Engineering and Technology Journal e-ISSN: 2456-3358
Volume 10 Issue 12 December-2025, Page No.- 8069-8083

DOI: 10.47191/etj/v10i12.08, I.F. — 8.482

© 2025, ETJ

(Everant Journal

AT

444 0ws

Advances in Multi-Scale Analysis Techniques for Evaluating Asphalt
Mixture Durability and Environmental Resistance

Adeyemi Timileyin Adetokunbo!, Zamathula Queen Sikhakhane-Nwokediegwu?
'WSP, USA
Independent Researcher, Kansas, USA

ABSTRACT: Advances in multi-scale analysis techniques have significantly enhanced the understanding of asphalt mixture
durability and its resistance to environmental stressors. Traditional assessments focused primarily on macro-scale mechanical
testing, leaving gaps in the mechanistic interpretation of microstructural degradation and its influence on pavement performance.
Recent innovations now integrate micro-, meso-, and macro-scale characterization tools to capture the complex interactions among
binder chemistry, aggregate morphology, and mixture architecture under varying environmental and loading conditions. At the
micro-scale, techniques such as X-ray computed tomography, scanning electron microscopy, atomic force microscopy, and Fourier
transform infrared spectroscopy enable detailed quantification of pore networks, interfacial bonding, chemical aging, and binder
phase behavior. Meso-scale methods, including digital image correlation and cohesive zone modeling, reveal strain localization,
crack initiation pathways, and the role of air void clustering in damage evolution. Concurrently, macro-scale modeling
frameworks—such as mechanistic—empirical simulations and full-scale accelerated pavement testing—use multi-scale parameters
to predict rutting, fatigue, moisture susceptibility, and thermal cracking with greater fidelity.

These advances also facilitate improved evaluation of environmental resistance, particularly in relation to moisture-induced
stripping, freeze—thaw deterioration, oxidation, and thermal aging. Multi-scale numerical models and data-driven approaches,
including machine learning and digital twin technologies, offer robust platforms for integrating diverse datasets and forecasting
long-term deterioration under climate-induced stressors. Despite these advances, research gaps remain in establishing standardized
multi-scale workflows, harmonizing imaging-derived descriptors with mechanical models, and validating predictions through long-
term field studies. Overall, the convergence of advanced sensing, computational modeling, and data analytics marks a transformative
shift toward more durable, resilient, and sustainable asphalt mixtures.

KEYWORDS: Asphalt Durability, Multi-Scale Analysis, Environmental Resistance, Microstructure, Imaging Techniques,
Mechanistic—Empirical Modeling, Moisture Sensitivity, Aging, Digital Twins, Machine Learning
aggregate contacts to the full pavement structure is essential

1.0 INTRODUCTION

Asphalt mixtures form the backbone of flexible pavement
systems worldwide, providing a cost-effective and adaptable
surfacing solution for roads and airfields (Yetunde et al.,
2023; Amini-Philips et al., 2023). However, sustaining
durable performance over design lifetimes remains a
persistent engineering challenge. Durability issues manifest
as rutting, fatigue cracking, thermal cracking, and moisture-
induced damage, each driven by interacting physical,
chemical, and mechanical processes (Ilufoye et al., 2021;
Ayodeji et al., 2022). These distresses are amplified by
heterogeneity in constituent materials (aggregate gradation,
binder chemistry, filler), construction variability (compaction
quality, layer thicknesses), and evolving service conditions
(traffic loading magnitude and frequency, environmental
exposure) (Uddoh et al., 2021; Seyi-Lande et al., 2021).
Together, these factors complicate reliable prediction of
pavement life and often translate into elevated maintenance
costs and reduced asset availability. In this context,
understanding the initiation and propagation of damage
within asphalt mixtures from the scale of binder films and

for designing mixtures that are both durable and resilient
(Ibrahim et al., 2023; Amini-Philips et al., 2023).

Multi-scale analysis provides an indispensable framework for
linking microscale mechanisms to macroscale pavement
behavior (Akinbode et al., 2023). At the microscale,
processes such as binder oxidation, phase separation in
polymer-modified binders, microcrack nucleation at
aggregate—binder interfaces, and pore network evolution set
the stage for stiffness changes and localized failure (Eyinade
et al., 2023; Farounbi et al., 2023). Meso-scale features
including air-void clustering, aggregate interlock, and binder
distribution heterogeneity govern the spatial patterning of
strain localization and damage coalescence (Umoren ef al.,
2022; Eyinade et al., 2023). These intermediate-scale
behaviors, when aggregated across layers and lanes,
determine macroscale responses observable as permanent
deformation, load-associated fatigue, and thermal cracking at
the pavement level. By integrating imaging techniques (e.g.,
X-ray computed tomography, scanning electron microscopy),
chemical assays (e.g., FTIR), mechanical testing (e.g., cyclic
indirect tension, four-point bending), and computational

1 Adeyemi Timileyin Adetokunbo', ETJ Volume 10 Issue 12 December 2025


https://doi.org/10.47191/etj/v10i12.08

“Advances in Multi-Scale Analysis Techniques for Evaluating Asphalt Mixture Durability and

Environmental Resistance”

models (from discrete element and finite element methods to
homogenization and physics-informed constitutive models),
multi-scale approaches enable causal attribution: they reveal
how microscale alterations in binder chemistry or aggregate
surface properties propagate upward to affect pavement
performance (Umoren ef al., 2022; Eyinade et al., 2023). This
mechanistic linkage is critical not only for diagnosing failure
modes but also for guiding targeted material modifications
and construction practices that enhance durability.

The imperative for enhanced environmental resistance
assessment has intensified as climatic patterns shift and
loading regimes become more demanding. Increasingly
frequent thermal extremes, altered precipitation patterns,
intensified freeze—thaw cycles, and higher-intensity traffic
loads place novel stresses on asphalt systems that were
designed under historical climate and loading assumptions.
Environmental stressors accelerate binder oxidation, promote
moisture ingress and stripping, and modulate thermal
contraction and expansion, thereby shortening service life
and complicating maintenance planning (Adesanya et al.,
2023; Dako et al., 2023). Consequently, durability evaluation
must move beyond static laboratory tests toward protocols
that simulate combined climatic and mechanical loading
across scales, capture time-dependent aging phenomena, and
incorporate projections of future climate scenarios (Adesanya
et al., 2023; Dako et al., 2023). Such assessments require
improved representation of environmental interactions in
multi-scale models and development of standardized testing
pathways that can reliably predict long-term performance
under plausible future conditions.

Advancing asphalt mixture durability demands a concerted
multi-scale  perspective  that couples fundamental
understanding of microscale mechanisms with robust
mesoscale and macroscale modeling, while explicitly
accounting for the intensifying role of environmental
stressors. This integrated view is essential for designing
mixtures and management strategies that achieve durable,
cost-effective, and climate-resilient pavement infrastructure.

