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Abstract 

The experimental part of this research was devised, based on samples of epoxy/glass and 

polyester/glass composites in form of standardized coupons, with various fiber 

orientation layout configurations submerged under the sea for prolonged periods (6, 12 

and 24 months) in order to enable the assessment of the influence of the prolonged 

exposure to the sea on the mechanical properties of the material. Numerical finite element 

analysis (FEA) tensile test and three-point bending simulations on the coupons geometry 

indicated that the ultimate uniaxial tensile strength (UTS) is the most important 

parameter for the characterization of the structural mechanical behavior of the material. 

This parameter value variations were measured experimentally after each time period of 

exposure to the sea and compared to the values obtained numerically. 

The research results have shown that all submerged specimens have exhibited mass 

increase due to water absorption and growth of attached algae and sea microorganisms. 

Furthermore, various levels of reduction in ultimate tensile strength (UTS), depending on 

the fiber layout configurations, were observed. Significant changes in the matrix material 

structure were noticed in the areas of marine organisms and microorganisms’ attachment 

and imbedding, effectively producing “voids” in the matrix material. 

Numerical analysis and simulations were conducted during the “wet” coupons’ 

submersion periods, yielding in a predictive model for the long-term behavior of 

composites in real marine environment. The model was then verified by comparison with 

the results of experimental tensile tests. Additionally, the usage of composites as a repair 

material in process equipment and structural elements made from different materials, 

was verified. 

The research showed the importance of environmental degradation of the mechanical 

properties of composite materials in the real marine environment. The findings of this 

research could improve the technical regulations of classification societies for composite 

marine structures exposed to the marine environment in their lifetime and expand their 
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application in this industry sector. The design process of such structures can be further 

optimized by incorporating the material degradation prediction model proposed here. 

Keywords: FRP composites; marine environment; material degradation; fatigue life; 

durability of composite marine structures 
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Prošireni sažetak 

Eksperimentalni dio ovog istraživanja izveden je na standardiziranim uzorcima 

(kuponima) kompozitnih materijala izvedenih od kombinacije epoksidne i poliesterske 

smole kao matrice, te različito orijentiranih staklenih vlakana kao ojačavala uronjenima u 

more na duge periode od 6, 12 i 24 mjeseca. Svrha eksperimenta je procjena utjecaja 

duljeg izlaganja uzoraka moru na mehanička svojstva materijala. Numeričko modeliranje 

i simulacije vlačnog testa i savijanja u tri točke, primjenom metode konačnih elemenata 

(MKE) na odabranoj geometriji uzoraka pokazali su da je krajnja aksijalna vlačna čvrstoća 

(engl. Ultimate Tensile Strength, UTS) najvažniji parametar potreban za ispravnu 

karakterizaciju strukturno-mehaničkog ponašanja materijala. Promjene vrijednosti ovog 

parametra mjerene su eksperimentalno (vlačni test) nakon završetka navedenih 

vremenskih perioda izloženosti moru, te su uspoređivane sa vrijednostima dobivenima 

numeričkom analizom. 

Rezultati istraživanja pokazali su da su svi uronjeni uzorci imali povećanu masu zbog 

adsorpcije vode i rasta morskih algi i mikroorganizama koji su se vezali na površini 

materijala. Nadalje, zamijećene su različite razine smanjenja vlačne čvrstoće materijala za 

različite konfiguracije usmjerenja slojeva staklenih vlakana. Značajne promjene u 

strukturi materijala matrice uočene su u područjima vezanja algi i drugih morskih 

organizama na površini i prodora mikroorganizama u matricu, čime su u biti stvorene 

"praznine" u materijalu matrice. 

Numerička analiza i simulacije, provedene tijekom perioda uranjanja uzoraka, rezultirale 

su stvaranjem prediktivnog modela dugotrajnog ponašanja kompozita uslijed izloženosti 

stvarnom morskom okolišu. Model je provjeren usporedbom rezultata sa vrijednostima 

dobivenim eksperimentalnim vlačnim testovima. Povrh svega navedenog, ispitana je i 

potvrđena mogućnost uporabe kompozitnih materijala za popravke procesne opreme i 

konstrukcijskih elemenata izvedenih od drugačijih materijala. 
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Provedeno istraživanje ukazalo je na važnost degradacije mehaničkih karakteristika 

kompozitnih materijala uslijed dugotrajne izloženosti morskome okolišu. Nalazi ovog 

istraživanja mogu poslužiti za poboljšanje tehničkih propisa i standarda klasifikacijskih 

društava predmetnih za kompozitne pomorske konstrukcije koje su u svom životnom 

vijeku izložene negativnim utjecajima morskog okoliša čime bi se omogućila šira primjena 

ovakvih materijala u pomorstvu. Proces projektiranja takvih konstrukcija može se 

dodatno optimizirati uključivanjem ovdje predloženog modela predviđanja degradacije 

materijala. 

Ključne riječi: vlaknima ojačani polimerni kompoziti; morsko okruženje; degradacija 

materijala; zamor materijala; trajnost kompozitnih pomorskih objekata 
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Introduction 

Global intensification of maritime traffic has led to an increase in emissions of harmful 

substances caused by the exploitation of marine facilities. Regulatory organization 

(International Maritime Organization, IMO) therefore is continuously developing various 

pollution reduction strategies, and a strategy that is most often applied to ensure reduced 

emissions is the improvement of the so-called Energy Efficiency Design Index (EEDI), 

primarily through the advancement of propulsion systems. An alternative approach to 

improving efficiency is to reduce the total mass of the structure of maritime structures, 

which aims to improve the ratio of the mass of the cargo and the total mass of the means 

of transport. 

Composites used as structural material offer a number of advantages compared to the 

application of more traditional materials such as metal and wood in any industry sector. 

Perhaps the most prominent of their positive characteristics is excellent strength to 

weight ratio, nearly unlimited flexibility in designing shapes and forms, the adaptability 

to loading conditions by customizing fiber directions according the principal loads, lower 

volumetric costs, the possibility of on-site manufacturing and repair. 

The main inspirational question for this research was whether a numerical model of 

environmental degradation for FRP composites can be developed in order to improve 

classification rules, recommendations and practices regarding the use of such materials 

for marine structures. 

1.1 Composite materials in marine structures 

Marine structures (ships and offshore facilities) are still largely constructed from 

traditional materials (primarily steels), while modern materials such as fiber reinforced 

polymer composites (FRP composites) are still not significantly represented, although 
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they are widely used in the rest of the transport industry (air and land transport). 

Composite materials have been used in lesser extent in marine structures since the middle 

of the twentieth century in both the civilian sector (small vessels) (Chandrasekaran, 2015; 

Greene, 1999) and the military sector (Mathijsen, 2016). Lightweight and durable, 

modern materials can bring progress to the conservative maritime industry through 

weight reduction, less environmental impact, more efficient propulsion, reduced vessel 

maintenance intervals, extended service life, and greater payload efficiency (Chalmers, 

1994; Graham-Jones and Summerscales, 2015; Neşer, 2017; Rubino et al., 2020). 

Likely the most important advantage of composite materials is the adaptability to specific 

applications demands by defining layup sequences, number of plies, and fiber orientation 

in the principal loading directions (Brčić et al., 2021; Gljušćić et al., 2021; Venkatesan et 

al., 2020). Such flexibility in application makes FRP composites increasingly appealing to 

engineers when designing marine structures of complex shapes (Saravanan and Kumar, 

2021). 

 

Figure I.1 Composite ship hull section (source: http://www.fibreship.eu/fibreship-2nd-public-
workshop/ 
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By the end of the last century, composite materials began to be used more intensively in 

structural elements of hulls (Diez de Ulzurrun et al., 2007; Yang et al., 2021), 

superstructures (Chen et al., 2021; Grabovac et al., 1993), docks, bulkheads (Tamboura et 

al., 2022; Xie et al., 2018), modern mast systems (Yoon and Park, 2021), propellers 

(Mulcahy et al., 2010), shaft line elements (Litwin, 2019; Prasad et al., 2018), rudders 

(Neuschwander et al., 2019), piping system elements on ships and offshore (Lukács et al., 

2021), valves and machine elements on ships (Kim et al., 2021; Mouritz et al., 2001) and 

auxiliary structures (Fang et al., 2016; Wang et al., 2019). Two application areas with a 

significant increase in the use of composite materials are offshore platforms (Lin et al., 

2021; Setvati et al., 2014; Yasar et al., 2014) and renewable energy sources installations 

(Davies et al., 2013; Gonabadi et al., 2021; Grogan et al., 2018). 

Composite materials are also used for repair of structures made of other materials, 

especially pressure pipelines and equipment (Ali Ghaffari and Hosseini-Toudeshky, 2013; 

Echtermeyer et al., 2014; Karbhari, 2015), which is of significant interest in maritime 

structures. Repairs are performed in the form of patches made of composites that are 

applied by gluing to the damaged areas (Alizadeh and Dehestani, 2018; Ayaz et al., 2016; 

Saeed et al., 2014). In such cases, different materials are often joined (e.g. composites with 

steel) (George et al., 2021), so a special area of research of the impact of water penetration 

on these joints is opened, all with the aim to preserve the integrity of the structure. This 

aspect of composite materials application is considered in this research, also. 

In general, the main advantages of using composite materials compared to traditional 

shipbuilding materials (wood, steel) are the reduction of the total mass of building 

structures, improved resistance to degradation of materials and fire resistance. Reduced 

fuel consumption per amount of cargo transported by reducing the weight of the vessel, 

of course, reduces the emission of harmful substances into the environment.  

In order to enable the application of composite materials to be used in marine structures, 

designers must comply with the rules of classification societies, as for any other material. 

On the other hand, the design process requests the usage of reliable tools and/or 

predictive methodology that must be accurate, verified, and with clearly known limits of 

applicability (DNV, 2014). 
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1.2 Durability of marine structures 

As the application field for marine composites widens, the request for mechanical and 

environmental resilience rises. Limit stress states, durability and life span, failure modes, 

fracture toughness, fire resistance, and environment influence parameters are crucial for 

an efficient, sustainable and secure design process for structures in this demanding 

industry sector (Kastratović et al., 2021; Sousa et al., 2020; Tomasz et al., 2022; Vizentin 

et al., 2021). 

Classification societies rules and regulations do acknowledge the possibility of FRP 

composite as structural material, but the currently valid design procedures for such 

materials are based on design procedures defined for steel and wood. This raises the 

question whether this kind of design approach is suitable for composite materials 

exposed to the harsh environmental operational conditions of a real sea environment. 

The assessment of the operational suitability of facilities intended for use in the marine 

environment (vessels and offshore structures), the so-called "Class" or classification, 

based on the evaluation of structural strength, usability of materials in the construction 

of the structure, durability during service life, the impact of operating regimes, cost-

effectiveness of construction and operation, ecology, safety of operation and technical 

quality of devices, machines and equipment used on facilities. The classification 

procedure is subject to strict rules and technical standards of classification societies 

(associated in IACS - International Association of Classification Societies) which define the 

technical requirements for the valuation of maritime facilities from these aspects. Equally 

important are the procedures for continuous supervision and control of compliance with 

requirements, also defined by classification societies. 

The durability and reliability of marine structures is influenced significantly by the impact 

of the environment on the behavior of maritime facilities during operation (degradation 

caused by environmental conditions). Traditionally, well-accepted materials by 

classification societies for the construction of maritime facilities are wood and steel. On 

the other hand, the constant development of theoretical and practical knowledge about 

composite materials opens the possibility of more intensive use of composites as a 

substitute for traditional materials. 
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There are three basic parameters that affect the duration and integrity of a composite 

structure exposed to the marine environment: mechanical loads, high hydrostatic 

pressure and diffusion of seawater into the material (Alam et al., 2018). 

The lack of data on the behavior of composite materials after long-term use and exposure 

to the marine environment, as well as a specific numerical model based on data collected 

in real rather than laboratory conditions (usually accelerated aging of samples in climate 

chambers) hinders the development and intensification of the use of composite materials 

in marine structures. 

The mechanical properties testing results are the basis for further development of 

theoretical models for predicting the behavior of composite marine structures. Such 

theoretical models must include aspects of strength, stability and durability of the 

structure, the environmental impact on the structure as well as the structure on the 

environment. Composite materials are relatively modern materials whose properties, and 

especially long-term (durability, material fatigue) are not sufficiently described through 

theoretical models and standardization. 

The analysis and design of structures that are exposed to environmental influences during 

their lifetime must include a stochastic approach in defining the intensity, duration and 

character of the structural loads. Marine structures and vessels are an outstanding 

example of the significant impact of aggressive and extreme environments on the system’s 

life span. Load conditions on marine structures vary with the seasons and according to 

geographical location. 

If the effects of the marine environment on the durability and mechanical properties of 

composite materials in marine structures are to be valorized, data on material 

characteristics must be collected by executing reliable and extensive testing in the form 

of long-term exposure to marine environment (humidity, pH, temperature, long-term 

stress, ultraviolet radiation as well as various combinations of the above). This approach 

is classic with significant drawbacks as realistic structural modeling environmental input 

design parameters for marine structures are largely dependent of the stochastic 

environmental loading conditions and the influence of sea dwelling organisms’ effects 

acting simultaneously on the structure. 

The classical approach to the analysis of structures in general, including marine ones, is 

extremely deterministic, where the characteristics of materials and dimensions of 
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structures are usually determined according to the highest expected load with the 

application of safety factors. Newer standards prescribe certain requirements that a 

structure must meet, with the probability of a failure or breakage of the structure playing 

a significant role. Based on this probability, the safety factors of the structure are also 

defined. The formation of this type of standard requires extensive knowledge of the 

material characteristics and possible behavior of the system under different load 

conditions, including those arising from the state of the environment. 

Such investigation approach provides insight into the properties of the material only for 

the conditions in which the tests were performed, which leads to the design of 

uneconomical structures with a high safety factor under different load conditions and 

environmental conditions. The main problems that arise during this kind of research are 

the time required to perform the test, i.e. the duration of the process of water absorption 

into the composite structure, modeling the long-term environmental impact on 

mechanical properties, modeling the mechanical-chemical process of water absorption 

and penetration, and many parameters materials that must be recorded during the test to 

describe the mechanical properties of the composite material after a certain period of 

environmental exposure. Most often, such tests are performed in simulated conditions of 

accelerated aging in climate chambers. 

