than the G3 group, suggesting that when the nanomaterial content is too high, local 

agglomerations will weaken the interface reinforcement effect.  

 

Figure 5: Comparison Bar Chart of Healing Recovery Rate 

The main results are shown in Table 7. 

Table 7: Comparison of Fatigue and Healing Performance and Model Verification Results 

Group 

Experimental 

fatigue life / 

×10^4 cycles 

Predicted 

fatigue life / 

×10^4 cycles 

Relative 

error / % 

Experimental 

healing recovery 

rate / % 

Predicted 

healing 

recovery rate 

/ % 

Relative 

error / % 

G0 4.60 4.43 3.70 44.8 43.5 2.90 

G1 5.30 5.10 3.77 51.6 50.2 2.71 

G2 6.20 6.01 3.06 58.4 57.0 2.40 

G3 7.10 6.90 2.82 66.9 65.4 2.24 

G4 6.80 6.57 3.38 63.1 61.8 2.06 

 

From Figure 5 and Table 7, it can be seen that both the healing recovery rate and fatigue 

life show a pattern of increasing first and then decreasing. Among them, Group G3 has the best 

overall performance. Its fatigue life test value reaches 7.10×10^4 times, which is 54.35% 

higher than that of Group G0; the healing recovery rate reaches 66.9%, which is 22.1 

percentage points higher than that of Group G0. The model prediction results are consistent 

with the test results, and the relative error of fatigue life for each group is controlled within 

4%, and the error of healing recovery rate is no more than 3.5%, indicating that the constructed 

model can accurately reflect the fatigue-healing evolution process of nano-modified natural 

asphalt. Overall, the synergistic effect of natural asphalt and nano-materials can enhance the 
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structural stability while improving the interface reorganization ability. Among them, the 

comprehensive balance effect under the condition of 1.0% nano-concentration is the best, 
providing a reliable basis for the analysis of competitive mechanism influencing factors in the 

future. 

4.4 Quantitative Results of Competitive Mechanism and Analysis of Key 

Influencing Factors 

After completing the verification of fatigue damage evolution and healing recovery 

performance, further based on the aforementioned competitive state discrimination method, 
the competitive results of different sample groups under typical recovery conditions were 

analyzed. To facilitate the unified identification of the competitive states of different material 

systems, the discrimination interval of the competitive state coefficient Γ in this paper is 

divided into: Γ < -0.05 as the fatigue dominant zone, -0.05 ≤ Γ ≤ 0.05 as the competitive 

balance zone, and Γ > 0.05 as the healing dominant zone. The calculation results show that the 

competitive state of each group of samples varies significantly with the modification scheme, 

where the competitive state coefficient of the unmodified group G0 is -0.18, which is in the 

fatigue dominant zone; the natural asphalt modified group G1 is raised to -0.05, which has 

entered the competitive balance boundary; the composite modified groups G2, G3, and G4 

reach 0.08, 0.21, and 0.14 respectively, indicating that after the synergistic effect of nano-

materials and natural asphalt, the system gradually shifts from the single damage expansion 

dominance to the fatigue-healing concurrent competition, and shows more obvious recovery 

advantages under the condition of 1.0% nano-concentration. The variation curves of 

competitive state coefficients under different recovery temperatures are shown in Figure 6, and 

the key influencing factor analysis results are shown in Table 8. 

 

Figure 6: Line graph showing the changes in competitive state coefficients at different recovery 

temperatures 
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competitive relationship. Among them, the G3 group increased from -0.08 to 0.29, with the 

largest increase, indicating that it achieved a better balance between temperature sensitivity and 

structural recovery ability. The G2 group and G4 group also showed similar trends, but the 

increase in the high-temperature zone was slightly lower than that of the G3 group. This 

indicates that when the nano-dosage is insufficient, the interface enhancement is not obvious, 

while when the dosage is too high, local agglomeration and structural inhomogeneity will 

weaken the recovery efficiency. It is worth noting that when the temperature was further 

increased to 60 ℃, the competitive state coefficients of some sample groups slightly decreased, 

such as G3 group from 0.29 to 0.24, and G4 group from 0.22 to 0.18. This indicates that 

although a higher temperature is conducive to flow and diffusion, it may also weaken the 

stability of the phase structure, causing the fatigue-healing competitive relationship to shift 

from "recovery enhancement" to "structural softening" and "local instability" coexisting. 

Table 8: Analysis results of key influencing factors 

Influencing 

factor 

Parameter 

range 

Variation range of 

competition state 

coefficient 

Contribution 

/ % 
Main effect characteristic 

Recovery 

temperature 
20–60 °C 0.24–0.37 29.4 

Significantly affects molecular 

migration and interface 

reorganization efficiency 

Recovery time 10–60 min 0.18–0.31 25.7 
Determines the adequacy of 

the healing process 

Nanomaterial 

dosage 
0–1.5% 0.16–0.29 21.8 

Regulates interfacial 

enhancement capability and 

structural stability 

Local stress 

level 
0.70–0.95 0.09–0.18 14.3 

Influences the rate of damage 

propagation and the direction 

of competition 

Natural asphalt 

dosage 
0–8% 0.05–0.12 8.8 

Regulates system stiffness and 

interfacial adhesion level 

 

