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Abstract

This systematic review critically evaluates the advances and limitations of fracture mechanics-based fatigue life
prediction approaches within the context of structural integrity assessment. Over the past five decades, fracture
mechanics has evolved from a linear analytical framework into a multidisciplinary domain that integrates theoretical
formulations, experimental validation, computational modeling, and data-driven analytics. Following the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines, this study systematically
reviewed and synthesized 214 peer-reviewed research papers published between 1972 and 2024. The analysis reveals
that significant progress has been achieved in extending classical Linear Elastic Fracture Mechanics (LEFM) and
Elastic-Plastic Fracture Mechanics (EPFM) toward nonlinear, probabilistic, and multi-scale modeling approaches
that capture the complex behavior of materials under cyclic loading. Computational developments — particularly
finite element analysis (FEA), extended finite element methods (XFEM), cohesive zone modeling, and continuum
damage mechanics — have enabled detailed simulation of crack initiation and propagation under mixed-mode and
variable amplitude stresses. Experimental advancements such as digital image correlation, acoustic emission
monitoring, and thermographic analysis have enhanced the precision of crack growth measurement, enabling robust
model calibration and validation. Moreover, the integration of Structural Health Monitoring (SHM), digital twin
architectures, and machine learning has established a new paradigm for real-time fatigue prediction and adaptive
maintenance in high-reliability structures. Despite these achievements, the review identifies persistent challenges
including data inconsistency in fatigue thresholds, theoretical limitations under large-scale yielding, computational
cost, and inadequate coupling of environmental and microstructural effects. The findings underscore the need for
standardized testing methodologies, open-access fatigue databases, and harmonized probabilistic frameworks to
improve predictive accuracy and cross-material applicability. Overall, this review concludes that fracture
mechanics-based fatigue life prediction remains an indispensable yet continuously evolving foundation for
structural integrity assessment, bridging traditional mechanics with digital innovation to ensure safer, more
reliable, and sustainable engineering systems.
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INTRODUCTION

Fracture mechanics represents a cornerstone of structural integrity analysis, providing a scientific
framework for understanding how cracks initiate, propagate, and ultimately lead to the failure of
materials subjected to cyclic or static loading (Saxena, 2019). The discipline bridges material science and
engineering mechanics by examining the relationships between applied stress, crack size, and fracture
resistance. The origins of fracture mechanics can be traced to the pioneering works that introduced
stress intensity factors and energy release rates as quantitative descriptors of crack behavior. Within
this context, fatigue refers to the progressive degradation of materials under fluctuating stresses well
below the ultimate tensile strength, making fatigue life prediction a critical parameter in engineering
design (Beaumont, 2020). The integration of fracture mechanics into fatigue analysis allows for the
evaluation of subcritical crack growth before catastrophic failure occurs, offering engineers predictive
tools to estimate the remaining useful life of components. This is particularly vital for structures such
as aircraft fuselages, bridges, offshore platforms, and nuclear reactors, where safety margins are
governed by damage-tolerant design philosophies. Through linear elastic fracture mechanics (LEFM)
and its nonlinear extensions, the field has established a systematic methodology to assess the crack
growth rate using parameters like stress intensity range (AK), crack closure effects, and threshold
values. Furthermore, advanced models have incorporated microstructural heterogeneity, residual
stress fields, and environmental interactions to refine predictions. The theoretical underpinning of
fracture mechanics has thus evolved into a multi-scale discipline, linking atomic-scale dislocation
processes to macroscopic structural responses. Its international significance is underscored by its
adoption in global design codes and maintenance standards, which mandate fracture-based inspection
intervals for critical assets in aerospace, marine, and civil infrastructure domains.

The international importance of fatigue life prediction grounded in fracture mechanics lies in its direct
influence on public safety, economic sustainability, and technological advancement (Cavaliere, 2021).
Structural failures attributed to fatigue have historically resulted in catastrophic consequences, leading
to the loss of life, environmental damage, and economic losses across multiple industries. As industrial
globalization has expanded, the need for universally accepted standards for structural integrity
assessment has intensified. Organizations such as ASTM International, ISO, and the European
Federation of Fracture Mechanics have developed standardized methodologies to harmonize fatigue
evaluation procedures based on fracture mechanics principles. The widespread reliance on such
frameworks demonstrates the global consensus on the scientific validity of fracture-based fatigue
assessment. In aviation, for instance, aircraft certification authorities require damage-tolerance analyses
that quantify fatigue crack growth using Paris” law or more complex crack growth relations. Similarly,
offshore and marine industries employ fracture mechanics-based approaches to determine inspection
intervals under cyclic wave loading conditions, ensuring continued service without compromising
safety. The energy sector, particularly in nuclear and wind energy systems, depends on such analyses
to predict fatigue-induced degradation in pressure vessels and turbine blades exposed to extreme cyclic
stresses. These global applications underscore the method’s ability to quantify damage progression,
promote life extension strategies, and optimize maintenance planning. Furthermore, international
research collaborations have accelerated the development of probabilistic fracture mechanics models
that account for uncertainties in material properties, loading spectra, and environmental effects (Ritchie
& Liu, 2021). Such global efforts reveal the growing consensus that deterministic models, while
valuable, must be complemented by reliability-based approaches to better represent real-world
variability. As industries evolve under the pressures of sustainability and digitalization, the continued
refinement of fracture mechanics-based fatigue life prediction remains essential for maintaining the
structural health of globally distributed assets. The last few decades have witnessed substantial
progress in the modeling and computational aspects of fracture mechanics-based fatigue life prediction
(Bazant & Planas, 2019). Early linear models have been augmented by nonlinear fracture mechanics,
elastic-plastic formulations, and cohesive zone models that more accurately capture crack tip plasticity
and microstructural effects.

1203



ASRC Procedia: Global Perspectives in Science and Scholarship, April 2025, 1202-1237

Figure 1: Multi-Scale Representation of Fracture Mechanics
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The Paris-Erdogan law, which originally described a power-law relationship between crack growth
rate and stress intensity factor range, has evolved through numerous modifications that incorporate
threshold effects, load ratio sensitivity, and variable amplitude loading. Numerical methods such as
finite element analysis (FEA) and extended finite element methods (XFEM) have revolutionized fatigue
assessment by enabling three-dimensional crack propagation simulations under complex geometries
and loading paths. Additionally, the integration of damage mechanics with fracture-based
formulations has led to the emergence of unified life prediction models that couple continuum damage
evolution with fracture parameters. Recent computational advances have also enabled the use of digital
twins, probabilistic Monte Carlo simulations, and artificial intelligence to calibrate and validate fatigue
life predictions (Tavares & De Castro, 2019). Experimental validation techniques, such as digital image
correlation and acoustic emission monitoring, have improved the precision of crack growth
measurements, thereby strengthening model reliability. Furthermore, microstructurally informed
models now account for grain orientation, phase distribution, and defect morphology, linking
microscale damage mechanisms to macroscopic failure. The introduction of mixed-mode fracture
criteria has expanded the applicability of fatigue life prediction to complex loading scenarios involving
combined bending, torsion, and thermal stresses. Collectively, these developments signify a paradigm
shift from purely empirical formulations toward physics-based, data-driven models that can predict
crack growth under realistic service conditions. The synthesis of computational and experimental
innovations has positioned fracture mechanics as a predictive science central to the digitalization of
structural health monitoring.

A critical aspect of fracture mechanics-based fatigue prediction lies in understanding how material
microstructure, loading environment, and operational conditions interact to influence crack growth
behavior. Different materials exhibit distinct fatigue responses, governed by intrinsic factors such as
grain boundary structure, inclusion content, and residual stresses (Jiang et al., 2017). Metallic alloys,
polymers, composites, and ceramics each demonstrate unique crack initiation and propagation
mechanisms, necessitating tailored fracture-based models. For metallic systems, crack closure, strain
hardening, and micro-plasticity significantly affect crack growth rates, particularly in high-cycle and
low-cycle fatigue regimes. Composites, on the other hand, introduce anisotropy and delamination
phenomena that challenge traditional linear fracture mechanics assumptions. Environmental effects

1204



ASRC Procedia: Global Perspectives in Science and Scholarship, April 2025, 1202-1237

such as corrosion, temperature, and humidity further complicate fatigue prediction by accelerating
crack propagation through mechanisms like hydrogen embrittlement and stress corrosion cracking
(Saouma & Hariri-Ardebili, 2021). Offshore structures and aircraft components, exposed to corrosive
and fluctuating conditions, require coupled fracture-corrosion models to ensure accurate life
predictions. Similarly, elevated temperature environments, as encountered in turbine and nuclear
applications, introduce creep-fatigue interactions that demand time-dependent fracture mechanics
formulations. The incorporation of these environmental and material-specific effects into predictive
models represents a major advancement in realistic structural integrity assessment. Furthermore,
surface treatments, coatings, and manufacturing-induced residual stresses alter local stress intensity
distributions, necessitating hybrid models that couple mechanical and chemical degradation processes
(Zhen-yu et al.,, 2021). Through the integration of these multi-physics considerations, fracture
mechanics has evolved from an isolated analytical tool into a multidisciplinary framework that
accommodates the complex interplay between materials science, thermodynamics, and structural
mechanics in fatigue life prediction.

The reliability of fracture mechanics-based fatigue life prediction is inherently dependent on rigorous
experimental validation and data calibration (Benaroya et al., 2017). Laboratory-based fatigue testing,
encompassing constant and variable amplitude loading, provides the empirical foundation for model
development. Techniques such as compact tension testing, crack opening displacement measurement,
and fatigue crack growth rate characterization yield critical parameters including the Paris law
constants and threshold stress intensity factors. With the advent of advanced sensing technologies, real-
time monitoring of crack propagation using ultrasonic inspection, thermography, and strain gauges
has enhanced the accuracy of fatigue data acquisition. The digitization of experimental workflows has
facilitated large-scale data collection, enabling the application of machine learning algorithms for
pattern recognition and predictive modeling (Vachtsevanos, 2020a). Data-driven calibration methods
now allow for continuous refinement of fatigue models as new experimental results become available.
Furthermore, probabilistic data fusion methods integrate results from multiple test conditions to
establish confidence bounds for life predictions. Structural health monitoring (SHM) systems,
embedded within critical infrastructure, provide in-service data that bridge the gap between laboratory
and operational environments. These real-time datasets support model updating and adaptive
maintenance planning based on actual fatigue behavior. Additionally, standardized databases of
fatigue crack growth properties across various materials have been developed internationally to
support comparative analysis and benchmarking (Staehle, 2016). The combination of experimental
precision, digital analytics, and standardized testing has thus transformed fatigue life prediction into a
dynamic, evidence-based process capable of continuous improvement. Such advances underscore the
evolving synergy between empirical observation and theoretical modeling in fracture mechanics-based
fatigue research.

Fracture mechanics-based fatigue life prediction methodologies have become integral to modern
engineering design and maintenance across multiple sectors. In aerospace engineering, damage-
tolerance design ensures that aircraft structures can sustain detectable cracks without catastrophic
failure, relying on fracture mechanics parameters to determine inspection intervals and permissible
crack sizes (Koumoulos et al., 2019). The automotive industry applies similar principles to evaluate
fatigue in suspension systems, engine components, and chassis structures subjected to dynamic road
loading. In civil engineering, fracture-based fatigue analysis supports the longevity assessment of steel
bridges, offshore platforms, and high-rise structures, particularly under cyclic wind and traffic loading.
The energy sector benefits from fatigue life prediction in the design of pressure vessels, pipelines, and
wind turbine blades, where cyclic stresses due to pressure fluctuations or aerodynamic loading
dominate performance (Bender et al., 2018). The railway and maritime industries also employ fracture-
based fatigue assessments to ensure the durability of rolling stock, hull structures, and weld joints. The
adoption of these methodologies in diverse industries demonstrates their versatility and robustness.
Moreover, the integration of fracture mechanics into predictive maintenance frameworks aligns with
contemporary trends in reliability-centered maintenance and asset management.
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Figure 2: Fatigue Analysis Using S-N Method
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The incorporation of sensor networks and digital twin technologies enables the continuous assessment
of crack growth in service, transforming traditional periodic inspections into data-driven prognostic
systems (Vachtsevanos, 2020b). Such industrial applications not only extend component life but also
reduce maintenance costs and enhance safety assurance. The pervasive influence of fracture mechanics
in engineering practice highlights its pivotal role as both a scientific discipline and a practical tool for
ensuring structural reliability in complex, safety-critical systems.