In order to enable the optimization of structures by applying the collected data on 

environmental impact already in the design phase, tests should be performed on samples 

(coupons) to determine the properties at the level of the material and on the components 

of structures in the right size during operation. This would consider the influence of 

mechanical load on the processes of changing material characteristics, all in order to 

develop a model for predicting the behavior of materials, structural components and the 

entire structure during the life cycle of marine structures. 

The load on maritime structures is extremely stochastic, which introduces a certain 

unreliability into the design and analysis processes. In order to reduce the impact of these 

uncertainties, it is necessary to incorporate appropriate methods for modeling the actual 

mechanical and biological (growth of marine organisms on the structure) load. A common 

engineering approach to incorporate such undefined, random loads into a design is to 

select mathematical models for the statistical distribution of the frequency and intensity 

of the corresponding physical quantity. In addition to the random nature of these loads, 
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there is also a high probability that load intensities during the lifetime of marine 

structures will exceed the safe load limits predicted during design. 

Summarizing, the lack of a reliable numerical model for predicting the stochastic impact 

of the real marine environment on the mechanical properties of composite materials due 

to water penetration into the composite matrix prevents optimization of the design 

process, which ultimately leads to uneconomical and oversized structures, as well as 

produces negative effects on the integrity of the structure and the economy of maritime 

facilities during long-term exploitation, indicates a scientific research problem. 

1.3 Water absorption in composites 

Water absorption into the composite matrix is a key phenomenon that needs to be 

considered when assessing the durability of marine structures. Aging of polymer 

composites in the marine environment has been recognized as a ubiquitous problem for 

marine structures (Alam et al., 2018; Tamboura et al., 2022; Vizentin and Vukelic, 2019) 

that causes degradation of mechanical properties, shortens the life and integrity of the 

structure and increases the likelihood of premature catastrophic structural failure. The 

absorption process itself is extremely complex and may depend on the type of resin and 

hardener, voids in the matrix, properties of selected fiber types (dry fibers, pre-resin 

impregnated fiber textiles, composite production process, etc.) (Bian et al., 2012). 

The most commonly adopted model of water absorption into a composite is the Fick 

model, which has been shown to be adequate for plate and thin-walled composite 

elements (Eslami et al., 2015). Recent research however indicates the need to develop 

new models of water diffusion in the matrix due to the complex nature of this 

phenomenon (Bond, 2005; Grace, 2016; Joliff et al., 2014, 2013; Peret et al., 2019, 2014). 

The tendency of research on this issue is the development of a unified procedure 

(experimental, analytical and numerical) for modeling the diffusion of water into typical 

structural elements (Gagani et al., 2018; Rocha et al., 2017). 

Efforts to investigate the impact of the marine environment on composite characteristics 

are notable (Afshar, 2017; Afshar et al., 2020; Bazli et al., 2016; Bian et al., 2012; Zayed et 

al., 2018). However, there is still a lack of knowledge about the behavior of FRP 

composites when considering long-term exposure to seawater, its entry mechanism into 

the structure of materials, the dynamics of moisture distribution coupled with hydrostatic 
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pressure, and exposure to water pollution in real conditions. Previous research on this or 

related topics has focused exclusively on experimental, numerical or analytical 

approaches (Dong et al., 2016; Peret et al., 2017; Zhang and Xiao, 2017). 

Most researchers opt for a simulated marine environment (immersion of samples in the 

so-called artificial sea in tanks) as the medium in which the tests will be performed and/or 

accelerated aging procedures in climate chambers to save time during the tests. In this 

case, the study does not include the impact of marine pollution and development of 

marine organisms that have adapted to life on the surface of artificial materials on the 

mechanical characteristics of the structure that has become their habitat. This problem 

has become of interest to many researchers in the last decade (Abioye et al., 2019; 

Muthukumar et al., 2011; Telegdi et al., 2016). 

The topic of durability of composite materials in marine structures is gaining in 

importance precisely because of the need to develop physically based models for 

predicting the durability of composites and the integrity of composite marine structures 

in the marine environment (Davies and Rajapakse, 2018, 2014). 

There is no comprehensive study that would provide a complete insight into the behavior 

and, ultimately, the failure of composites under the long-term influence of the real marine 

environment and the distinctly stochastic nature of the load on the structure resulting 

from environmental conditions. The results of these studies should provide a better 

understanding of the mentioned effects on the fracture mechanics (Zhao et al., 2016) and 

should improve the design procedures of composite marine structures by increasing the 

reliability of the assessment of the durability and integrity of marine structures. Useful 

experimental data, a developed numerical model for further use on a multilevel scale 

(You, 2009a, 2009b) and improved analytical solutions (Caliri et al., 2016) that consider 

the exposure to the marine environment are expected. 

A common engineering approach to incorporate such undefined, random loads into a 

design is to select mathematical models for the statistical distribution of the frequency 

and intensity of the corresponding physical quantity (Chen and Guedes Soares, 2008). In 

addition to the random nature of the environmental loads, there is also a high probability 

that load intensities during the lifetime of marine structures will exceed the safe load 

limits predicted during design. It is becoming clear that the deterministic approach is not 

adequate (Young et al., 2010). 
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Therefore, extensive scientific research is needed to develop numerical models, methods 

and tools to predict the long-term impact of environmental factors and the coupling of 

environmental factors and production processes on the mechanical properties of 

composite materials during the life span of marine structures. The application of such 

numerical prediction would certainly enable a comprehensive design and production 

process with optimization of structural elements and the entire system during each step 

in the process of creating the final product allowing optimization of marine structures, 

both technically and economically. 

1.4 Research conceptualization 

In this dissertation, the research subject is to investigate and determine the intensity of 

water absorption into the matrix of composite material exposed to seawater, to quantify 

the impact of the same on the mechanical properties of composites depending on the 

duration of exposure to the marine environment. The collected knowledge will be paired 

with the stochastic model of variation of environmental loads on marine structures in 

order to develop a comprehensive model for ensuring the integrity of marine structures 

constructed using composite materials. All of this is meant to confirm the hypothesis that 

there is a possibility to improve the technical regulations of classification societies for 

composite marine structures and expand their application by developing numerical tools 

for assessing changes in the mechanical properties of composites exposed to long-term 

marine environment 

All of these aspects prompted the research purpose, which is to analyze the impact of the 

marine environment on the mechanical properties and durability of composite materials 

and evaluate possible numerical models that will consider the stochastic nature of the 

variability of the impact of the environment. This would result in tools that could help 

classification societies adapt the existing technical regulations concerning composite 

materials. Adaptation of regulations will enable wider application of composites in marine 

structures, which opens the way for the construction of lighter, more economical and 

energy efficient vessels and offshore structures. 

The goal of the research is to develop a stochastic structural numerical model, capable of 

predicting the degradation of mechanical properties of composite marine structures due 

to long-term exposure to the marine environment.  
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The research is subdivided into 5 phases as follows: 

 First phase: a review of available literature and knowledge on structural models 

of composite materials and polymer matrix/fiber bonds, environmental impact, 

especially marine, on mechanical properties of composites with emphasis on 

impact on durability and reliability of marine structures during service life. 

 Second phase: experimental study of the environmental impact on samples of 

composite material. Changes in the mechanical characteristics of the composite 

material (breaking strength, toughness), the occurrence of stress concentrators 

and fatigue indicators of the material, as well as morphological structures at the 

microscopic are documented. Testing the impact of absorbed seawater is 

performed on samples (coupons) in real conditions by immersing the sea in the 

Gulf of Rijeka for 6, 12 and 24 months. The tests are performed in accordance with 

international standards ISO527, ISO 2818, and ASTM D 3039. 

 Third phase: numerical structural model development to be used for mechanical 

behavior prediction of composite materials exposed to the marine environment, 

based on data collected in the second phase and a stochastic approach to 

determining the value and frequency of input load parameters. The 

interdependencies of static and dynamic stresses with the effects of water 

penetration into the matrix of composite materials are determined, and thus the 

influence on the mechanical characteristics of the material. 

 Fourth phase: the developed stochastic structural model is applied to the analysis 

of typical structural elements of maritime facilities, with an evaluation of the 

possibilities of improving the efficiency, economy and environmental acceptability 

of the facility. In addition to the above, the applicability of the model in the process 

of repairing marine structures using composite materials is analyzed. 

 Fifth phase: assembling a set of conclusions to be used for improvement of 

regulations, recommended practices and standards of in order to change the 

technical rules on the basis of the knowledge gathered during the research. 
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Experimental analysis 

Based on the initial survey of the research in this field the experimental analysis 

procedure was defined. The predominantly used composite materials in the marine 

industry are identified by examining the recent applications in shipbuilding and offshore 

facilities construction. As the water absorption is known as the most important 

influencing factor on the composite material integrity when exposed to the environment, 

the experimental phase of the research consisted of submerging coupons (specimens) in 

the sea and conducting mechanical properties tests throughout various time periods. 

The composite materials failure data is predominantly collected experimentally. The main 

issue here is the cost and time needed for such experiments if all the aspects of real marine 

environments are to be taken into consideration. Nonetheless, the real sea environment 

differs significantly from artificial, laboratory created conditions so this research strives 

to identify the most important influences of the real sea on mechanical properties of 

composite materials. 

2.1 Experiment setup 

The experimental part of the research is performed using standardized glass fiber 
reinforced polymer materials (INTERNATIONAL STANDARD, 2020; ISO 2818, 2018), with 
three different fiber layup configurations, namely: 

 unidirectional – designated UD0°, 

 cross-ply – designated (0/90)s, 

 angle-ply – designated (0/±45/90)s. 

The coupons are cutouts of 300×450 mm rectangular plates, produced for each of the 

material combinations using 8 plies of the 0,35 mm thick UD fabric (lamina) per plate. The 

epoxy/glass plates are produced by vacuum assisted infusion process, resulting in 3 + 0.2 
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mm thick plates, whilst the polyester/glass plates are produced by hand layup process, 

resulting in 5±0.5 mm thick plates. The dimension chosen for the coupons are  

250×25 mm, as shown in Figure I.2. 

 

Figure I.2 Coupon dimensions 

 

The notation used in the designations of fiber layout orientation configurations are based 

on the description of the lay-up sequence of prepreg laminas of the same thickness, which 

is the case here (Milenkovic et al., 2021). The laminas are numbered starting at the bottom 

and the angles are given from bottom up, as illustrated in Figure I.3. For symmetric lamina 

layup an abbreviated notation is used where only half of the stacking sequence is given 

and a subscript (s) is added to specify the symmetry. 

 

 a) b) c) 

Figure I.3 Fiber layut configurations: a) UD0°, b) (0/90)s, c) (0/±45/90)s coupons 
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Two types of resin are used as matrix materials, i.e. epoxy resin (Sicomin SR 8200 and SD 

720 series hardener) and polyester resin (Reichhold POLYLITE 507-574). The main 

mechanical characteristics of the resin systems chosen are given in Table 1. 

Table 1 Resin systems basic mechanical properties 

Property Epoxy Polyester 

Tensile strength [MPa] 47 42 
Elasticity modulus [MPa] 3,240 2,700 
Glass transition temperature [°C] 50 55 

 

The material of the fiber chosen here is E-glass in the form of fiber matt fabric (Sicomin 

UDV600), with 594 g/m2 ply specific area weight, due to its combination of mechanical 

performance characteristics, corrosion resistance and low cost which makes this type of 

glass fibers the most commonly used as reinforcement in FRP composites. 

Vacuum assisted infusion process was used for the epoxy/glass coupons and hand layup 

process was used for the polyester/glass coupons. Reinforcement tabs, made of printed 

circuit board cutouts and glued at the coupon ends before the tensile test minimized the 

influence of the tensile test machine’s grips pressure on the test results (Belingardi et al., 

2011). The size of the tabs was chosen based on ISO 527-4 recommendations. 

 

Figure I.4 Coupons with tabs before submersion 

Composite marine structures are usually protected against the negative influences of the 

marine environment by a final gel-coat resin-based finishing layer. This material dries 
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into a hard, shell-like casing. This layer should protect the structure from UV rays and 

harmful corrosive chemical reaction. However, if this protective damage becomes 

damaged (fading and cracking due to sun UV exposure, oxidization, impacts from heavy 

objects, repeated stress, warping from the sunlight over time etc.), the composite material 

underneath becomes exposed. It is not uncommon that the structure beneath also 

becomes damaged, especially during impacts. In order to assess whether the existence of 

such points on the material have any influence on the long-term behavior of the composite 

material exposed to real marine environment, intentional damage spots were introduced 

in several coupons during waterjet cutting. The known issue of cracking of brittle 

materials on the first impact of the cutting waterjet on the material is exploited here to 

create these damage points inside the gauge length of the coupons. 

The majority of available studies concerning the environmental degradation of the 

composite material properties are based on laboratory experiments that either simulate 

real environment (Choi et al., 2019) or are conducted in accelerated manner (Kovač et al., 

2021). The operational environment of marine structures is harsh and corrosive and the 

required operational life time is significant. A gap in the pertaining research is noticeable 

when it comes to experiments that are conducted in the natural environment for 

prolonged periods of time (Vukelic et al., 2021). 

Specially designed stainless-steel submersion fixtures facilitated the submersion in the 

sea, assuring a fixed position on the sea bed. 

 

Figure I.5 Stainless steel fixture 3D CAD model 
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Groups of coupons were scheduled for submersion in a real sea environment (depth of  

10 m at northern Adriatic in front of the city of Rijeka), for 6-, 12- and 24-months’ time 

periods. An additional group of coupons is to be kept “dry” (room conditions) as a 

reference group. The sea conditions on the chosen locations are: sea temperature at the 

location of experiment varies between 10–14 °C annually, salinity changes between 37.8–

38.3 PPT, while the pH value is between 8.22–8.29 (Institute of Oceanography and 

Fisheries, 2012). 

After each of the specified time periods the coupons were taken out of the sea for analysis 

of morphological and mechanical properties variations. The experimental analysis was 

comprised of optical observations of the coupons’ geometry and surface changes, mass 

measurements of dry and submerged coupons, optical and scanning electron microscopy 

and tensile testing. 