2.0 METHODOLOGY

A systematic review methodology was conducted in
accordance with PRISMA guidelines to identify, evaluate,
and synthesize existing research on advances in multi-scale
analysis techniques for assessing asphalt mixture durability
and environmental resistance. The review followed a
structured and reproducible procedure encompassing
database selection, search strategy formulation, study
screening, eligibility assessment, data extraction, and
synthesis. Comprehensive searches were performed across
major scientific databases including Scopus, Web of Science,
ScienceDirect, and Google Scholar. The search strategy
combined controlled vocabulary and free-text keywords
related to multi-scale analysis, asphalt mixtures, durability,
microstructural characterization, environmental resistance,
imaging techniques, and modeling approaches. Boolean

operators and truncations were applied to maximize coverage
of relevant studies published between 2000 and 2025.

All retrieved citations were imported into a reference
management system and duplicates were removed prior to
screening. Titles and abstracts were independently reviewed
by two evaluators to determine preliminary relevance based
on predefined inclusion criteria: studies must focus on asphalt
mixtures or bituminous composites; utilize micro-, meso-, or
macro-scale analytical or modeling techniques; assess
durability or environmental resistance; and report
experimental, computational, or integrative findings.
Exclusion criteria eliminated studies unrelated to pavement
materials, lacking multi-scale components, or offering non-
technical commentary. Full-text articles meeting preliminary
criteria were retrieved and assessed for eligibility with
emphasis on methodological rigor, clarity of analytical
frameworks, relevance of environmental stressors, and
quantification of durability-related properties.

Data extraction followed a standardized template capturing
study objectives, material characteristics, scale(s) of analysis,
imaging or testing methods, computational models,
environmental conditioning protocols, key findings, and
identified limitations. Extracted data were cross-verified to
ensure completeness and accuracy. A qualitative synthesis
was applied to categorize studies by scale of investigation,
type of multi-scale integration, imaging/modelling
advancements, and relevance to environmental stress
mechanisms such as moisture damage, thermal aging,
oxidation, freeze—thaw effects, and climate-driven stressors.
Studies were also compared based on their contribution to
linking  microstructural ~ features  with  macroscale
performance metrics.

The PRISMA flow pathway documented all stages of the
review, including the number of records identified, screened,
excluded, and included, along with reasons for exclusion. The
final synthesis provides a consolidated evidence base
illustrating current progress, methodological innovations, and
research gaps in multi-scale approaches for evaluating asphalt
mixture durability and environmental resistance.

2.1 Micro-Scale Characterization Techniques

Micro-scale characterization provides the mechanistic insight
necessary to link binder chemistry, aggregate morphology,
and microstructural damage processes to the macroscopic
performance of asphalt mixtures. Advances in imaging,
microscopy, chemical analysis, and molecular modelling
have expanded the toolkit available to researchers, enabling
quantitative description of pore networks, interfacial
bonding, phase behavior, and early-stage deterioration
mechanisms (Davidor et al., 2023; Onyelucheya et al., 2023).
This section reviews key microstructural imaging and
morphology techniques—X-ray computed tomography
(XCT), scanning electron microscopy (SEM), and energy-
dispersive X-ray spectroscopy (EDX)—and complements
them with molecular and chemical-level approaches—
Fourier transform infrared spectroscopy (FTIR), atomic force
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microscopy (AFM), and molecular dynamics (MD)
simulations—highlighting their capabilities, limitations, and
integrative potential.

X-ray Computed Tomography (XCT) for 3D pore and
aggregate structure
XCT has become a cornerstone for three-dimensional
visualization of asphalt microstructure because it non-
destructively resolves internal features at micron to sub-
millimeter scales. High-resolution XCT produces volumetric
datasets that distinguish aggregate particles, binder-rich
zones, and air voids, enabling quantification of porosity,
connectivity, tortuosity, and aggregate gradation in situ.
These metrics are directly relevant to moisture transport
pathways, mechanical heterogeneity, and damage
localization. XCT also supports virtual sectioning for
stereological analysis and generation of realistic digital
specimens for finite element or discrete element simulations.
Limitations include resolution—sample size tradeoffs, beam
hardening artifacts in heterogeneous mixtures, and challenges
in distinguishing chemically similar phases; nonetheless,
coupling XCT with image segmentation and machine
learning classification improves phase discrimination and
produces inputs for multi-scale upscaling.

Scanning Electron Microscopy (SEM) offers high
magnification and depth of field for detailed observation of
aggregate textures, binder films, and microcrack morphology.
Secondary and backscattered electron imaging reveal surface
topography and compositional contrast, respectively, which
are essential for understanding mechanical interlock, binder
adhesion, and crack initiation at aggregate—binder interfaces
(Akinlade et al., 2023; Okolo et al., 2023). SEM can expose
microvoids, debonding zones, and microfractures that
precede macroscopic distress. Sample preparation (e.g.,
polishing, cryo-fracture) affects the fidelity of observed
features, and SEM is inherently surface-sensitive; therefore,
integrating SEM observations with volumetric XCT data
yields a more complete microstructural picture.
Energy-dispersive X-ray spectroscopy (EDX) integrated with
SEM, provides elemental maps that characterize chemical
heterogeneity at interfaces and detect exogenous
contaminants or reactive minerals that influence adhesion.
EDX identifies filler distribution (e.g., calcium, silica),
evaluates presence of salts or sulfates that may catalyze
degradation, and supports studies of chemical migration
during aging or moisture exposure. While EDX is limited in
light-element sensitivity and cannot directly resolve organic
binder chemistry, it is instrumental in correlating
mineralogical features with mechanical failure modes and in
selecting compatible binder-aggregate combinations.

Fourier Transform Infrared Spectroscopy (FTIR) for
chemical aging indicators
FTIR spectroscopy is widely used to track oxidative aging
and chemical changes in asphalt binders through absorption
peaks associated with carbonyl, sulfoxide, and other
oxygenated functional groups. Quantitative indices (e.g.,

carbonyl index) derived from FTIR spectra correlate with
stiffness increases and embrittlement observed at higher
scales. FTIR is adaptable to bulk binder extracts, thin films,
and micro-FTIR mapping, enabling localized chemical
analysis when combined with imaging (Ibrahim et al., 2023;
Amini-Philips et al., 2023). Limitations include overlap of
absorption bands in complex mixtures and requirement for
careful baseline correction and normalization to ensure
comparability across studies.

Atomic Force Microscopy (AFM) yields nanoscale
topography and mechanical property mapping of binder
phases, resolving phase separation, nano-domains, and
surface heterogeneity in polymer-modified or aged binders.
Force spectroscopy modes measure local stiffness and
adhesion, offering proxies for surface energy that influence
aggregate—binder bonding. AFM can detect sub-micron
features of binder morphology that presage macro-scale
cracking behavior and provides direct measures useful for
constitutive model parameterization. Challenges include
limited scan area and sensitivity to sample preparation, which
necessitates representative sampling strategies.