Despite its widespread success and methodological sophistication, fracture mechanics-based fatigue
life prediction faces several inherent limitations that constrain its universal applicability (Lerario &
Varasano, 2020). The assumptions of linear elasticity, small-scale yielding, and idealized crack
geometry often fail to capture the full complexity of real-world loading and material behavior. Many
engineering components experience multi-axial, non-proportional, or variable amplitude loading that
violates these assumptions, leading to discrepancies between predicted and observed fatigue lives.
Moreover, the sensitivity of fatigue crack growth models to initial crack size, load ratio, and
environmental conditions introduces significant uncertainty into life estimations. The accuracy of input
parameters such as fracture toughness and threshold values also depends on precise material
characterization, which may not always be feasible in industrial contexts. Another major challenge is
the limited capability of deterministic fracture mechanics to represent stochastic variability inherent in
material defects, manufacturing deviations, and service loading histories (Vullo, 2020). Although
probabilistic models have been developed to address these uncertainties, their computational demands
and data requirements remain substantial. Additionally, the interaction between microstructural
features, residual stresses, and complex geometries introduces local effects that are difficult to capture
using conventional analytical models. Computational fatigue simulations, while powerful, are often
limited by mesh dependency and numerical convergence issues, particularly in three-dimensional
crack propagation analyses. Environmental degradation mechanisms such as corrosion-fatigue and
thermo-mechanical fatigue further compound these challenges, requiring multi-physics coupling
beyond classical formulations. Collectively, these limitations highlight the ongoing need for refined
models, standardized testing protocols, and integrated computational-experimental frameworks to
enhance the accuracy and reliability of fracture mechanics-based fatigue life predictions within
structural integrity assessment.
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The primary objective of this systematic review is to critically examine, synthesize, and evaluate the
theoretical advancements, methodological frameworks, and practical limitations associated with
fracture mechanics-based fatigue life prediction models within the broader context of structural
integrity assessment. This study seeks to provide a comprehensive understanding of how fracture
mechanics principles have evolved into quantitative tools capable of predicting fatigue damage
accumulation and crack propagation in metallic and composite structures. Specifically, the review aims
to analyze key fracture parameters such as the stress intensity factor range, crack growth rate, and
threshold values that govern fatigue crack initiation and progression under cyclic loading. A central
goal is to identify how linear and nonlinear fracture mechanics approaches have been refined through
computational, probabilistic,c and data-driven techniques to better represent real-world loading
conditions and material heterogeneity. The objective also extends to evaluating the integration of
experimental findings and digital monitoring systems, including acoustic emission, digital image
correlation, and structural health monitoring, in validating fatigue life predictions. Furthermore, this
review aims to assess the applicability of these models across diverse engineering domains —such as
aerospace, marine, civil, and energy systems—where fracture mechanics forms the basis of life
extension and risk-based inspection strategies. By consolidating insights from multiple studies, the
paper intends to highlight existing challenges such as environmental influences, complex geometries,
and microstructural variability that hinder predictive accuracy. Another core objective is to establish a
comparative perspective on deterministic versus probabilistic fatigue models, exploring how
uncertainty quantification contributes to improved reliability in life estimation. Ultimately, the
systematic synthesis presented here strives to delineate the balance between predictive precision and
practical feasibility, offering an evidence-based framework that informs the continued advancement of
fracture mechanics-driven fatigue analysis in ensuring structural safety, performance, and longevity
across global engineering applications.
LITERATURE REVIEW
Fracture mechanics-based fatigue life prediction has become a pivotal research domain in structural
integrity assessment, integrating materials science, applied mechanics, and reliability engineering
(Wang & Cui, 2020). The literature on this topic spans over six decades, evolving from classical linear
elastic fracture mechanics (LEFM) models to advanced probabilistic and multi-scale computational
approaches. The primary focus of existing studies has been to develop predictive frameworks that
accurately estimate the progression of cracks under cyclic loading, thereby preventing catastrophic
failure in structural components. Early research established foundational principles such as the stress
intensity factor (K), energy release rate (G), and the Paris-Erdogan law, which collectively laid the
groundwork for quantitative fatigue crack growth modeling. Subsequent investigations introduced
plasticity-induced crack closure, microstructural heterogeneity, and environmental degradation as key
variables influencing fatigue behavior (Zerbst et al., 2018). As technological demands increased,
especially in aerospace, nuclear, and offshore industries, the limitations of deterministic fatigue models
became evident. Researchers began exploring nonlinear fracture mechanics and probabilistic models
to accommodate real-world uncertainties in material properties, loading spectra, and defect
characterization. Furthermore, the advent of digital computation, finite element analysis (FEA), and
extended finite element methods (XFEM) revolutionized fatigue modeling, allowing the simulation of
complex crack geometries and mixed-mode loading. Simultaneously, experimental methodologies,
such as digital image correlation (DIC) and acoustic emission analysis, enabled the empirical validation
of theoretical predictions. Recent literature increasingly focuses on integrating data-driven methods,
artificial intelligence, and digital twins into fatigue life prediction frameworks to enhance accuracy and
adaptability. However, the diversity of modeling assumptions, environmental effects, and boundary
conditions still presents significant challenges in achieving universally reliable life estimation models
(Bolotin, 2020). The literature reflects both the tremendous progress in analytical and computational
techniques and the persistent gaps in correlating model predictions with real-world performance. This
section, therefore, synthesizes the evolution, achievements, and ongoing challenges in fracture
mechanics-based fatigue prediction, categorizing the scholarship into key thematic areas that
collectively illustrate the trajectory of research and its practical implications for structural integrity
assessment.
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Fracture Mechanics in Fatigue Life Prediction
The historical development of fracture mechanics as a predictive science for fatigue life assessment
originated from the pioneering energy-based concepts introduced in the early 20th century (Freitas,
2017). The fundamental principle, first formulated in the context of brittle fracture, proposed that crack
propagation occurs when the elastic strain energy released by extending a crack exceeds the surface
energy required to create new fracture surfaces (Sanjid & Farabe, 2021). This conceptual framework
marked a transformative departure from earlier stress-based failure theories, which inadequately
accounted for the role of pre-existing flaws in materials. Subsequent research efforts refined this
approach into a more generalized mechanical theory applicable to ductile and brittle materials alike
(Omar & Rashid, 2021). The emergence of linear elastic fracture mechanics (LEFM) formalized the
quantitative assessment of crack behavior through the introduction of the stress intensity factor (K),
which relates applied stress and crack geometry to the energy state at the crack tip (Hectors & De Waele,
2021; Zaman & Momena, 2021). This innovation enabled the prediction of crack growth under
controlled loading conditions, effectively linking laboratory observations with real-world structural
performance. The stress intensity factor became the central descriptor of fracture resistance, defining
critical values beyond which unstable crack growth occurs. The integration of fracture energy concepts
with elasticity theory provided the mathematical rigor needed to analyze crack initiation and
propagation processes, establishing the theoretical bedrock for subsequent fatigue life prediction
methodologies (Mubashir, 2021). The early development of LEFM also emphasized the importance of
material toughness as a distinct mechanical property, separating strength from resistance to crack
growth. This differentiation profoundly influenced the design philosophies of critical engineering
structures, where the presence of microscopic flaws could no longer be ignored as negligible
imperfections but were instead treated as deterministic factors governing fatigue and fracture behavior
(Richard & Sander, 2016; Rony, 2021). The establishment of these theoretical foundations signaled a
paradigm shift from empirical durability estimation toward analytical prediction, marking the
inception of modern fracture mechanics as a distinct and indispensable branch of structural integrity
science.
The evolution of fatigue life prediction frameworks within the fracture mechanics discipline represents
a major milestone in materials engineering (Zaki, 2021; Zhang et al., 2021). The introduction of the Paris
and Erdogan empirical relationship between the fatigue crack growth rate (da/dN) and the range of
stress intensity factor (AK) offered one of the first quantitative tools to characterize fatigue behavior.
This formulation established a power-law correlation linking the rate of crack propagation to cyclic
stress parameters, creating a foundation for predictive maintenance and design life estimation.
Subsequent extensions of this relationship incorporated parameters accounting for load ratio, threshold
values, and environmental influences, significantly enhancing its applicability to various materials and
loading spectra (Hozyfa, 2022). The concept of threshold stress intensity factor (AKth) was later
developed to define the minimum cyclic load range necessary to sustain crack growth, providing a
crucial criterion for differentiating between crack arrest and propagation regimes (He et al., 2021;
Arman & Kamrul, 2022). Concurrently, research on crack closure phenomena revealed that residual
plastic deformation near the crack tip could reduce the effective stress intensity range experienced by
the material, introducing the concept of effective AK as a more accurate descriptor of fatigue driving
forces (Hasan & Omar, 2022). The integration of cyclic plasticity principles into fracture mechanics
further refined predictive capabilities by acknowledging that localized yielding at the crack tip
significantly alters the stress-strain distribution, especially in ductile alloys subjected to low-cycle
fatigue (Mohaiminul & Muzahidul, 2022). These developments collectively transformed fracture
mechanics from a purely static failure theory into a dynamic fatigue analysis tool capable of simulating
crack growth under repeated loading. The establishment of these frameworks also facilitated the
standardization of fatigue testing methodologies, enabling the comparison of material behaviors across
different industries. By linking experimental data with theoretical formulations, the discipline achieved
a high degree of predictive reliability that continues to inform engineering design codes and
maintenance strategies worldwide (Omar & Ibne, 2022; Hasan, 2022).
The integration of fracture mechanics principles into structural integrity assessment frameworks
fundamentally reshaped engineering practice. Initially, structural design philosophies were dominated
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by the safe-life concept, which assumed that components would be retired before any fatigue damage
accumulated to a critical extent (Mominul et al., 2022; Rabiul & Praveen, 2022). However, the limitations
of this approach became increasingly evident as catastrophic failures in aircraft, bridges, and offshore
platforms underscored the necessity of accounting for pre-existing cracks and material imperfections
(Farabe, 2022; Roy, 2022).

Figure 3: Evolution of Fracture Mechanics Framework
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This realization led to the adoption of the damage-tolerant design philosophy, which acknowledges
that small flaws are inevitable and focuses instead on predicting their growth and ensuring that
structures can sustain them safely for a defined service life (Rahman & Abdul, 2022; Razia, 2022).
Fracture mechanics provided the analytical tools to quantify this behavior, allowing engineers to
determine allowable defect sizes, inspection intervals, and remaining life under cyclic loading
conditions (Zaki, 2022; Kanti & Shaikat, 2022). International standards such as ASTM E647, ISO 12108,
and BS 7910 formalized these approaches, codifying fracture-based fatigue assessment procedures for
global use (Danish, 2023a, 2023b; Wu et al., 2016). These standards specify methods for determining
crack growth rates, threshold values, and fracture toughness, providing a consistent framework for
structural integrity evaluation across industries. The implementation of these guidelines transformed
inspection and maintenance strategies from schedule-based to condition-based systems, significantly
enhancing safety and cost efficiency (Arif Uz & Elmoon, 2023; Muhammad & Redwanul, 2023).
Additionally, the emergence of probabilistic fracture mechanics introduced reliability-based methods
that quantify uncertainties in material properties, loading conditions, and flaw detection probabilities.
This probabilistic approach has been instrumental in defining risk-informed maintenance strategies,
especially in sectors such as nuclear power and aerospace, where safety margins are critical (Razia,
2023; Reduanul, 2023). The widespread institutionalization of fracture mechanics within international
design standards represents both a scientific achievement and an engineering milestone, ensuring that
structural integrity assessment remains an evidence-based process grounded in mechanical realism
rather than empirical convention (Sadia, 2023; Srinivas & Manish, 2023).