 

Figure I.6 Coupons in frame after 6 months of submersion 

2.2 Optical observations 

A significant attachment of various marine organisms is expected to be observed on all 

coupons. The combined mass gain due to the coupled algae/marine organisms’ growth 

and water absorption for both matrix resins is expected to intensify as the coupons’ 

submersion period increases. This phenomenon should emphasize the importance of 
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including the aspects of real marine environment exposure opposed to the idealized 

laboratory and accelerated aging environments predominantly used by researchers. 

The superficial changes of the coupons are monitored and documented photographicaly 

to enable comparison for various stages of the research (Vizentin et al., 2021). 

2.3 Mass measurements 

Monitoring the mass of the coupons during the submerging time-period yields a mass gain 

model due to seawater absorption in the composite matrices. Each coupon is weighed with 

the same digital scale (200 g measuring range and 0.01 g resolution) as dry and after the 

submerging time-period to determine the mass gain of the absorbed seawater. The coupons 

are measured with the organisms attached and cleaned, both. 

Special care during the process of cleaning the attached marine organisms from the 

coupons surface needs to be taken so no damage is introduced and thusly influence the 

test results. The cleaning must be done while the coupons are still submerged to prevent 

drying on the air which would skew the results. The excess water deposited on the surface 

of the coupon is removed by draining and superficial drying using a cloth. This entire 

procedure duration is kept under 1 minute (Vizentin et al., 2021). 

2.4 Microscopical observations 

Optical (Olympus SZX10 stereo optical microscope and Olympus BX51 SM optical 

microscope analysis system) and scanning electron microscopy (SEM, FEI QUANTA 250 

FEG with the OXFORD INSTRUMENTS PENTAFET, UK, Energy Dispersive Spectroscopy 

(EDS) analysis module) are used to identify and monitor morphological changes in the 

structure of the coupons as well to identify structural changes in the material on the 

microscopic level. 

Special attention is to be given to the areas of fracture occurred during the tensile test, as 

these locations represent the part of the material that was most affected by the exposure 

to the marine environment (Vizentin et al., 2021). 
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2.5 Tensile tests 

Tensile tests done on all coupons on the same testing machine (Zwick 400 kN universal 

testing machine coupled with a BTS Exmacro-H02 macro extensometer, Figure I.7) are 

instrumental in the determination of changes in the ultimate tensile strength (UTS) for 

the coupons exposed to the sea environment compared to the reference values of the dry 

coupons. 

 

Figure I.7 Coupon on completion of the tensile test 

The UTS of a composite is theoretically dependent on the matrix and fiber materials 

chosen, fiber orientation, volumetric content of the fibers in the composite material itself. 

The aim here is to establish the basic material data set which will be used to develop a 
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numerical model for the prediction of fatigue life degradation of fiber-reinforced (FRP) 

composite materials exposed for prolonged periods to real marine environments. 

The UTS of the material, along with the actual stress that a structure has to endure during 

the exploitation period, is a base parameter used to determine fatigue life of the material. 

A fatigue failure model for glass fiber composites is described in this research. It is worth 

to mention here that the loads on marine structures and vessels depend mainly on 

environmental and operating conditions (DNV, 2014). The most influential are wave, 

wind, and water current loads. Ocean waves are predominantly irregular and random in 

shape, height, length, and speed of propagation. However, for structural design 

properties, this load can be simplified by deterministic or stochastic methods. In order to 

determine the quasi-static response of marine structures and vessels, design procedures 

prescribed by classification societies allow the definition of wave loadings by wavelength 

and corresponding wave period, wave height, and crest height (DNV, 2021). 

The aim here is to determine the correlation of the exposure to the marine environment 

based on the time of exposure and changes in the fatigue life behavior of composite 

marine structures and to validate the need for the modification of the existing process 

used for obtaining composite material S–N curves in marine structures (Vizentin and 

Vukelic, 2022a). 
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Numerical analysis 

Experimental and numerical analysis results need to be compared so a valid numerical 

model of the material behavior under loading can be developed and subsequently used 

for similar loading conditions. 

3.1 Tensile test numerical modelling 

Composite material is by definition a material produced from two or more distinct 

constituent materials that have different chemical and physical properties and are 

combined to create a “new” material with a new set of properties different than the 

constituent’s properties (Barbero, 2017). This material is inherently orthotropic and the 

numerical modelling for FEA (Finite Element Analysis) applications can prove to be 

challenging, especially at micromechanical level. 

Practically, marine structural design engineers tend to “by-pass” often complicated and 

time consuming microlevel models and try to employ macro models-based design tools. 

resulting in them ignoring this aspect in the design process and turning to rules and 

procedures which can be conservative, empirical, and not completely encompass all the 

specificities of newly emerging materials such as FRP composites. 

The ANSYS® FEA software package contains the ACP (ANSYS® Composite PrepPost) 

(Ansys inc., 2022) add-in that can be used to model the composite material of various fiber 

layout configurations and geometries. In this dissertation, the ACP add-in is used in pre- 

and postprocessing of FEM (Finite Element Modelling) data as it considers the layered 

structure of the composite material. 

The coupons geometry is very regular and thin so shell finite elements can be used to 

model the geometry enabling the optimization of time and hardware resources needed 
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for FEA. In this research the FE model was meshed using 4-node shell elements with six 

degrees of freedom at each node, namely translations and rotations in and about the 3 

coordinate axis directions (ANSYS element designation SHELL181 (Ansys inc., 2021a)), in 

total comprising of 1034 nodes and 930 elements. There was no need for a larger number 

of elements since the solution converged. 

 

Figure I.8 ANSYS SHELL181 element geometry (Ansys inc., 2021a) 

 

The critical loads can then be identified ply-wise by the software’s built-in first ply failure 

(FPF) criteria capability for any fiber layout configuration. This critical load is actually the 

load at which the first failure occurs in any layer of the coupon FEM model. Any of the 

included and widely accepted (Ansys inc., 2021b; Hinton et al., 2004; Rahimi et al., 2012) 

criteria indicators theories, namely maximum strain and stress, Tsai-Wu, Tsai-Hill, 

Hoffman, Hashin, Puck LaRC and Cuntze, can be applied during analysis. 

The results obtained numerically must be compared to the experimental ones to validate 

the FE model (Vizentin and Vukelic, 2022b). 
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3.2 Material degradation prediction model 

The UTS variation data collected in the experimental phase of the research is used for 

regression analysis in order to obtain a mathematical model for the strength degradation 

corelated to the material exposure time in the marine environment. The obtained 

mathematical model can be then used to predict the loss of strength for a needed time 

period in the future. 

Marine structures (vessels and offshore) and any components used have to be submitted 

to a certification process prescribed by the regulations in order to prove its safety and 

functionality up to the end of the design life, which typically spans from 25 to 40 years. 

Current regulations tend to make very conservative assumptions regarding long-term 

structural behavior, mainly due to lack of detailed data. For example, the DNV standards 

(DNV-OS-C501, 2010; DNV GL AS, 2017) prescribe the procedures for the identification 

of critical failure mechanisms and the need for redesign if needed. The marine structure 

or vessel qualification process requires identification of static strength, resistance to 

cyclic fatigue (full fatigue analysis using SN curves at different R-ratios required), stress 

rupture, damage tolerance and effects of the environment on the structure. 

The classification societies rules prescribe the procedure for obtaining S-N curves for 

composite materials. Various authors have reported results in modelling S-N curves for 

composites (Burhan and Kim, 2018; Vázquez et al., 1998; Yasar et al., 2014) and 

prediction of the fatigue life of composite structures (Djeghader and Redjel, 2017; Kim 

and Huang, 2021; Silvera et al., 2011). A failure model for groups of similar fiber/matrix 

combination composites as the ones used in this research, can be defined in the form: 

  






 

  
 

u

max

log N  (1.1) 

where N is the number of fatigue life cycles, u  is the ultimate tensile strength (UTS) value, 

max  is the maximal tensile stress occurring in the loaded structure,   and   are 

experimental data fitting coefficients (Silvera et al., 2011). 

In this dissertation, the regression process results are obtained based on data gathered 

for UD0°, (0/90)s and (0/45/90)s fiber layout configurations. The model of regression 
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that showed the best correlation to experimental data was an exponential equation in the 

form of: 

   B
u A te  (1.2) 

where   is the tensile strength value, t is the time of exposure to the marine environment 

and A and B are experimental data fitting coefficients. The coefficient A represents the 

average ultimate tensile stress of the non-submerged specimens tested. 

Combining equations (1.1) and (1.2) a modified S-N curve equation can be obtained in the 

form: 

  





 
  

 

B

max

Alog
teN  (1.3) 

This model can be now used to predict the variations in the S-N curves caused by the 

change in the ultimate strength value of the samples due to the degradation of mechanical 

properties of the composite material exposed to the marine environment. The described 

phenomenon has a direct effect on the classically calculated expected fatigue life of the 

structure. 
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Conclusion 

4.1 Main Contributions 

This dissertation focuses on determining the effects of a real sea environment on the 

mechanical properties of composite marine structures in real-time analysis. Epoxy/glass 

and polyester/glass composite coupons (specimens) were used to investigate and model 

the deterioration of the material mechanical properties. The research has proven that the 

real sea environment has considerable effects on composite materials in the form of 

reduced mechanical strength which differ from the effects observed in laboratory 

conditions. 

The main contributions of this research can be summarized as follows: 

 The growth of microorganisms embedded in the resin and invertebrate 

(Nematoda) organism attached to the surface of the coupons, both originated from 

the real marine environment, effectively created voids in the matrix resin and 

produced a direct effect on mechanical properties. This directly indicates to the 

importance of testing in real environment versus the somewhat idealized, more 

commonly used, laboratory conditions of climate chambers and artificial seawater 

environments, which does not contain any marine organisms.  

 Data collected during the experimental phase of the doctoral research represents 

a contribution itself due to the fact that only a small number of marine composite 

standards and researchers reference long-term material properties in real marine 

environment. The loss of ultimate tensile strength indicated by the experimental 

part of this research indicated that corrections of the procedures used for 

predicting the fatigue life of composites exposed to the sea is required. 
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 A basic durability assessment model is proposed that can be used to predict fatigue 

life degradation of fiber-reinforced (FRP) composite materials exposed for 

prolonged periods to real marine environments. The data collected during the 

research was used to perform regression analysis with the goal to obtain a 

mathematical model for the strength degradation correlated to the exposure time 

in the marine environment. The obtained mathematical model can be used to 

predict the loss of strength over prolonged period of time. 

 The study of the need for the modification of the process used for obtaining 

composite material S–N curves, considering the influence of the marine 

environment, has been conducted taking into consideration the technical 

standards, recommended practices and certification process of marine industry 

sector classification societies. The research which resulted in this dissertation has 

shown that the long-term properties of composite materials exposed to the 

demanding marine environment must be determined in order to integrate the 

durability issues into the design standards. Current regulations tend to make very 

conservative assumptions regarding long-term structural behavior, mainly due to 

a lack of detailed data. Fatigue life decrease model has been proposed for three 

most commonly used fiber layout configurations exposed to real marine 

environment, with respect to the initial value calculated for dry coupons. 

 An experimental and numerical analysis was conducted as part of this research 

verified a suitable repair technique of a failed pressure vessel with a composite 

material patch in order to restore the functionality of the vessel itself. The analysis 

results clearly indicated that the composite patch repair applied to the structure 

enabled it to successfully withstand the working and test pressure. With this 

relatively simple method of structural repair proven as valid, new areas of 

application in the marine transport sector (and not solely to this sectors) can be 

foreseen. 

 The entirety of the finding obtained in this research serves as a basis for a proposal 

to marine industry classification societies to revise the design procedures of 

marine structures exposed to a real sea environment in order to include the effects 

of mechanical properties degradation caused by living organisms. Although the 

existing rules and regulations (for example Det Norske Veritas (DNV) regulations) 
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do acknowledge composites as structural materials, a paradigm shift is needed in 

ship construction as the early stages of design open more opportunities for 

composites materials compared to classically used steel and aluminum. Standards 

often recommend “documenting test results” in order to determine the behavior 

of the composite material and recommend using the same design procedures as 

for steel, aluminum or wood, thus emphasizing the lack of reliable analytical or 

numerical models in this field or research. The structural design standards issued 

by classification societies introduce guidance for composite elements in a stepwise 

manner for specific structural elements (for example composite tendons for 

offshore structures) with assumptions of “material properties such as strength and 

stiffness are normally distributed” (DNV-OS-C501, 2010), which is not the case for 

all fiber layout configurations. The same standards state that the “stacking 

sequence shall be clearly identified”, “the orientation of non-homogenous or 

anisotropic materials shall be clearly specified on the materials level and the 

structural level” and that the “laminates shall be specified in a way that they can 

be described by a sequence of stacked orthotropic plies”. The standards also 

assume that “the UD ply has linear elastic properties” and “the cross-ply is bi-linear 

in tension and in compression”. All of this results in an obligation to treat a 

composite laminate as a stack of orthotropic plies, with no mention whatsoever of 

environmentally influenced material properties degradation. When it comes to 

defining mechanical strength properties the classification standard requires the 

usage of a “characteristic strength” value that is to be obtained by experimental 

measurements for long term static, cyclic and high rate loads, again not taking into 

consideration the effect of long-time exposure to the real sea environment 

identified as significant by this research. As the standards specify “The term 

environment designates in this standard the surroundings that impose no direct 

load on the product, e.g. ambient temperature, moisture or chemicals. The findings 

of this research can be integrated in the definitions of the ultimate strength values 

by introducing the material propertied degradation caused by coupled effects of 

moisture intake and marine dwelling organisms attachment and imbedding to the 

composite material. 
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4.2 Future work 

The research has indicated to possible future work and expansion topics which include: 

 The manufacturing process plays a significant role in resulting composite part or 

structure mechanical properties. The polyester coupons were made by hand-layup 

process, whilst the epoxy coupons were produced by vacuum-assisted infusion. 

One research direction that could improve the proposed material behavior model 

could be integrating the various composite material manufacturing processes 

negative effects on the material properties. 

