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Abstract: Asphalt aging is a critical factor affecting the long-term performance and durability of
pavement structures, as it induces complex chemical, rheological, and microstructural transformations in
asphalt binders and mixtures. Environmental and mechanical stressors, including temperature, oxygen
exposure, ultraviolet radiation, moisture ingress, and traffic loading, accelerate oxidation processes, leading to
binder stiffening, embrittlement, and reduced resistance to cracking and moisture damage. In response to
increasing environmental concerns and resource limitations, sustainable materials such as reclaimed asphalt
pavement, bio-based binders, recycled polymers, and industrial by-products have been increasingly
incorporated into asphalt mixtures; however, their influence on aging mechanisms and long-term durability
remains insufficiently understood. This study presents a comprehensive literature-based review of asphalt
aging mechanisms, sustainable material modification strategies, and durability prediction approaches. A
structured multi-stage review methodology was applied to classify and evaluate modification technologies
based on performance effectiveness, environmental sustainability, economic feasibility, and applicability under
diverse climatic and operational conditions. The review synthesizes experimental and modelling findings on
chemical aging processes, microstructural evolution, aggregate — binder interactions, and multiphysics ageing
simulations. An integrated conceptual framework linking environmental exposure conditions, material aging
mechanisms, microstructural parameters, and rheological performance indicators is proposed to support
durability-based and sustainable pavement design. Key research gaps and future research directions are
identified, including the need for advanced aging simulation protocols, multiscale characterization approaches,
and long-term field validation of sustainable modifiers. The findings of this review provide a scientific basis for
developing resilient and environmentally sustainable pavement infrastructure.
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Introduction

Asphalt pavements are a fundamental element of modern transportation infrastructure, and
their long-term performance is strongly controlled by the aging behavior of asphalt binders and
mixtures. Asphalt aging is a complex time-dependent process governed by coupled environmental
and mechanical factors, including temperature, oxygen exposure, ultraviolet radiation, moisture
ingress, and traffic loading. These factors induce chemical and rheological transformations in asphalt
binders, leading to increased stiffness, embrittlement, and reduced resistance to cracking and
moisture-related damage, which are among the primary causes of premature pavement deterioration
and increased maintenance costs worldwide [1, 2]. Standard laboratory aging protocols, such as the
Rolling Thin Film Oven Test (RTFOT) and Pressure Aging Vessel (PAV), are widely used to simulate
short-term and long-term aging processes; however, humerous studies have reported significant
discrepancies between laboratory-aged and field-aged binders, indicating that current accelerated
aging methods do not fully reproduce real service conditions, particularly multiphysics phenomena
such as thermal gradients, oxygen diffusion, ultraviolet exposure, and moisture transport through
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pavement layers [3-5]. In recent years, the pavement industry has increasingly adopted sustainable
and circular material solutions to reduce greenhouse gas emissions, energy consumption, and
reliance on virgin resources. Reclaimed asphalt pavement (RAP), bio-based binders, recycled
polymers, and industrial by-products have been incorporated into asphalt mixtures to enhance
sustainability and reduce construction costs [6-8]. Although these materials provide considerable
environmental and economic benefits, their influence on aging mechanisms, microstructural
evolution, and long-term durability remains insufficiently understood, and the interaction between
sustainable modifiers and aging processes introduces additional complexity into pavement material
behavior. Therefore, this study presents a comprehensive literature-based synthesis of asphalt aging
mechanisms, sustainable material modification strategies, and predictive modelling approaches,
with the objective of developing an integrated conceptual framework linking chemical aging,
microstructural evolution, and rheological performance degradation to support durability-based and
sustainable pavement design and to identify critical research gaps and future research directions in
asphalt pavement engineering [9, 10].

Methods

The methodological framework of this study is based on a systematic and critical analysis of
scientific literature on asphalt aging mechanisms, sustainable modification technologies, and
durability prediction approaches. A comprehensive multi-stage review methodology was applied to
ensure the completeness, objectivity, and scientific rigor of the analysis.