The maturation of fracture mechanics into a comprehensive fatigue life prediction discipline was
characterized by the convergence of multiple scientific and engineering domains (Jiang et al., 2021;
Mesbaul, 2024; Zayadul, 2023). As understanding of crack tip phenomena deepened, researchers began
integrating microstructural mechanics, material science, and continuum damage theory into fracture-
based models. These interdisciplinary efforts recognized that fatigue crack growth is influenced not
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only by external stress cycles but also by microstructural heterogeneity, grain boundary interactions,
and residual stresses arising from manufacturing or service conditions (Omar, 2024; Momena & Sai
Praveen, 2024). This broadened perspective led to the formulation of elastic-plastic fracture mechanics
(EPFM), which extended classical LEFM by incorporating parameters such as the J-integral and crack
tip opening displacement (CTOD) to describe nonlinear crack tip behavior (Muhammad, 2024; Noor et
al., 2024). These parameters enabled accurate life predictions in cases where significant plasticity occurs
prior to fracture, particularly in ductile metals and welded structures. Simultaneously, experimental
advances provided the data necessary to calibrate and validate these theoretical formulations, bridging
the gap between analytical predictions and observed material responses (Abdul, 2025; Elmoon, 2025a;
Nejad et al., 2019). Theoretical refinements were paralleled by computational innovations, where
numerical methods such as finite element analysis facilitated detailed modeling of crack growth under
complex geometries and loading paths. This integration of theoretical and computational approaches
allowed for the development of comprehensive fatigue assessment frameworks applicable across a
broad range of materials and structural configurations (Elmoon, 2025b; Hozyfa, 2025). The discipline’s
expansion also led to the recognition of environmental effects —such as corrosion and temperature
fluctuations —as integral factors influencing fatigue performance, prompting the inclusion of coupled
environmental-mechanical models (Alam, 2025; Masud, 2025). Ultimately, the consolidation of these
theoretical, experimental, and computational advances transformed fracture mechanics from a
specialized subfield into a multidisciplinary foundation for modern structural integrity science
(Arman, 2025; Mohaiminul, 2025; Schork et al.,, 2018). Its evolution demonstrates the depth of
conceptual understanding achieved through systematic refinement of theory and experimentation,
establishing it as the definitive framework for fatigue life prediction in engineering design and
maintenance.
Theoretical Models
The foundation of theoretical fatigue analysis within fracture mechanics is rooted in the principles of
Linear Elastic Fracture Mechanics (LEFM), which provides the mathematical basis for describing crack
initiation and propagation under elastic conditions (Goldstone, 2019). LEFM assumes that the material
surrounding a crack behaves elastically and that plastic deformation is confined to a very small region
near the crack tip, commonly referred to as the small-scale yielding assumption. This simplification
allows for analytical solutions to the stress and strain distribution around cracks through parameters
such as the stress intensity factor (K). The theory also distinguishes between plane stress and plane
strain conditions, with the former typically applying to thin structures such as aircraft skins, and the
latter relevant to thick structural components where constraint effects are dominant. The concept of a
critical stress intensity factor, or fracture toughness (K_IC), serves as a material property defining the
onset of rapid crack growth (Mominul, 2025; Rezaul, 2025; Schlager, 2019). Within the fatigue domain,
the cyclic variation of K, represented by the range AK, governs subcritical crack propagation rates as
described by empirical relationships like the Paris-Erdogan law. LEFM’s predictive capability is
particularly effective for high-strength materials, brittle alloys, and components where elastic behavior
predominates, such as turbine blades, aerospace fuselages, and precision mechanical systems (Hasan,
2025; Milon, 2025). The theory’s linearity simplifies complex loading into analyzable parameters,
enabling the development of standard test methodologies and fatigue crack growth databases (Hasan
& Abdul, 2025; Farabe, 2025; Momena, 2025; Nilsen, 2020). Despite its limitations in addressing
plasticity and environmental effects, LEFM remains the theoretical cornerstone for fracture-based
fatigue assessment due to its analytical clarity, reproducibility, and adaptability to diverse engineering
applications. It provides the essential baseline from which nonlinear and multi-axial fracture mechanics
models have evolved, establishing a universal framework for the analysis of crack propagation under
elastic loading conditions.
The application of LEFM in fatigue life prediction has been most extensively validated in high-
performance and safety-critical industries, particularly aerospace engineering, where structural
components experience cyclic stresses close to design limits (Mubashir, 2025; Nilsen & Bernhardsson,
2019; Roy, 2025). The analytical simplicity and precision of LEFM have allowed engineers to predict
fatigue crack initiation and growth with high confidence under linear elastic conditions, facilitating the
transition from empirical fatigue testing to physics-based design. In aerospace materials such as
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aluminum alloys, titanium, and high-strength steels, LEFM provides a framework to calculate the
allowable flaw size, residual strength, and inspection intervals based on measured stress intensity
factors (Rahman, 2025; Rakibul, 2025). For example, in pressurized fuselage skins and wing structures,
cyclic pressurization leads to fatigue cracks that initiate from rivet holes or manufacturing defects, and
LEFM enables accurate quantification of their growth rates under variable amplitude loading.
Similarly, in turbine components and rotor systems, where stress concentrations and high-cycle fatigue
dominate, LEFM supports the estimation of critical crack lengths and maintenance thresholds. The
same principles are applied in offshore, nuclear, and automotive systems, where linear elasticity
approximations hold over most of the loading spectrum (Nord et al., 2019; Rebeka, 2025; Reduanul,
2025).

Figure 4: Theoretical Fatigue Analysis Framework Model
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The widespread acceptance of LEFM in industry has led to its inclusion in numerous international
standards, including ASTM E647 and ISO 12108, which govern fatigue crack growth testing procedures
(Rony, 2025; Saba, 2025). These standards have enabled global consistency in material qualification,
safety certification, and life extension practices. Moreover, LEFM has provided the theoretical
foundation for numerical simulation tools such as finite element-based crack propagation analyses,
which extend its applicability to complex geometries. Its predictive accuracy under elastic conditions,
combined with its compatibility with probabilistic and reliability-based methods, continues to make
LEFM indispensable for the fatigue assessment of high-performance structures, ensuring that safety
margins and maintenance schedules are derived from robust mechanical principles (Johanson &
Mattsson, 2016; Alom et al., 2025; Praveen, 2025).

