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Abstract. This paper provides a general overview of the author’s Ph.D. research. It emphasizes
the criticality of damage detection in composite materials, focusing on interlaminar
delamination. It introduces vibration-based non-destructive testing (NDT) techniques and modal
damping analysis as a novel damage indicator and highlights their real-time capabilities and
sensitivity to subtle defects. Numerical modeling benefits and challenges in understanding modal
damping behavior are discussed. The review covers research on modal damping modeling, its
application in detecting interlaminar delamination, and composite defect simulation. The findings
of the presented study provide insights into delamination behavior and its impact on structural
integrity. Overall, this work highlights the effectiveness of vibration-based NDT and numerical
modeling for enhanced structural health monitoring and material safety.

Introduction: Challenges in Structural Integrity and the Imperative for Damage Detection
Composite materials, extensively utilized across industries including aerospace [1], automotive
[2], and railways [3], exhibit exceptional characteristics such as a favorable balance between
strength and weight, resistance to corrosion, and adaptability in design.

Defects in composites: Laminated structures are vulnerable to a range of damage modes
influenced by factors such as initial geometric imperfections [4], mechanical properties, boundary
conditions, and applied loads [5]. These failure mechanisms are typically categorized based on the
location of the defect, distinguishing between intralaminar [6] and interlaminar [7] damages.
Intralaminar damage, such as matrix cracking, fiber fracture, fiber/matrix debonding, and fiber
pull-out [8], primarily manifests at the free edges of the structure due to stress concentration in
these areas. Conversely, interlaminar defects, such as delamination and interlaminar shear
cracking, occur within the bulk of the laminate and are often associated with geometric
irregularities introduced during manufacturing processes or because of impact loading. One
prevalent interlaminar defect is interlaminar delamination (hereinafter, delamination),
characterized by a separation between adjacent layers of the laminate [9]. Delamination can occur
over a large area or involve multiple regions, posing a significant risk of catastrophic structural
failure if left undetected or untreated. Understanding the necessity of detecting subcritical damage
initiation in laminates is crucial for ensuring safety and maintenance in composite structures.

The benefits of NDT techniques for damage detection: Non-destructive testing (NDT)
techniques play a crucial role in upholding structural integrity and safety in diverse industries, with
a particular emphasis on composites and laminated structures. These techniques are indispensable
for ensuring the integrity and safety of structures in a range of industries [10]. These techniques
offer numerous benefits that are essential for ensuring structural integrity and safety across various
industries. Firstly, NDT methods facilitate early defect detection by analyzing material
characteristics, internal structures, and surface conditions without causing any impact on the object
itself. This proactive approach enables timely maintenance, minimizing downtime, and mitigating
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the risk of catastrophic failures, which is especially crucial in the case of composite materials prone
to delamination or fiber breakage. Secondly, these techniques lead to substantial cost savings by
identifying damages at an early stage, thus averting expensive replacements or extensive repairs
in composite structures. Thirdly, NDT assures safety by ensuring that composite components meet
quality standards and specifications, thereby contributing to safer operations, particularly in critical
sectors like aerospace and marine engineering where laminated structures are prevalent [11].
Additionally, NDT offers non-intrusive inspection, preserving the integrity of composite materials
during examination, which is crucial for in-service assessments. Lastly, NDT techniques possess
wide applicability in the composite industry, capable of detecting both internal and external
irregularities, determining material composition, and making precise measurements across various
composite materials and structures. In summary, NDT methods serve as essential tools for
maintaining safety, prolonging the lifespan of composite structures, and ensuring reliable
performance. By integrating different NDT techniques, engineers can conduct comprehensive
assessments, particularly in the realm of composite materials and laminated structures [12].

