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Abstract

The transition from traditional metallic structures to advanced composite materials in marine engineering 
has introduced unparalleled advantages in terms of strength to weight ratios, corrosion resistance, and 
hydrodynamic efficiency. However, the application of fiber reinforced composites in marine hull panels 
presents  complex  challenges  concerning  structural  integrity,  primarily  due  to  their  susceptibility  to 
interlaminar  and  intralaminar  crack  propagation  under  severe  environmental  and  dynamic  loading 
conditions. This paper presents a comprehensive experimental analysis aimed at characterizing the fracture 
behavior and crack propagation mechanisms of woven carbon fiber and epoxy matrix composite laminates 
specifically engineered for  marine environments.  Utilizing an integrated methodological  approach that 
combines standard fracture mechanics testing with high fidelity optical and acoustic monitoring, the study 
systematically tracks the initiation and steady state growth of cracks under controlled mechanical loading. 
The experimental setup is rigorously modified to simulate long term environmental degradation through 
accelerated  synthetic  seawater  conditioning,  revealing  profound  alterations  in  material  toughness  and 
microstructural failure modes. Advanced non contact measurement techniques, including Digital Image 
Correlation and Acoustic Emission monitoring, are deployed to capture localized strain fields and transient  
acoustic stress waves, providing a multi dimensional perspective on matrix cracking, fiber bridging, and 
interfacial debonding. The findings confirm that prolonged hygrothermal exposure significantly diminishes 
the fracture toughness of the composite laminates by plasticizing the polymer matrix and degrading the fiber 
to matrix interphase. 
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1. Introduction

1.1 Background on Marine Hull Materials

The maritime industry has witnessed a paradigm shift in material selection over the past several decades. 
Traditional shipbuilding heavily relied on monolithic metallic alloys, primarily high yield steel and marine 
grade aluminum, due to their well documented mechanical behavior, established supply chains, and highly 
standardized fabrication processes. The engineering community has long understood the isotropic properties 
of these metals, allowing for relatively straightforward predictions of stress distribution and fatigue life using 
classical theories of solid mechanics. However, the relentless pursuit of maximized fuel efficiency, increased 
payload capacity, reduced acoustic signatures for military applications, and minimized life cycle maintenance 
costs has driven naval architects to explore alternative structural materials. Fiber reinforced composites have 
unequivocally emerged as a dominant candidate for modern marine hull panels, offering an exceptional strength 
to weight ratio, superior inherent corrosion resistance, and the unparalleled ability to tailor material properties 
through specific fiber orientations and specialized layups [1]. The transition to composite architectures has 
enabled the construction of highly optimized vessel geometries that would be economically or practically 
unfeasible using conventional metalworking techniques. From high speed ferries and luxury yachts to stealth 
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oriented naval corvettes and deep sea submersible pressure vessels, the adoption of composite laminates has 
revolutionized marine structural design [2]. 

1.2 Challenges in Crack Propagation

Despite  the  overwhelming  advantages  associated  with  material  tailoring  and  weight  reduction,  the 
widespread adoption of fiber reinforced composites in large scale commercial and military vessels is heavily 
hindered by a profound susceptibility to complex damage mechanisms under dynamic operational loading 
conditions. Unlike isotropic metallic structures, which typically exhibit predictable and observable plastic 
deformation prior to catastrophic failure, laminated composites fail through a multitude of highly interacting 
and often invisible macroscopic and microscopic damage modes. Among these various failure mechanisms, 
crack propagation, particularly delamination between adjacent plies and transverse matrix cracking within 
individual plies, poses the most significant and immediate threat to the structural integrity and watertightness  
of  the  hull  [3].  The  marine  environment  profoundly  exacerbates  these  inherent  material  vulnerabilities, 
subjecting  the  hull  panels  to  a  harsh,  continuous  combination  of  hydrodynamic  wave  slamming,  cyclic 
hydrostatic pressure variations, extreme temperature gradients, intense ultraviolet radiation, and pervasive 
corrosive seawater ingress. These dynamic environmental and mechanical loads operate synergistically to 
initiate microstructural flaws that inevitably coalesce into propagating macroscopic cracks. Consequently, 
understanding the fundamental mechanisms governing crack initiation and subsequent propagation in these 
advanced materials is not merely an academic curiosity, but an absolute and critical prerequisite for ensuring 
the safety, durability, and reliability of modern composite watercraft [4]. The intricacies of interlaminar crack 
growth demand rigorous experimental investigation to capture the phenomenological sequence of failure and 
to quantify the residual strength of the degraded structural components. 