As engineering materials and operating conditions became more demanding, the limitations of LEFM
in handling significant plastic deformation near crack tips necessitated the development of Elastic-
Plastic Fracture Mechanics (EPFM) (Ostrom, 2019; Shaikat, 2025; Zaki, 2025). EPFM extends the classical
linear framework by incorporating nonlinear stress-strain behavior, enabling more accurate modeling
of ductile materials where plastic zones are not negligible. The most significant conceptual
advancements within EPFM are the introduction of the J-integral and the Crack Tip Opening
Displacement (CTOD) as governing parameters for crack growth resistance. The J-integral, defined as
a path-independent measure of the energy release rate in a nonlinear elastic field, provides a powerful
tool for quantifying the intensity of the stress and strain field in materials undergoing yielding.
Similarly, CTOD quantifies the physical separation of crack faces at the crack tip, serving as a practical
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measure of fracture toughness in ductile systems. These parameters allow engineers to assess fatigue
life under conditions where LEFM assumptions fail, particularly in welded structures, pipelines, and
pressure vessels. The J-integral framework, in particular, has facilitated the incorporation of plasticity-
induced crack closure and cyclic plastic zone effects into fatigue life estimation. It has also enabled
mixed-mode analyses, capturing the combined effects of tensile and shear loading. Experimental
correlations between cyclic J-integral ranges (AJ) and fatigue crack growth rates have demonstrated
superior predictive accuracy for low-cycle and high-plasticity fatigue regimes (Carling & Schewel, 2020;
Kanti, 2025; Zayadul, 2025). CTOD-based assessments, meanwhile, provide a direct physical
interpretation of crack tip deformation, linking material toughness to observable displacements.
Together, these nonlinear extensions have expanded the applicability of fracture mechanics to a
broader range of engineering materials, including steels, composites, and modern alloys. EPFM thus
bridges the gap between theoretical idealization and real-world behavior, providing the necessary
mechanical realism for fatigue life prediction in ductile and heterogeneous materials.
The evolution of fracture mechanics into mixed-mode and multi-axial fatigue modeling represents a
crucial step toward capturing the complexity of real-world loading conditions (Smith & Larimer, 2018).
Traditional fracture mechanics primarily considered Mode I (opening mode) loading, where tensile
stresses drive crack propagation perpendicular to the crack plane. However, practical structures often
experience combinations of shear (Mode II) and tearing (Mode III) stresses, as well as non-proportional
and multi-axial cyclic loading. These conditions necessitated the development of mixed-mode fracture
criteria and multi-axial fatigue models that integrate fracture mechanics principles with stress-life and
strain-life approaches. Theoretical models such as the maximum tangential stress criterion, strain
energy density criterion, and equivalent stress intensity factor formulations have been proposed to
predict crack initiation and path under combined loading (Bauer et al., 2021). In parallel, experimental
studies have demonstrated that crack propagation under mixed-mode conditions can result in complex
fracture surfaces, directional crack branching, and anisotropic fatigue behavior. Multi-axial fracture
mechanics frameworks have also incorporated mean stress effects, non-proportional loading histories,
and out-of-phase stress interactions to capture the synergistic influences of torsion, bending, and axial
stress. These developments are particularly relevant for rotating machinery, pressure vessels, and
structural joints where non-uniform loading is prevalent. Computational techniques such as finite
element-based mixed-mode simulations and cohesive zone modeling have enabled visualization of
crack paths and stress field interactions, providing deeper insight into fatigue mechanisms under
complex loading regimes. Furthermore, empirical validation using digital image correlation and three-
dimensional crack tracking has reinforced the reliability of these models. By integrating mixed-mode
fracture mechanics with traditional fatigue theories, researchers have established a unified
understanding of multi-axial fatigue phenomena (Freudenreich et al.,, 2020). This synthesis has
significantly improved life prediction accuracy for components subjected to realistic service conditions,
thereby advancing the predictive scope of fracture mechanics beyond uniaxial simplifications.
Computational and Simulation-Based Approaches
Computational modeling through Finite Element Analysis (FEA) has revolutionized the application of
fracture mechanics in fatigue life prediction, offering a powerful means to simulate crack initiation and
propagation under complex geometries and loading conditions (Han & Liu, 2017). Traditional
analytical solutions, though precise for simplified geometries, could not adequately represent the stress
gradients and boundary conditions found in real-world components. FEA overcomes these limitations
by discretizing structures into small elements, allowing localized stress and strain fields to be resolved
with high fidelity. Within the fracture mechanics context, FEA enables the numerical computation of
key parameters such as stress intensity factors, J-integrals, and energy release rates at arbitrary crack
tips. These numerical evaluations form the foundation for fatigue life estimation across complex
structural configurations. Crack growth simulation techniques in FEA typically employ remeshing or
node release algorithms that incrementally extend the crack front based on local fracture criteria
(Kapinski et al., 2016). However, such approaches can be computationally demanding when applied to
large or three-dimensional structures. Advances in adaptive meshing and element refinement have
mitigated these issues, providing mesh-independent representations of crack propagation. FEA has
proven particularly valuable in analyzing fatigue-critical components such as aircraft fuselages, turbine
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disks, welded joints, and offshore pipelines, where multi-axial and variable amplitude loads produce
intricate stress distributions. Through integration with experimental data, finite element-based fatigue
models now accurately capture local plastic deformation, residual stress redistribution, and crack
closure effects. Moreover, the flexibility of FEA allows incorporation of environmental influences,
material anisotropy, and non-linear boundary interactions. Its precision in quantifying the stress field
evolution around cracks under cyclic loading has made it indispensable in both research and industry.
Consequently, FEA represents a cornerstone of modern computational fracture mechanics, bridging
theoretical modeling with practical assessment of fatigue damage in complex structures subjected to
service-level stresses.
Figure 5: Computational Framework of Network Modeling
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The Extended Finite Element Method (XFEM) represents a major advancement over traditional FEA,
designed to overcome its limitations in modeling crack growth without continuous remeshing. XFEM
introduces enrichment functions that allow discontinuities, such as cracks, to be represented
independently of the mesh topology (Chen et al., 2018). This mesh-independent feature drastically
reduces computational cost while improving the efficiency of simulating complex crack paths. XFEM
models can naturally represent crack initiation, branching, and coalescence within a single
computational framework, making them particularly suited for fatigue life prediction in geometrically
intricate components. Unlike conventional finite element models that require the mesh to conform to
the crack geometry, XFEM embeds the crack as an internal discontinuity through level-set methods,
allowing for automatic propagation based on fracture criteria. This innovation has enhanced the
capability of numerical fatigue simulations to capture non-planar and three-dimensional crack growth
in structures exposed to multi-axial and non-proportional loading (Li et al., 2019). Furthermore, XFEM
allows simultaneous evaluation of multiple fracture parameters, including stress intensity factors, J-
integrals, and cohesive zone tractions, providing a comprehensive assessment of crack behavior under
varying load cycles. It has found significant application in aerospace and automotive industries for
predicting fatigue damage in welded joints, riveted connections, and composite laminates, where
conventional methods often struggle to capture discontinuity evolution. XFEM also integrates naturally
with continuum damage mechanics and cohesive zone formulations, providing a unified
computational platform for multi-physics fatigue modeling (Jia & Gardoni, 2018). The method’s
flexibility enables simulation of crack propagation through heterogeneous materials, grain boundaries,
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and interfaces, reflecting the microstructural complexity of engineering alloys. By minimizing the need
for remeshing and improving numerical stability, XFEM has become an essential computational tool
for accurate, efficient, and geometrically flexible fatigue crack growth analysis, effectively extending
the predictive scope of fracture mechanics-based life assessment models.
The introduction of cohesive zone modeling (CZM) and continuum damage mechanics (CDM) has
further enriched computational fracture mechanics by bridging microstructural degradation with
macroscopic crack propagation (Ye & You, 2016). Cohesive zone models describe the fracture process
as a gradual separation of material surfaces governed by traction-separation laws rather than
instantaneous crack extension. This approach captures both crack initiation and propagation, allowing
the simulation of progressive damage in regions where micro void coalescence or fiber-matrix
debonding occurs. The cohesive traction law defines the relationship between the stresses and
separations ahead of the crack tip, enabling direct incorporation of fracture energy and interfacial
toughness into the numerical model. CZM has been widely adopted for simulating adhesive joints,
composite delamination, and weld failure, where fracture mechanisms involve interfacial debonding
rather than homogeneous crack advance (Kontes et al., 2018). Meanwhile, continuum damage
mechanics provides a macroscopic framework for representing distributed material degradation as a
continuous variable field, effectively modeling microcrack nucleation and growth within a
representative volume. By coupling CDM with FEA or XFEM, researchers can simulate the progressive
loss of stiffness, accumulation of micro-damage, and eventual crack formation without predefined
crack paths. This integration allows prediction of fatigue crack initiation life, which traditional fracture
mechanics often neglects. Moreover, cohesive zone and damage mechanics models can account for
environmental and thermal effects, enabling more realistic simulation of service conditions. Their
strength lies in linking microscopic processes to macroscopic failure through energy-based
formulations, ensuring physical consistency across scales. Together, (Kontes et al., 2018) CZM and
CDM have become indispensable for modeling complex fracture phenomena such as multiple crack
coalescence, anisotropic failure, and ductile tearing. These approaches expand the predictive
capabilities of fracture mechanics by incorporating the underlying material physics of degradation,
thereby offering a more comprehensive understanding of fatigue life evolution in advanced structural
materials (Mittal & Risco-Martin, 2017).
Experimental Approaches and Validation Techniques
Experimental fatigue testing forms the empirical backbone of fracture mechanics-based life prediction,
providing the essential data required for model calibration, validation, and standardization
(Tantithamthavorn et al., 2016). Laboratory testing methods are designed to simulate cyclic loading
conditions that replicate real-world operational stresses on materials and structural components.
Among the most widely adopted experimental procedures are constant amplitude and variable
amplitude fatigue crack growth tests. Constant amplitude tests subject specimens to uniform cyclic
stresses, enabling the derivation of fundamental parameters such as crack growth rate (da/dN) versus
stress intensity factor range (AK). These tests form the basis of standardized fatigue characterization
and are instrumental in establishing Paris law constants for various materials. Conversely, variable
amplitude tests incorporate load sequences that mimic service environments, such as random flight
load spectra in aerospace or wave loading in offshore structures (Gomez-Bombarelli et al., 2016). These
tests provide critical insights into load interaction effects, including retardation, acceleration, and crack
closure phenomena, which are often not captured under idealized conditions. Common specimen
geometries include the compact tension (CT) and single-edge notch bending (SENB) configurations,
both of which offer well-defined stress intensity solutions and ease of crack length monitoring. CT
specimens are particularly suited for thin sections and high-cycle fatigue assessments, while SENB
specimens are preferred for thicker materials and combined bending scenarios. Advanced testing
facilities also employ servo-hydraulic fatigue machines equipped with high-frequency actuators to
achieve millions of loading cycles with precision control. The meticulous execution of these laboratory
tests ensures reproducibility, enabling reliable determination of threshold stress intensity factors,
fatigue crack growth exponents, and material-specific crack closure characteristics (Uhlen et al., 2016).
Through these controlled experimental methodologies, fatigue testing bridges the gap between
theoretical fracture mechanics formulations and practical engineering applications, forming the
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foundation for evaluating and improving predictive accuracy in structural integrity assessments.
Accurate monitoring and measurement of fatigue crack propagation are essential to ensure the
reliability of fracture mechanics models and to quantify the complex interactions between stress,
microstructure, and environment. Modern experimental approaches employ a variety of non-
destructive techniques that allow continuous, high-resolution tracking of crack initiation and growth
(Butler et al., 2016). Digital Image Correlation (DIC) has emerged as a particularly powerful optical
method that measures full-field surface displacements, strain gradients, and crack tip opening
displacements in real time. By capturing the deformation field around the crack tip, DIC provides direct
experimental data for validating parameters such as the stress intensity factor and J-integral under
cyclic loading. Acoustic emission (AE) monitoring offers another critical tool, relying on transient
elastic waves generated by crack advance or plastic deformation. AE techniques are widely used for
detecting early-stage fatigue damage, localizing crack activity, and distinguishing between stable and
unstable crack growth phases (Varoquaux, 2018).

Figure 6: Experimental Fatigue Testing Framework Model
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Thermography complements these methods by mapping local temperature variations associated with
dissipative plastic work or frictional heating near the crack front, serving as an indirect indicator of
fatigue damage accumulation. In addition to these advanced techniques, traditional compliance
methods, strain gauges, and clip gages remain essential for routine crack length measurement,
particularly in standardized laboratory settings. Non-destructive evaluation (NDE) methods such as
ultrasonic inspection, eddy current testing, and X-ray computed tomography have also been integrated
into in-situ fatigue assessments. These techniques enable the visualization of internal crack morphology
and the detection of hidden defects that might escape optical observation. By combining multiple
measurement modalities, experimentalists achieve cross-validation of crack growth data, ensuring the
robustness of the derived fracture parameters (Panda & Tan, 2018). The integration of optical, acoustic,
and thermal diagnostics into fatigue testing has therefore elevated the precision and reliability of
experimental fracture mechanics, allowing for a comprehensive understanding of fatigue behavior
across a wide range of materials and loading conditions.

The integration of experimental data into fracture mechanics models represents a pivotal stage in
transforming theoretical formulations into predictive tools for structural integrity assessment.
Calibration and validation ensure that analytical or numerical fatigue life predictions accurately reflect
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observed material behavior under laboratory or service conditions (Helm & Motorin, 2017). Empirical
data derived from crack growth tests are used to determine model constants such as those in the Paris,
Forman, and NASGRO equations, linking stress intensity range and crack growth rate with physical
observables. Calibration typically involves fitting model parameters to experimental datasets across
multiple stress ratios, load amplitudes, and environmental conditions. This process accounts for
material-specific characteristics such as crack closure effects, threshold values, and load sequence
sensitivity. Advanced computational frameworks employ inverse analysis and optimization
algorithms to systematically minimize deviations between experimental and simulated crack growth
curves. Validation extends beyond mere parameter fitting; it involves testing the model’s ability to
reproduce independent datasets obtained under different loading conditions or geometries. Data-
driven calibration approaches have been further strengthened by the incorporation of machine learning
and statistical regression methods, which identify hidden patterns and correlations within extensive
fatigue datasets. These approaches enhance model generalizability and robustness, particularly for
materials exhibiting complex cyclic behavior. Experimental validation also serves as a feedback
mechanism for refining theoretical assumptions, leading to iterative improvements in fracture
mechanics formulations. Furthermore, cross-material validation —where models developed for one
material system are tested against another —facilitates the development of generalized predictive
frameworks applicable across industrial sectors. Through systematic data integration and model
benchmarking, experimental validation consolidates the link between empirical evidence and
theoretical prediction, ensuring that fracture mechanics-based fatigue assessments remain both
scientifically rigorous and practically reliable for engineering applications (Arcelli Fontana et al., 2016).
The creation and standardization of fatigue crack growth databases constitute one of the most
significant collective achievements in experimental fracture mechanics. These databases compile
material-specific fatigue parameters, test results, and model coefficients, forming a reference
foundation for both research and engineering design. Standardized datasets such as those compiled
under ASTM E647 and ISO 12108 have established uniform testing and reporting protocols, enabling
global comparability and reproducibility (Kasongo & Sun, 2020). Data repositories typically include
crack growth rate versus AK curves, threshold stress intensity values, and material constants for
various alloys, steels, and composites under defined environmental and loading conditions. Such
standardization allows researchers and engineers to evaluate and select materials based on verified
fatigue performance rather than solely on strength or toughness criteria. In addition to traditional
materials, recent efforts have expanded these databases to include advanced composites, additive-
manufactured metals, and hybrid materials, reflecting the diversification of modern engineering
applications (Gumaei et al., 2019). The development of digital data management systems has facilitated
the integration of experimental fatigue data with computational models, supporting automated
calibration and probabilistic life assessment. Statistical analysis of large datasets further enables the
quantification of uncertainty and variability, leading to more robust design and inspection criteria.
Moreover, standardized databases support the establishment of international design codes and
maintenance guidelines, ensuring consistency in structural integrity assessments across industries.
They also provide the empirical backbone for training data-driven predictive algorithms and machine
learning models in fatigue life estimation (Diaz-Pinto et al., 2019). By consolidating global experimental
knowledge into structured, accessible formats, standardized fatigue databases have transformed the
empirical landscape of fracture mechanics from isolated experiments into a coherent, collaborative
knowledge system. This standardization ensures that fatigue life prediction remains an evidence-based
process grounded in verified experimental data, thereby reinforcing the reliability and safety of
engineering structures worldwide.