 The sea dwelling organism’s (invertebrate and microorganisms alike) surface 

attachment and the matrix imbedding mechanisms at the micro level is still not 

fully known. The activity of this organisms directly caused the degradation of the 

composite material mechanical properties. There are currently ongoing 

microbiological researches trying to determine whether the mentioned organisms 

eat or drill their way into the material. This researches result would be used to 

further develop the mechanical degradation model. 

 The real marine environment influence on composites data set collected in this 

research was done on a certain number of coupons submerged in a single location 

of the sea. More experiments of the same kind performed in various environmental 

conditions and locations, could significantly raise the accuracy of the model and 

certainty of its application. 

 The possibilities of further development of a numerical method that would 

encompass the continuous UTS decay, all of the aspects of the stochastic nature of 

the marine environment and increase the accuracy of the prediction are still 

present. 
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Summary of Papers 

A Effect of Time-Real Marine Environment Exposure on the 

Mechanical Behavior of FRP Composites 
 

Fiber reinforced polymer (FRP) composites coupons were exposed to real sea 

environment to assess the influence on the mechanical behavior of composite materials 

used in the construction of marine structures. Real-life sea environment conditions were 

opted for instead of the more common simulated and laboratory versions of seawater in 

the attempt to obtain more realistic structural modeling environmental input design 

parameters for marine structures. Exposure was performed over prolonged time span 

instead of the usual accelerated tests. Epoxy and polyester resins, reinforced with glass 

fibers in three fiber layout configurations, were used to manufacture standardized tensile 

testing coupons. Mass changes due to seawater absorption, microorganism growth, 

changes in tensile strength (standard tensile tests), and surface morphology of the 

coupons were evaluated after 6- and 12-month long periods of submersion in the sea in 

the Rijeka bay, Croatia. All specimens showed mass increase due to water absorption and 

growth of attached algae and sea microorganisms. Various levels of reduction in tensile 

strength, depending on the fiber layout configurations, were observed. Significant 

changes in the matrix material structure were noticed, effectively producing “voids”. 

Based on these results, sustainability of FRP composites in marine environment is 

addressed and discussed. 

Vizentin, G.; Glujić, D.; Špada, V., 2021. Effect of Time-Real Marine Environment Exposure on the 

Mechanical Behavior of FRP Composites. Sustainability, 13, 9934. 

https://doi.org/10.3390/su13179934 



G. Vizentin – Doctoral dissertation 
 

28 
 

B Marine Environment Induced Failure of FRP Composites Used in 

Maritime Transport 
Fiber reinforced polymer (FRP) composites are being extensively considered for 

construction of ships and marine structures. Due to harsh environmental operational 

conditions, failure prediction of such structures is an imperative in this industry sector. 

This paper presents the final results of a 2-year research of real marine environment 

induced changes of mechanical properties in FRP composites. 

Realistic environmental input parameters for structural modeling of marine structures 

are crucial and can be obtained by conducting tests in real sea environment for prolonged 

periods, as opposed to usual accelerated laboratory experiments. In this research, 

samples of epoxy/glass and polyester/glass with various fiber layout configurations have 

been submerged under the sea for periods of 6, 12 and 24 months. An analysis of mass 

changes, marine microbiology growth, tensile strength and morphological structures of 

the coupons was performed and compared with samples exposed to room environment. 

All samples exhibited an increase in mass due to seawater absorption and microorganism 

growth in the organic resins (matrix). The tensile strength loss variation through the 

periods of submersion showed a correlation with the fiber layout configuration. The 

results of optical and scanning electron microscopical investigation indicated significant 

matrix morphological changes primarily due to salt crystal formation and the impact of 

sea microorganisms embedding in and attaching to the resin. 

The outcome of this research will be the basis for a set of realistic input parameters for a 

failure analysis numerical tool currently in development that can be applied for life-time 

behavior predictions of marine structures. 

Vizentin, G.; Vukelic, G.; 2022. Marine Environment Induced Failure of FRP Composites Used in 

Maritime Transport. Engineering Failure Analysis, 137. 

https://doi.org/10.1016/j.engfailanal.2022.106258 
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C Prediction of FRP Composites Properties Deterioration Induced by 

Marine Environment 
A model for prediction of fatigue life degradation of fiber reinforced (FRP) composite 

material exposed for prolonged periods to real marine environment is proposed. The data 

collected during previous phases of a more comprehensive research of real marine 

environment induced changes of mechanical properties in FRP composites was used to 

assess the influence of these changes on the durability characteristic of composites. 

Attention has been given to classification societies design and exploitation rules in this 

matter. The need for modification of the composite material S-N curves obtaining process, 

considering the marine environment influence has been considered. Regression analysis 

of the experimental data has been conducted, resulting in a mathematical strength 

degradation in time model. The regression analysis has shown an acceptable correlation 

value. S-N curves for E-glass/polyester composite with three different fiber layout 

configurations have been evaluated and modified in order to encompass the findings of 

the research. 

Vizentin, G.; Vukelic, G.; 2022. Prediction of FRP Composites Properties Deterioration Induced by 

Marine Environment. Journal of Marine Science and Engineering, 10, 510. 

https://doi.org/10.3390/jmse10040510 
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D Composite wrap repair of a failed pressure vessel—Experimental 

and numerical analysis 
This experimental and numerical study deals with the failure of two steel pressure vessels 

that failed during hydrostatic test at a pressure lower than test pressure. Failure was 

noticed because of pressure drop and fluid leakage during the test and, later, by observing 

through-wall cracks that formed on the vessels. Experimentally, visual and ultrasonic 

non-destructive testing was performed to check the vessel for possible cracks and to 

measure wall thickness. Microscopy was employed to inspect the existing cracks and 

determine their dimensions. Results revealed pitting corrosion at the bottom part of the 

vessel to be the cause of the cracks. Numerical analysis was performed to assess the 

possibility of retaining the functionality of the vessel by using composite patch repair 

procedure. Results proved that repaired vessel can retain the pressure bearing capacity 

and numerically obtained results were confirmed by experimental investigation on the 

similar vessels. As a conclusion, some recommendations are given to avoid future failures 

of such pressure vessels. 

Vukelic, G.; Vizentin G.; 2021. Composite wrap repair of a failed pressure vessel—Experimental and 

numerical analysis. Thin-Walled Structures, 169. https://doi.org/10.1016/j.tws.2021.108488 
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A. Effect of time-real marine environment exposure on the 

mechanical behavior of FRP composites 
Goran Vizentin, Darko Glujić, Vedrana Špada 

Abstract: Fiber reinforced polymer (FRP) composites coupons have been exposed to real sea environment 

in order to assess the influence on the mechanical behavior of composite materials used in the construction 

of marine structures. Real life sea environment conditions were opted for instead of the more common 

simulated and laboratory versions of seawater in the attempt to obtain more realistic structural modeling 

environmental input design parameters for marine structures. Exposure was performed over prolonged 

time span, instead of usual accelerated tests. Epoxy and polyester resins, reinforced with glass fibers in 

three fiber layout configurations were used to manufacture standardized tensile testing coupons. Mass 

changes due to seawater absorption, microorganism’s growth, changes in tensile strength (standard tensile 

tests) and surface morphology of the coupons were evaluated after 6- and 12-months long periods of 

submersion in the sea in the Rijeka bay, Croatia. All specimens have shown mass increase due to water 

absorption and growth of attached algae and sea microorganisms. Various levels of reduction in tensile 

strength, depending on the fiber layout configurations, were observed. Significant changes in the matrix 

material structure were noticed, effectively producing “voids”. Based on these results, sustainability of FRP 

composites in marine environment is addressed and discussed. 

Keywords: composites; sustainability of composites; marine environment; FRP composites 

1. Introduction 

Fiber reinforced polymer (FRP) composites have been used in the construction of marine 

vessels and structures since the middle of the 20th century, whether it be as an exclusive 

option for construction [1] or as a combination with traditional materials, like steel [2] or 

concrete [3]. The design of these structures in aspects of strength, durability and 

environmental influence on the mechanical properties has been based mainly on 

experience for the best part of the said period. In the last couple of decades, significant 

effort has been made to combine the experimental and scientific knowledge obtained so 

far in these field of research in order to enable prediction models that can be safely used 

to achieve sustainable and safe design of marine structures [4–7]. 

Mechanical properties of composite materials can be customized accordingly to specific 

applications demands by defining layup sequences, number of plies and fiber orientation 

in the load direction [8–10], which makes them appealing for design of marine structures 

with complex shapes. As the application field for marine composites widens, the request 

for resilience to mechanical loading and environmental influences rises. Adequate 

knowledge of limit state assessment, durability and life span, failure modes, fracture 
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toughness, fire resistance and environment influence parameters are crucial for an 

efficient and sustainable design process for structures in this demanding industry sector 

[11]. 

The micromechanical aspect of composite materials design is often considered too 

complex and time consuming for marine structural designers to be dealt with. The 

scientific research in this field of study should be aimed to simplify the complex, 

micromechanical level analysis and transform it into simple to use and time saving 

engineering tools. The current practice for obtaining data for composites failure is based 

on experiments. As experiments can be relatively expensive and micro scale data is 

usually unavailable to shipbuilders, they often turn to data and models prescribed by rules 

and procedures, thus leading to empirical based design process of marine structures. All 

of this yield in rules that are very conservative in formulating the design requests, which 

in turn hinders optimal design of marine structures concerning failure mechanisms. 

One of the most important parameters influencing the mechanical properties of 

composite materials in marine applications is the absorption of seawater [12]. Previous 

research on this matter is based on immersing test samples, called coupons, in laboratory 

conditions using accelerated procedures [13] to simulate 20+ years of expected lifespan 

of typical marine structures [14,15]. The ageing of composites is usually carried out in 

climatic chambers in laboratory conditions [6,16,17] in order to reduce the time of the 

test [18–21]. 

In addition, water absorption tests are often done with tap, demineralized water or 

artificial seawater [22,23]. This approach yields a lack of long-term data pertaining to 

degradation of mechanical properties exposed to the marine environment. Furthermore, 

the effects of the moving seawater (waves, sea level variations due to tides), radically 

variant environmental effects that a typical marine vessels and structures are exposed 

during their life cycle (vessels sailing all over the world, changes in salinity, climate) are 

not considered in accelerated ageing laboratory methods. 

The absorption process of moisture and water of a composite exhibits complex behavior 

and dependence on various factors [24] such as resin type and curing characteristics, void 

content, resin/fiber volume fractions [25], the manufacturing technique etc. [26–28]. 
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All this served as motivation to concentrate the research presented here on the influence 

of absorbed water on marine composites in real life conditions, not laboratory, by 

submerging the coupons in the sea for prolonged periods of 6 and 12 months. 

The dominant choice of composite materials in the civil sector of the marine vessels 

industries is glass fiber reinforced plastics (GRP), both for commercial and leisure vessels 

hulls [29], resulting in a more cost-effective product. Classification societies can be 

somewhat restrictive when it comes to allowing composites as structural material. The 

choice of fibers is restricted to E-glass or carbon fibers, whilst resins are limited to epoxy, 

polyester or vinyl-ester [30], [31], [32]. 

The scope of the experimental research presented in this paper is the absorption of 

composite coupons in real sea environment and the assessment on the impact of the 

seawater on the mechanical properties of the material. 

 

2. Materials and Methods 

2.1. Materials 

The ISO 527-4 [33] standard prescribes the testing procedures for determination of 

tensile properties of fiber-reinforced plastic composites, both for unidirectional (UD) and 

multidirectional reinforcements. 

In this paper, epoxy and polyester resins with glass fibers were used to manufacture 

standardized tensile testing coupons. Two matrix/fiber combinations were used, namely 

epoxy/glass and polyester/glass. The epoxy resin (Sicomin SR 8200 and SD 720 series 

hardener) and the polyester resin (Reichhold POLYLITE 507-574) mechanical properties 

are shown in Table 1, as provided by the manufacturers of each component. 

Table 1. Resin systems properties 

Property Epoxy Polyester 
Tensile strength [MPa] 47 42 
Elasticity modulus [MPa] 3240 2700 
Glass transition temperature [°C] 50 55 

 

The fibers used in manufacturing the coupons are in the form of a UD stitched E-glass fiber 

fabric (Sicomin UDV600), with 594 g/m2 ply specific area weight. 
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Four different layup configurations have been chosen for both matrix/fiber combinations 

in order to evaluate mechanical properties deterioration in the marine environment. The 

layup schematics are as follows, according to standard notation for composite layup [34]: 

 Unidirectional with longitudinal fiber orientation – UD0 

 Multidirectional – (0/90)s 

 Multidirectional – (0/45/90)s. 

Three rectangular plates measuring 300×450 mm with three different layup schemes 

(UD0, 0/90, (0/45/90)S, were produced for each of the material combinations using 8 

plies of the UD fabric per plate, Figure 1. The epoxy/glass plates were produced by 

vacuum assisted infusion process, resulting in 3+0.2 mm thick plates. The infusion 

process proved problematic for the polyester resin as it was resulting in dry fibers on the 

tool surfaces, so the polyester/glass plates were finally produced by hand layup process 

resulting in 5±0.5 mm thick plates. 

 

Figure 1. Composite plate prepared for waterjet cutting. 

2.2. Coupons and Exposure to Marine Environment 

Coupons measuring 250 mm in length and 25 mm in width [33] were then cut out of the 

plates on a waterjet cutting machine (OMAX Maxiem series), Figure 2. The cutting 

pressure was between 1400 and 3400 bar, with the average cutting speed of 1187 

mm/min. 

Waterjet cutting was chosen based on previous experience in cutting similar materials. 

The brittleness of glass and composite materials causes localized damage on the locations 

of first contact of the cutting high-pressure waterjet with the material. This enabled the 

precise positioning of the damage point on the coupon gauge length during the 
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configuration of the waterjet machine. The intent here is to introduce a damage point, 

which is to simulate real damage on marine structures. This damage point represents a 

facilitated entry point of seawater in a real structure. Composite marine vessels and 

structures are usually protected by a final layer of gel coat that protects them from water 

penetration. When this protective layer is damaged during application, a more significant 

sea water intake rate in the structure material is enabled. 

All the coupons were then weighed dry and measured with a ±0.1 mm accuracy. 