2. Literature Review

2.1 Evolution of Fiber Reinforced Composites

The evolution of fiber reinforced composites in marine engineering can be traced back to the post World  
War  II  era,  initially  utilized  in  small  recreational  boats,  lifeboats,  and  progressively  scaling  to  mine 
countermeasures vessels and fast patrol craft [5]. Early implementations predominantly employed E glass fibers 
embedded in an orthophthalic or isophthalic polyester resin matrix due to the highly favorable balance between 
raw material  cost,  ease of  handling,  and room temperature manufacturability.  As the demand for  higher 
performance structures escalated in both civilian offshore racing and defense sectors, researchers and engineers 
began investigating the integration of advanced carbon fibers, aramid fibers, and highly cross linked epoxy 
resins, significantly elevating the global stiffness, ultimate tensile strength, and high cycle fatigue life of the 
composite hull panels [6]. A substantial body of literature has been progressively dedicated to characterizing 
the static and dynamic mechanical properties of these diverse composite architectures under various loading 
regimens. Early studies largely focused on establishing the baseline tensile, compressive, and shear moduli of 
pristine,  dry laminates using standardized coupon testing.  However,  the transition from pristine material 
characterization  to  accurately  predicting  the  behavior  of  flawed,  impacted,  or  environmentally  degraded 
structures requires the direct application of fracture mechanics [7]. 

2.2 Previous Analytical Models for Crack Growth

In the specific context of composite materials, the principles of linear elastic fracture mechanics have been 
extensively adapted and modified to evaluate the energy required to propagate a pre existing macroscopic flaw 
through the anisotropic medium. The foundational work in this specialized domain established the concept of 
the critical strain energy release rate as a fundamental material parameter for quantifying the resistance of a 
laminated composite  to  crack extension [8].  Subsequent  analytical  models  and experimental  frameworks 
attempted to partition the total energy release rate into distinct modes of fracture, namely Mode I opening, 
Mode II in plane sliding, and Mode III out of plane tearing. Mode I fracture is particularly detrimental in 
laminated marine panels subjected to out of plane impact loads, such as those violently experienced during 
extreme hydrodynamic slamming events, as it directly promotes interlaminar separation and catastrophic loss 
of  flexural  rigidity  [9].  Researchers  have  historically  relied  on  widely  accepted  standardized  testing 
methodologies to evaluate Mode I and Mode II interlaminar fracture toughness. The Double Cantilever Beam 
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test  and  the  End  Notched  Flexure  test  remain  the  absolute  cornerstones  of  experimental  fracture 
characterization for laminated composites. Despite the proliferation of these standardized techniques across 
global testing laboratories, significant discrepancies often arise between idealized laboratory derived fracture 
toughness  values  and  the  actual,  observed  performance  of  large  marine  hull  panels  in  service.  These 
discrepancies are frequently attributed to the idealized nature of the laboratory specimens, which generally fail 
to capture the complex multiaxial stress states, the synergistic effects of long term environmental degradation, 
and the realistic manufacturing defects inherent in large scale composite fabrication [10]. 