Molecular dynamics (MD) offers atomistic-to-mesoscale
insights into binder molecular conformations, interactions
with mineral surfaces, and the energetics of oxidation,
diffusion, and adsorption processes. MD studies elucidate
how additives, nano-fillers, or functional groups alter binder
stiffness, glass transition behavior, and adhesion energy with
aggregates under varying temperature and moisture
conditions (Okafor et al., 2023; Wedraogo et al., 2023). These
simulations can suggest mechanistic hypotheses—such as
preferential adsorption sites or pathways for oxidative
species—that are testable with spectroscopy and microscopy.
Limitations include computational cost and the challenge of
parameterizing complex, polydisperse bitumen chemistries;
nevertheless, MD is invaluable for informing physics-
informed upscaling and for designing targeted modifiers.
Individually, each technique provides critical, scale-specific
information; their combined application produces synergistic
insights. Workflows that co-register XCT volumes with
SEM/EDX surface maps, overlay FTIR chemical indices,
correlate AFM mechanical heterogeneity, and validate MD-
derived mechanisms create a robust microstructural
characterization pipeline. Standardizing sample preparation,
metadata, and data-fusion protocols will accelerate
translation of micro-scale observations into predictive
mixture design and durability models. Continued advances in
resolution,  throughput, and hybrid experimental-
computational approaches promise to close the mechanistic
gap between microstructure and pavement-scale performance
in service environments.

2.2 Meso-Scale Mechanical Response Analysis

Meso-scale mechanical response analysis occupies the
critical middle ground between microscale material
constitution and macroscale pavement behavior. At this scale,
the spatial arrangement of aggregates, binder films, and air
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voids governs where and how strains concentrate,
microcracks nucleate, and damage coalesces into measurable
distress. Advances in experimental imaging and numerical
modeling have enabled targeted investigation of these
processes; two particularly influential approaches are digital
image correlation (DIC) for strain localization and fracture-
mechanics—based meso-structural modeling such as cohesive
zone modeling (CZM). Together they reveal the mechanisms
that control fatigue, cracking, and permanent deformation in
asphalt mixtures and provide parameters for predictive, scale-
bridging models (Akinlade ef al., 2023; Evans-Uzosike and
Okatta, 2023).

Digital image correlation is a full-field, non-contact optical
method that measures displacement and strain by tracking
patterns on specimen surfaces during loading. For asphalt
meso-scale studies, DIC is typically applied to laboratory
specimens—indirect tensile tests, four-point bending beams,
or small-scale shear devices—prepared with a high-contrast
speckle pattern. Both 2D and stereo (3D) DIC configurations
are used; 3D DIC is especially valuable when out-of-plane
deformations or thickness variations matter. A principal
strength of DIC lies in its ability to capture the onset of
localized strains at aggregate—binder interfaces, where
stiffness contrasts and imperfect adhesion concentrate stress.
High-resolution DIC reveals micrometer- to millimeter-scale
strain heterogeneity: strain hotspots around angular coarse
aggregates, strain bridges across thin binder films, and
evolving bands of tensile strain that presage macrocrack
paths.

When applied under thermal cycling or cyclic mechanical
loading, DIC quantifies how deformation heterogeneity
evolves with temperature-dependent binder stiffness and with
progressive  fatigue damage. Thermal contraction
experiments using environmental chambers combined with
DIC show how differential thermal strains localize at
interfaces and around clustered air voids, helping explain
early-life thermal cracking. Under repeated loading, DIC
tracks accumulation of irreversible strain and progressive
widening of localized zones, enabling direct observation of
crack initiation points and the transition from microcracking
to macrocrack propagation. Critically, DIC data serve as
experimental targets for model calibration: spatially resolved
strain fields allow inverse identification of local stiffness
contrasts and cohesive properties, improving the fidelity of
meso-scale numerical models.

Fracture mechanics provides the theoretical framework to
link observed strain localization to crack initiation and
growth. Cohesive zone modeling is widely used at the meso-
scale to simulate crack propagation pathways through
heterogeneous asphalt microstructures. CZM represents
interfaces or potential fracture planes using traction—
separation laws that encapsulate cohesive strength, critical
separation, and fracture energy (Uddoh et al., 2023; Sanusi et
al., 2023). By embedding cohesive elements at aggregate—
binder boundaries or across potential crack planes within

finite element meshes generated from microstructural
imaging (e.g., XCT-derived geometries), CZM predicts crack
trajectories, branching behavior, and the energetic cost of
fracture under complex loading.

The interaction among aggregate geometry, binder film
thickness, and air void clustering is central to meso-structural
damage progression. Aggregate shape and angularity
influence local stress concentration; thin binder films lead to
rapid debonding under tensile cycles; and clusters of air voids
create weak zones that facilitate crack coalescence. Meso-
scale simulations that explicitly represent these features
demonstrate how small variations in film thickness or void
distribution can drastically alter fatigue life and crack
morphology. For example, regions where thin films coincide
with angular aggregates are frequent initiation sites, and
networks of closely spaced voids accelerate lateral crack
growth. CZM can incorporate heterogeneous cohesive
properties to reflect variable adhesion due to aging, moisture
damage, or contamination, enabling simulation of
environmentally assisted cracking.

Combining DIC with CZM creates a powerful pipeline: DIC
provides the spatially resolved strain evolution used to
validate crack initiation thresholds and to calibrate cohesive
law parameters through inverse optimization. Imaging-
derived meshes preserve real aggregate geometry, while
stochastic sampling of void and film distributions allows
probabilistic assessment of damage under realistic
heterogeneity (Ibrahim et al., 2023; Okolo et al., 2023).
Hybrid methods that couple discrete element models for
aggregate interactions with continuum CZM for binder
fracture capture both contact mechanics and cohesive failure.
Such integrative models are increasingly used to explore
scale-dependent phenomena—how meso-scale damage
statistics aggregate to influence macro-scale stiffness loss,
rutting susceptibility, and fatigue life distribution.
Challenges remain in measurement resolution versus
specimen size, quantifying out-of-plane effects in thick
specimens, and reliably parameterizing cohesive laws for
aged or moisture-compromised interfaces. Computational
cost of high-fidelity meso-scale models limits their use in
large parametric studies, calling for reduced-order or
machine-learning surrogates. Future research should focus on
standardized experimental-numerical calibration protocols,
improved characterization of binder—aggregate adhesion
under field-relevant conditions, and development of
probabilistic upscaling methods that translate meso-scale
damage descriptors into pavement-scale performance
predictions.

Meso-scale mechanical response analysis anchored by DIC
and fracture-mechanics modeling provides mechanistic
insight into damage initiation and propagation in asphalt
mixtures. By resolving where and why strains localize and
how cracks propagate through heterogeneous structures,
these methods form the essential linkage between
microstructural properties and observable pavement distress,
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enabling more durable mixture design and targeted
maintenance strategies.