Advanced Composite Defect Detection: Vibration-Based NDT and Modal Damping Analysis
Vibration-based NDT techniques: Unlike most current NDT techniques, which often require out-
of-service, offline measurements, oscillation-based techniques offer the advantage of real-time,
online applications. Methods like Ultrasound or Acoustic Emission necessitate the equipment to
be taken offline for assessment, interrupting operations and potentially delaying defect detection.
Conversely, oscillation-based techniques, including Lamb waves and vibration-based Structural
Health Monitoring (SHM), enable the detection of damage in real time, facilitating continuous
monitoring without disrupting operations. Vibration-based SHM techniques, in particular, present
logistical simplicity and cost-effectiveness, making them attractive for widespread
implementation. However, it's worth noting that while vibration-based techniques are generally
sensitive to large damages, they may exhibit insensitivity to smaller defects [13]. Yet, modal
damping, a characteristic of the structure inherent in vibration-based methods, offers sensitivity to
subtle damages such as small delamination, providing a nuanced understanding of structural health
[14]. Therefore, despite some limitations, vibration-based NDT techniques, especially those
incorporating global modal parameters, offer valuable insights into structural integrity in real-time
and at a relatively low cost. Before delving into the numerical modeling challenges, it's crucial to
understand the behavior of modal damping as accurate predictions are essential for effective
damage detection strategies.

Modal damping as a Damage Index (DI): In frequency domain data analysis, identifying
structural deficiencies often involves observing alterations in modal parameters, including natural
frequency [15, 16], mode shape curvature [17, 18], and modal damping [19, 20]. However,
previous research has noted that despite its global nature, natural frequency is generally insensitive
to small damages [14]. Similarly, the localized nature of mode shape curvature makes it less
suitable for detecting defects occurring in arbitrary locations within structures. The prior
experimental research serves as the background for this study, as it demonstrated significant
variations in modal damping based on the extent of delamination within a composite structure [14].
Therefore, this study aims to explore modal damping as a reliable damage indicator (DI) in
delaminated structures.

Numerical modeling of modal damping: Given the potential of modal damping as a DI in
delaminated structures, Utilizing numerical modeling techniques is crucial for gaining a deeper
understanding of modal damping behavior in delaminated structures. The utilization of numerical
models not only offers numerous advantages but also presents certain challenges that need to be
addressed for accurate and reliable predictions. Numerical modeling of modal damping provides
several advantages, including the ability to simulate a wide range of loading conditions and
damage scenarios [21]. Through numerical simulations, researchers can systematically investigate
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the influence of various factors, such as material properties, geometric configurations, and
environmental conditions, on modal damping [22]. Additionally, numerical models enable the
efficient exploration of complex structural behaviors, facilitating the identification of optimal
monitoring strategies and damage detection algorithms. Moreover, numerical simulations offer
cost-effective alternatives to experimental testing, allowing for extensive parametric studies and
sensitivity.

Exploring Modal Damping Modeling and Composite Defect Simulation: Insights from
Current Methods

An Overview of Numerical Methods for Modal Damping Modeling: Numerical modeling plays a
significant role in studying modal damping, a crucial parameter in structural dynamics that governs
the rate at which mechanical energy dissipates in vibrating structures. It offers a powerful toolset
to accurately analyze and predict damping characteristics. Modal damping, defined as the ratio of
the energy dissipated per cycle to the total energy of the vibrating system, characterizes the
structure's ability to absorb and dissipate energy during vibration. Various factors, including
material properties, structural geometry, boundary conditions, and environmental effects,
influence modal damping. In structural dynamics analyses, modal damping is typically represented
using damping ratios associated with each mode of vibration [23]. Regarding numerical techniques
for analyzing modal damping behavior in structural dynamics, the Finite Element Method (FEM)
is widely utilized. FEM discretizes the structure into finite elements, enabling accurate
representation of complex geometries and material properties [24]. While traditional eigenvalue
analysis typically neglects damping effects, specialized techniques incorporating damping models
such as Rayleigh damping [25], Prony series [26], or material damping [27] formulations can be
employed within FEM analyses to account for modal damping behavior. Modal analysis
techniques are then employed to extract modal parameters, including natural frequencies, mode
shapes, and modal damping ratios.