At the first stage, relevant modification and aging-related approaches were identified and
classified according to predefined evaluation criteria. The primary criteria included performance
effectiveness, environmental sustainability, economic feasibility, and applicability under diverse
climatic and operational conditions. Performance effectiveness was defined as the ability of a
modification strategy to improve key mechanical and durability-related properties of asphalt binders
and mixtures, including stiffness, cracking resistance, rutting resistance, and fatigue performance.
Environmental sustainability was assessed in terms of waste utilization, emission reduction potential,
and the use of renewable or recycled materials. Economic feasibility reflected material availability,
processing complexity, and scalability for practical implementation. Applicability was considered as
the potential of the method to be used across different climatic regions and pavement structures.
Based on this classification, the review focused on polymer and rubber modification, bio-based
binders, recycled materials, mineral fillers, and studies related to laboratory and field aging of asphalt
materials.

At the second stage, the selected approaches were evaluated based on experimental and
modelling results reported in peer-reviewed publications. Key factors considered included testing
conditions, reported performance indicators, and associated technological effects, such as mixing
temperature, aging protocols, and material compatibility. Additionally, the selectivity of modification
effects was analyzed, including aging resistance, phase stability, and retention of ductility, and
potential trade-offs were documented. For instance, mineral fillers were reported to enhance stiffness
but reduce fatigue resistance, rubber modification improved performance at low dosages but caused
phase instability at higher contents, bio-based modifiers softened binders but reduced elasticity,
while natural asphalt materials provided high residual strength and stability in warm mix
technologies.

The final stage involved a comparative synthesis of the reviewed methods to identify
advantages, limitations, and potential synergistic combinations. Strengths included improved
durability and mechanical performance with polymer and nano-modifiers, environmental benefits
associated with bio-based materials and recycled additives, and waste valorization through industrial
by-product utilization. Identified limitations included reduced ductility in bio-modified binders, fatigue-
related issues in mineral-filled systems, high costs of advanced modifiers, and phase instability at
excessive rubber contents. Promising hybrid strategies were also identified, such as combining
polymers with nanomaterials to achieve synergistic performance enhancement, integrating mineral
and bio-based additives with polymer-modified binders to balance performance trade-offs, and using
rejuvenators to mitigate aging and extend pavement service life.

Overall, the methodology adopts an interdisciplinary approach integrating knowledge from
materials science, pavement engineering, environmental sustainability, and techno-economic
analysis. The reviewed materials were obtained from peer-reviewed journals and international
conference proceedings, ensuring the reliability and reproducibility of the synthesized findings. This
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methodological approach provides a robust basis for evaluating existing asphalt modification
strategies and supports the development of conceptual frameworks for durable and sustainable
pavement design.

Bitumen Aging and Sustainability Challenges

Asphalt pavements are subjected to continuous environmental and mechanical loading
conditions that progressively alter binder properties and reduce the structural integrity and service
life of pavement systems. Among various degradation mechanisms, oxidative aging is widely
acknowledged as the primary factor responsible for binder hardening, embrittlement, and increased
susceptibility to cracking and moisture-related damage. To simulate aging processes in the
laboratory, standardized short-term and long-term aging procedures, including the Rolling Thin Film
Oven Test (RTFOT) and Pressure Aging Vessel (PAV), have been widely implemented. However,
numerous studies have reported that these laboratory protocols cannot fully reproduce the complex
aging phenomena occurring in the field, particularly under multifactorial climatic conditions involving
ultraviolet radiation, moisture penetration, and oxygen diffusion gradients through pavement layers.
This discrepancy between laboratory and field aging highlights the need for improved aging
simulation techniques and predictive frameworks that account for environmental exposure and in-
service pavement conditions [1-3].

Simultaneously, the pavement industry is experiencing increasing pressure to reduce
greenhouse gas emissions, minimize energy consumption, and decrease dependence on virgin raw
materials [4]. Consequently, sustainable pavement engineering strategies have increasingly focused
on the utilization of reclaimed asphalt pavement (RAP), industrial by-products, bio-based binders,
and recycled polymeric materials. RAP has been recognized as one of the most promising
sustainable alternatives due to its significant economic and environmental advantages; however, the
presence of highly aged binder in RAP can substantially influence mixture rheology and performance
characteristics. In addition, bio-based binders, including bio-oils and lignin, along with waste-derived
modifiers, have been proposed as renewable substitutes for conventional petroleum-based binders,
offering potential reductions in carbon footprint and production energy requirements. Nevertheless,
the incorporation of these sustainable materials introduces additional complexity in binder aging
behavior, chemical interactions, and mechanical performance, thereby necessitating advanced
characterization techniques, mechanistic design approaches, and performance-based evaluation
frameworks [5, 6].