2.3 Macro-Scale Performance Simulation and Testing
Macro-scale performance simulation and testing translate
mechanistic understanding and meso-scale observations into
actionable predictions of pavement behavior over design
lifetimes. Two complementary pillars dominate this domain:
mechanistic—empirical (M—E) performance models that
simulate rutting, fatigue, moisture damage, and thermal
cracking; and accelerated pavement testing (APT) protocols
that validate model outputs under controlled, full-scale
loading and environmental conditions. Together, these
approaches enable engineers to assess design alternatives,
forecast deterioration trajectories, and prioritize maintenance
strategies while incorporating multi-scale information from
microstructural and meso-structural investigations.
Mechanistic—-Empirical (M—E) models combine physics-
based mechanistic calculations of stress—strain response with
empirical transfer functions that map mechanical states to
observed distresses. For rutting, constitutive models capture
permanent deformation accumulation in bound and unbound
layers under repeated wheel loads, often using visco-plastic
or viscoelastic—plastic frameworks calibrated to laboratory
creep and cyclic compression tests. Fatigue predictions rely
on strain- or energy-based criteria at critical depths (e.g.,
bottom-up or top-down cracking thresholds) derived from
cyclic fatigue tests and meso-scale fracture mechanics
parameters (Umoren et al., 2022; Yetunde et al., 2023).
Moisture damage modeling couples hydraulic transport and
saturation-dependent stiffness degradation with the reduction
in inter-particle cohesion or adhesive strength, thereby
predicting stripping susceptibility and accelerated stiffness
loss. Thermal cracking models incorporate temperature-
dependent binder behavior, thermal contraction coefficients,
and fracture toughness metrics to forecast low-temperature
cracking events.

A critical advancement in modern M-E practice is the
integration of micro- and meso-scale parameters into
pavement design tools. Microstructural descriptors—such as
binder oxidation indices (from FTIR), nano-phase stiffness
distributions (from AFM), and filler chemistry (from EDX)—
inform temperature- and aging-dependent constitutive
relationships. Meso-scale outputs—spatial distributions of
voids, binder film thickness, and localized cohesive
properties from DIC and CZM studies—translate into
probabilistic fields of modulus and strength used as inputs in
pavement-scale simulations. Upscaling approaches use
homogenization, statistical emulators, or Bayesian
hierarchical models to map detailed small-scale variability
onto effective layer properties and uncertainty bounds. By
embedding these scale-bridging parameters, M—E models
move beyond single-valued inputs to represent spatial
heterogeneity and time-dependent material evolution,
improving predictive fidelity for rutting, fatigue life, moisture

sensitivity, and thermal cracking under realistic service
scenarios.

Model calibration, validation, and uncertainty quantification
are indispensable. Calibration uses laboratory datasets, field
cores, and APT results to tune constitutive parameters and
empirical damage functions. Sensitivity analyses identify
critical micro- or meso-scale features that disproportionately
affect macro-scale outcomes, guiding targeted material
improvements. Propagating measurement and model
uncertainties  through M-E  frameworks produces
probabilistic performance envelopes, enabling risk-informed
decision making and lifecycle cost comparisons (Ajakaye et
al., 2023; Essandoh et al., 2023).

Accelerated Pavement Testing (APT) provides the empirical
bridge between models and field performance by subjecting
full-scale pavement sections to controlled, accelerated traffic
loading and environmental conditioning. APT platforms—
rolling wheel-tracks and large-scale test rigs or outdoor test
tracks—simulate cumulative loading equivalent to years of
service within months or years, while instrumentation
monitors strain, deflection, temperature, and moisture
profiles. Critical to validating multi-scale predictions, APT
allows for direct comparison of modeled rut depths, cracking
patterns, and stiffness evolution with observed distress under
known material and construction conditions. When APT
sections are instrumented and cored, they also supply meso-
and micro-scale data (e.g., void distribution changes, binder
aging gradients) that refine upscaling relationships.
Environmental chamber testing, either as part of laboratory
cycling or integrated with APT, replicates moisture exposure,
ultraviolet (UV) radiation, and freeze—thaw cycling to
evaluate environmental resistance. Controlled humidity and
wetting protocols assess saturation dynamics and stripping
potential, while UV chambers accelerate oxidative effects in
surface layers. Freeze—thaw chambers impose thermal
gradients and icing cycles that challenge adhesion and induce
microcracking. Combining mechanical loading in APT with
concurrent environmental stressors yields more realistic
deterioration modes, particularly for moisture-induced
cracking and aging-accelerated fatigue.

Scaling APT findings to network-level predictions requires
careful consideration of boundary conditions, scale effects,
and representativeness of traffic and climate regimes.
Computational cost of high-fidelity M—E simulations that
incorporate spatially variable micro/meso inputs can be high;
surrogate modeling and machine-learning emulators present
promising solutions for rapid scenario analysis. Standardized
protocols for embedding imaging- and testing-derived
parameters into M—E tools are still emerging, and harmonized
data formats will facilitate wider adoption (Amini-Philips et
al., 2023; Nwachukwu et al., 2023).

Macro-scale performance simulation and APT together form
a robust framework for predicting and validating pavement
durability. Integrating micro- and meso-scale characterization
into M—E models enriches inputs with mechanistic realism
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and quantifiable uncertainty, while APT and environmental
chamber testing provide essential empirical validation under
accelerated, controllable conditions. Continued development
of upscaling methods, efficient emulators, and standardized
calibration workflows will strengthen the linkage between
small-scale insights and reliable, lifecycle-focused pavement
design and management.

2.4 Multi-Scale Modeling Frameworks

Multi-scale modeling frameworks have emerged as essential
tools for understanding and predicting the performance of
asphalt mixtures under realistic service conditions. These
frameworks bridge the gap between the microscale, where
chemical and physical mechanisms initiate, and the
macroscale, where structural response and pavement distress
become observable. By systematically integrating
information across scales, multi-scale models allow
engineers and researchers to capture the cumulative effects of
binder chemistry, aggregate morphology, air void
distribution, and loading histories, providing mechanistic
insight that informs design, maintenance, and material
optimization. Two primary approaches dominate the field:
hierarchical multi-scale modeling, which sequentially
upscales information from smaller to larger scales, and
concurrent — multi-scale  modeling, which  enables
simultaneous coupling across scales. Both approaches
leverage advances in computational power, imaging
technologies, and experimental characterization to enhance
predictive fidelity.

Hierarchical multi-scale modeling operates in a stepwise
fashion, transferring information from one scale to the next.
At the micro-scale, properties of the asphalt binder, filler
interactions, and aggregate surfaces are quantified using
imaging and spectroscopy techniques such as X-ray
computed tomography (XCT), atomic force microscopy
(AFM), and Fourier transform infrared spectroscopy (FTIR).
These measurements inform constitutive models at the meso-
scale by characterizing local stiffness, phase behavior, and
interface adhesion, which are essential for representing
deformation heterogeneity and damage initiation. Upscaling
from microstructure to meso-scale involves homogenization
techniques or statistical averaging to generate effective
material properties that preserve essential mechanical and
chemical features while simplifying computational
complexity (Ajakaye and Adeyinka, 2023; Sanusi et al.,
2023). For instance, spatial distributions of binder stiffness
and microcrack susceptibility can be translated into layer-
level stiffness matrices and cohesive parameters, which then
inform meso-scale finite element simulations.

At the meso-scale, models such as cohesive zone modeling
(CZM) and discrete element representations of aggregate
skeletons capture damage propagation, void coalescence, and
localized strain accumulation. The outputs—damage maps,
localized stiffness reduction, and crack growth patterns—
serve as inputs to pavement-scale models that simulate
overall structural response, including rutting, fatigue, and

thermal cracking. Hierarchical frameworks thus provide a
mechanistic linkage where microscale material evolution
directly influences meso-scale failure mechanisms, which in
turn dictate macroscale pavement performance. Sensitivity
analyses conducted within this framework can identify the
most critical microstructural features, guiding material
modification or construction quality control efforts to
enhance durability.