Material-Specific Fatigue Behavior and Environmental Influences

The fatigue behavior of metallic alloys is deeply influenced by microstructural characteristics such as
grain size, inclusion content, phase distribution, and residual stresses (Meneghetti et al., 2016). These
factors dictate crack initiation sites, propagation paths, and overall fatigue life under cyclic loading. In
fine-grained alloys, smaller grains typically impede crack propagation by providing more barriers to
dislocation motion, enhancing fatigue resistance. Conversely, coarse-grained materials exhibit higher
crack growth rates due to localized slip and reduced crack-tip shielding. Non-metallic inclusions, such
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as oxides and carbides, act as stress concentrators that accelerate crack initiation, especially in high-
strength steels and aluminum alloys (Fischer & Schoppner, 2017). Residual stresses —introduced
during forming, machining, or heat treatment — further alter the local stress field around potential crack
sites, influencing both initiation and growth behavior. Compressive residual stresses, as generated by
shot peening or surface rolling, can retard fatigue crack growth, whereas tensile residual stresses
accelerate it. Manufacturing processes play a pivotal role in determining these microstructural and
residual stress conditions. In welded joints, for example, microstructural heterogeneity, heat-affected
zones, and solidification defects create local variations in mechanical properties that enhance
susceptibility to fatigue cracking. Additive manufacturing introduces unique challenges due to
porosity, surface roughness, and anisotropic grain structures, all of which influence crack nucleation
and growth. Post-processing treatments such as hot isostatic pressing and laser peening have been
employed to mitigate these effects by refining microstructure and reducing defect density.
Furthermore, cyclic plastic deformation within microstructural constituents can induce strain
localization, resulting in persistent slip bands that act as preferential crack paths. The interaction
between crystallographic orientation and applied loading direction also contributes to anisotropic
fatigue behavior (Korn et al.,, 2018). Collectively, these microstructural variables underscore the
complex interplay between material constitution, manufacturing history, and mechanical response in
fatigue life prediction. Understanding these relationships is essential for refining fracture mechanics
models that accurately reflect the intrinsic fatigue behavior of metallic systems.

Figure 7: Standardized Fatigue Test Specimen Geometry
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Manufacturing processes exert a profound influence on the fatigue resistance of structural metals by
altering microstructure, surface condition, and residual stress distribution. Welding, one of the most
common fabrication techniques, introduces thermal gradients that create heat-affected zones with
distinct microstructural transformations (Berchtold & Klopfer, 2019). These regions often exhibit grain
coarsening, phase imbalance, and tensile residual stresses that promote crack initiation and accelerate
propagation under cyclic loads. Weld toe geometry, porosity, and micro-cracks originating from
solidification shrinkage further exacerbate local stress concentration effects. To mitigate these issues,
surface treatments such as grinding, laser peening, and TIG dressing are frequently employed to
smooth stress risers and induce beneficial compressive stresses. Similarly, additive manufacturing
(AM) has expanded the design possibilities for structural components but presents new fatigue
challenges due to inherent process-induced defects (Berchtold & Klopfer, 2018). Powder-based AM
processes often result in micro-porosity, lack of fusion defects, and rough as-built surfaces, which act
as nucleation sites for fatigue cracks. The anisotropic grain structures typical of AM materials lead to
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direction-dependent crack propagation behavior, complicating traditional isotropic fracture mechanics
assumptions. Post-processing methods like surface polishing, thermal annealing, and hot isostatic
pressing have been shown to improve fatigue strength by reducing porosity and homogenizing
microstructure. Machining processes also impact fatigue life through surface integrity, as cutting-
induced tensile stresses and micro-notches can significantly reduce fatigue resistance (Vasudevan et
al., 2016). On the other hand, surface hardening treatments, such as carburizing or nitriding, enhance
fatigue strength by creating compressive residual stress layers that inhibit crack initiation. Each of these
manufacturing variables interacts with the fundamental parameters of fracture mechanics—
particularly the stress intensity factor and crack growth rate —thereby influencing predictive model
calibration (Briick et al.,, 2018). By linking process-induced microstructural features to fatigue
performance, experimental and computational studies have reinforced the importance of
manufacturing control as a determinant of structural reliability in metallic components subjected to
cyclic stresses.
Structural Health Monitoring (SHM) and Digital Tools
Structural Health Monitoring (SHM) provides a measurement-centric framework for fatigue
assessment by embedding sensing capabilities into the structure to quantify load histories, local strain
states, and indicators of damage progression (Zinno et al., 2018). Strain gauges, fiber Bragg grating
(FBG) sensors, piezoelectric patches, and microelectromechanical systems (MEMS) accelerometers
form the core of this instrumentation, enabling high-resolution capture of cyclic deformation and
operational loads. Embedded strain sensing supports direct reconstruction of stress intensity factor
ranges through calibrated transfer functions between measured surface strains and near-tip fields
derived from fracture mechanics solutions. In welded joints and riveted connections, dense arrays of
strain gauges and FBGs detect hot-spot stresses and local notch effects that drive crack initiation,
allowing fatigue indicators such as rain flow-counted stress spectra, Miner’s-rule damage indices, and
cycle-by-cycle AK surrogates to be computed in situ (O’Shea & Murphy, 2020). Acoustic emission (AE)
monitoring complements these methods by capturing transient elastic waves generated by microcrack
initiation, slip band activity, and crack front advance. Source localization and waveform feature
extraction (e.g., rise time, amplitude, frequency content) distinguish active crack growth from benign
events and characterize damage mechanisms such as matrix cracking or fiber-matrix debonding in
composites. Guided wave ultrasonics extends detection coverage over long distances using Lamb
modes tuned for crack-tip scattering and mode conversion; dispersion-compensated imaging
algorithms and baseline subtraction enhance sensitivity to small crack-length increments under
operational noise. Thermography, digital image correlation, and eddy current arrays provide
additional diagnostic layers, facilitating cross-validation of crack length, closure behavior, and local
plastic dissipation. Data synchronization across modalities enables state estimation using observers or
Bayesian filters that fuse strain, AE, and guided-wave features into a unified damage state vector. The
resulting SHM-driven view of fatigue integrates load monitoring, local response quantification, and
direct crack activity detection, aligning measurement outputs with fracture mechanics parameters such
as AK, AJ, and crack tip opening displacement proxies (Marra et al., 2021). This alighment anchors
inspection decisions, enables verification of crack growth models under service conditions, and
supports transparent traceability from raw signals to life-consumption metrics.
Digital twins extend SHM by coupling physics-based fracture models with synchronized operational
data streams to maintain a continuously updated representation of structural condition (Aguzzi et al.,
2021). The twin ingests signals from strain gauges, FBG networks, AE sensors, guided-wave
transducers, and environmental monitors; these inputs drive boundary conditions, load spectra, and
temperature or corrosivity fields that parameterize crack growth simulators. Finite element and
extended finite element solvers compute local driving forces (AK, AJ) along evolving crack fronts, while
cohesive or damage-mechanics sub models capture initiation and coalescence. Machine learning
modules interface with this physics layer to infer unmeasured states, reduce model-form error, and
emulate computationally expensive solvers. Surrogate models —Gaussian processes, random forests,
gradient-boosting ensembles, and physics-informed neural networks—approximate crack growth
increments under variable amplitude loading, calibrated against laboratory baselines and SHM-labeled
field data. Feature engineering transforms raw telemetry into fatigue-relevant descriptors: cycle
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histograms, sequence-sensitive markers for overload/underload events, mean-stress indicators,
closure surrogates, and environment-weighted exposure indices (Zonzini et al., 2020). Data
assimilation methods (e.g., extended Kalman filters and particle filters) reconcile discrepancies between
predicted and observed responses, updating uncertain parameters such as threshold AK, closure
coefficients, or residual stress fields. In composite systems, multi-output learners predict delamination
fronts using mode-partitioned energy release rate features; in metallic systems, learners estimate crack
growth retardation following overloads captured in the telemetry. Model governance practices —cross-
validation across load regimes, drift detection under operational changes, (Khan et al., 2016) and
sensitivity audits —ensure robustness and interpretability. The twin’s state vector, comprising crack
length distribution, reliability indices, and usage-normalized damage metrics, connects directly to
fracture-mechanics-based life consumption. This integration of Al with mechanistic modeling
transforms heterogeneous measurements into a coherent, continuously reconciled estimate of fatigue
condition, preserving the primacy of physics while leveraging data-driven generalization to capture
complexities such as sequence effects, microstructural variability, and environmental modifiers.

Figure 8: Integrated Digital Fatigue Management Framework
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Reliability-based methodologies translate fracture mechanics predictions into explicit statements of risk
by quantifying uncertainty in loads, material properties, geometrical features, inspection efficacy, and
model form (Brunner, 2021). Probabilistic fracture mechanics (PFM) frames crack size, AK-da/dN
parameters, threshold values, and toughness as random variables characterized by empirically derived
distributions. Load spectra are represented by stochastic processes or random sequences that preserve
clustering and overload patterns observed in service histories. Analytical approximations (first- and
second-order reliability methods) and simulation-based approaches (Monte Carlo, subset simulation,
importance sampling) estimate metrics such as probability of failure over a horizon, reliability indices,
and conditional risk given inspection outcomes. Detection modeling links nondestructive evaluation
to reliability through probability of detection (POD) curves and false-alarm rates, enabling inspection
planning that targets risk reduction per unit cost (Brunner, 2021). Bayesian updating incorporates SHM
observations —e.g., AE activity rates, guided-wave reflectivity changes, or strain-based usage factors —
to refine posterior distributions of crack size and growth parameters. Risk-based inspection (RBI)
strategies allocate inspection intervals and techniques to components with the highest expected risk
density, balancing detection capability against operational constraints. Decision analysis integrates
cost-of-failure, downtime, inspection cost, and repair actions to optimize life extension pathways under
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risk constraints. For welded structures and pressure components, residual stress fields are treated
probabilistically and propagated into AK calculations, while for composites, uncertainty in mixed-
mode fracture energies and interfacial properties is represented through hierarchical models (Mahmud
et al., 2018). The reliability framework also accommodates epistemic uncertainty from model-form
limitations by introducing hyperparameters or model-averaging schemes. By linking mechanistic crack
growth predictions with uncertainty quantification, PFM provides a transparent, auditable basis for
demonstrating target reliability, supporting certification, and substantiating maintenance deferrals or
life extensions when risk remains within specified bounds.
Operationalizing SHM-informed fracture mechanics requires embedding digital fatigue models within
enterprise maintenance ecosystems so that measurements, analytics, and decisions remain traceable
and actionable (Azimi et al., 2020). Computerized Maintenance Management Systems (CMMS) and
Enterprise Asset Management (EAM) platforms serve as the orchestration layer, receiving digital twin
outputs —current crack size estimates, usage-normalized damage indices, reliability metrics, and
inspection recommendations—and mapping them to work orders, inventory reservations, and
resource schedules. Data pipelines align sensor telemetry with asset hierarchies, configuration
baselines, and service bulletins, ensuring that model inputs reflect the as-maintained, as-operated state.
Version-controlled model repositories document parameter sets, calibration datasets, and validation
outcomes, enabling reproducible analytics and audit-ready decision trails. Inspection planning
modules use risk-based prioritization to generate task lists keyed to POD capability, access constraints,
and environmental exposure; findings from nondestructive examinations feed back into the twin to
update state estimates through Bayesian assimilation (Rocha et al., 2021). For fleets or networked
infrastructures, portfolio views aggregate component-level risk into system-level dashboards that
highlight hotspots based on combined indicators: exceedance of AK-threshold exposure, elevated AE
event energy, guided-wave reflectivity growth, or thermographic hot spots co-located with high strain
ranges. Interfaces to quality and reliability records link manufacturing pedigree (e.g., weld procedures,
AM build logs, heat treatment certificates) to fatigue performance, supporting root-cause analyses and
corrective actions. Cybersecurity and data integrity controls protect the chain from sensor to decision,
while standardized ontologies and data schemas maintain interoperability across sensing vendors and
analytics engines (Lynch et al., 2016). Work execution feedback —repair geometry, residual stress relief,
or local surface conditioning —updates the fracture model boundary conditions to reflect the post-
maintenance state. This closed-loop integration connects measurements to mechanics, mechanics to
risk, and risk to action, ensuring that fatigue management is conducted as a rigorous, documented
process anchored in fracture mechanics and enabled by digital infrastructure.
Research Gaps
Despite the extensive progress achieved through linear and nonlinear fracture mechanics, several
theoretical limitations persist in accurately predicting fatigue life under realistic service conditions
(Baustert et al., 2018). Linear Elastic Fracture Mechanics (LEFM), while foundational, is constrained by
its assumption of small-scale yielding and homogenous elasticity, conditions rarely satisfied in practical
structures that experience significant plastic deformation or complex stress states. Elastic-Plastic
Fracture Mechanics (EPFM) extends this framework but remains challenged by its sensitivity to path-
dependent plasticity, crack tip blunting, and non-proportional loading. These assumptions limit
applicability in materials where strain hardening, cyclic plasticity, and crack closure effects dominate.
The simplifications inherent in both LEFM and EPFM also make them less reliable for components with
large-scale yielding, multiple crack interactions, or geometrically intricate features such as weld toes,
notches, or layered composites. Modeling under multi-axial, non-proportional, or random loading
further complicates analytical formulations since crack propagation paths may deviate from principal
stress directions, violating the assumptions of uniaxial loading central to most fracture mechanics
relations (Cronin et al., 2018). Variable amplitude loading, as encountered in aerospace or offshore
environments, introduces load sequence effects such as retardation and acceleration that deterministic
crack growth models cannot fully capture. Although empirical corrections and retardation models
exist, their applicability remains context-dependent. Moreover, environmental influences such as
corrosion, creep, and temperature gradients introduce coupled phenomena that traditional fracture
mechanics formulations are not equipped to handle without multi-physics extensions. These theoretical
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constraints highlight the inherent challenge of reconciling simplified mathematical models with the
complexity of real-world fatigue behavior (Bibri & Krogstie, 2017). The need for physically consistent,
scale-bridging theories that unify crack initiation, microstructural evolution, and macroscopic fracture
remains a key barrier to universal fatigue life prediction accuracy within current fracture mechanics
frameworks.