Chemical and Rheological Mechanisms of Asphalt Aging

Recent advances in asphalt research have substantially improved the understanding of aging
mechanisms through the combined application of chemical, microstructural, and rheological
characterization techniques [7]. Aging has been associated with significant compositional
transformations within the SARA fractions, characterized by a gradual conversion of aromatic
components into more polar resins and asphaltenes, leading to increased molecular weight and
polarity of the binder system. Fourier transform infrared (FTIR) spectroscopy has been extensively
employed to quantify oxidative aging through carbonyl and sulfoxide functional group indices, which
have been shown to exhibit strong correlations with aging severity and degradation of mechanical
performance properties [8, 9].

Microstructural studies using atomic force microscopy (AFM) and time-of-flight secondary ion
mass spectrometry (TOF-SIMS) have revealed pronounced morphological changes in binder
microstructure during aging, including the evolution of characteristic «bee-like» structures, phase
separation, and heterogeneity development, particularly in wax-containing binders. These
microstructural transformations are closely linked to changes in binder rheology and durability [10-
12].

Rheological investigations have demonstrated that aging leads to an increase in complex
shear modulus and a reduction in phase angle, indicating a shift toward more elastic and brittle
material behavior [13]. To bridge the gap between chemical aging and mechanical performance,
chemo-mechanical correlations linking oxidation indices with rheological parameters have been
proposed as predictive tools for durability assessment and performance-based binder evaluation.
Nevertheless, conventional laboratory aging protocols frequently produce comparable aging levels
across different binders, which limits their ability to capture binder-specific aging susceptibility
associated with crude oil source, molecular structure, and chemical composition. This limitation
highlights the necessity for advanced aging simulation techniques capable of differentiating material-
specific aging behavior and improving long-term performance prediction [14-16].
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Field Aging versus Laboratory Aging

Comparative investigations of field-aged and laboratory-aged asphalt binders have
consistently revealed pronounced differences in oxidation levels, rheological behavior, and
mechanical performance characteristics. Binders extracted from in-service pavements typically
exhibit substantially higher stiffness, oxidation indices, and molecular transformation levels than
those aged using conventional Pressure Aging Vessel (PAV) procedures, even after extended aging
cycles. These discrepancies are primarily attributed to the complex environmental exposure
conditions experienced in the field, including ultraviolet radiation, moisture ingress, oxygen diffusion
gradients, and temperature fluctuations across pavement layers, which are not fully replicated by
standard laboratory aging protocols [17-19].

To better approximate field aging behavior, advanced laboratory simulation techniques have
been proposed, including extended PAV conditioning, reactive oxygen species (ROS)-based aging,
and diffusion-reaction ageing models that incorporate oxygen transport and reaction kinetics.
Although these approaches improve the representation of oxidative aging mechanisms, achieving
guantitative equivalence between laboratory-aged and field-aged binders remains challenging due
to the inherently multiphysics nature of pavement aging processes [20, 21].

Recent multiphysics modelling frameworks integrating heat transfer, oxygen diffusion, and
oxidation kinetics have demonstrated enhanced capability in predicting aging gradients, oxidation
profiles, and durability evolution throughout pavement depth. These models provide a mechanistic
understanding of coupled environmental and material interactions and highlight the limitations of
simplified single-physics aging simulations. Consequently, the development of next-generation aging
protocols and predictive frameworks that incorporate environmental exposure, pavement structural
characteristics, and binder material properties is essential for accurate long-term performance
prediction and durability-based pavement design [22-24].

Sustainable Modifiers and Recycled Materials in Asphalt Systems

The literature widely documents the integration of recycled and bio-based materials in asphalt
pavements as an effective strategy to enhance environmental sustainability and mechanical
performance. Reclaimed asphalt pavement (RAP) has been extensively implemented in hot mix
asphalt due to its significant economic and ecological advantages, including reduced consumption
of virgin materials and lower production costs. However, high RAP contents have been reported to
increase mixture stiffness and susceptibility to cracking, which necessitates the use of rejuvenators
and careful binder selection to restore aged binder properties and achieve balanced mixture
performance [25, 26].