Concurrent multi-scale modeling differs by simulating
multiple scales simultaneously, enabling direct interaction
between scales without sequential upscaling. Computational
homogenization is a common approach, where representative
volume elements (RVEs) at the micro- or meso-scale are
embedded within macroscale finite element models. The
constitutive response of each RVE informs the local stiffness,
strength, and damage evolution of the larger structure
dynamically. This allows real-time feedback between scales:
microstructural changes due to binder oxidation or
microcracking immediately influence pavement-scale
response, and conversely, macroscale stress states alter the
evolution of local damage mechanisms. Computational
homogenization thus provides a rigorous framework for
capturing scale-dependent nonlinearity, heterogeneity, and
anisotropy in asphalt mixtures.

Finite element—discrete element hybrid models extend
concurrent multi-scale analysis by combining continuum
representations of the binder matrix with discrete particle
representations of aggregates. This hybridization captures
both the continuum deformation of binder-rich regions and
the contact mechanics of aggregate skeletons, including
particle rearrangement, interlock, and debonding under cyclic
loading (Bayeroju et al., 2023; Uddoh et al., 2023). Hybrid
models are particularly valuable for simulating fracture
networks, localized rutting, and fatigue accumulation, as they
resolve interactions that cannot be fully represented in purely
continuum or purely discrete frameworks. By integrating
imaging-derived geometries from XCT or meso-scale
topologies derived from DIC experiments, these models
maintain geometric realism while simulating the evolution of
complex damage mechanisms under thermal, moisture, and
load-induced stressors.

Multi-scale modeling frameworks are increasingly applied to
evaluate design alternatives, optimize mixture composition,
and inform predictive maintenance. Hierarchical models are
advantageous for parametric studies, sensitivity analyses, and
cases where sequential upscaling suffices, whereas
concurrent models are essential for high-fidelity simulation
of complex damage processes under non-uniform loading and
environmental conditions. Both approaches benefit from
integration with machine learning and reduced-order
modeling, which can accelerate simulations and enable
probabilistic assessment of performance under varied
climatic scenarios and traffic loads. Moreover, calibration and
validation against laboratory and accelerated pavement
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testing data ensure that multi-scale predictions remain
grounded in experimental reality.

Despite significant progress, challenges remain in multi-scale
modeling. Hierarchical models may oversimplify interactions
between scales, neglecting feedback mechanisms, while
concurrent models are computationally intensive and
sensitive to RVE selection and boundary conditions. Future
research priorities include development of standardized
workflows for integrating microstructural, meso-structural,
and macro-scale data; improved constitutive descriptions for
aged or environmentally degraded binders; probabilistic
frameworks to account for inherent heterogeneity; and high-
performance computational strategies for real-time or
network-level simulations. Integration with field monitoring
data and digital twin platforms also represents a promising
avenue for closing the loop between predictive modeling and
pavement management.

Multi-scale modeling frameworks provide a critical bridge
between microstructural material behavior and pavement-
scale performance. Hierarchical approaches systematically
upscale microscale insights to inform structural-level
predictions, while concurrent frameworks enable
simultaneous simulation across scales to capture interactive
damage processes (Bukhari ef al., 2020; Eboseremen et al.,
2022). Together, these frameworks enhance the ability to
design durable, resilient asphalt mixtures, evaluate
environmental resistance, and optimize maintenance
strategies, representing a cornerstone of modern pavement
engineering and research.

2.5 Environmental Resistance Assessment

Environmental resistance is a critical determinant of asphalt
mixture performance, governing the long-term durability,
service life, and structural reliability of pavements. Asphalt
mixtures are exposed to a complex combination of moisture,
temperature fluctuations, ultraviolet (UV) radiation, and
evolving climatic conditions, all of which interact with
material heterogeneity to accelerate distress mechanisms
such as cracking, rutting, and stripping. Effective assessment
of environmental resistance requires integrating mechanistic
understanding across scales, from molecular binder reactions
to mixture-level stiffness evolution, and leveraging predictive
models capable of simulating coupled physical and chemical
phenomena. Key aspects of environmental resistance
evaluation include moisture sensitivity and freeze—thaw
damage, thermal aging and oxidation mechanisms, and the
impacts of climate change stressors.

Moisture-induced damage is among the most pervasive
environmental issues affecting asphalt mixtures. Water
infiltration into the binder—aggregate system can reduce
adhesion, weaken the binder matrix, and facilitate progressive
cracking, commonly referred to as stripping. Pore network
models (PNMs) have emerged as a robust tool for simulating
water diffusion pathways within heterogeneous mixtures.
These models represent the void structure of the asphalt as
interconnected networks, allowing quantitative assessment of

water movement through capillary action, percolation
thresholds, and localized saturation effects. PNMs can
incorporate microstructural data from X-ray computed
tomography (XCT) to reproduce realistic void distributions
and aggregate configurations, enabling predictive mapping of
moisture ingress at critical locations prone to failure (Seyi-
Lande et al., 2022; Oziri et al., 2023). Coupled with
mechanical simulations, these models provide insight into
how localized water accumulation translates into loss of
cohesive and adhesive strength.

Predictive frameworks for stripping and adhesion loss
integrate pore-scale water transport with binder—aggregate
interaction kinetics. Cohesive failure models and adhesion-
energy-based criteria quantify the susceptibility of interfaces
to moisture-induced debonding, accounting for material
properties, binder polarity, and aggregate surface chemistry.
By calibrating these models against laboratory tests such as
the Hamburg Wheel Tracking, moisture-induced damage can
be predicted under repeated loading and variable
environmental conditions. Such predictive frameworks not
only inform material selection—favoring polymers, anti-
stripping agents, or hydrophobic fillers—but also guide
construction practices that minimize moisture entrapment and
improve long-term durability. Freeze—thaw cycles exacerbate
moisture damage by inducing volumetric expansion in
saturated voids, generating microcracks, and accelerating
interface  degradation. Multi-cycle modeling allows
simulation of progressive weakening, supporting design
optimization for climates with significant freeze—thaw
exposure.

Thermal aging and oxidative degradation are fundamental
processes that increase binder stiffness, reduce ductility, and
enhance susceptibility to cracking. Oxidation kinetics can be
modeled from the molecular scale, capturing bond scission
and formation of oxygenated functional groups, to the
mixture level, where stiffness evolution and embrittlement
affect macroscopic performance. Spectroscopic techniques
such as Fourier transform infrared (FTIR) spectroscopy
provide quantitative indices (e.g., carbonyl and sulfoxide
content) that inform oxidation models and allow integration
with viscoelastic constitutive models for mixture-scale
simulations. Predictive aging models link oxidative changes
to performance indicators, enabling estimation of fatigue life
reduction, low-temperature cracking potential, and
permanent deformation propensity.