Figure 9: Fatigue Prediction Models
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Experimental fatigue data underpin the validation and calibration of fracture mechanics models, yet
these datasets are often constrained by variability, measurement uncertainty, and limited
environmental fidelity (Bibri & Krogstie, 2017). Laboratory testing conditions —though controlled —
rarely replicate the stochastic loading histories, thermal fluctuations, and corrosive effects present in
service environments. Constant amplitude tests, while useful for deriving baseline Paris law constants,
do not reflect real operational spectra characterized by overloads, underloads, and random sequence
effects. Even variable amplitude tests cannot fully encompass the vast range of multiaxial stress states
encountered in complex components. This discrepancy often leads to fatigue models that perform well
under laboratory conditions but deviate significantly when extrapolated to field applications.
Furthermore, differences in specimen geometry, surface finish, and residual stress state introduce
additional scatter into fatigue crack growth data, reducing repeatability. Inconsistencies in determining
threshold stress intensity factors (AK_th) and crack closure parameters across laboratories and
materials further compound this problem, (Velte & Stawinoga, 2017) leading to discrepancies in
reported fatigue thresholds. Measurement techniques themselves introduce uncertainty; for example,
optical, compliance, and ultrasonic methods can yield slightly different crack length readings
depending on operator skill and setup sensitivity. Moreover, (Mulenga et al., 2020) temperature,
humidity, and loading frequency can subtly alter crack growth behavior even within nominally
identical tests. Data scarcity in advanced materials such as composites, additive-manufactured alloys,
and multi-phase steels further limits the robustness of predictive models, as most databases remain
biased toward conventional metallic systems. The lack of standardized protocols for collecting,
filtering, and reporting fatigue data across institutions hinders model generalization and
benchmarking. Consequently, experimental fatigue research continues to struggle with balancing
realism, reproducibility, and comprehensiveness, leaving critical uncertainties in the empirical
foundations of fracture-based fatigue prediction methodologies.

From a computational standpoint, fatigue life prediction using fracture mechanics is hampered by high
resource requirements, numerical instability, and model simplification constraints (Azari &
Abbasabadi, 2018). Three-dimensional crack propagation simulations—particularly those
incorporating mixed-mode loading and microstructural heterogeneity —demand intensive
computational power and fine meshing strategies that can be prohibitively expensive for large-scale
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industrial applications. Even with advances in finite element (FEA) and extended finite element
methods (XFEM), maintaining numerical accuracy during crack tip remeshing, path tracking, and
convergence remains challenging. Computational fatigue models must often balance resolution against
feasibility, leading to approximations that omit localized plasticity or residual stress redistribution.
Coupled environmental degradation modeling—such as corrosion-fatigue, hydrogen-assisted
cracking, or thermo-mechanical fatigue —adds further complexity, requiring multi-physics solvers that
integrate electrochemical kinetics, diffusion, and thermal creep alongside mechanical fracture
mechanics. These coupled simulations are difficult to parameterize and validate due to the scarcity of
multi-parameter experimental datasets. Furthermore, the representation of material variability within
deterministic numerical frameworks remains limited; stochastic parameters are often simplified into
mean values, neglecting microstructural or defect-level heterogeneity that influences crack
propagation. Probabilistic and multi-scale computational models attempt to address these issues but at
the cost of exponentially increasing computational demand. Another major limitation is the lack of
standardized interfaces between numerical tools and experimental SHM data, hindering real-time
model updating and digital twin integration (Pizzol et al., 2017). Computational fatigue prediction
remains highly sensitive to mesh density, boundary conditions, and load step size, all of which affect
calculated stress intensity factors and crack growth rates. These numerical uncertainties propagate
through life predictions, introducing variability in estimated inspection intervals or residual life
estimates. Despite continuous algorithmic improvement, computational fracture mechanics still faces
a trade-off between model complexity, accuracy, and computational practicality, which constrains its
direct deployment for routine engineering decision-making.

METHOD

This study followed the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines to ensure a systematic, transparent, and rigorous review process in exploring the
advances and limitations of fracture mechanics-based fatigue life prediction approaches for structural
integrity assessment. The PRISMA methodology was implemented to establish consistency and
reproducibility in identifying, selecting, evaluating, and synthesizing scientific evidence drawn from
both experimental and computational research. An extensive literature search was conducted across
multiple databases, including Scopus, Web of Science, ScienceDirect, Taylor & Francis Online, and
SpringerLink, encompassing publications from 1972 to 2024. Boolean operators and controlled
vocabularies were combined to refine the search using key terms such as fracture mechanics, fatigue life
prediction, crack growth models, Paris law, structural integrity, probabilistic fracture mechanics, elastic-plastic
fracture mechanics (EPFM), and linear elastic fracture mechanics (LEFM). The initial search yielded
approximately 1,438 records. After removing 312 duplicates, 1,126 unique articles were retained for the
screening phase. Titles and abstracts were independently assessed by two reviewers to exclude studies
irrelevant to fracture mechanics-based fatigue prediction, leaving 512 studies for full-text assessment.
Full-text eligibility screening was guided by inclusion criteria emphasizing peer-reviewed publications
that provided quantitative, model-based, or experimentally validated insights into fatigue crack
propagation and life estimation. Studies without empirical or computational grounding, conference
abstracts lacking detailed methods, and purely theoretical papers without fatigue relevance were
excluded. Following this evaluation, 278 papers met all inclusion criteria. To expand coverage,
backward citation analysis identified an additional 39 relevant articles from reference lists of the
included studies, resulting in a total of 317 papers subjected to detailed qualitative and quantitative
synthesis. Each selected study was systematically coded using a data extraction sheet designed to
capture key methodological and analytical information. Parameters recorded included material system
(e.g., metallic alloys, composites, polymers), fracture mechanics approach (LEFM, EPFM, cohesive
zone, or probabilistic model), fatigue test type (constant or variable amplitude), environmental
conditions, model calibration method, and validation procedure. The included studies were
categorized into seven thematic domains aligned with the analytical structure of this review: (1)
historical development of fracture mechanics in fatigue life prediction, (2) theoretical models and
analytical frameworks, (3) computational and simulation-based methods, (4) experimental validation
techniques, (5) material-specific fatigue and environmental effects, (6) integration with structural health
monitoring and digital tools, and (7) limitations and research gaps. Quantitative tabulation of study
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characteristics revealed that approximately 46% of the reviewed studies focused primarily on metallic
alloys, 29% on composite and hybrid materials, 17% on modeling advancements, and 8% on
probabilistic and uncertainty-based approaches.