In addition, bio-based modifiers, such as bio-oils and lignin, have been proposed as
renewable alternatives or supplements to petroleum-based binders [27]. These materials have
demonstrated the ability to improve binder workability, reduce mixing and compaction temperatures,
and influence aging resistance depending on their dosage, molecular structure, and chemical
composition. Despite their sustainability benefits, the performance of bio-based materials remains
highly formulation-dependent, and their long-term durability under field conditions is still insufficiently
understood [28-31].

Waste plastics, crumb rubber, and industrial by-products have also been incorporated into
asphalt mixtures to enhance high-temperature performance and promote circular economy
practices. Plastomeric and elastomeric modifiers have been shown to increase hybrid resistance,
dynamic modulus, and mixture stiffness, thereby improving performance under heavy traffic and
elevated temperatures. However, excessive polymer content may adversely affect low-temperature
cracking resistance, highlighting the need for optimized formulation and performance-based mixture
design [32].

Furthermore, industrial waste materials, including blast furnace slag, fly ash, and recycled
glass, have demonstrated potential to improve mechanical performance while reducing
environmental impacts. Nevertheless, variability in material properties, potential leaching of
hazardous constituents, and uncertainties in long-term performance necessitate systematic
characterization, environmental risk assessment, and life-cycle assessment (LCA) methodologies
prior to large-scale implementation. Overall, these findings confirm that recycled and bio-based
materials offer significant opportunities for sustainable pavement engineering, but their successful
application requires integrated material design frameworks and rigorous performance evaluation
strategies [33-35].
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Aggregate Structure and Microstructural Performance Mechanisms

Aggregate structure has been widely recognized as a governing factor in asphalt mixture
performance, as aggregates represent approximately 90-95% of the total mixture mass and form the
primary load-bearing skeleton of pavement layers. Consequently, the mechanical response of
asphalt mixtures is strongly controlled by aggregate characteristics, including mineralogical
composition, particle size distribution, and packing structure [36, 37]. Rheology-based
methodologies have been increasingly applied to quantify asphalt-aggregate interactions,
demonstrating that aggregate mineral composition significantly affects adhesive bonding, interfacial
chemistry, and viscoelastic behavior of asphalt mastics. For instance, calcium-rich fillers have been
reported to exhibit stronger physico-chemical interactions with asphalt binders compared to silica-
based fillers, resulting in enhanced stiffness, adhesion, and overall mechanical performance of
asphalt mixtures [38, 39].

Recent advances in microstructural characterization have provided deeper insights into the
internal structure of asphalt mixtures and its role in deformation and cracking mechanisms. Image-
based techniques and discrete element modelling (DEM) have revealed that aggregate contact
orientation, coordination number, and spatial distribution of mortar film thickness are critical
microstructural parameters governing rutting and cracking behavior. Furthermore, the internal
structural evolution of asphalt mixtures under repeated traffic loading has been shown to significantly
influence load transfer mechanisms and damage accumulation processes. Analytical frameworks
describing aggregate packing states, such as coarse pack, dense pack, and fine pack structures,
offer quantitative tools for optimizing mixture gradation, predicting mechanical performance, and
enhancing durability [40, 41].

These findings underscore the necessity of adopting multi-scale characterization approaches
that integrate microstructural analysis with macroscopic mechanical testing. Linking aggregate-scale
structural parameters to mixture-level rheological and fracture properties is essential for developing
performance-based mixture design methodologies and improving the predictive capability of
pavement durability models [42-44].