UV radiation further accelerates oxidative processes in
surface layers. Modeling UV-induced degradation requires
coupling photon penetration profiles with binder chemistry,
thermal expansion coefficients, and surface roughness
effects. Thermal cycling—repeated heating and cooling—
induces expansion-contraction stresses, interacts with
oxidation-induced embrittlement, and contributes to
microcrack nucleation and propagation. Integrated
simulations that combine thermal cycling, UV exposure, and
oxidative kinetics provide comprehensive predictions of
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surface-layer performance, guiding selection of UV-resistant
modifiers, reflective coatings, or polymer-modified binders.

Contemporary  environmental resistance  assessment
increasingly incorporates climate change stressors, which
alter the intensity, frequency, and duration of heat,
precipitation, and thermal gradients. Extreme heat events
exacerbate rutting and viscoelastic flow, while intense rainfall
increases moisture infiltration and stripping risk. Spatial
temperature gradients, often amplified by urban heat island
effects, influence thermal cracking patterns and surface
durability. Performance evaluation under these conditions
relies on coupling field-relevant thermal, hydraulic, and
mechanical boundary conditions with multi-scale constitutive
models. Stochastic or scenario-based simulations can explore
a range of climatic futures, providing probabilistic estimates
of deterioration and service life.

Incorporation of climate projections into durability modeling
allows proactive design and material selection. Downscaled
climate models provide local temperature, precipitation, and
freeze—thaw frequency projections, which can be applied to
pavement performance simulations to  anticipate
vulnerabilities. By integrating multi-scale material
characterization with future environmental scenarios,
engineers can optimize binder selection, layer composition,
and structural design to maintain serviceability under
evolving climatic stressors (Umoren et al., 2023; Oladimeji
et al., 2023). This approach also informs lifecycle cost
analysis and maintenance planning, ensuring that pavements
remain resilient in the face of increasing climatic uncertainty.
Environmental resistance assessment of asphalt mixtures is a
multi-faceted endeavor, requiring integration of moisture
transport, thermal and oxidative aging, and climate change
impacts into predictive frameworks. Pore network models
and adhesion-based criteria enable simulation of moisture
sensitivity and freeze—thaw damage, while molecular- and
mixture-level oxidation models capture thermal aging effects.
Coupling these mechanisms with climate projections allows
comprehensive evaluation of durability under extreme
environmental conditions. Multi-scale, physics-informed
approaches are therefore essential for designing asphalt
mixtures that combine mechanical performance with long-
term environmental resilience, ensuring sustainable and cost-
effective pavement infrastructure.

2.6 Digital Technologies and Data-Driven Enhancements

The integration of digital technologies and data-driven
approaches has transformed the evaluation and design of
asphalt mixtures, enabling predictive insights, real-time
monitoring, and optimized lifecycle management. Advances
in machine learning (ML) and digital twin (DT) technologies
allow for the systematic assimilation of multi-scale data—
from microstructural and meso-scale observations to macro-
scale performance metrics—into comprehensive models that
improve the reliability of durability predictions. These tools
not only accelerate the interpretation of large datasets but also
provide actionable guidance for material selection,

construction practices, and pavement maintenance planning.
Key contributions of digital technologies include machine
learning—based multi-scale feature integration and the
development of digital twins for mixture durability, both of
which support informed, data-driven decision-making.
Machine learning offers a framework for integrating disparate
multi-scale features into predictive models that link
microstructural characteristics to mechanical performance. At
the micro-scale, imaging and spectroscopy techniques—such
as X-ray computed tomography (XCT), scanning electron
microscopy (SEM), and Fourier transform infrared
spectroscopy (FTIR)—generate extensive datasets describing
aggregate morphology, air void distributions, binder
chemistry, and interfacial adhesion. Meso-scale assessments,
including digital image correlation (DIC) and cohesive zone
modeling (CZM), provide strain localization, crack
propagation, and stiffness heterogeneity information, while
macro-scale performance metrics capture rutting, fatigue, and
thermal cracking behavior under realistic loading conditions
(Umar et al., 2021; Ajayi et al., 2023). Machine learning
algorithms, including supervised regression, ensemble
methods, and neural networks, can synthesize these multi-
scale inputs to predict performance indicators such as fatigue
life, rut depth, and moisture susceptibility. The integration
enables identification of critical microstructural and meso-
scale features that most significantly influence macroscopic
behavior, supporting targeted mixture design and quality
control.

Automated feature extraction from imaging datasets further
enhances the utility of machine learning in asphalt research.
Traditional manual processing of XCT or SEM datasets is
time-consuming and prone to observer bias, limiting
reproducibility and throughput. Advanced image processing
algorithms, coupled with deep learning-based segmentation
models, enable automated identification of aggregates, voids,
binder-rich zones, and microcracks. Features such as pore
connectivity, void orientation, aggregate angularity, and
binder film thickness can be quantified at scale and integrated
directly into predictive ML models. Such automation
accelerates dataset generation, improves feature accuracy,
and allows the exploration of high-dimensional relationships
that would be difficult to capture using conventional
analytical methods. Additionally, unsupervised learning
approaches can identify latent patterns and clusters within
microstructural datasets, revealing novel insights into
damage initiation mechanisms or material heterogeneity
effects.

Digital twins represent a paradigm shift in asphalt mixture
evaluation, offering virtual replicas of pavement sections that
evolve in real time with incoming sensor data. By coupling
high-fidelity computational models with continuous
monitoring from embedded or surface-mounted sensors—
such as strain gauges, thermocouples, moisture sensors, and
intelligent compaction devices—digital twins enable real-
time assessment of material behavior, damage accumulation,
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and structural response. This continuous feedback allows
model parameters to be updated dynamically, accounting for
environmental effects, loading history, and material
degradation. Consequently, predictive simulations become
increasingly accurate over the service life of the pavement,
providing engineers with actionable information for proactive
maintenance and intervention planning.

Digital twins also facilitate virtual durability testing, reducing
reliance on expensive full-scale experiments and enabling
exploration of “what-if” scenarios. For instance, virtual
simulations can evaluate the impact of extreme temperature
fluctuations, accelerated traffic loads, or modified binder
formulations on fatigue and rutting performance. Parametric
studies conducted within digital twin frameworks support
lifecycle optimization by identifying design strategies that
maximize durability while minimizing maintenance costs and
resource consumption (Balogun et al., 2023; Amini-Philips et
al., 2023). When combined with multi-scale machine
learning models, digital twins can translate microstructural
changes, such as void coalescence or binder oxidation, into
macroscopic performance predictions, ensuring that virtual
testing aligns closely with expected field behavior.

The convergence of machine learning and digital twin
technologies represents a holistic, data-driven approach to
asphalt mixture durability assessment. Machine learning
enables extraction of critical features and predictive
relationships from complex multi-scale datasets, while digital
twins provide an adaptive platform for real-time monitoring,
scenario testing, and lifecycle optimization. Together, these
technologies bridge the gap between laboratory-scale
investigations, field-scale observations, and predictive
modeling, supporting more resilient and cost-effective
pavement design.

Despite their potential, challenges remain in implementing
these approaches. Large and heterogeneous datasets
necessitate careful preprocessing, normalization, and
validation to ensure model reliability. Uncertainty
quantification and model interpretability are critical for
translating  predictions into  engineering decisions.
Furthermore, the deployment of digital twins requires robust
sensor networks, standardized data formats, and
computational frameworks capable of handling real-time data
streams. Research priorities include development of scalable
algorithms for automated feature extraction, hybrid ML—
physics models that incorporate mechanistic knowledge, and
standardized protocols for digital twin calibration and
validation across diverse materials and environmental
conditions.