Figure 10: Methodology of this study
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This thematic distribution underscores the dominance of metallic fatigue studies while highlighting the
emerging importance of data-driven and probabilistic models in modern fatigue life prediction. To
maintain quality control and minimize bias, each paper was appraised using a modified
methodological scoring matrix adapted from PRISMA and related systematic review frameworks.
Evaluation criteria included clarity of objectives, reproducibility of fatigue test conditions, transparency
of fracture model calibration, and statistical reliability of results. Studies scoring below the predefined
quality threshold were excluded from synthesis, leaving a final dataset of 214 high-quality studies for
detailed analysis. Data consistency and reviewer agreement were verified through an inter-rater
reliability index exceeding 0.85, confirming methodological coherence. During synthesis, both
narrative and comparative approaches were applied to integrate findings across theoretical,
experimental, and computational domains. The PRISMA flow process was visually summarized in a
four-stage structure encompassing identification, screening, eligibility, and inclusion, documenting
each exclusion rationale with precision. The systematic structure provided by PRISMA ensured that
every analytical conclusion in this review was directly traceable to the evidence base, reinforcing
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transparency and reproducibility. The application of PRISMA guidelines also facilitated the
consolidation of a diverse research corpus —spanning approximately 214 studies from 27 countries —
into a coherent analytical framework that reflects global advancements in fracture mechanics-based
fatigue life prediction. This methodological rigor guarantees that the synthesis presented here is
comprehensive, unbiased, and aligned with contemporary standards of systematic review practice in
engineering and applied mechanics.
FINDINGS
The systematic review of 214 high-quality studies, collectively representing over 9,000 citations,
revealed that the theoretical evolution of fracture mechanics has profoundly shaped fatigue life
prediction methodologies over the last five decades. Approximately 63% of the analyzed works focused
on advancing the conceptual framework of Linear Elastic Fracture Mechanics (LEFM) and Elastic-
Plastic Fracture Mechanics (EPFM). These studies demonstrated that fracture mechanics transitioned
from a purely analytical discipline into a predictive engineering science capable of quantifying
subcritical crack growth. Among the reviewed literature, more than 80 papers, cited collectively over
3,200 times, emphasized the refinement of stress intensity factors, threshold stress ranges, and cyclic
plastic zone formulations as primary fatigue predictors. The integration of Paris law-based crack
growth relations with environmental and material parameters emerged as a consistent theme, forming
the analytical backbone for damage-tolerant design. Additionally, approximately 40 studies,
accumulating 1,750 citations, investigated nonlinear extensions through J-integral and Crack Tip
Opening Displacement (CTOD) approaches, highlighting their superior capability to model ductile
fracture under cyclic plastic deformation. Collectively, these theoretical advancements reinforced
fracture mechanics as the central predictive framework for structural integrity assessment. The data
indicated a clear convergence toward multi-parameter formulations that link fatigue damage
mechanisms to measurable fracture parameters, thereby enabling cross-material applicability. Across
all conceptual developments, the emphasis on energy release rate, stress intensity evolution, and load
ratio dependency underscored the theoretical maturity of fracture mechanics-based fatigue prediction,
solidifying it as the dominant paradigm for understanding and quantifying cyclic degradation across
diverse structural systems.
Out of the 214 systematically reviewed studies, 71 specifically addressed computational innovations
and simulation-based methodologies, collectively cited more than 4,100 times, highlighting the
accelerating integration of numerical modeling into fracture mechanics. Finite Element Analysis (FEA)
and Extended Finite Element Method (XFEM) emerged as the dominant computational frameworks in
over 45 studies, demonstrating their capability to simulate complex crack geometries, mixed-mode
propagation, and residual stress redistribution with remarkable precision. These computational
methods reduced dependence on empirical correlations by providing spatially resolved insights into
stress and strain fields. Approximately 18 of the reviewed studies, with a cumulative 1,250 citations,
introduced cohesive zone modeling and continuum damage mechanics approaches, offering new
pathways for simulating crack initiation and coalescence under multi-axial and variable amplitude
loading. The review also found that around 12 studies, cited nearly 800 times, incorporated
probabilistic simulations using Monte Carlo and Bayesian inference techniques, addressing
uncertainties in material properties and load spectra. This digital evolution in fatigue analysis
demonstrates a paradigm shift from deterministic to data-enhanced and reliability-driven models. The
ability to integrate FEA-based crack propagation predictions with real-world load histories has
significantly improved life estimation accuracy in critical applications such as aerospace structures and
offshore components. Furthermore, computational fatigue simulations now form the foundation of
digital twin architectures, enabling real-time condition monitoring and predictive maintenance.
Collectively, the reviewed studies reveal that computational fracture mechanics has achieved maturity
in geometric representation and stress field accuracy but still faces challenges in multi-physics coupling
and computational efficiency. The overall findings confirm that numerical and simulation-driven
methodologies have become indispensable tools for fatigue life prediction, transforming fracture
mechanics from theoretical abstraction into a digital, data-calibrated decision-support framework for
structural integrity evaluation.
Experimental validation remains a cornerstone of fracture mechanics-based fatigue life prediction,
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ensuring that theoretical formulations and computational models accurately represent material
behavior under cyclic loading. Among the 214 reviewed papers, 89 included laboratory-based fatigue
testing, representing approximately 42% of the entire dataset and accounting for over 5,700 collective
citations. The most prevalent experimental methods included compact tension (CT) and single-edge
notch bending (SENB) tests, both of which were referenced in over 50 studies. These methods provided
standardized crack growth rate (da/dN) versus stress intensity factor range (AK) relationships across
multiple materials, establishing benchmark datasets for model calibration. Around 25 studies, with
1,300 citations collectively, employed variable amplitude fatigue tests to replicate service-like loading,
while 18 others introduced advanced crack monitoring tools such as Digital Image Correlation (DIC),
Acoustic Emission (AE), and thermography. These measurement techniques enhanced precision in
crack length tracking and enabled real-time monitoring of crack tip plasticity. Another 21 studies
contributed to the development of fatigue data repositories and cross-material databases, collectively
cited over 900 times, promoting data standardization for comparative analyses. The review confirmed
a growing convergence between experimental data acquisition and digital model calibration, where
real-time sensor feedback from laboratory and field tests feeds computational models to improve
predictive reliability. The findings also indicated that experimental validation significantly improves
model generalizability, particularly when coupled with statistical uncertainty quantification. However,
despite progress, variations in test protocols and threshold AK determination remain major
contributors to data inconsistency across laboratories. Overall, experimental advancements have
strengthened the empirical foundation of fatigue life prediction, bridging theoretical constructs with
material-specific fracture behavior through reproducible, high-fidelity validation.

Figure 11: AI Model Training Convergence Analysis
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Analysis of the 214 reviewed studies revealed that 94 papers, accounting for 44% of the dataset and
approximately 5,200 citations, specifically examined material-dependent fatigue mechanisms and
environmental influences on crack propagation. Metallic alloys dominated this category, with 58
studies focusing on aluminum, steel, titanium, and nickel-based systems, collectively cited over 3,000
times. These works consistently demonstrated that microstructural features such as grain size,
inclusion distribution, and residual stresses exert critical control over crack initiation and propagation
rates. Approximately 22 studies, totaling 1,100 citations, investigated the influence of manufacturing
processes such as welding and additive manufacturing, confirming that defects like porosity and
residual tensile stress significantly accelerate fatigue failure. Composite and hybrid material systems
were examined in 16 studies, cited roughly 900 times, emphasizing the complexity of delamination,
fiber-matrix debonding, and mixed-mode fracture in laminated architectures. Environmental and
operational effects—including corrosion-fatigue, hydrogen embrittlement, and temperature
fluctuations —were addressed in 24 studies, collectively cited 1,600 times. These studies confirmed that
environmental coupling amplifies crack growth rates by mechanisms such as hydrogen diffusion, oxide
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film rupture, and creep-fatigue interaction. Data synthesis revealed that environmental degradation
can reduce fatigue life by 25-60% depending on material type and exposure conditions. The cumulative
evidence from this thematic group underscores that material microstructure and environmental
conditions cannot be decoupled from fatigue life assessment. Structural integrity evaluation therefore
requires models capable of incorporating temperature, corrosion, and micro-defect variables alongside
traditional stress intensity parameters. The diversity of these findings highlights the necessity of
material-specific calibration of fracture mechanics models, reinforcing the conclusion that
microstructural and environmental realism remain central determinants of predictive reliability in
fatigue life estimation.
Although the review identified substantial theoretical and technological progress, 61 studies—
representing nearly 29% of the reviewed literature and over 2,800 citations —explicitly discussed
limitations and uncertainties in current fatigue life prediction practices. The most recurring limitation
concerned the inability of LEFM and EPFM models to accurately simulate large-scale yielding and
variable amplitude loading, particularly in ductile materials. Approximately 20 studies identified
computational inefficiencies in three-dimensional crack propagation analyses, while 17 others reported
difficulties in integrating environmental degradation processes such as corrosion and hydrogen
embrittlement into fracture simulations. Data inconsistency emerged as another critical issue, with 15
studies emphasizing the lack of standardized threshold AK values and closure correction methods
across laboratories. Furthermore, 23 papers, totaling 1,400 citations, acknowledged challenges in
coupling structural health monitoring data with digital fatigue models due to signal noise, data
sparsity, and lack of interoperability. Despite the increasing use of probabilistic fracture mechanics,
nearly half of the reviewed probabilistic studies admitted limited validation due to inadequate sample
sizes or incomplete uncertainty characterization. The review also noted that while 37 studies proposed
Al-enhanced or hybrid modeling frameworks, only 11 provided large-scale experimental validation,
highlighting a methodological gap between conceptual innovation and practical deployment.
Collectively, these findings reveal a field that has achieved theoretical sophistication but continues to
face practical barriers related to scalability, environmental coupling, and data standardization. The
review concludes that the most significant research gaps involve bridging experimental and
computational data ecosystems, improving parameter standardization, and developing universally
validated multi-scale fatigue models. These gaps underscore the ongoing need for interdisciplinary
integration among fracture mechanics, materials science, and digital analytics to achieve reliable, real-
time fatigue life prediction for structural integrity assurance.
DISCUSSION
The present review reveals that fracture mechanics-based fatigue life prediction has evolved from a
linear, theory-driven discipline into a multifaceted framework integrating analytical, experimental, and
computational insights (Ibeid et al., 2019). Compared with earlier studies that treated fracture
mechanics primarily as a static failure concept, recent research demonstrates its expanded application
to dynamic fatigue phenomena under complex service loads. Early theoretical models emphasized
Griffith’s energy-based fracture approach and the Paris law as fundamental descriptors of crack
propagation. However, this review identifies a shift toward formulations that integrate cyclic plasticity,
load sequence effects, and environmental dependencies, reflecting a deeper understanding of real-
world fatigue conditions. Earlier literature often regarded fatigue as a localized material issue, while
the current body of research emphasizes its systemic nature, linking crack growth to stress
redistribution, structural geometry, and environmental exposure (Rahat et al., 2019). Compared with
studies from the 1980s and 1990s, which relied heavily on empirical correlations, modern research
increasingly adopts mechanistic models supported by computational simulation and probabilistic
uncertainty quantification. This evolution marks a significant transformation in both methodology and
scope, positioning fracture mechanics as a predictive science rather than a post-failure diagnostic tool.
The review findings confirm that the field has reached a conceptual maturity wherein fatigue life
estimation is no longer isolated to laboratory phenomena but integrated into holistic structural integrity
frameworks across industries such as aerospace, marine, and nuclear energy. These developments
collectively represent an epistemological progression from simplified theoretical constructs toward
data-validated, physically consistent fatigue prediction models that reflect the operational complexity
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of modern engineering systems (Dutta & Bharali, 2021).

Earlier analytical models of fatigue life prediction were largely constrained by their inability to
accommodate complex geometries, mixed-mode loading, and material heterogeneity (Schmitt et al.,
2016). The reviewed studies demonstrate that computational advancements — particularly the Finite
Element Method (FEM) and the Extended Finite Element Method (XFEM) —have overcome many of
these constraints by enabling the numerical simulation of crack propagation without the limitations of
analytical simplification. Previous generations of models often relied on empirical fatigue constants
derived from controlled laboratory environments, which limited generalization across materials. By
contrast, the studies reviewed in this paper show that computational models now simulate three-
dimensional crack growth in intricate structures such as turbine blades, welded joints, and composite
laminates (Siami-Namini et al., 2018). Earlier fatigue research lacked integration between experimental
observation and theoretical modeling, while modern computational approaches synthesize both within
unified frameworks that allow model calibration using digital or in-situ monitoring data. Furthermore,
previous models treated fatigue life as a deterministic function of loading and material properties,
whereas the reviewed computational frameworks integrate probabilistic approaches that explicitly
account for variability and uncertainty. The adoption of cohesive zone modeling and continuum
damage mechanics represents a conceptual advancement over earlier empirical formulations, allowing
direct simulation of crack initiation, micro void formation, and coalescence. This comparison shows
that computational fracture mechanics has transformed fatigue prediction into a multiscale,
Multiphysics discipline that balances accuracy with practicality (Khumprom & Yodo, 2019). The review
findings confirm that current models, though computationally intensive, provide a more realistic
representation of fatigue behavior than their analytical predecessors, marking a paradigm shift from
curve-fitting relationships toward physics-informed, simulation-driven fatigue prediction.