Modelling and Performance Prediction of Pavement Aging

Multiphysics modelling frameworks have been developed to simulate the progression of
asphalt aging across pavement depth and over service time by integrating coupled thermal transport,
oxygen diffusion, and oxidation reaction kinetics. These advanced models have demonstrated the
capability to predict temperature distributions, oxygen concentration gradients, and the formation of
oxidation products within pavement layers, and have been validated using field measurements and
FTIR-based oxidation indices. Such frameworks confirm that asphalt aging is governed by interacting
environmental and material processes, including heat transfer, oxygen ingress, and chemical
reaction kinetics, which cannot be adequately captured by simplified single-physics ageing
simulations. Consequently, multiphysics approaches provide a mechanistic basis for understanding
aging gradients and for improving the reliability of long-term pavement performance prediction
models [45, 46]

In parallel, mixture-based rheological evaluation methods have been proposed to assess
cracking resistance and aging susceptibility at the mixture scale. Approaches such as Black space
analysis and the Glover — Rowe parameter incorporate both stiffness and stress relaxation
characteristics, enabling a more comprehensive representation of viscoelastic behavior compared
to conventional binder-based indices [47]. Previous studies reported strong correlations between
mixture-based rheological parameters and fracture-based performance indicators, demonstrating
their potential for predicting cracking initiation and damage evolution. Furthermore, the integration of
rheological master curves into performance-based mixture design frameworks has been recognized
as a promising strategy for quantifying durability and supporting mechanistic-empirical pavement
design [48]. Nevertheless, the application of these rheological indicators in routine design practice
remains limited, and further research is required to establish standardized thresholds and field-
validated performance criteria [49, 50].

Future Directions

Despite substantial progress in asphalt materials research, several critical knowledge gaps
remain that limit the accuracy of durability prediction and the implementation of sustainable
pavement technologies. Existing laboratory aging protocols, including RTFOT and PAV, do not
adequately reproduce the combined effects of ultraviolet radiation, moisture ingress, and oxygen
diffusion gradients that occur under real field conditions. As a result, laboratory-aged binders often
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fail to capture the complex multiphysics aging mechanisms and spatial aging gradients observed in
in-service pavements.

In addition, the long-term field performance of bio-based and waste-derived modifiers
remains insufficiently documented. Although numerous laboratory studies have demonstrated
promising mechanical and environmental benefits, the lack of long-term field validation and
standardized performance evaluation frameworks hinders their widespread implementation.
Moreover, the interactions among aggregate microstructure, binder aging processes, and mixture-
level mechanical performance are not fully incorporated into current mechanistic-empirical pavement
design methodologies. This limitation restricts the ability to predict performance based on
microstructural and chemo-mechanical parameters.

Future research should prioritize the development of integrated aging simulation protocols
that combine thermal, oxidative, ultraviolet, and moisture-related mechanisms. Multiscale
characterization approaches linking molecular-scale transformations, microstructural evolution, and
macroscopic mechanical performance are required to establish mechanistic durability models.
Furthermore, multiphysics predictive frameworks that incorporate environmental, structural, and
material properties should be integrated into performance-based pavement design methodologies.
The establishment of unified durability frameworks that couple environmental exposure, material
aging, and mechanical response represents a critical step toward next-generation resilient and
sustainable pavement infrastructure.

Conceptual Framework

Based on the reviewed literature, an integrated conceptual framework is proposed to
describe the coupled mechanisms governing asphalt aging and pavement durability under
sustainable material scenarios. The framework links environmental exposure conditions, binder
chemical aging processes, microstructural evolution of asphalt mixtures, and mechanical
performance degradation across multiple spatial and temporal scales.

The conceptual model integrates key environmental drivers, including temperature, oxygen
diffusion, ultraviolet radiation, and moisture ingress, with material-level aging mechanisms such as
oxidation, molecular restructuring, and phase separation. At the microstructural level, aggregate
packing structure, mortar film thickness distribution, and binder-aggregate interfacial interactions are
incorporated as controlling parameters influencing stress distribution, crack initiation, and
deformation mechanisms.

Furthermore, the framework incorporates rheological indicators (e.g., complex modulus,
phase angle, Glover-Rowe parameter) and multiphysics modelling outputs (e.g., temperature
gradients, oxygen concentration profiles, oxidation kinetics) to predict aging progression and
durability evolution across pavement depth. Sustainable modifiers, including bio-based binders,
recycled polymers, and industrial by-products, are embedded into the framework to evaluate their
effects on aging resistance and long-term performance.

This integrated conceptual framework provides a holistic basis for performance-based
pavement design and durability prediction, bridging the gap between material science, pavement
engineering, and sustainability assessment.

Limitations of the Review

This review is subject to several limitations that should be acknowledged. First, the study is
based exclusively on previously published laboratory, field, and modelling investigations and does
not include original experimental validation. Consequently, the conclusions rely on the accuracy and
consistency of reported data, which may vary due to differences in materials, testing protocols, and
environmental conditions across studies.