3. Experimental Methodology

3.1 Material Preparation and Specimen Design

To rigorously investigate the crack propagation characteristics of marine grade composites and to address 
the gaps identified in the existing literature, an extensive and highly controlled experimental program was 
designed and executed.  The material  selection phase strategically  prioritized composite  systems that  are 
currently prevalent in high performance naval architecture and commercial shipbuilding. The primary structural 
reinforcement chosen for this investigation was a heavy tow biaxial woven carbon fiber fabric, renowned in  
the  industry  for  its  superior  energy  absorption  capabilities,  excellent  drapeability  over  complex  mold 
curvatures, and high overall structural rigidity. The polymer matrix selected was a premium marine grade, 
ambient curing two part epoxy resin system, specifically formulated by the manufacturer for enhanced moisture 
resistance,  extended working time, and high fracture toughness [11].  The fabrication of the macroscopic 
composite laminate panels was conducted utilizing the Vacuum Assisted Resin Transfer Molding process. This 
advanced closed mold manufacturing technique was explicitly selected over traditional, labor intensive hand 
layup methods to ensure a consistently high fiber volume fraction across all specimens, while simultaneously 
minimizing the inclusion of detrimental  manufacturing defects such as atmospheric void entrapment and 
uneven resin distribution. The manufacturing setup involved meticulously placing successive layers of the dry 
woven carbon fabric onto a highly polished, rigid tool surface previously treated with a chemical release agent. 
A porous peel ply, a highly permeable resin distribution media, and a flexible, impermeable top vacuum 
bagging film were subsequently applied and sealed using a specialized sealant tape. A carefully controlled and 
continuously monitored vacuum pressure was maintained within the cavity to entirely evacuate atmospheric 
air  and selectively  draw the  catalyzed epoxy resin  laterally  through the  dry preform,  ensuring thorough 
microscopic wet out of the reinforcing carbon fiber bundles [12]. 

Table 1: Material specifications and mechanical properties of the structural laminates

Material Component Areal Weight Tensile Strength Elastic Modulus

Woven Carbon Fabric 400 grams per square meter 3500 Megapascals 230 Gigapascals

Marine Epoxy Resin Not Applicable 75 Megapascals 3.2 Gigapascals

Cured Composite Laminate Not Applicable 850 Megapascals 55 Gigapascals

3.2 Testing Apparatus and Environmental Simulation

Following the successful resin infusion process, the composite panels underwent a stringent standardized 
curing cycle  precisely  recommended by  the  resin  manufacturer.  This  cycle  consisted  of  an  initial  room 
temperature cure strictly maintained for twenty four hours, followed by a controlled elevated temperature post 
cure sequence conducted in a highly accurate industrial convection oven to achieve maximum possible cross 
linking of the internal polymer network and to stabilize the glass transition temperature of the material [13].  
Once fully cured and dimensionally stabilized, the bulk structural panels were meticulously sectioned into 
individual, dimensionally precise test specimens using a highly advanced, computer numerically controlled 
abrasive waterjet cutting system. This non thermal cutting methodology was explicitly chosen to prevent the 
generation of localized thermal stresses, matrix burning, and heat affected zones along the critical specimen 
edges, which could inadvertently alter the fracture behavior during subsequent loading. To accurately simulate 
the deleterious and degrading effects of the operational marine environment, a predetermined subset of the 
fabricated  specimens  was  subjected  to  accelerated  hygrothermal  conditioning  protocols.  These  selected 
specimens were entirely immersed in a precisely formulated synthetic seawater  solution maintained at  a 
continuously elevated temperature to intentionally accelerate the moisture diffusion kinetics without inducing 
unnatural thermal degradation. The progressive weight gain of the constituent specimens was periodically and 
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carefully monitored using a high precision analytical balance to determine the ultimate moisture saturation 
point, which is classically characterized by a distinct plateau in the absorption curve over time [14]. The 
mechanical testing phase utilized a massive, floor standing servo hydraulic universal testing machine equipped 
with a dynamically calibrated precision load cell and specialized, custom machined gripping fixtures designed 
to  securely  accommodate  the  composite  coupons  without  introducing  localized  crushing  damage.  The 
crosshead displacement rate was carefully and continuously controlled throughout the entire testing sequence 
to ensure perfectly quasi static loading conditions, thereby isolating the fracture response and minimizing the 
influence of high strain rate dynamic effects on the resulting crack propagation mechanisms [15].