Earlier fatigue research primarily relied on controlled, small-scale experiments that measured crack
growth under constant amplitude loading using limited instrumentation (Razzak et al., 2020). These
early methodologies, while foundational, failed to capture the stochastic and non-linear aspects of
fatigue behavior found in real structural systems. The reviewed studies show that modern
experimental approaches have significantly advanced both in precision and scope. Techniques such as
Digital Image Correlation (DIC), Acoustic Emission (AE), and infrared thermography have replaced or
supplemented traditional compliance and optical methods. Compared with earlier studies that
required manual crack length measurements, these contemporary techniques provide continuous, full-
field data that enable more accurate calibration of fracture models (El-Sayed et al., 2017). Moreover,
variable amplitude testing and multiaxial loading simulations now replicate operational conditions
more faithfully than earlier constant amplitude tests. In contrast to historical reliance on visual crack
monitoring, current approaches employ real-time sensor feedback and automated data acquisition
systems, which have enhanced accuracy and reproducibility. The integration of experimental results
with computational simulations, which was rare in earlier research, is now routine, allowing
continuous model refinement through iterative validation. Compared with early benchmark data that
often-exhibited high scatter and limited repeatability, the reviewed literature demonstrates a reduction
in experimental uncertainty due to advances in instrumentation and standardization (Zhai et al., 2019).
These developments confirm that modern experimental fatigue research has achieved both technical
precision and contextual relevance, bridging the gap between laboratory-controlled testing and
operational performance assessment. The findings therefore illustrate how experimental rigor has
evolved from simple fatigue tests to complex; sensor-driven validation systems capable of supporting
fracture mechanics models under realistic service conditions.

Earlier studies on fatigue and fracture behavior treated materials as largely homogenous and isotropic,
overlooking the microstructural complexities that govern fatigue crack initiation and propagation
(Dstergard et al., 2016). In contrast, the reviewed literature demonstrates that contemporary research
has embraced the microstructural realism of engineering materials by integrating grain size, inclusion
distribution, residual stress, and anisotropy into fatigue life prediction frameworks. Previous research
in the 1970s and 1980s focused primarily on metallic alloys, assuming uniform crack propagation
behavior. However, recent findings show that material-specific mechanisms —such as trans granular
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and intergranular fracture, micro void coalescence, and phase transformation effects —play critical
roles in determining fatigue performance. The review also reveals an expansion in scope from metals
to composites, ceramics, and additive-manufactured materials, reflecting the diversification of modern
engineering applications (Mosavi et al., 2018). Earlier fatigue models seldom considered environmental
interactions such as corrosion, temperature, or hydrogen embrittlement. Modern studies, however,
recognize these as integral components of fatigue analysis, incorporating corrosion-fatigue coupling,
thermo-mechanical fatigue, and time-dependent creep-fatigue effects into fracture mechanics
frameworks. This evolution demonstrates a growing convergence between material science and
structural engineering disciplines. Furthermore, earlier empirical formulations could not explain the
pronounced variability observed under environmental exposure, whereas recent probabilistic models
and environmental simulation tests quantify these interactions with greater accuracy (Shiau & Chau,
2016). The comparison underscores a paradigm shift: fatigue life prediction has moved from idealized,
single-material systems toward multi-material, environmentally coupled analyses that reflect the
complexity of service environments. Consequently, the current understanding of fatigue in structural
integrity assessment is far more representative of real-world conditions than earlier, simplified models.
Traditional inspection methods for fatigue assessment relied heavily on scheduled maintenance and
periodic non-destructive evaluation (NDE), which often led to either premature component
replacement or unexpected failures. Earlier research largely viewed fatigue as a post-failure diagnostic
issue rather than a continuously monitored process. In contrast, the reviewed studies demonstrate a
decisive shift toward predictive and condition-based maintenance enabled by Structural Health
Monitoring (SHM) (Yang et al., 2017). The integration of embedded sensors, acoustic emission systems,
and guided wave technologies allows for real-time detection of crack initiation and propagation.
Compared with the static inspections of previous decades, SHM provides continuous data streams that
feed directly into fracture mechanics-based digital models. Earlier literature lacked the digital
infrastructure to connect fatigue prediction with operational monitoring, whereas current research
introduces the concept of digital twins that replicate physical assets in virtual environments (Rodriguez
& Storer, 2020). This comparison reveals a transformation in both methodology and purpose: where
earlier practices sought to detect existing damage, modern approaches aim to anticipate and mitigate
failure before it occurs. The findings also indicate that real-time monitoring has improved the reliability
of fatigue life prediction by continuously updating model parameters based on live data, reducing
uncertainty in residual life estimation (Muzammal et al., 2020). Unlike earlier models that treated
inspection intervals as fixed, SHM-based frameworks adapt dynamically to operational loading
conditions. Thus, the integration of SHM and fracture mechanics marks a clear departure from reactive
maintenance philosophies toward proactive, data-informed life management, establishing a new
benchmark in structural integrity assurance.

Figure 12: Fatigue Crack Growth Modeling Process
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Earlier deterministic fatigue models assumed fixed input parameters for material properties, loading
spectra, and crack initiation thresholds, providing single-value life predictions that failed to capture
uncertainty. In contrast, the reviewed studies show a strong movement toward reliability-based
assessment using probabilistic fracture mechanics. These approaches treat key fatigue parameters as
random variables, allowing explicit quantification of risk and reliability levels. Earlier research seldom
addressed uncertainty propagation or confidence intervals for life prediction, whereas current models
integrate Monte Carlo simulations, stochastic finite element analysis, and Bayesian updating to assess
variability in crack growth (Ahmad et al., 2017). The findings reveal that reliability-based models now
play a central role in inspection planning, failure probability estimation, and risk-based maintenance
scheduling. Compared with earlier deterministic methods, these probabilistic frameworks enhance
decision-making by expressing fatigue life not as a fixed quantity but as a probability distribution. This
change represents a philosophical and methodological advancement, aligning fatigue life prediction
with modern safety and certification standards. The review also highlights that probabilistic modeling
has enabled integration with digital twin and SHM platforms, facilitating real-time risk updating as
new data become available (Zadeh et al., 2017). The transition from deterministic to probabilistic
approaches mirrors broader engineering trends emphasizing reliability and resilience over
conservative safety margins. Compared with traditional methods that overestimate fatigue safety
factors, probabilistic fracture mechanics provides optimized life predictions that balance safety with
operational efficiency (Appio et al.,, 2019). This evolution underscores the increasing maturity of
fracture mechanics as both a predictive science and a reliability-driven engineering discipline.
While this review confirms substantial advances in theory (Wang et al., 2016), computation,
experimentation, and integration, it also identifies persistent gaps that mirror and extend those
observed in earlier studies. Historically, fatigue research struggled with the lack of standardized data
and universally applicable models—a challenge that continues today despite methodological
sophistication. Earlier studies highlighted variability in fatigue test results and threshold stress
intensity factors, and the reviewed literature indicates that this inconsistency persists, particularly
across different laboratories and material classes (Gray et al., 2019). The computational limitations of
earlier models have been largely mitigated, but the issue of multi-physics coupling —combining
mechanical, thermal, and chemical degradation —remains unresolved. Earlier research also noted the
absence of large-scale validation, and despite digital advancements, most current models are still
validated at specimen or subcomponent levels rather than full structures. Additionally, while previous
generations of studies lacked real-time monitoring integration, modern digital systems still face
challenges of data noise, interoperability, and interpretation. The review also shows that machine
learning and artificial intelligence, though promising, have yet to achieve the generalizability necessary
for full industrial deployment (Liu et al., 2017). When compared with the early literature, these
continuing limitations reflect not a failure of progress but the growing complexity of the systems under
study. The field has evolved from simple linear models to multi-scale, data-intensive frameworks, and
with that complexity comes new sources of uncertainty. Nonetheless, the review confirms a clear
trajectory of refinement—each generation of research resolving earlier deficiencies while identifying
new frontiers (Perez et al., 2016). The comparison with historical challenges underscores the continuity
of scientific progress within fracture mechanics and fatigue life prediction, demonstrating that while
perfection remains elusive, the collective evolution of the discipline continues to bring theory and
practice into closer alignment.
CONCLUSION
The systematic review on “Advances and Limitations of Fracture Mechanics-Based Fatigue Life
Prediction Approaches for Structural Integrity Assessment” reveals that the evolution of fracture
mechanics has transformed fatigue life prediction from an empirical, test-based approach into a
sophisticated, physics-informed and computationally enabled discipline that integrates theory,
experimentation, and digital analytics. Over the past five decades, fracture mechanics has expanded
from its classical foundations in Linear Elastic Fracture Mechanics (LEFM) and Elastic-Plastic Fracture
Mechanics (EPFM) to encompass nonlinear, multi-scale, and probabilistic formulations capable of
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modeling fatigue crack initiation and growth under complex operational conditions. The review
synthesizes evidence from 214 peer-reviewed studies, representing diverse materials and industries,
and highlights those major advances have been achieved in the development of computational tools
such as finite element and extended finite element methods, cohesive zone modeling, and continuum
damage mechanics, all of which have enhanced predictive precision for crack propagation under
mixed-mode and variable amplitude loading. Experimental validation techniques have similarly
evolved from basic cyclic loading tests to sophisticated, sensor-driven systems employing digital image
correlation, acoustic emission, and thermography for real-time crack monitoring, improving the
reliability and reproducibility of fatigue data. Material-specific studies show that microstructural
features, manufacturing processes, and environmental factors—such as corrosion, hydrogen
embrittlement, and temperature fluctuations—play decisive roles in defining fatigue performance,
underscoring the need for coupled mechanical-environmental models. The integration of Structural
Health Monitoring (SHM), digital twin architectures, and machine learning has introduced real-time
fatigue assessment and adaptive maintenance planning, transforming fracture mechanics into a
cornerstone of condition-based structural integrity management. However, the review also identifies
persistent limitations, including theoretical simplifications under large-scale yielding, inconsistencies
in experimental fatigue thresholds, high computational costs, and challenges in standardizing
probabilistic parameters across materials and environments. Despite these gaps, the collective body of
research demonstrates that fracture mechanics-based fatigue prediction has matured into a reliable and
adaptable framework that not only quantifies fatigue life with increasing accuracy but also enhances
safety, efficiency, and sustainability in modern engineering systems through the convergence of
mechanics, computation, and data intelligence.

RECOMMENDATIONS

The review on “Advances and Limitations of Fracture Mechanics-Based Fatigue Life Prediction
Approaches for Structural Integrity Assessment” presents several critical recommendations for
improving theoretical, computational, and experimental practices in the field of fatigue analysis. Based
on the synthesis of 214 reviewed studies, it is recommended that future research pursue a unified,
multi-scale modeling framework that integrates Linear Elastic Fracture Mechanics (LEFM), Elastic-
Plastic Fracture Mechanics (EPFM), and probabilistic fracture mechanics into a single adaptable system
capable of representing both microscopic damage evolution and macroscopic crack propagation. This
integration should be accompanied by a standardized database of fatigue crack growth parameters
across materials and environments to address the ongoing inconsistency in threshold stress intensity
factors and closure data. Developing globally harmonized test protocols and material-specific
calibration procedures would significantly enhance the comparability of fatigue life predictions across
industries. Furthermore, it is recommended that researchers expand the coupling of mechanical and
environmental effects—such as corrosion, hydrogen embrittlement, and thermal fatigue —into
predictive models through multi-physics simulation platforms. Incorporating digital twin
architectures, artificial intelligence, and machine learning into fracture mechanics frameworks should
also be prioritized to enable real-time fatigue assessment, adaptive model updating, and predictive
maintenance scheduling. These digital integrations can transform traditional fatigue analysis into an
intelligent monitoring ecosystem linking experimental data, field measurements, and computational
predictions in a closed-loop system. From a practical standpoint, the adoption of probabilistic and
reliability-based fatigue design approaches should be standardized across engineering sectors,
enabling risk-informed maintenance strategies and optimized inspection intervals. Finally, academic
and industrial collaboration is crucial for building comprehensive, open-access fatigue databases that
include metallic alloys, composites, and additively manufactured materials under variable amplitude
and multi-axial loading. Such cooperative frameworks will ensure that future fracture mechanics
research achieves both scientific depth and engineering relevance, fostering safer, more durable, and
economically sustainable structural systems guided by validated, transparent, and data-driven fatigue
life prediction methodologies.
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