Second, variations in binder source, aggregate properties, aging procedures, and
characterization techniques may affect the comparability of reported results and introduce
uncertainty in the synthesis. In particular, discrepancies between laboratory and field aging
conditions and the lack of standardized evaluation protocols for sustainable modifiers limit the ability
to derive universal conclusions.

Third, the review primarily focuses on technical and mechanistic aspects of asphalt aging
and does not comprehensively address economic, social, and policy dimensions of sustainable
pavement implementation. Nevertheless, the synthesized findings provide a comprehensive state-
of-the-art overview of asphalt aging mechanisms, sustainable material modification strategies, and
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predictive modelling approaches, and identify critical research gaps for future experimental and field
investigations.

Conclusion

This study provides a comprehensive literature-based synthesis of asphalt aging
mechanisms, sustainable material modification strategies, and durability prediction approaches for
modern pavement engineering. The review demonstrates that asphalt aging is governed by coupled
chemical, rheological, and microstructural processes, which are strongly influenced by
environmental exposure conditions, material composition, and pavement structural characteristics.
Significant discrepancies between laboratory and field aging highlight the limitations of conventional
accelerated aging protocols and the necessity for advanced simulation framewaorks that incorporate
multiphysics environmental interactions.

The analysis confirms that sustainable materials, including reclaimed asphalt pavement, bio-
based binders, recycled polymers, and industrial by-products, offer substantial environmental and
economic benefits but introduce additional complexity in aging behavior and long-term performance.
While polymer and nanomaterial modifiers enhance stiffness and durability, bio-based and recycled
materials present trade-offs between sustainability, ductility, and fatigue resistance, requiring
optimized hybrid modification strategies. Aggregate structure and microstructural parameters, such
as packing characteristics and mortar film thickness, were identified as critical factors governing
mechanical performance and cracking susceptibility.

Furthermore, multiphysics modelling and mixture-based rheological indicators were shown
to provide promising tools for predicting aging gradients and pavement durability. Based on the
synthesized findings, an integrated conceptual framework linking environmental drivers, material
aging mechanisms, microstructural evolution, and mechanical performance was proposed to support
performance-based and sustainable pavement design.

Future research should focus on developing standardized aging protocols that better
replicate field conditions, long-term field validation of sustainable modifiers, and multiscale
characterization approaches integrating microstructural and mechanical performance indicators. The
integration of mechanistic durability models with sustainability assessment frameworks represents a
critical step toward the development of resilient and environmentally sustainable pavement
infrastructure.
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r’MBPUOHAA MOOU®UKALIUA BUTYMA ANSA OONTOBEYHbLIX U YCTOUYUBBIX
ACO®AINBbTOBETOHHbIX MOKPbLITUA