Figure 1: Comprehensive Schematic of Vacuum Assisted Resin Transfer Molding Setup

4. Data Acquisition and Processing

4.1 Sensor Integration and Calibration

The precise measurement, observation, and characterization of crack propagation in highly anisotropic 
materials necessitate the deployment of advanced, high fidelity data acquisition methodologies. Traditional 
contact based measurement techniques, such as clip on mechanical extensometers or externally bonded strain 
gauges, are often fundamentally insufficient for accurately capturing the highly complex, localized, and rapidly 
evolving strain fields that dynamically develop immediately ahead of a propagating crack tip in laminated 
structures [16]. Consequently, this investigation heavily relied on the implementation of two dimensional 
Digital  Image Correlation as  the  primary optical  metrology and strain  measurement  tool.  Digital  Image 
Correlation is an advanced non contact, full field strain measurement technique that mathematically tracks 
the progressive displacement of a random, high contrast speckle pattern applied directly to the surface of the  
specimen during the continuous deformation process. Prior to the commencement of mechanical testing, a thin, 
highly uniform layer of opaque matte white paint was carefully applied to the designated region of interest on 
the composite specimens, followed by the meticulous application of a fine, dispersed mist of opaque black 
paint to create the requisite high contrast speckle pattern possessing optimal spatial frequencies [17]. A high 
resolution  industrial  grade  digital  camera,  equipped  with  a  specialized  low  distortion  macro  lens  and 
electronically synchronized with the continuous analog load output of the servo hydraulic testing machine, was 
securely positioned on a vibration isolated tripod to continuously monitor the specimen surface. The optical 
image capture rate was strategically optimized based on the anticipated crack velocity to ensure adequate 
temporal resolution without overwhelmingly saturating the laboratory data storage infrastructure. 

4.2 Acoustic Emission and Digital Image Correlation

The  sequential  digital  images  progressively  acquired  during  the  mechanical  load  application  were 
subsequently  transferred to  a  high performance workstation and processed using specialized,  proprietary 
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mathematical correlation algorithms. These sophisticated algorithms compute the intricate two dimensional 
displacement vector fields by iteratively comparing the intensely localized subset regions in the continuously 
deformed images back to the initial, undeformed reference image, seamlessly allowing for the highly precise 
mathematical extraction of the crack tip opening displacement and the exceedingly complex surrounding strain 
distribution maps [18]. To highly complement the surface kinematic data generously provided by the optical 
Digital  Image  Correlation  system,  a  robust  Acoustic  Emission  monitoring  framework  was  seamlessly 
integrated into the overarching experimental setup. Acoustic Emission technology heavily relies on the highly 
sensitive detection of transient, high frequency elastic stress waves physically generated by the rapid, localized 
release of stored strain energy within a material continuously undergoing irreversible permanent deformation, 
microscopic damage accumulation, or macroscopic fracture. In the specific context of heterogeneous composite 
materials, disparate microscopic damage mechanisms, such as matrix micro cracking, interfacial debonding, 
individual fiber pullout, and catastrophic fiber bundle breakage, emit distinct acoustic stress waves with highly 
unique,  identifiable  frequency  spectra  and  measurable  amplitude  characteristics  [19].  Miniature,  highly 
sensitive  broadband piezoelectric  sensors  were  securely  and  physically  bonded directly  to  the  structural 
specimen surface using a specialized, acoustically transparent coupling agent gel to ensure the absolute optimal 
transmission of the high frequency mechanical  signals from the specimen into the sensor face.  The raw 
electronic  signals  immediately  captured  by  the  piezoelectric  sensors  were  heavily  pre  amplified  and 
subsequently filtered using precise electronic bandpass filters to entirely eliminate low frequency mechanical 
background  noise  typically  originating  from  the  massive  hydraulic  actuators  and  mechanical  gripping 
assemblies of the testing machine. The electronically processed acoustic emission parameters, including the 
cumulative  signal  energy,  absolute  peak  amplitude,  event  duration,  and  central  peak  frequency,  were 
continuously digitally recorded and perfectly synchronized in the temporal domain with the mechanical load, 
displacement data, and optical image captures. This robust, multi modal data acquisition approach, elegantly  
synergizing  high  fidelity  optical  tracking  with  incredibly  sensitive  internal  acoustic  monitoring,  highly 
facilitates a deeply comprehensive understanding of the complex phenomenological sequence leading up to 
catastrophic structural failure [20].