Based on the parameter setting range of recovery time 10-60 min in Table 4 of Section 3.2 

and the calculated results of competitive state coefficients after the collaborative calibration of 

experiments and simulations, this paper further adopted the single-factor sensitivity analysis 

method to quantitatively compare the influence degree of recovery temperature, recovery time, 

nano dosage, local stress level and natural asphalt dosage, and obtained the contribution rate 

results shown in Table 8. From Table 8, it can be seen that among the key factors analyzed, 

recovery temperature has the greatest impact on the competitive result, with a contribution rate 

of 29.4%, indicating that the temperature condition directly determines the efficiency of 

interface reorganization and the activity of molecular migration; the contribution rate of 

recovery time is 25.7%, indicating that an adequate recovery stage is an important prerequisite 

for the effective exertion of the healing effect; the contribution rate of nano dosage is 21.8%, 

indicating that nanomaterials have a significant effect in constructing a stable interface and 

delaying fatigue expansion. In contrast, the contribution rates of local stress level and natural 

asphalt dosage are 14.3% and 8.8% respectively, although lower than the first three items, they 

still affect the final competitive state by regulating the local damage sensitivity and the stiffness 

level of the system. Overall, the competitive mechanism is not determined by a single factor, 

but is the result of the joint action of recovery conditions, material composition and local 

damage environment. Among them, recovery temperature, recovery time and nano dosage 
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constitute the main control factor combination, determining whether the material system tends 

towards fatigue dominance, competitive balance or healing dominance. This result further 

indicates that the composite modification design should not only focus on the anti-fatigue or 

healing single indicator, but should optimize the material ratio and recovery conditions from 

the perspective of multi-factor coupling to achieve a dynamic balance between fatigue 

inhibition and structure recovery.  

5 Discussion 

The research results of this paper indicate that the fatigue-healing competition behavior of nano-

modified natural asphalt is not merely a direct manifestation of a single mechanical response, 

but rather a result of the coupling of molecular interactions, phase-state evolution, microscopic 

damage propagation, and macroscopic performance degradation. As can be seen from the 

results in Chapter 4, the introduction of natural asphalt enhances the overall stiffness and 

interface adhesion of the system, enabling the material to possess stronger damage resistance 

in the early fatigue stage. Nano materials further strengthen the interface bonding and structural 

continuity, delay crack propagation, and improve the interface reorganization efficiency during 

the recovery stage. This indicates that the composite modification effect is not simply additive, 

but rather through multi-scale structural reconstruction, it alters the relative strength 

relationship between fatigue expansion and self-healing recovery. 

It is worth noting that the nano content is not necessarily the higher the better. The results 

show that under a 1.0% nano content condition, the material performs best in terms of fatigue 

life, healing recovery rate, and competition state coefficient. Although the 1.5% nano content 

group still outperforms the unmodified group, some indicators have declined. This indicates 

that nano materials can play an interface-enhancing and structural-coordinating role within an 

appropriate range, but when the content is too high, local agglomeration, uneven dispersion, 

and discontinuous phase-state problems will gradually emerge, thereby weakening their 

positive regulatory effect on the fatigue-healing competition relationship. Thus, in material 

design, more attention should be paid to the threshold of content and structural balance, rather 

than solely focusing on improving individual performance. 

Furthermore, the influence of recovery temperature and recovery time on the competition 

state is also significant. Moderate heating helps to increase molecular migration activity and 

interface reorganization efficiency, enabling the system to gradually shift from fatigue 

dominance to competitive equilibrium or even healing dominance. However, when the 

temperature is too high, the competition state coefficient of some groups declines, indicating 

that structural softening and local instability will re-weaken the recovery advantage [19]. This 

phenomenon suggests that the fatigue-healing competition relationship has a clear conditional 

dependence, and the performance of the material is not only determined by the ratio itself, but 

also by the environment and recovery conditions during the service process [20]. 

Overall, the cross-scale analysis method established in this paper can better reveal the 

formation path of the fatigue-healing competition mechanism of nano-modified natural asphalt. 

However, at present, the consideration of complex service environments, long-term aging, and 

multiple cycle recovery conditions is still relatively limited. Further verification is still needed 

by combining longer cycles and more complex working conditions in the future. 

6 Conclusion 

This paper focuses on the fatigue-healing competition behavior of nano-modified natural 
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asphalt and establishes a cross-scale characterization, competition state discrimination, and 

experimental-simulation collaborative calibration method. The research shows that the 

synergistic modification of natural asphalt and nano materials can enhance interface continuity 

and structural stability, and improve service performance through molecular diffusion, interface 

reorganization, and damage inhibition. The G3 group has the best comprehensive performance, 

with a dynamic modulus of 2.36 GPa, a fatigue life of 7.10×104 cycles, a healing recovery rate 

of 66.9%, and a competition state coefficient of 0.21; the contribution of recovery temperature 

is the highest, at 29.4%. The model prediction is in good agreement with the experimental 

results, indicating that the established method can accurately represent the dynamic balance 

relationship between fatigue expansion and self-healing recovery, and can provide support for 

the ratio design, parameter optimization, and intelligent road performance prediction of nano-

modified natural asphalt materials. 
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