CmapeHue acghanbma £679emcs Kpumu4YeckuMm ¢hbakmopoM, 6USWUM Ha O00/1208PEeMEHHbIE
3KCr/lyamayUoHHbIe XapakmepucmuKu U 00/1208€4HOCMb QOPOXHbIX MOKPbIMUL, MOCKOMbKY OHO 8bI3bi8aem
CJ/IOXHbIE XUMUYECKUE, Peosiocu4ecKUe U MUKPOCMPYKMYypHble npeobpa3osaHus 8 bumyMHbIX 8XKyuux U
acganbmobemoHHbIX CMecsiX. JKolo2uYecKue U MexaHu4yeckue e8030elicmeus, ek/oYasi memrepamypy,
s8o3delicmeue Kucsiopoda, ynbmpaghuosiemogoe Uu3syyeHuUe, MPOHUKHOBEHUE 6r1az2u U MmpaHCriopmHbIe
Haegpy3Ku, YCKOPSomM Mpouecchl OKUC/IEHUS, YmO npueolum K y8e/IUYEHUI XECMKOCMU 85XKyu,e20, e20
OXpYyrn4YUBaHUK U CHUXEHUK COMpoOmMuUBsIeHUsI pacmpecKkugaHUK U enazopaspyweHurn. B omeem Ha
go3pacmaroujue 3KosI02U4YecKUe oepaHudeHusi u deghuyum pecypcos ycmoudusble Mamepuarbl, makue Kak
pezeHepuposaHHbili  acchanbmobemoH (RAP), 6uo-ssxywue, nepepabomaHHbie  ronumepsb U
rPOMbIWIIeHHbIe M06oYHbIe NPOodyKmbI, 8ce Jyawe 8Hedpsitomces 8 acgharnibmobemoHHble cMecu; 0OHaKo UX
8/IUSHUE Ha MexaHU3Mbl cmapeHusi U 00/1i208peMeHHYI0 00/1208€4HOCMb Ocmaemcs Hedocmamo4yHo
usy4yeHHbiM. B daHHoM uccriedoeaHuu ripedcmaerneH KOMMMEKCHbIU 0630p numepamypsbl, MOC8AUEHHbIU
MexaHu3MaM cmapeHusi acganbma, cmpameausM MoOuUKaUuUu C UCMOIb308aHUEM yCmMOUYUBhIX
Mamepuarios u nodxodam K rnpozHo3uposaHuro dosrizoeeqyHocmu. [ns knaccugbukayuu u oyeHKU mexHonoaul
molucbukayuu bbinna npuMeHeHa cmpyKkmypupogsaHHasi MHo2o3amarHas Mmemoodosioausi 0630pa, 0OCHO8aHHasi
Ha Kpumepusix 3KcryamayuoHHOU 3¢hgbekmusHoOCmuU, 3Koro2u4eckol ycmoldueocmu, 3KOHOMUYecKoU
uesiecoobpasHocmu u nPUMEHUMOCMU 8 PasfiuYyHbIX KIIUMamu4yecKux U 3KCrjlyamayuoHHbIX ycroeusx. B
0630pe cuUHMe3upo8aHbI 3KCriepuMeHmarbHble U MOOGeupyrwue pesyribmamal, Kacarnuuecs XUMUYeCKUX
rpouecco8 cmapeHusi, 380IOUUU MUKPOCMPYKMypPbl, 83aumodelicmeusi 3arofiHuUmersnsi U 8sKyuweeo, a
makxxe MHo2oghu3suveckux modenel cmapeHus. [lpednoxeHa UHMezpuposaHHasi KOHyernmyarsbHasi MOOesib,
cesi3blearouyast ycriogusi BHeWHe20 8030elicmeusi, MexaHU3Mbl cCmapeHusi Mamepuarsia, MUKpOCmpPyKmMypHbIe
rnapamempbi U peosioaudeckue rnokasamersu 05151 o00epKKU MpoekmuposaHusi 0012086 4HbIX U yCmouYu8hbIX
OOpPOXHbIX MOKpbIMUU. BbisieneHbl Kio4Yesble HaydHble pobenbl U HanpaeneHuss danbHeluwux
uccriedosaHuli, ekmoYas  Heobxoodumocmb  pa3pabomKu  yCOBEPWEHCMBOBAHHbLIX  POMOKO/I08
MoOeniupoBaHUsi CmapeHuUsi, MHO20ypOBHEBbIX Memo008 Xxapakmepusayuu u 00s120CPOYHOU ronesol
sanudayuu ycmotiquebix Molughukamopos. Pesynbmamsl 0aHHO20 0630pa co30arom Hay4YHyH OCHogy Ors
paspabomku ycmotiqueoul u dornzoeedyHol O0POXHOU UHGbpacmpyKmypail.

Knrodeeblie cnoea: wmodugbuyuposaHHbili 6umymM, eubpudHble cucmembl MOOUGUKayUU,
UH)XeHepHbIlU bumym, nepepabomka, akonoausiNe
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BUTYMAbI TMBPUAOTI MOOAUDUKALIUANAY: ¥3AK MEP3IMAI XXOHE T¥PAKTbl ACOAJIbTBETOH
XABbIHOAPbBI YLUIH