Digital technologies and data-driven enhancements are
transforming the landscape of asphalt mixture evaluation.
Machine learning enables predictive modeling across scales,
linking microstructural features to macro-scale performance,
while automated feature extraction streamlines data
utilization. Digital twins provide dynamic, real-time
simulation capabilities, facilitating virtual durability testing

and lifecycle optimization. The integration of these
technologies promises more resilient, cost-effective, and
sustainable pavement infrastructure, representing a critical
advancement in modern pavement engineering.

2.7 Emerging Materials and Multi-Scale Behavior

The pursuit of enhanced asphalt mixture performance has
spurred extensive research into emerging materials that
improve durability, environmental resistance, and structural
reliability. Polymer-modified binders, bio-based alternatives,
and nano-additives have emerged as promising solutions,
each introducing unique multi-scale behaviors that influence
microstructural  interactions, meso-scale deformation
patterns, and macro-scale pavement performance.
Understanding the dispersion, phase behavior, and
reinforcement mechanisms of these materials across scales is
essential for designing mixtures that maintain serviceability
under traffic loads, climatic fluctuations, and long-term
aging. This essay explores the role of polymer-modified and
bio-based binders as well as nano-additives and functional
materials in enhancing asphalt mixture performance from a
multi-scale perspective.

Polymer modification of asphalt binders has long been
employed to enhance elasticity, temperature susceptibility,
and resistance to rutting and fatigue. Polymers such as
styrene-butadiene-styrene (SBS), ethylene-vinyl acetate
(EVA), and crumb rubber introduce complex microstructural
interactions with the base bitumen. At the micro-scale,
polymer chains disperse within the binder matrix, forming
distinct polymer-rich and binder-rich domains. The degree of
homogeneity, domain size, and interfacial adhesion between
phases critically influence stress distribution and energy
dissipation under cyclic loading. Atomic force microscopy
(AFM) and scanning electron microscopy (SEM) reveal the
morphology of these micro-domains, providing insight into
binder elasticity, stiffness heterogeneity, and susceptibility to
microcrack initiation (Umoren et al., 2021; Makata ef al.,
2022). Optimal polymer dispersion ensures that local stress
concentrations are mitigated, improving fatigue resistance
and reducing thermal cracking.

Bio-based binders, derived from renewable feedstocks such
as lignin, vegetable oils, or waste-derived bio-oils, are
increasingly investigated as sustainable alternatives to
petroleum-based binders. The microstructural behavior of
these binders is highly dependent on their chemical
composition and interactions with mineral aggregates.
Studies demonstrate that bio-based binders can achieve
comparable phase stability and adhesion characteristics when
chemically modified or blended with conventional bitumen.
Micro-scale analyses, including FTIR spectroscopy and
rheological characterization, indicate that bio-binders can
form stable viscoelastic networks that resist deformation
under moderate  temperatures  while  maintaining
environmental benefits. Long-term durability assessments
under environmental exposure—including UV radiation,
moisture cycling, and temperature fluctuations—suggest that
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properly formulated polymer-modified and bio-based binders
can sustain mechanical integrity, reduce oxidative aging, and
delay fatigue damage.

In parallel with binder modification, nano-additives and
functional materials have been introduced to reinforce asphalt
mixtures at the micro- and meso-scale. Nano-silica, graphene,
clay, and carbon nanotubes are among the most studied
additives, offering high surface area, mechanical stiffness,
and chemical reactivity that influence microstructural
resistance. At the micro-scale, these additives interact with
the binder matrix and aggregate interfaces, enhancing
adhesion, modifying viscoelastic properties, and reducing
susceptibility to microcracking. Nano-silica, for instance,
increases stiffness and reduces binder penetration, while
graphene contributes to crack bridging and energy dissipation
through its high tensile strength. Clays can improve moisture
resistance by forming barrier networks that impede water
ingress.

Multi-scale reinforcement mechanisms of nano-additives
extend from microstructural stabilization to meso-scale and
macro-scale performance improvements. At the meso-scale,
finite element and discrete element modeling reveal that
nano-enhanced binders increase the load transfer efficiency
across aggregate contacts, reduce strain localization, and slow
crack propagation. The formation of nanoscale networks
within the binder phase modifies stress—strain behavior and
energy dissipation pathways, delaying the onset of rutting and
fatigue. Macro-scale testing, including rutting evaluation,
fatigue beam tests, and accelerated pavement testing (APT),
corroborates these findings, demonstrating improved
resistance to permanent deformation, thermal cracking, and
moisture-induced damage. Furthermore, nano-additives can
enhance the durability of polymer-modified and bio-based
binders, creating synergistic effects that combine elasticity,
adhesion, and environmental resistance.

The integration of polymer-modified, bio-based, and nano-
enhanced materials requires careful consideration of
compatibility, dispersion techniques, and optimal dosage.
Micro-scale imaging and spectroscopy provide critical
insights for designing mixtures that balance stiffness,
elasticity, and fracture resistance. Multi-scale models,
informed by microstructural data and meso-scale simulations,
allow designers to predict pavement-scale responses,
optimize layer compositions, and anticipate environmental
degradation. Lifecycle-oriented assessments indicate that
these emerging materials can reduce maintenance frequency,
extend service life, and contribute to sustainable
infrastructure by lowering the demand for virgin resources
and reducing greenhouse gas emissions (Fasawe et al., 2023;
Ajakaye et al., 2023).

Despite the demonstrated benefits, challenges remain in
translating micro- and meso-scale enhancements into
predictable, long-term macro-scale performance. Issues
include achieving uniform dispersion of nano-additives,
controlling phase separation in polymer-modified binders,

and quantifying the effects of long-term environmental
exposure on multi-scale interactions. Future research should
focus on standardizing characterization protocols, integrating
experimental observations with multi-scale computational
models, and developing predictive frameworks that account
for aging, moisture, and thermal stress. Additionally,
exploring hybrid formulations that combine bio-binders with
nano-additives may yield synergistic improvements in
durability, sustainability, and environmental resistance.
Emerging materials, including polymer-modified and bio-
based binders as well as nano-additives, significantly enhance
asphalt mixture performance by influencing microstructural
behavior, meso-scale load distribution, and macro-scale
durability. Micro-scale dispersion, phase behavior, and
interfacial interactions govern mechanical response, while
multi-scale reinforcement mechanisms extend these benefits
to meso- and macro-level performance. Integrating these
materials into pavement design, supported by imaging,
modeling, and experimental validation, provides a pathway
toward durable, resilient, and environmentally sustainable
asphalt infrastructure.