 
Figure 2. Cut out coupons 

 
The machined coupons were divided into 2 main groups by material combinations 

(epoxy/glass, polyester/glass), and in 3 subgroups according to the duration of exposure 

to the marine environment (dry, 6 months, 12 months). Each group consisted of 5 

specimens (coupons). The first subgroup of coupons was not submerged but tested dry, 

to be used as a control group. 

The other two subgroups were exposed to real-life sea environment, i.e. submerged into 

the sea on a depth of 10 m, at northern Adriatic in front of the city of Rijeka in Croatia for 

a duration of 6 and 12 months, respectively. The sea temperature at the location of 

experiment is varying between 10 and 14 °C annually, salinity changes between 37.8 and 

38.3 PPT, while the pH value is between 8.22 and 8.29 [35]. The coupons were mounted 

on special stainless-steel frames (AISI 316L), shown in Figure 3. 
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(a) (b) 

Figure 3. Coupons mounted on special stainless-steel frame before submersion: (a) 
Epoxy/glass; (b) Polyester/glass. 

2.3. Testing Procedures 

Each coupon was weighed with the same digital scale with a 200 g measuring range and 

0,01g resolution before (dry) and after the submerging time-period in order to determine 

the mass gain of the absorbed seawater. Wet coupons were taken out of the sea, cleaned 

from sea organisms accumulated during submersion with a soft brush, still submerged in 

seawater. Special care was taken not to damage the coupon. After cleaning, the coupons 

were left to drain, dried superficially with a cloth and weighed all under one minute to 

assure minimal possible drying of the coupons. 

Reinforcement tabs, made of printed circuit board cutouts, were added at the coupon ends 

before the tensile test in order to minimize the influence of the grips pressure on the test 

results [36]. The size of the tabs was chosen based on ISO 527-4 recommendations, Figure 

4. 

Uniaxial tensile tests used for the determination of the material properties were 

performed on a Zwick 400 kN (ZwickRoell GmbH, Germany) universal testing machine. A 

macro extensometer was used to measure the specimens’ elongation. The displacement 

rate of the testing machine crosshead during testing was 2 mm/min. 

Tensile testing was conducted in accordance to ISO 527 series standards 

recommendations. 
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(a) (b) 

Figure 4. Coupons: (a) with reinforcement tabs; (b) gripped in the tensile testing machine. 

 
Figure 5. Coupons after tensile testing, locations for microscopical examination. 

Microscopical investigation was performed on fractured coupons of three fiber layout 

configurations (UD0°, (0/90)s, (0/45/90)s) and for both dry coupons and coupons 

submerged in the sea for different periods i.e. 6 and 12 months. Surface and cross-

sectional images were taken of all coupons, with special attention given to the grips areas 

(A) and locations with observed damage after the tensile test (B), Figure 5. 

Optical microscopy systems (Olympus SZX10 stereo optical microscope and Olympus 

BX51 SM optical microscope analysis system, both produced by Olympus corporation, 

Japan) and scanning electron microscope (SEM, FEI QUANTA 250 FEG, FEI Company. USA) 

with the OXFORD INSTRUMENTS PENTAFET, UK, Energy Dispersive Spectroscopy (EDS) 

analysis module were used to investigate the state of the coupon’s surfaces exposed to 
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real sea environment and to identify changes in surface morphology caused by the 

exposure to seawater. Photographs were taken before and after the tensile tests. 

3. Results 

The results of the experimental investigation of Epoxy/glass and Polyester/glass coupons 

exposed to marine environment are presented in the form of diagrams, images and tables. 

Experimental testing results shown here are comprised of coupon weight change 

(seawater absorption, algae growth) analysis, tensile strength determination and surface 

morphology changes observations. 

3.1. Algae and marine organisms growth 

The average aggregate mass gain due to the coupled algae/marine organisms’ growth and 

water absorption for the two matrix resins is given in table 2. 

Table 2. Mass gain due to algae growth and water absorption 
Resin Period of exposure Mass increase [%] 

Minimum Maximum Average 
Epoxy 6 months 0.929 3.892 1.971 

12 months 5.070 11,175 7.856 
Polyester 6 months 0.863 1.758 1.286 

12 months 2.551 13.940 8.687 
 

3.2. Water absorption and mass change analysis 

The cleaned coupons mass measurement results after the period of 6 and 12 months of 

submersion are shown below, Figure 6. 
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(b) 

Figure 6. Average mass gain due to seawater absorption: (a) epoxy resin; (b) polyester resin. 

 
The minimum and maximum values of the mass gain for all layout configurations and 

material combinations are given in tables 3 and 4. 

Table 3. Mass gain due to seawater absorption, epoxy resin 
Fiber layout 

configuration Period of exposure Mass increase [%] 
Minimum Maximum Average 

UD0° 6 months 0.070 0.092 0.081 
12 months 0.133 0.300 0.217 

(0/90)s 6 months 0.158 0.211 0.175 
12 months 0.087 0.423 0.288 

(0/45/90)s 6 months 0.078 0.198 0.140 
12 months 0.252 0.502 0.381 

 
Table 4. Mass gain due to seawater absorption, polyester resin 

Fiber layout 
configuration Period of exposure Mass increase [%] 

Minimum Maximum Average 

UD0° 6 months 0.099 0.155 0.127 
12 months 0.018 0.199 0.103 

(0/90)s 6 months 0.194 0.258 0.222 
12 months 0.040 0.128 0.083 

(0/45/90)s 6 months 0.070 0.300 0.197 
12 months 0.173 0.266 0.213 
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3.3. Tensile test results 

Engineering stress-strain diagrams were obtained from performed uniaxial tensile 

strength on dry coupons and wet coupons that have been submerged in the sea for 6 and 

12 months, Figures 7 to 12. 

 
Figure 7. Engineering stress-strain diagrams for epoxy/glass UD0°coupons submerged in the 

sea for 6 (6M) and 12 months (12M). 

 
Figure 8. Engineering stress-strain diagrams for epoxy/glass (0/90)s coupons submerged in the 

sea for 6 (6M) and 12 months (12M). 
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Figure 9. Engineering stress-strain diagrams for epoxy/glass (0/45/90)s coupons submerged in 

the sea for 6 (6M) and 12 months (12M). 

 
Figure 10. Engineering stress-strain diagrams for polyester/glass UD0°coupons submerged in 

the sea for 6 (6M) and 12 months (12M). 
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Figure 11. Engineering stress-strain diagrams for polyester /glass (0/90)s coupons submerged 

in the sea for 6 (6M) and 12 months (12M). 

 
Figure 12. Engineering stress-strain diagrams for polyester /glass (0/45/90)s coupons 

submerged in the sea for 6 (6M) and 12 months (12M). 

 

The change in tensile strength due to the prolonged submersion in seawater is shown, 

Figures 13 and 14. 
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(a) 

 

(b) 

Figure 13. Average tensile strength degradation: (a) epoxy resin coupons; (b) polyester resin 
coupons 

 

3.4. Microscopical investigation 

Surface and cross-sectional images obtained by optical microscopy are not presented here 

but are available in a publicly accessible repository in order to save paper space and keep 

the readers focus on the more detailed and more illustrative SEM results. 

The images obtained by SEM investigation are presented in Figures 14 to 19. Only several 

representative images were chosen as a portrayal of the performed research in order to 

limit the length of the paper. 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 14. SEM epoxy UD0°: (a) dry; (b) 6 months submersion; (c) and (d) salt crystals after 6 
months; (e) and (f) microorganisms’ growth after 12 months 



G. Vizentin – Doctoral dissertation 
 

61 
 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 15. SEM epoxy (0/90)s: (a) dry; (b) 6 months submersion; (c) and (d) salt crystals 
formations; (e) and (f) microorganisms’ growth after 12 months 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 16. SEM epoxy (0/45/90)s: (a) dry; (b), (c) and (d) salt crystals 6 and 12 months 
submersion; (e) and (f) microorganisms’ growth after 6 and 12 months 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 17. SEM polyester UD0°: (a) and (b) dry; (c) and (d) salt crystals 6- months submersion; 
(e) and (f) 12- months submersion 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 18. SEM polyester (0/90)s: (a) and (b) dry, manufacturing imperfections; (c) and (d) 
microorganisms’ growth after 6 months of submersion; (e) and (f) 12 months of submersion 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 19. SEM polyester (0/45/90)s: (a) and (b) dry; (c) and (d) resin degradation, 6 months 
submersion ; (e) and (f) microorganisms in the resin, 12 months of submersion 

4. Discussion 
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The mass measurement of all coupons before and after  the submersion has shown an 

increase of mass for all coupons, Tables 3 and 4, Figure 6. The epoxy resin coupons have 

shown a greater average mass gain due to water absorption compared to polyester ones. 

Of the total of six resin material/fiber layout configurations, epoxy coupons with (0/90)s 

layout and all of the polyester coupons have shown signs of water absorption saturation 

in the one year period. The epoxy UD0° and (0/45/90)s fiber layout have still and rising 

mass gain curve indicating that water absorption saturation has not been achieved after 

one year of submersion, Figure 6a. The (0/45/90)s fiber layout configuration coupons for 

both resin types have shown the greatest mass gain compared to the other fiber layout 

configurations. 

Polyester matrix coupons have amassed more microbial growth than the epoxy ones. This 

emphasizes the importance of the application of real sea environment instead of, in 

similar researches, more commonly used artificial sea and environmental conditions 

generated in a laboratory. 

In all the diagrams in figures 7 to 12 the reference stress-strain curve is designated as 

“Dry”. This curve represents the tensile mechanical properties of coupons not exposed to 

seawater. All submerged specimens have had reduced tensile strength in average. 

Polyester resin coupons had a more pronounced drop in strength in the period form the 

6th to the 12th month, figure 13b, while the epoxy resin coupons exhibited greater tensile 

strength loss after the first 6 months of submersion. The only exception from this behavior 

was noticed by the epoxy coupons with the (0/90)s fiber layout configuration, figure 14a. 

This is to be attributed to a single specimen from the group of this material and fiber 

layout combination submerged in the sea for 6 months exhibiting “extreme” tensile 

strength. By further examination, a higher fiber content in the said specimen was 

identified compared to the other specimens from the same group. This goes to show that 

the manufacturing process has a strong impact on the mechanical properties of the 

finalized composite part. 

It is important to consider that the environmental conditions (sea temperature, currents, 

sea level etc.) were not constant as they would be in a laboratory-based environment. The 

first 6 months of submersion spanned from late autumn to early summer i.e. 

predominantly colder environmental conditions. Subsequently, the next 6 months were 

predominantly warmer. 
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The results obtained in this research show a correlation with previous research results 

this topic done by other researchers [37–40]. The novelty of this research is the exposure 

to real sea environment with all the environmental and sea living organisms’ effects acting 

simultaneously and randomly on the materials during the submersion as opposed to, 

more common, artificial and laboratory conditions often combined with accelerated 

absorption tests. 

Analysis of the images collected during the microscopical investigation showed formation 

of salt crystals on the surface layers of the coupon as well as embedded salt crystals in 

both resins. The epoxy resin coupons showed a greater accumulation of salt crystals, 

figures 14c, 15e and 16c, than polyester ones, figures 17c, 18d and 19d, regardless of the 

fiber orientation setups. 

One additional phenomenon noticed was the attachment and growth of marine 

microorganism on the organic resins used as matrix materials. The attachment and 

growth of sea microorganisms on the surface of the coupons was more intense in the first 

6 months for the epoxy matrix coupons, but the total growth and maximum values after 

12 months were more significant for the polyester ones, causing significant morphological 

changes in the resin, figures 17e, 18d and 19f. The (0/45/90)s fiber configuration 

attracted the most microorganisms for the epoxy resin coupons, figures 16e and 16f, while 

for the polyester ones most organism were found in the (0/90)s configuration, figures 18c 

and 18d. The algae attached to the surface of the coupons were easily removable during 

the cleaning of the coupons, and did not leave any noticeable macroscopic damage areas 

on the coupons. 

However, the microorganisms that settled on the coupon’s matrix were causing 

mechanical changes on the organic resin [41] effectively creating voids from the surface 

and into the matrix, hence additionally changing the mechanical properties of the 

composite. Since the polyester coupons were manufactured by hand layup, the number of 

imperfections and voids in the matrix was greater than in the vacuum infused epoxy 

coupons. This resulted in a greater number of favorable locations for the development of 

microorganisms and therefore a greater influence on the mechanical properties of the 

composite material. 
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5. Conclusions 

Considerable effects of the real sea environment on composite materials were noticed in 

the form of reduced mechanical strength for  the tested coupons submerged in the sea. 

The submerged UD0, (0/90)s and (0/45/90)s epoxy/glass coupons have exhibited tensile 

strength reduction of 32%, 14% and 36% after 6 months of submersion (with the 

exception of one inadequately manufactured (0/90)s coupon), whilst 44%, 40% and 49% 

after 12 months of submersion, respectivelly. The polyester/glass UD0, (0/90)s and 

(0/45/90)s coupons have lost 11%, 5% and 1% after 6 months of submersion and 50%, 

37% and 13% after 12 months in the sea. The (0/45/90)s layout configuration for the 

polyester/glas combination has shown the greatest resilience to the marine environment. 

However, further study is needed here due to the fact that the polyester coupons have 

been made by hand-layup process which can significantly affect mechanical 

characteristics of the composite. This issue will be examined more in detail when the, 

already submerged, 24 month coupons batch will be extracted from the sea. 

The growth of microorganisms embedded in the resin and invertebrate (Nematoda) 

organism attached to the surface of the coupons effectively created voids in the matrix 

resin and produced a direct effect on mechanical properties. Asmicroorganisms are only 

able to accelerate chemo-physical erosion of the plastic surfaces in marine environment, 

probably trough the secretion of corrosive substance (acids, hydrolytic catalyzers etc.), 

further in-depth research on this effect is necesary. 

The findings of the research indicate to the importance of biofouling in environmental 

degradation of mechanical properties of composite materials in the marine environment. 

Ageing of FRP composites in real-time and real marine environment differs to the more 

commonly used accelerated ageing methods, due to the effects of the marine organisms 

attached to the material. This can affect the accuracy of results obtained by the artificial 

environment and accelerated testing methodology if sufficient care is not taken to assure 

the replication of real marine environment and its effects. 