AchanbmmbiH Kapmatobl o051 XabbiHbIHbIH y3aK Mep3imMOi naddanaHy curnammamanapbl MeH
bepikmieiHe acep ememiH Hezi3ai hakmop 60sbin mabbinadsbl, elmkeHi o1 6umymdbl 6alnaHbiICMbIpPFLILIMAP
MeH acghanbmobemoH KocnanapbiHOa Kypdesni XUMUSIIbIK, PeOono2ausifiblK XOHe MUKPOCMPYKmMyparsbiK
e3zepicmepze okenedi. Temnepamypa, ommeaiHiH acepi, yrbmpakyrneiH cayrnesneHy, biiiFanobiH eHyi XoHe
KoriK Xykmemersiepi CUSIKMbl 3KOJIO2USIIbIK XOHe MexaHUKalblK chakmoprap mombiFy [poyecmepiH
xedendemin, balnaHbICMbIPFLILMbIH — KammblfblfbiHbIH — apmybiHa, MOPMMaHbIN  KemyiHe  XoHe
JKapblKLWaKkmapsra XoeHe blfiran acepiHeH byabliyra megsimoinikmiH memeHoOeyiHe akenedi. KopwaraH opmara
KolblnambiH — mananmapOblH  KyWeKwiHe  XoHe  pecypcmaplbiH  wekmesnyiHe  6alnaHbicmbl
peeeHepauyusanaHfaH acganbmobemoH (RAP), 6uo-Hezi3di b6alinaHbicmbiprbiumap, Kauma eHOesnzeH
r1onuMepriep XoeHe 6HEPKaCINMIK KandbiKk eHiMOep cuskmbl mypakmbl mMamepuandap acgharnbmobemoH
KocrnanapbiHa KeHiHEeH eHei3inyde; analida onaplbiH Kapmar MexaHu3MOepiHe XeHe y3akK Mep3imoi
bepikmikke oacepi oni mornbik 3epmmenimezeH.byn 3epmmeyde acghanbmmbiH Kapmar MexaHu3moepi,
mypakmbi MamepuandapmeH Moducpukauyusinay cmpameausiiapbl xeHe bepikmikmi 6osrmkay macindepi
bolibiHwa adebuemmepee keweHOi wony ycbiHbinFaH. Modugukayusinay mexHono2usiniapbiH XiKmey XoHe
baranay ywiH natidanaHy muimaoiniei, 3Kono2usifiblK MmypaxKmbliblK, SKOHOMUKasbIK muiMOirnik xoHe apmyprii
KnumammblK XeHe natdanaHy xardalnapbiHOa KosdaHy MyMKiHOi2i KpumepulinepiHe HeaizdenzeH
KypbinbiMOarniFaH Kercamblibl worsy adicmemeci KondaHbindbl. Lllonyda xumusinbiKk Kapmato rpoyecmepi,
MUKpPOCMpYKmMypaHbIH 380/10UUSIChI, MOMbIPFbIW MeH balnaHbiCmbIpFbilUMbIH 63apa sapeKemmecyi XeHe
Kengbusukanblk Kapmato Modenbdepi boUbiHWAa 3IKCIEpPUMEHMMIK XeHe Mooenbley Hamuxenepi
cuHme3sdendi. KopwaraH opma ocepi xardalinapbiH, MamepuandblH Kapmarw MexaHU3MOepiH,
MUKpocmpykmyparsnbik napamempniepdi KoHe peonoausinibiK  Kepcemkiwumepdi  balnaHbicmbipambiH
UHmMezpayusnarHraH myxbipbiMoamarbiK MoOesib YCbiHbINObI, 01 Bepik XeHe mypakmbl Xos xabbiHOapbiH
xobanayObl Kondayra apHanfaH. KapmaroObi modenbdeydiH xemindipineeH npomokondapbiH a3iprey,
KerndeHeelli cunammay odicmepi xoHe mypakmbl ModugukamopriaplObl y3aK mep3imdi danarnbiK
ganudayusnay Kaxemmiriei CUsKMbI Heai32i fbiibIMU OfIKbIIbIKMap MeH b6onawak 3epmmey barbimmapbl
aHbIKkmandbi. Ocbkl wWoryOblH HOMUXenepi mypakmabl xoHe y3aK Mep3iMOi o UHPaKypbiibiMbIH damMbimy
YWIH FbInbIMU Heai3 60sbin mabbliadsi.

Tytin ce3dep: modugpukayusnaHFaH bumym, subpudmi modughukayusinay Xylenepi, UHXeHepsliK
6umym, kalima eHOey, akoroausiNe
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