5. Results and Discussion

5.1 Fracture Toughness and Load Responses

The comprehensive experimental results immediately yielded profound structural insights into the specific 
fracture  behavior  of  the  selected  high  performance  marine  hull  composites  under  varying  extreme 
environmental conditions. The continuous load versus displacement response curves directly obtained from the 
standardized fracture tests universally exhibited a highly distinct and prolonged linear elastic region initially, 
corresponding precisely to the global structural deformation of the intact cantilevered specimen arms. As the 
continuously  applied  mechanical  load  steadily  reached  a  specific  critical  structural  threshold,  highly 
pronounced nonlinear behavior suddenly manifested in the graphical data, visually signaling the immediate 
initiation of localized microstructural damage at the extreme tip of the artificially induced pre existing crack 
[21].  In  the  baseline  control  specimens  systematically  tested  under  ambient  laboratory  temperature  and 
humidity conditions, the subsequent macroscopic crack propagation occurred in a relatively stable, predictable, 
and highly controlled manner. The initial phase of this dynamic crack growth was uniquely characterized by 
a steady, continuous increase in the externally requisite driving load, a complex mechanical phenomenon 
largely attributed to  the  rapid development  of  a  massive,  robust  fiber  bridging zone immediately in  the 
structural  wake  of  the  continuously  advancing  crack  tip.  The  physical  phenomenon  of  fiber  bridging 
fundamentally involves the continuous, dynamic load transfer across the physically fractured interlaminar 
interface by highly tensioned, unbroken reinforcing structural fibers, effectively structurally shielding the 
highly stressed crack tip from the full magnitude of the externally applied opening stress and substantially 
artificially increasing the apparent measurable fracture toughness of the structural material. However, as the 
continuous macroscopic crack progressively extended further along the midplane, the highly tensioned bridging 
fibers eventually mechanically fractured under immense tensile load or physically pulled out entirely from the 
surrounding polymer matrix, ultimately leading to a distinct steady state propagation phase where the required 
external load plateaued, stabilized, or gradually and predictably declined [22].
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Table 2: Experimental evaluation of steady state fracture toughness across different environmental exposures

Conditioning State
Average Initiation 

Toughness
Average Propagation 

Toughness
Standard Deviation

Dry Ambient Environment
0.85 Kilojoules per square 
meter

1.45 Kilojoules per square 
meter

0.08

One Month Seawater 
Immersion

0.72 Kilojoules per square 
meter

1.15 Kilojoules per square 
meter

0.11

Three Month Seawater 
Immersion

0.61 Kilojoules per square 
meter

0.95 Kilojoules per square 
meter

0.14

5.2 Mechanisms of Crack Propagation

The temporal integration and deep analysis of the recorded Acoustic Emission data securely provided 
immense  further  clarity  regarding  the  specific  underlying  structural  damage  mechanisms  dynamically 
occurring within the optically opaque structural laminate. The extremely early temporal stages of visible non 
linearity  in  the  mechanical  load displacement  curve  perfectly  coincided spatially  and  temporally  with  a 
massive, rapid accumulation of characteristically low amplitude acoustic emission events, highly characteristic 
of  pervasive,  widespread  transverse  matrix  micro  cracking  and  highly  localized  resin  plasticization  and 
subsequent tearing. As the mechanical load subsequently peaked and macroscopic interlaminar delamination 
aggressively commenced, heavily distinct higher amplitude acoustic stress signals violently emerged from the 
sensors, signifying the occurrence of substantial, catastrophic carbon fiber breakage and extensive, irreversible 
interply separation. The absolutely most striking observations in this experimental campaign, however, were 
directly derived from the composite specimens that had been subjected to the prolonged, extreme synthetic 
seawater environmental conditioning protocols. The continuous hygrothermal exposure absolutely drastically 
altered both the macroscopic mechanical response and the microscopic, localized failure morphology of the 
composite structural panels. The continuously absorbed synthetic moisture deeply plasticized the bulk epoxy 
matrix,  drastically  reducing its  critical  glass  transition  temperature  and  severely  degrading  the  chemical 
integrity of the critical structural fiber to matrix interphase [23]. Consequently, the heavily environmentally 
degraded structural specimens consistently exhibited drastically lowered mechanical load bearing capacities 
and vastly reduced apparent fracture toughness values when directly compared to their unconditioned, dry 
structural counterparts. The Digital Image Correlation full field strain maps heavily visually revealed a much 
more diffuse, widespread, and blunt damage zone immediately ahead of the advancing crack tip in the entirely 
wet specimens, heavily indicating a distinct material transition from highly localized, brittle structural fracture 
to  widespread,  highly  dissipative  shear  yielding  of  the  severely  plasticized  polymer  resin.  Furthermore, 
microscopic post mortem visual analysis of the physically separated fracture surfaces strongly corroborated 
these macroscopic structural findings, visually displaying completely bare, glossy carbon fibers possessing 
absolutely  minimal  residual  epoxy  matrix  adhesion,  fundamentally  confirming  the  severe  chemical  and 
mechanical interfacial degradation completely induced by the highly corrosive simulated marine environment.