Although numerical algorithms such as Lanczos iteration [28] or subspace iteration methods
[29] are commonly used to solve the undamped eigenvalue problem, they may not fully capture
the effects of damping. In contrast, time-domain simulations [30] offer insights into dynamic
responses and modal damping behavior under transient loading conditions, providing a more
comprehensive understanding of damping behavior. While time-domain simulations are
computationally intensive, they offer the advantage of capturing nonlinear and transient effects
that may affect modal damping. Reduced Order Modeling (ROM) techniques such as Craig-
Bampton or Guyan reduction are employed to mitigate computational costs while maintaining
accuracy, generating simplified models that retain only dominant modes of vibration, significantly
reducing computational burdens [31]. Despite the advantages of numerical modeling, challenges
exist in accurately predicting modal damping behavior. These challenges include numerical
damping artifacts, model validation against experimental data, and computational efficiency [13].
Careful consideration of numerical methods and parameters is essential to ensure reliable
predictions of modal damping. In experimental works, it is challenging to investigate an exclusive
damping mechanism, as multiple damping mechanisms are often present [14]. Therefore,
experimental validation of damping models may involve complexities in isolating and
characterizing individual damping contributions, further emphasizing the need for comprehensive
numerical modeling approaches. Numerical methods have been extensively applied to model
modal damping in various engineering applications. Case studies demonstrate the effectiveness of
numerical techniques in predicting modal damping behavior and guiding engineering decisions,
including aerospace structures, automotive components, and civil engineering infrastructure
subjected to dynamic loading conditions [32, 33]. In conclusion, numerical methods play a crucial
role in modeling modal damping behavior, offering powerful tools for analyzing and predicting
damping characteristics in vibrating structures.
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Multi-Scale Modeling of Defects in Laminate Structures: Multi-scale modeling of interlaminar
and intralaminar defects in composite laminates is indispensable for understanding and predicting
structural performance [34]. These laminates, comprising stacked layers of fibers and matrix,
exhibit complex behavior influenced by defects across various scales. At the micro-scale,
intralaminar defects such as matrix cracking, fiber breakage, and fiber/matrix debonding occur
within individual layers [35]. Microscopic finite element models are employed to capture these
defects, considering interactions between fibers and matrix, thus aiding in predicting local stress
concentrations and failure initiation sites [36]. Additionally, interlaminar defects, such as micro-
voids embedded within fiber bundles, significantly impact mechanical properties but are
challenging to detect. Peridynamic models at this scale analyze void-induced stiffness reduction
and crack initiation near voids [37, 38]. Transitioning to the mesoscale, models focus on individual
layers or ply interfaces, addressing transverse matrix cracking and delamination between adjacent
layers [39, 40]. These models consider the interaction between neighboring plies and the effect of
defects on stiffness and strength. Furthermore, macro-scale finite element models simulate entire
composite structures, incorporating intralaminar defects such as matrix cracks and fiber breakage,
thus predicting global stiffness reduction and load-carrying capacity. Meanwhile, delamination at
the macro-scale affects overall laminate strength and stability, with cohesive zone models [41]
employed to simulate crack propagation along layer interfaces, considering energy release rates
and fracture toughness. Comparing these modeling approaches, micro-scale models provide
detailed insights into local defect behavior but are computationally expensive. Meso-scale models
offer a balance between detail and efficiency, capturing both intralaminar and interlaminar defects,
although they may still require significant computational resources. Macro-scale models offer a
global view of structural behavior but may oversimplify defect interactions. Cohesive zone models
excel at capturing crack propagation but require accurate input parameters. In conclusion, each
modeling scale offers unique advantages and challenges. Integrating multi-scale modeling
approaches can provide a comprehensive understanding of defect behavior in composite laminates,
aiding in material design and structural optimization. However, careful consideration of
computational resources, model complexity, and validation against experimental data is crucial to
ensure accurate and reliable predictions.

Conclusion

This work provides an overview of the author’s Ph.D. research which emphasizes the importance
of detecting interlaminar delamination defects in laminate structures to ensure their integrity. By
employing vibration-based non-destructive testing (NDT) techniques with modal damping
analysis, we accurately identified these critical defects. Supported by numerical modeling,
particularly the finite element method (FEM), we analyzed the structure's behavior, considering
viscoelastic (VE) and frictional damping mechanisms. We performed dynamic explicit analysis
and utilized fast Fourier transform (FFT) for time-to-frequency conversion. Parametric studies
rigorously compared defected and pristine structures, assessing changes in resonance frequencies
and modal damping. These findings contribute significantly to advancing structural health
monitoring (SHM) practices, providing invaluable insights for assessing and maintaining
composite structures in service.
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