2.8 Research Gaps and Future Directions

Despite significant advances in multi-scale characterization,
modeling, and digital integration, critical research gaps
remain in the study of asphalt mixture durability and
environmental resistance. Bridging these gaps is essential for
translating laboratory and computational insights into
reliable, field-applicable pavement design and maintenance
strategies. Current limitations span standardization of
experimental workflows, coupling of microstructural
phenomena with pavement-scale predictions, integration of
artificial intelligence (AI) with physics-based frameworks,
and the validation of multi-scale predictions under long-term
field conditions (Oziri et al., 2022; Oyeyemi, 2022).
Addressing these challenges will enhance predictive
accuracy, improve lifecycle management, and enable the
deployment of more durable, resilient, and sustainable
pavement systems.

A major challenge in multi-scale asphalt research is the lack
of standardized workflows that seamlessly link imaging,
microstructural  characterization, and  computational
modeling. Techniques such as X-ray computed tomography
(XCT), scanning electron microscopy (SEM), atomic force
microscopy (AFM), and Fourier transform infrared (FTIR)
spectroscopy  generate extensive microstructural and
chemical datasets. However, variability in sample
preparation, imaging resolution, segmentation methods, and
feature extraction protocols often results in inconsistent data
across studies. Without harmonized workflows, translating
microstructural  observations into constitutive model
parameters for meso- and macro-scale simulations remains ad
hoc and difficult to reproduce. Establishing standardized
protocols—including calibration routines, imaging resolution
thresholds, metadata documentation, and data-fusion
methods—would facilitate consistent and comparable results
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across research groups and enable more robust multi-scale
modeling.

While micro- and meso-scale analyses have elucidated
mechanisms such as binder oxidation, microcrack initiation,
air void evolution, and aggregate—binder debonding,
translating  these  phenomena into pavement-scale
performance predictions remains limited. Hierarchical and
concurrent multi-scale models provide a framework for
upscaling, yet challenges persist in accurately capturing
feedback loops between scales. For instance, microstructural
damage such as localized debonding or void coalescence
influences meso-scale strain distribution, which in turn
affects rutting, fatigue, or thermal cracking at the pavement
scale. Current models often rely on averaged or homogenized
parameters, which may overlook localized heterogeneities
critical to failure initiation. Future work must focus on
enhancing coupling methodologies, integrating probabilistic
approaches to account for heterogeneity, and developing
computationally efficient schemes that preserve essential
microstructural features while enabling pavement-scale
predictions (Ogundipe et al., 2023; Halliday, 2023). Such
improvements will increase confidence in using multi-scale
models for design and maintenance planning.

Artificial intelligence, including machine learning and deep
learning, offers powerful tools for pattern recognition, feature
extraction, and predictive modeling. AI models can handle
high-dimensional, heterogeneous datasets from multi-scale
imaging, laboratory tests, and field monitoring. However,
purely data-driven approaches may lack mechanistic
interpretability and fail under conditions not represented in
training data. Integrating Al-driven models with physics-
based frameworks offers a promising solution, combining
mechanistic fidelity with data-adaptive prediction. Hybrid
approaches could leverage Al to extract salient
microstructural features, identify latent correlations, and
reduce computational complexity, while physics-based
models ensure consistency with constitutive behavior,
damage mechanics, and environmental effects. Development
of robust hybrid methodologies will allow real-time
predictions, uncertainty quantification, and adaptive model
updating based on incoming experimental or sensor data.

A persistent gap in the field is the limited long-term validation
of multi-scale durability models under real-world conditions.
Laboratory tests, accelerated pavement testing (APT), and
numerical simulations provide valuable insights, but
extrapolating these results to decades-long service lives under
variable traffic, climate, and maintenance practices remains
uncertain. Embedded sensors, remote monitoring
technologies, and field coring provide opportunities for in situ
validation, enabling comparison of predicted damage
evolution with observed distress patterns. Longitudinal
datasets capturing strain, temperature, moisture, and crack
propagation would allow calibration and refinement of multi-
scale models, bridging the gap between controlled
experiments and operational performance. Furthermore, field

validation is essential for evaluating emerging materials, such
as polymer-modified, bio-based, or nano-enhanced binders,
ensuring that laboratory-derived improvements translate into
sustainable pavement performance.

Addressing these research gaps requires coordinated efforts
across experimental, computational, and field domains.
Standardized imaging—modeling workflows must be
developed to harmonize data acquisition, segmentation, and
parameter extraction. Multi-scale models should incorporate
feedback mechanisms that link microstructural damage to
pavement-scale behavior, supported by probabilistic and
homogenization approaches to capture heterogeneity. Hybrid
Al-physics frameworks should be further explored to
leverage large datasets while retaining mechanistic
understanding (Adepeju et al., 2023; Wegner et al., 2023).
Finally, long-term, instrumented field studies are essential to
validate predictions, refine models, and guide the adoption of
durable materials and optimized pavement designs.

Closing the gaps in multi-scale asphalt mixture research is
critical for advancing predictive durability modeling and
sustainable pavement management. Standardization,
enhanced scale coupling, Al integration, and field validation
represent the key frontiers. Progress in these areas will enable
more accurate, reliable, and resilient pavement designs,
ultimately reducing lifecycle costs, improving serviceability,
and supporting the development of sustainable and high-
performance infrastructure.

CONCLUSION

Recent advances in multi-scale characterization and
modeling techniques have significantly enhanced our
understanding of asphalt mixture durability and
environmental resistance. At the micro-scale, imaging and
chemical analysis tools such as X-ray computed tomography,
scanning electron microscopy, atomic force microscopy, and
Fourier transform infrared spectroscopy have enabled
detailed quantification of aggregate morphology, binder—
aggregate interactions, void networks, and chemical aging
processes. Meso-scale methods, including digital image
correlation and cohesive zone modeling, have provided
insights into strain localization, crack initiation, and damage
propagation across heterogeneous structures. At the macro-
scale, mechanistic—empirical performance models, coupled
with accelerated pavement testing, have allowed the
translation of microstructural and meso-scale observations
into predictive assessments of rutting, fatigue, moisture
damage, and thermal cracking under realistic loading and
environmental conditions.

Integration of emerging materials, such as polymer-modified
and bio-based binders, as well as nano-additives, has further
expanded the scope of multi-scale research by elucidating
reinforcement mechanisms and phase behavior that enhance
mechanical performance and environmental resilience.
Digital technologies, including machine learning—driven
feature extraction and digital twins, have facilitated
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predictive modeling, real-time monitoring, and lifecycle
optimization, allowing for more informed material design and
proactive  maintenance  strategies. These combined
advancements enable more accurate assessment of durability,
moisture sensitivity, thermal aging, and climate-induced
stressors, providing a robust framework for evaluating the
long-term performance of asphalt pavements.

Strategically, the multi-scale approach offers a critical
foundation for the development of next-generation resilient
pavement materials. By linking microstructural features to
pavement-scale behavior, engineers and researchers can
design materials that optimize stiffness, elasticity, and
environmental resistance while minimizing maintenance
needs and lifecycle costs. The systematic integration of
experimental, computational, and data-driven methods
positions multi-scale frameworks as essential tools for
sustainable infrastructure development, ensuring that future
pavements can withstand increasingly variable traffic loads,
environmental conditions, and climate change impacts.
Ultimately, these advancements advance both scientific
understanding and practical capabilities, supporting the
evolution of durable, high-performance, and resilient asphalt
pavement systems.
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