Materials, Structures and Reliability   |   https://msrjournal.org

Vol. 1, Issue 2 (2026) 71

Figure 2: Microscopic Observation of Fiber Bridging and Matrix Cracking Pathways

6. Conclusion

6.1 Summary of Findings

The deeply comprehensive, multi faceted experimental analysis comprehensively detailed throughout this 
academic study securely provides absolutely crucial structural evidence regarding the incredibly complex 
dynamic fracture mechanics and long term damage tolerance of advanced fiber reinforced composites widely 
deployed  in  physically  demanding  marine  hull  structures.  By  systematically,  rigorously,  and  repeatedly 
evaluating the progressive interlaminar crack propagation structural behavior utilizing highly sophisticated, 
non contact Digital Image Correlation methodologies and deeply integrated broadband Acoustic Emission 
sensing techniques, the highly distinct temporal and spatial damage sequences, comprehensively ranging from 
highly initial, microscopic matrix cracking to ultimate, catastrophic macroscopic fiber bundle breakage, were 
meticulously and mathematically cataloged. The deep experimental investigation conclusively demonstrated 
that the highly intrinsic macroscopic fracture toughness of the advanced biaxial carbon fiber and marine grade 
epoxy  matrix  structural  architecture  is  incredibly  heavily  dependent  upon  the  physical  development  of 
extensive, highly localized fiber bridging structural mechanisms occurring directly in the physical wake of the 
propagating crack. 

6.2 Implications for Marine Engineering

However, the comprehensive experimental study also absolutely unequivocally highlighted the incredibly 
severe inherent vulnerability of these otherwise extremely high performance structural materials to long term, 
persistent hygrothermal environmental aging. The meticulously simulated aggressive marine environmental 
conditioning,  carefully  achieved  through  prolonged  synthetic  seawater  immersion  protocols,  rapidly 
precipitated a massively significant chemical and physical degradation of the critical internal fiber matrix 
interfacial bond, inevitably leading to a heavily marked, critical reduction in both the initial crack initiation 
energy thresholds and the subsequent steady state propagation mechanical resistance. The profound chemical 
plasticization of the polymer resin matrix fundamentally and completely altered the terminal structural failure 
mode, effectively transitioning the bulk material mechanical response heavily toward significantly less energy 
absorptive  fracture  pathways.  These  critical  empirical  findings  powerfully  underscore  the  absolute,  non 
negotiable  necessity  of  fully  incorporating  deeply  realistic,  long  term environmental  degradation  factors 
directly into the extremely initial conceptual structural design phase and comprehensive life cycle analysis of 
large composite marine vessels. To securely ensure the absolute long term structural integrity and highly critical 
operational safety of future advanced naval structural architectures, academic material scientists and practicing 
marine structural  engineers  must  deeply collaboratively prioritize the continuous development of  heavily 
resilient,  incredibly  moisture  resistant  polymer  matrix  formulations  and  vastly  enhanced,  highly  robust 
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chemical fiber sizing treatments entirely capable of fully withstanding the incredibly relentless mechanical and 
environmental rigors heavily characteristic of the highly demanding global marine environment [24].
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