More data from longer exposure is needed in order to enable the development of a reliable 

predictive numerical model of the mechanical behavior of composite materials exposed 

to real sea environment, which would represent a basic tool to assess the durability and 

the sustainability of composite marine structures during their exploitation Additional 

coupons have already been submerged in the sea to ensure the continuation of this 
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research. This additional set of data will help in building predictive numerical model that 

could successfully replace the time and resource consuming experiments. However, 

stochastic nature of the environmental loading must be incorporated in that model. For 

that reason, placing coupons in different types of marine environment (regarding the 

temperature, sa-linity, pH value, etc.) would bring even better accuracy of the numerical 

model. Also, when it comes to use of composites in marine industry, it would be beneficial 

to place the test coupons in different locations in order to account for change in the 

structure of micro-organisms due to ballast water discharge. This is the path that should 

be followed in fu-ture research. 

Sustainability of composites in general in the marine industry has often been emphasized 

in terms that composite materials offer the possibility of building lighter vessels that can 

carry more cargo and/or produce lower emissions, with the expansion of the maintenance 

intervals [42]. Potential sustainability needs, however, to be validated since different 

types of composites react differently when exposed to harsh marine environment. This 

study presents a step in that direction giving insight into the behavior and change of me-

chanical properties for specific type of composites exposed for prolonged periods to the 

real marine environment. 
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B. Marine Environment Induced Failure of FRP Composites Used in 

Maritime Transport 
Goran Vizentin, Goran Vukelic 

Abstract: Fiber reinforced polymer (FRP) composites are being extensively considered for construction of 

ships and marine structures. Due to harsh environmental operational conditions, failure prediction of such 

structures is an imperative in this industry sector. This paper presents the final results of a 2-year research 

of real marine environment induced changes of mechanical properties in FRP composites. 

Realistic environmental input parameters for structural modeling of marine structures are crucial and can 

be obtained by conducting tests in real sea environment for prolonged periods, as opposed to usual 

accelerated laboratory experiments. In this research, samples of epoxy/glass and polyester/glass with 

various fiber layout configurations have been submerged under the sea for periods of 6, 12 and 24 months. 

An analysis of mass changes, marine microbiology growth, tensile strength and morphological structures of 

the coupons was performed and compared with samples exposed to room environment. 

All samples exhibited an increase in mass due to seawater absorption and microorganism growth in the 

organic resins (matrix). The tensile strength loss variation through the periods of submersion showed a 

correlation with the fiber layout configuration. The results of optical and scanning electron microscopical 

investigation indicated significant matrix morphological changes primarily due to salt crystal formation and 

the impact of sea microorganisms embedding in and attaching to the resin. 

The outcome of this research will be the basis for a set of realistic input parameters for a failure analysis 

numerical tool currently in development that can be applied for life-time behavior predictions of marine 

structures. 

Keywords: composites; durability of composites; marine environment; FRP composites 

 

1. Introduction 

Fiber reinforced polymer (FRP) composites are used in the engineering constructions, 

whether as an exclusive option for construction [1] or as a combination with traditional 

materials, such as steel [2], concrete [3,4] or rock [5]. FRP composites are also finding 

their application in transportation industry, especially maritime, whether it be in 

construction of lightweight ship structures [6] or other marine structures [7]. The 

research in this field from the last couple of decades aims to merge the experimental and 

scientific knowledge obtained so far with the goal to develop prediction models that can 

be used to achieve sustainable and safe design of engineering structures [8–11]. Possibly 
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the most important advantage of composite materials is the adaptability to specific 

applications demands by defining layup sequences, number of plies, and fiber orientation 

in the load direction [12–14], what in turn makes them increasingly appealing to 

engineers when designing marine structures of complex shapes. As the application field 

for marine composites widens, the request for mechanical and environmental resilience 

rises. Limit stress states, durability and life span, failure modes, fracture toughness, fire 

resistance, and environment influence parameters are crucial for an efficient sustainable 

and secure design process for structures in this demanding industry sector [15–18]. 

Marine structural designers often find the micromechanics of composites to too complex 

and time-consuming and as a result this aspect remains left out during design. Therefore, 

the scientific research in this field of study should be aimed at simplifying the complex 

micromechanical level analysis and transform it into simple-to-use and time-saving 

engineering tools. 

The current practice for obtaining data for composites failure is based on experiments. As 

experiments can be relatively expensive and microscale data are usually unavailable to 

shipbuilders, they often turn to data and models prescribed by rules and procedures, thus 

leading to empirical based design process of marine structures. All of this yields rules that 

are very conservative in formulating design requests, which in turn hinders optimal 

design of marine structures concerning failure mechanisms. 

One of the most important parameters influencing the mechanical properties of 

composite materials in marine applications is the absorption of seawater [19,20] and 

negative influences polluted process waters from ship systems to constructive materials 

[21]. Previous research on change of mechanical properties in this kind of environment is 

based on immersing test samples, called coupons, in tanks or climate chambers [22–25] 

in laboratory conditions using accelerated procedures [26] to simulate 20+ years of 

expected lifespan of typical marine structures [27–29], as an effort to reduce the time of 

the test. 

Water absorption tests are often done with tap water, demineralized water, or artificial 

seawater [30,31]. Such testing methodology does not yield long-term data pertaining to 

degradation of mechanical properties exposed to the marine environment. Furthermore, 

the effects of the moving seawater (waves, sea level variations due to tides) and radically 
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variant environmental effects that a typical marine vessel or structure are exposed to 

during their life cycle are not considered in accelerated ageing laboratory methods. 

The absorption process of moisture and water of a composite has been found to be 

complex and dependent on various factors [32], such as resin type and curing 

characteristics, void content in the resin and resin fiber contact zones, resin/fiber volume 

fractions [33], fiber layout configuration [34], the manufacturing technique, etc., [35–37]. 

All this was motivation to concentrate the research presented here on the influence of 

absorbed water on marine composites in real-life conditions, not laboratory, by 

submerging the coupons in the sea for prolonged periods of 6, 12 and 24 months. 

The dominant choice of composite materials in the civil sector of the marine vessels 

industries is glass fiber reinforced plastics (GRP), both for commercial and leisure vessels 

hulls [38], resulting in a more cost-effective product. Classification societies can be 

somewhat restrictive when it comes to allowing composites as structural material. The 

choice of fibers is restricted to E-glass or carbon fibers, whilst resins are limited to epoxy, 

polyester, or vinyl-ester. 

 

2. Experimental investigation 

2.1. Coupons materials, geometry and preparation 

The ISO 527 standard series [39] was attained to in determining the geometry of the 

testing coupons as it prescribes the testing procedures for the determination of tensile 

properties of fiber-reinforced plastic composites, both unidirectional as well as isotropic 

and orthotropic FRP composites. In this research, standardized tensile testing coupons 

were produced as various combinations of continuous glass fibers layout with epoxy 

(Sicomin SR 8200 and SD 720 series hardener) and polyester resin (Reichhold POLYLITE 

507-574) used as matrices. The resins mechanical properties are shown in Table 1, as 

provided by the manufacturers of each component. 
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Table 1 Resin systems properties. 

Property Epoxy Polyester 

Tensile strength [MPa] 47 42 

Elasticity modulus [MPa] 3,240 2,700 

Glass transition temperature [°C] 50 55 

 

UD stitched E-glass fiber matt fabric (Sicomin UDV600), with 594 g/m2 ply specific area 

weight, was used. Four different layup configurations were chosen for both matrix/fiber 

combinations to evaluate mechanical properties deterioration in the marine 

environment. The layup schematics are unidirectional with longitudinal fiber orientation 

(UD0) and two multidirectional (0/90 and 0/45/90 symmetrical), all according to 

standard notation for composite layup [40]. 

Rectangular plates (300×450 mm) with the mentioned different layup schemes were 

produced for each of the material combinations using 8 plies of the UD fabric per plate. 

The epoxy/glass plates were produced by vacuum assisted infusion process, resulting in 

3+0.3 mm thick plates. The infusion process proved problematic for the polyester resin 

as it was resulting in dry fibers on the tool surfaces, so the polyester/glass plates were 

finally produced by hand layup process, resulting in 5±0.5 mm thick plates. 

The chosen coupon geometry is shown in Figure 1. The coupons were cut out of the plates 

on a waterjet cutting machine (OMAX Maxiem series). The cutting pressure was between 

1,400 and 3,400 bar, with the average cutting speed of 1,187 mm/min. 

 

Fig. 1. Coupon geometry 
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Waterjet cutting takes advantage of the brittleness of composite materials as localized 

damage points on the locations of first contact of the cutting high-pressure waterjet with 

the material can be introduced precisely. The intent here is to introduce a point on the 

coupon in order to simulate real damage on marine structures. This damage point 

theoretically represents a facilitated entry point of seawater in a real marine structure on 

eventual damage spots that would occur during exploitation. Composite marine vessels 

and structures are usually protected by a final layer of gel coat that protects them from 

water penetration. When this protective layer is damaged during application, a more 

significant sea water intake rate in the structure material is expected. 

 

2.2. Exposure to real marine environment 

All the coupons were weighed dry and measured with a ±0.1 mm accuracy. The coupons 

were divided in groups of 5 pieces according fiber-matrix combinations (epoxy/glass, 

polyester/glass) and subdivided into 3 groups according the time of exposure to real 

marine environment (dry, 6 months, 12 months and 24 months).The “dry” groups were 

control ones, while the other two subgroups were exposed to real-life sea environment, 

i.e., submerged into the sea on a depth of 10 m, at northern Adriatic in front of the city of 

Rijeka in Croatia for a duration of 6, 12 and 24 months, respectively. The sea temperature 

at the location of experiment varies between 10–14 °C annually, salinity changes between 

37.8–38.3 PPT, while the pH value is between 8.22–8.29 [41]. The coupons were mounted 

on special stainless-steel frames (AISI 316L). 

 

2.3. Testing procedures 

Each coupon was weighed with the same digital scale (200 g measuring range and 0.01 g 

resolution) as dry and after the submerging time-period to determine the mass gain of the 

absorbed seawater. Wet coupons were taken out of the sea, cleaned from sea organisms 

accumulated during submersion with a soft brush, still submerged in seawater. Special 

care was taken not to damage the coupon mechanically. After cleaning, the coupons were 

left to drain, dried superficially with a cloth, and weighed all in a period under one-minute 

total to assure maximal possible accuracy in measuring of the absorbed water amount. 
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The coupon ends were reinforced using end tabs before the tensile test to minimize the 

influence of the grips pressure on the test results [42]. The size of the tabs was chosen 

based on ISO 527-4 recommendations. 

Quasi-static uniaxial tensile tests used for the determination of the material properties 

were performed on a Zwick 400 kN universal testing machine. A macro extensometer was 

used to measure the specimens’ elongation. The displacement rate of the testing machine 

crosshead during testing was 2 mm/min. 

Tensile testing was conducted in accordance with ISO 527 series standards 

recommendations. 

Microscopical investigation was performed on all fractured coupons. Surface and cross-

sectional images were taken of all coupons, with special attention given to the grips areas 

and locations with observed damage after the tensile test  

Optical microscopy systems (Olympus SZX10 stereo optical microscope and Olympus 

BX51 SM optical microscope analysis system, both produced by Olympus corporation, 

Japan) and scanning electron microscope (SEM, FEI QUANTA 250 FEG, FEI Company, USA) 

with the OXFORD INSTRUMENTS PENTAFET, UK, Energy Dispersive Spectroscopy (EDS) 

analysis module were used to investigate the state of the coupon’s surfaces exposed to 

real sea environment and to identify changes in surface morphology caused by the 

exposure to seawater. Photographs were taken before and after the tensile tests. 

 

3. Numerical investigation 

The numerical investigation in this research was done in ANSYS software. The composite 

coupons layouts were modeled using the ACP (ANSYS Composite PrepPost) analysis 

system. The FE model was meshed using 4-node shell elements (ANSYS element 

designation SHELL181), in total comprising of 1034 nodes and 930 elements, as shown in 

figure 2. Each composite matrix-fiber layout configuration was defined in the ACP system. 
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a) 

 

b) 

Fig. 2. Numerical analysis model: a) mesh, b) boundary conditions 

 

The software’s built in capability of determining the first ply failure (FPF) stress by 

composite failure criteria [43] was used to determine numerically the critical loads, i.e. 

the load at which the first failure occurs in any layer of the coupon FEM model. All of the 

included criteria indicators theories, namely maximum strain and stress, Tsai-Wu, Tsai-

Hill, Hoffman, Hashin, Puck LaRC and Cuntze, were applied during analysis. 

The process was performed for each resin and fiber layout configurations for the dry 

coupons. In this work, the FPF critical stress was identified as the stress at which any of 

the composite layers exhibited a failure indicator factor value equal or greater than 1 for 

any of the failure criteria through the entire cross section of the said layer. 

The load applied in the model was a longitudinal tensile linear step 25 kN force (50 

increments of 500 N) at one end of the coupon, whilst the other ends degrees of freedom 

were fixed simulating the fixed grips and moving crosshead of the tensile testing machine. 

This intensity of the load was chosen based on the maximal tensile force values observed 

during experimental test results. 
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4. Results and discussion 

The results of the experimental investigation of epoxy/glass and polyester/glass coupons 

exposed to marine environment are presented in the form of diagrams, images, and tables. 

Experimental testing results shown here are comprised of coupon weight change 

(seawater absorption, algae growth) analysis, tensile strength determination, and surface 

morphology changes observations. The results of the numerical investigation are 

presented in the form of table data and images. 

Finally, the results obtained by the numerical investigation are compared with 

experimental results. 

4.1. Experimental investigation results 

4.1.1. Optical analysis 

Exemplary images of attached bio organisms after 24 months of submersion are shown in 

Figure 3. 

 
a) 

 
b) 
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c) 

Fig. 3. Attached bio-growth after 24 months: a) entire coupon, b) detail optical zoom 3×; c) detail 
optical zoom 10× 

4.1.2. Mass gain - algae and marine organisms’ growth and water intake 

The average aggregate mass gain due to the coupled algae/marine organisms’ growth and 

water absorption and only water absorption for the two matrix resin coupons is given in 

Figure 4, where the denotations E and PE stand for epoxy and polyester resin respectively, 

while the numbers 6, 12 and 24 indicate the period of submersion in months. 

   
 a) b) 

Fig. 4. Mass gain due (a) bio growth and water absorption; (b) only water absorption. 
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The variations of mass gain due to only the seawater absorption in respect to the fiber 

layout configuration of the polyester matrix coupons is given in Figure 5. 

  
a) b) 

 
c) 

Fig. 5. Mass gain due to sea water absorption, polyester coupons: (a) UD0°; (b) (0/90)s; (c) 
(0/45/90)s coupons 

4.1.3. Tensile test results 

Engineering stress-strain diagrams were obtained from performed uniaxial tensile 

strength on dry coupons and wet coupons that were submerged in the sea for 6, 12 and 
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24 months. The change in tensile strength due to the prolonged submersion in seawater 

is shown in Figure 6. 

 

 a) b) 

Fig6. Average tensile strength degradation: (a) epoxy resin coupons; (b) polyester resin 
coupons. 

4.1.4. Microscopical investigation 

Surface and cross-sectional images obtained by optical microscopy are not presented here 

but are available in a publicly accessible repository to save paper space and keep the 

readers focus on the more detailed and more illustrative SEM results. 

The images obtained by SEM investigation are presented in Figures 7 and 8. Only some 

representative images were chosen as a portrayal of the performed research to limit the 

length of the paper, whilst the complete set of all obtained images is posted on an online 

repository as supplementary material to this article. 
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 a) b) 
Fig7. Epoxy coupons: (a) salt crystals; (b) embeded microbes. 

  

 a) b) 
Fig 8. Polyester coupons: (a) embeded microbes; (b) matrix structure deterioration. 

 

4.2. Numerical investigation results 

The numerical and experimental analysis results for the dry epoxy matrix coupons are 

compared in table 2. The comparison shows good correlation of experimental and 

numerical procedures results with the exception of the (0/45/90)s fiber layout 

configuration. This discrepancy will be the subject of the authors further research. 

Table 2 Experimental and numerical results comparison, epoxy matrix, dry coupons. 
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Fiber layout 

configuration 

Tensile test 

[MPa] 

FEM model 

[MPa] 

Difference 

[%] 

Min Max Value Criteria (layer) Min Max 

UD0° 250,54 270,32 272,45 Tsai-Hill (4) 1 8 

(0/90)s 178,33 205,31 172,55 Tsai-Hill (7) 3 19 

(0/45/90)s 202,83 230,38 174,37 Tsai-Hill (5) 16 32 

 

Figure 9 shows the stress distribution through the coupon for the UD0 fiber layout 

configuration. 

 
a) 

 
b) 



G. Vizentin – Doctoral dissertation 
 

86 
 

 
c) 

Fig 9. Numerical analysis results epoxy UD coupon: a) stress distribution; b) failure index 
distribution; c) failure index distribution detail 

The numerical and experimental analysis results for the polyester matrix coupons are 

compared in table 3. In this case, the comparison shows good correlation of experimental 

and numerical procedures results with the exception of the UD0 fiber layout configuration 

for which the numerical analysis results in a significant overestimation of the tensile 

stress. The identification of the reasons for this deviation will by subject of future 

investigation. 

Table 3 Experimental and numerical results comparison, polyester matrix, dry coupons. 

Fiber layout 

configuration 

Tensile test 

[MPa] 

FEM model 

[MPa] 

Difference 

[%] 

Min Max Min Criteria (layer) Min Max 

UD0° 157,23 175,92 242,55 Tsai-Hill (4) 27 35 

(0/90)s 137,48 169,25 165,69 Tsai-Hill (13) 2 17 

(0/45/90)s 140,37 146,64 152,07 Tsai-Hill (7) 4 8 

 

Figure 10 shows the stress distribution through the coupon for the (0/45/90)s fiber 

layout configuration. 
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a) 

 
b) 

 
c) 

Fig 10. Numerical analysis results polyester (0/45/90)s coupon: a) stress distribution; b) failure 
index distribution; c) failure index distribution detail 

 

5. Conclusion 

The real sea environment has considerable effects on composite materials in the form of 

reduced mechanical strength for the tested coupons submerged in the sea. The 

submerged UD0, (0/90)s, and (0/45/90)s epoxy/glass coupons exhibited tensile strength 

reduction of 32%, 14%, and 36% after 6 months of submersion (with the exception of one 
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inadequately manufactured (0/90)s coupon), whilst 44%, 40%, and 49% after 12 months 

of submersion, respectively. The polyester/glass UD0, (0/90)s, and (0/45/90)s coupons 

have lost 11%, 5%, and 1% after 6 months of submersion, 50%, 37%, and 13% after 12 

months in the sea and 55%, 48% and 24% after 24 months of marine environment 

exposure. The (0/45/90)s layout configuration for the polyester/glass combination 

showed the greatest resilience to the marine environment. The research indicated that 

further study is needed here because the polyester coupons were made by hand-layup 

process, which can significantly affect mechanical characteristics of the composite. The 

numerical analysis results for (0/45/90)s epoxy and UD0 polyester coupons have shown 

discrepancies in comparison to experimental results. All of these issues will be addressed 

more in detail during future research. 

The growth of microorganisms embedded in the resin and invertebrate (Nematoda) 

organism attached to the surface of the coupons effectively created voids in the matrix 

resin and produced a direct effect on mechanical properties. The mechanism of this effects 

needs deeper analysis and research. The findings of the research indicate the importance 

of biofouling in environmental degradation of mechanical properties of composite 

materials in the marine environment. The main goal of this research remains the 

development of a reliable predictive numerical model of the mechanical behavior of 

composite materials exposed to real sea environment, which would represent a basic tool 

to assess the durability of composite marine structures during their exploitation. 

Research findings can be useful in design process of composite marine structures or in 

use of composite for repair of already damaged structures [44–46]. In order to fully 

understand the effect of exposure effect on the composites, a continuation of the research 

is needed for even longer exposure of the composite material to see environment. This 

additional set of data will help in building a predictive numerical model that could 

successfully replace the time and resource consuming experiments which is a next step of 

this research. However, the stochastic nature of the environmental loading must be 

incorporated in that model [47]. For that reason, placing coupons in different types of 

marine environment (regarding the temperature, salinity, pH value, etc.) would bring 

even better accuracy of the numerical model. 
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Supplementary material: The complete set of SEM images obtained during this research is available on 

Vizentin, Goran (2021), “Marine Composites SEM”, Mendeley Data, V1, doi: 10.17632/j8tvmkpmwf.1 
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C. Prediction of FRP Composites Properties Deterioration Induced by 

Marine Environment 
Goran Vizentin and Goran Vukelic 

Abstract: A model for prediction of fatigue life degradation of fiber reinforced (FRP) composite material 

exposed for prolonged periods to real marine environment is proposed. The data collected during previous 

phases of a more comprehensive research of real marine environment induced changes of mechanical 

properties in FRP composites was used to assess the influence of these changes on the durability 

characteristic of composites. Attention has been given to classification societies design and exploitation 

rules in this matter. The need for modification of the composite material S-N curves obtaining process, 

considering the marine environment influence has been considered. Regression analysis of the 

experimental data has been conducted, resulting in a mathematical strength degradation in time model. The 

regression analysis has shown an acceptable correlation value. S-N curves for E-glass/polyester composite 

with three different fiber layout configurations have been evaluated and modified in order to encompass 

the findings of the research. 

Keywords: composites; marine environment; material degradation; fatigue life 

1. Introduction 

Fiber reinforced polymer (FRP) composites are becoming ever more accepted materials 

in almost every industry sector either for entire structures [1,2] or in combination with 

other, so-called traditional materials [3–5]. The marine industry sector is no exception to 

this trend [6], as FRP composites are finding their application in transportation industry, 

especially maritime, whether it be in construction of lightweight ship structures [7,8] or 

other marine structures [9,10]. 

A number of researches in this field from the last couple of decades aimed to consolidate 

the experimental and scientific knowledge obtained so far with the goal to develop 

prediction models that can be used to achieve sustainable and safe design of engineering 

structures [11–14]. Likely the most important advantage of composite materials is the 

adaptability to specific applications demands by defining layup sequences, number of 

plies, and fiber orientation in the principal loading directions [15–17]. Such flexibility in 

application makes FRP composites increasingly appealing to engineers when designing 

marine structures of complex shapes. As the application field for marine composites 

widens, the request for mechanical and environmental resilience rises. Limit stress states, 

durability and life span, failure modes, fracture toughness, fire resistance, and 
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environment influence parameters are crucial for an efficient sustainable and secure 

design process for structures in this demanding industry sector [18–21]. 

In practice, marine structural designers tend to avoid micromechanics of composite as it 

can be to convoluted and tedious for everyday use resulting in ignoring this aspect in the 

design process and turning to rules and procedures which can be conservative, empirical 

and not completely encompass all the specificities of newly emerging materials such as 

FRP composites. The design results are consequently often not optimal for failure 

modelling. It is up to the scientists in this field of study to define, develop and produce 

simple engineering tools to better the design process. 

The dominating methods for composite failure data collection are experiment based. The 

main down side is the cost and time needed for such experiments if all the aspects of real 

marine environments are to be taken into consideration. The dominant parameters 

influencing the mechanical properties of composite materials in marine applications is 

the absorption of seawater [22,23] and the negative effects of polluted process waters 

from ship systems to constructive materials [24]. 

The prevailing composite chosen as constructive material in the civil sector of the marine 

industry, equally for commercial and small hull vessels, is glass fiber reinforced plastics 

[25]. This choice is the result of the favorable material characteristics yielding a more 

cost-effective product. The strict rules, standards and recommended practices of the 

classification societies restrict the choice in matrix and fiber materials if it is to be used in 

marine structures down to E-glass or carbon fibers and epoxy, polyester, or vinyl-ester 

resins [26]. The same standard dictates that the effect on the “properties under long term 

static and cyclic and high rate loads” and the “influence of the environment on properties” 

must be considered during the design process of marine structures. 

The regulations acknowledge that material properties can “change gradually with time 

and long exposure times” and that significant changes can occur after one year but neglect 

to consider the real marine environment influences. Only the effects of seawater and fresh 

water are mentioned, stating that fresh water has more severe effects on the composite 

mechanical properties than the seawater. Furthermore, any marine structure is subjected 

to actions of fouling marine organisms, which has not been described in the standards 

regarding to design of the structure but is considered separately (protection coatings, 

anti-fouling devices etc.). 
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Fatigue of composites immersed in water has been investigated in the past [27,28]. Early 

research has assumed that the absorbed moisture has no influence on the material fatigue 

strength in sinusoidal tension conditions with a moisture content not greater than 0.2 per 

cent [29]. Newer research however acknowledges the effects of water absorption on 

fatigue strength of composites [30,31]. Phenomenological base fatigue life model of glass 

fiber reinforced polymer composite materials has also been proposed [32]. Researchers 

have also tried to simplify this complex problem to facilitate engineering application of 

fatigue life calculations [33] 

Some research has been done taking into account the protective gel coat influence on 

fatigue of glass polyester composites [34], concluding that polyester content is the only 

determinative factor for fatigue strength, while both polyester and gelcoat contents are 

effective for tensile strength. A comprehensive review for S-N curve models for composite 

materials characterization [35] indicated which S-N curve models have the highest fitting 

capabilities for experimental fatigue data. 

Nonetheless, the research presented in this paper aims to encompass the real marine 

environment effects, including the effects of moving seawater (waves, tidal changes), 

weather influences and the impact of the marine organisms that live attached to any and 

all typical marine structures. All of these effects are difficult if not impossible to achieve 

in laboratory conditions. 

2. Materials and Methods 

2.1. Experimental investigation 

The analysis of the data collected during the experimental testing phase of the research 

(250x25x5 mm coupons, 50±5% fiber reinforcement volume) [21,36] has shown the 

influence of the real sea environment on epoxy/glass and polyester/glass composite 

materials (with 3 distinct fiber layout configurations, namely unidirectional UD0°, cross 

ply (0/90)s and (0/45/90)s) in the form of reduced mechanical strength for the material 

submerged in the sea. The marine microorganisms embedded in the resin and 

invertebrates attached to the surface of the material have been identified as a factor of 

influence on the composite’s mechanical properties. The mechanism (or mechanisms) of 

the effects that these organisms exert on the material structure needs deeper analysis and 

research. Nonetheless, the importance of testing in real marine environment instead of 
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laboratory conditions has become evident. The various marine organisms and 

microorganisms attached to the coupons are shown in Fig. 1. 

(a) (b) 

 
(c) (d) 

Figure 1. Attached bio-layer: (a) coupons in submerging fixture; (b) coupons after 2 years of 
submersion; (c) detail of marine organisms attached; (d) scanning electron image of embeded 

organisms after 6 months of exposure 

The research was conducted keeping in mind the inspection and maintenance procedures 

of marine structures. Eventual damage points that can occur during the exploitation on 

the hull or any other point of such structures constructed using composites would 

represent an entry point for seawater. Marine vessels and structures are generally 

protected by a final gel coat layer or paint that protects them from water penetration. 

When damaged occurs on this protective layer during application, a more significant sea 

water intake rate in the structure material can be expected. Inspection and maintenance 

procedures should be planned in a manner to identify such problematic spots in time to 

minimize the negative effects of the environment to the structure itself. 

The material used in this research was exposed to real marine environment in the form 

of standardized coupons [37] for a period of two years with testing and analysis 

performed after 6, 12 and 24 months. Most of the studies concerned with the 

environmental degradation of the material properties are based on laboratory 

experiments that either simulate real environment [38] or are conducted in accelerated 

manner [39]. Since marine structures need to operate in corrosive environment for long 
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periods, there is a certain gap in research when it comes to experiments that are 

conducted in the natural environment for prolonged periods [40]. Laboratory results can 

be useful, but comprehensive overview can be gained only with the studies performed in 

the natural environment [41]. The parameters evaluated were mass gain due to seawater 

absorption, dimensional variations, tensile strength changes and material morphological 

variations. Special attention was given to the influence of marine organisms to the 

material strength. 

2.2. Numerical analysis 

2.2.1. Tensile test modelling 

The experimental tensile test for dry coupons was modeled in ANSYS FEA software with 

the intent to verify the correlation of experimental testing and numerical modelling. The 

ACP (ANSYS Composite PrepPost) analysis system was used to model the three fiber 

layout configurations. The FE model was meshed using 4-node shell elements (ANSYS 

element designation SHELL181), in total comprising of 1034 nodes and 930 elements. The 

FEA model is shown in Fig. 2. 

  

(a) (b) 

 
(c) 

Figure 2. Tensile test FE model: (a) mesh; (b) boundary conditions; (c) ACP layup plot. 

The material characteristics for the polyester resin used are density of 1200 kg/m3, 

elasticity modulus of 3240 MPa, effective stress limit of 42 MPa, Poisson’s ratio of 0.316, 

whilst the mechanical characteristics of the E-glass fibers were custom specified 

according to the manufacturer’s specifications i.e. density of 2000 kg/m3, elasticity 
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modulus of 52,7 GPa in the fiber direction and 10 GPa in the transverse direction, effective 

tensile stress limit of 573 MPa along the fiber and 35 MPa in the transverse direction, 

shear stress limit of 74 MPa and Poisson’s ratio of 0.3. The ply type was set as woven. 

Separate stack-up properties were defined for each fiber layout configurations in the 

ANSYS ACP tool for the 8-layered coupons and the tabs. 

The critical loads were identified ply-wise by the first ply failure (FPF) criteria for each 

fiber layout configuration. 

2.2.2. Regression analysis 

The data collected during a 2-year period was consequently used for regression analysis 

in order to obtain a mathematical model for the strength degradation corelated to the 

exposure time in the marine environment. The obtained mathematical model was used to 

predict the loss of strength for a 10-year long period. 

2.2.3. Structural durability assessment 

Every marine structure (and/or component) has to pass a certification process prescribed 

by the regulations in order to prove its safety and functionality up to the end of the design 

life. A typical expected life period for such structures is from 25 to 40 years. The behavior 

of the structure in that period is closely related to durability. Much of research in this field 

is ongoing and only a small number of marine composite standards contain long term 

material properties concisely. Long-term properties of composite material exposed to the 

demanding marine environment must be determined in order to integrate the durability 

issues in the design standards. Current regulations tend to make very conservative 

assumptions regarding long-term structural behavior, mainly due to lack of detailed data. 

For example, the DNV standards [26,42] prescribes the procedure for the identification of 

critical failure mechanisms and the need for redesign if needed. The same standards 

emphasize the need for a reliable analysis and in the same time acknowledge a number of 

uncertainties in loads, materials and engineering models and consequently referring the 

designer to component and material testing for long term data. The marine structure or 

vessel qualification process requires identification of static strength, resistance to cyclic 

fatigue (full fatigue analysis using SN curves at different R-ratios required), stress rupture, 

damage tolerance and effects of the environment on the structure. It’s important to 

mention that if the need for testing arises from the qualification process, static data and 
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long-term data must be measured for the actual product which further complicates the 

design process. 

The classification societies rules prescribe the procedure for obtaining S-N curves for 

composite materials. Various authors have reported results in modelling S-N curves for 

composites [29,34,35] and prediction of the fatigue life of composite structures 

[27,43,44]. A failure model for groups of similar glass/polyester composites, as the ones 

used in this research, can be defined in the form: 

log(N) = (u/max), (1) 

where N is the number of fatigue life cycles, u is the ultimate tensile strength (UTS) value, 

max is the maximal tensile stress occurring in the loaded structure,  and  are 

experimental data fitting coefficients [44]. Using material data for design purposes 

obtained previously or by other researchers for similar material type and configuration is 

acceptable according to classification societies rules. 

The loads on marine structures and vessels depend mainly on environmental conditions 

[45]. The most influential are wave, wind and water current loads. Ocean waves are 

predominantly irregular and random in shape, height, length and speed of propagation. 

However, for structural design properties this load can be simplified by deterministic or 

stochastic methods. In order to determine the quasi-static response of marine structures 

and vessels design procedures prescribed by classification societies allow the definition 

of wave loadings by wave length and corresponding wave period, wave height and crest 

height [46]. 

3. Results 

The results of the experimental investigation of polyester/glass coupons exposed to 

marine environment are presented in the form of diagrams, images and tables in 

previously published works by the authors of this article. Experimental testing results 

shown here pertain to the tensile strength determination and surface morphology 

changes observations as a continuation of previous work. Regression analysis was 

performed on the accumulated data and the results are shown here. A prediction model 

of fatigue life behavior of the material is proposed. 

3.1. Regression analysis results 
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Regression results are shown in Fig.3. 

  
(a) (b) 

 

 

(c)  

Figure 3. Mathematical strength degradation prediction model: (a) UD0°; (b) (0/90)s; (c) 
(0/45/90)s fiber layout configuration. 

The dots represent the experimental data obtained during a 2-year period, whilst the line 

represents a future forecast of the degradation. 

The model of regression that showed the best correlation to experimental data was an 

exponential equation in the form of: 

u = AeBt, (2) 

where  is the tensile strength value, t is the time of exposure to the marine environment 

and A and B are experimental data fitting coefficients. The coefficient A represents the 

average ultimate tensile stress of the non-submerged specimens tested. 

The regression parameters for the three considered fiber layout configurations are given 

in Table 1. 
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Table 1. Regression model data. 

Fiber layout 

configuration 
Coefficient A Coefficient B R2 value 

UD0° 165,50 -0,0349 0,7079 

(0/90)s 153,37 -0,0252 0,6557 

(0/45/90)s 143,51 -0,0162 0,6540 

 

By combining Eq (1) and Eq (2) a modified S-N curve equation can be obtained in the 

form: 

log(N) = [(AeBt)/max], (3) 

3.2. Prediction of fatigue life behavior 

The predicted changes in the S-N curves caused by the change in the ultimate strength 

value of the unidirectional samples due to the degradation of properties is shown in Fig. 

4, 5 and 6.  

 
Figure 4. S-N curve change, UD0°polyester/glass composite 
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Figure 5. S-N curve change, UD0°polyester/glass composite 

 
Figure 6. S-N curve change, UD0°polyester/glass composite 

The predicted decrease of expected fatigue life caused by the comprehensive effects of the 

marine environment is shown in Fig. 7. 
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(c) 

Figure 7. Normalized ( and set to a single value) decrease of expected numbers of fatigue life 
cycles, polyester/glass composite: (a) UD0°; (b) (0/90)s; (c) (0/45/90)s fiber layout 

configuration. 

 

4. Discussion 

The results of the previous research phase conducted by the same authors have shown 

that the real sea environment has considerable effects on composite materials in the form 

of reduced mechanical strength after prolonged exposure [21]. Fatigue life decrease 
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to be made, considering the time period the material has been submerged in the sea. The 
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variation of ultimate strength a regression analysis of the tensile test experimental data 

was performed and a modified S-N curve was obtained. 
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The actual values of the number of life cycles shown in the results section are not to be 

considered for design purposes as the curves here shown are normalized to a single value 

of coefficients  and . These coefficients should be determined experimentally for the 

actual type of composite material that would be used for a specific structure. The analysis 

was performed stepwise, meaning that firstly a fatigue life was estimated for reference 

(dry) coupons not exposed to the sea, and then re-estimated for the UTS values after each 

year. 

There is no doubt that additional experimental data both for the 2-year long period of 

exposure (sea temperature at the location of experiment varies between 10–14 °C 

annually, salinity changes between 37.8–38.3 PPT, while the pH value is between 8.22–

8.29) and longer would refine and raise the accuracy of this prediction model. New 

research has already been planned to broaden the database for composite material 

behavior in the marine environment, for strength and fatigue structural design aspects. 

Exposing coupons in various marine environment with different parameters 

(temperature, salinity, wave and wind characteristics) would broaden the applicability of 

this approach as well as increase the models’ validity and accuracy. 

Furthermore, as the UTS value is continually changing in time, a numerical method should 

be developed to obtain a continuous degradation S-N curve. This is the aim for further 

research. 

Future work will strive to incorporate the continuous UTS change in the fatigue life 

decrease model described here and broaden the experimental database in order to 

develop a more comprehensive predictive numerical model that could successfully 

replace the time and resource consuming experiments related to composite material 

fatigue behavior characterization. Results of the study could prove helpful to determine 

the composite material type and fiber layout configuration during the engineering design 

phase of marine vessels and structures. With the acceptance of the importance of the 

marine environment influence on the mechanical behavior of composites and the 

application of the predictive model for fatigue life estimation process the rules and 

recommendations of classification societies in this industry sector could be amended to 

better the design of such structures. 
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5. Conclusions 

The influence and real time exposure to actual sea environment on fatigue characteristics 

of glass/polyester composite material has been investigated showing the need for 

incorporating the time-decaying ultimate tensile stress in the S-N curves obtaining 

procedures. 

As the previous research phases have shown the changes of composite materials 

mechanical characteristics induced by the actions of both water and marine organisms of 

the real sea environment are manifested as reduction of the ultimate mechanical strength. 

For example, the submerged polyester/E-glass UD0°, (0/90)s, and (0/45/90)s coupons 

have lost 11%, 5%, and 1% after 6 months of submersion, 50%, 37%, and 13% after 12 

months in the sea and 55%, 48% and 24% after 24 months in the water. The results also 

indicate fiber layout configurations dependency of the UTS changes, with the (0/45/90)s 

layout showing the greatest resilience to the marine environment. The research up to this 

phase has made evident that further study is needed due to the 2 main reasons. Firstly, 

the polyester coupons were made by hand-layup process, which can significantly affect 

mechanical characteristics of the composite. Secondly, the exact mechanism of marine 

organisms attachment on the surface and marine microorganisms imbedding in the resin, 

as well as the consequences of these phenomenon on the mechanical properties of 

composites exposed to the sea is not known to a satisfactory level. These issues will surely 

be topics of future research. 

Research findings summary: 

1. An initial mathematical model of the phenomenon has been developed based on 

experimental data gathered. 

2. The loss off ultimate strength require corrections of the fatigue life predicting 

procedures for composites exposed to the sea. 

3. The reduction of ultimate tensile strength for composite materials exposed to 

marine environment has a direct influence of the material’s fatigue behavior. 

4. The research results confirmed once again the importance of biofouling in 

environmental degradation of mechanical properties of composite materials in the 

marine environment. 

5. Future work needed to develop a numerical method to encompass the continuous 

UTS decay and increase the accuracy of the prediction model 



G. Vizentin – Doctoral dissertation 
 

106 
 

Supplementary Materials: N/A 

Author Contributions: Conceptualization, G.Vi.; methodology, G.Vi.; formal analysis, G.Vi.; investigation, 

G.Vi.; writing—original draft preparation, G.Vi.; writing—review and editing, G.Vu.; visualization, G.Vi.; 

supervision, G.Vu.; project administration, G.Vu.; funding acquisition, G.Vu. All authors have read and agreed 

to the published version of the manuscript. 

Funding: This research was funded by University of Rijeka, under the project numbers uniri-technic-18-200 

“Failure analysis of materials in marine environment” and uniri-technic-18–42 “Investigation, analysis and 

modeling the behavior of structural elements stressed at room and high temperatures”. 

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of 

the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the 

decision to publish the results. 

References 

1.  Kim, D.-U.; Seo, H.-S.; Jang, H.-Y. Study on Mechanical Bearing Strength and Failure 
Modes of Composite Materials for Marine Structures. J. Mar. Sci. Eng. 2021, 9, 726, 
doi:10.3390/jmse9070726. 

2.  Wang, C.; Ge, S.; Jaworski, J.W.; Liu, L.; Jia, Z. Effects of Different Design Parameters on 
the Vortex Induced Vibration of FRP Composite Risers Using Grey Relational Analysis. 
J. Mar. Sci. Eng. 2019, 7, 231, doi:10.3390/jmse7070231. 

3.  Vukelic, G.; Vizentin, G. Composite Wrap Repair of a Failed Pressure Vessel — 
Experimental and Numerical Analysis. Thin-Walled Struct. 2021, 169, 108488, 
doi:10.1016/j.tws.2021.108488. 

4.  Vukelic, G.; Vizentin, G.; Bakhtiari, R. Failure Analysis of a Steel Pressure Vessel with 
a Composite Wrap Repair Proposal. Int. J. Press. Vessel. Pip. 2021, 193, 104476, 
doi:10.1016/j.ijpvp.2021.104476. 

5.  Lukács, J.; Koncsik, Z.; Chován, P. Integrity Reconstruction of Damaged Transporting 
Pipelines Applying Fiber Reinforced Polymer Composite Wraps. Procedia Struct. 
Integr. 2021, 31, 51–57, doi:10.1016/j.prostr.2021.03.009. 

6.  Cejuela, E.; Negro, V.; del Campo, J.M. Evaluation and Optimization of the Life Cycle in 
Maritime Works. Sustain. 2020, 12, doi:10.3390/su12114524. 

7.  Diez de Ulzurrun, I.; López, F.; Herreros, M.A.; Suárez, J.C. Tests of Deck-to-Hull 
Adhesive Joints in GFRP Boats. Eng. Fail. Anal. 2007, 14, 310–320, 
doi:10.1016/j.engfailanal.2006.02.012. 

8.  Lee, S.-G.; Oh, D.; Woo, J.H. The Effect of High Glass Fiber Content and Reinforcement 
Combination on Pulse-Echo Ultrasonic Measurement of Composite Ship Structures. J. 
Mar. Sci. Eng. 2021, 9, 379, doi:10.3390/jmse9040379. 

9.  Watanabe Junior, M.M.; Reis, J.M.L.; da Costa Mattos, H.S. Polymer-Based Composite 
Repair System for Severely Corroded Circumferential Welds in Steel Pipes. Eng. Fail. 
Anal. 2017, 81, 135–144, doi:10.1016/j.engfailanal.2017.08.001. 



G. Vizentin – Doctoral dissertation 
 

107 
 

10.  Yang, Z.; Cao, Y.; Liu, J. A Buckling Analysis and Optimization Method for a Variable 
Stiffness Cylindrical Pressure Shell of AUV. J. Mar. Sci. Eng. 2021, 9, 637, 
doi:10.3390/jmse9060637. 

11.  Durability of Composites in a Marine Environment; Davies, P., Rajapakse, Y.D.S., Eds.; 
Solid Mechanics and Its Applications; Springer Netherlands: Dordrecht, 2014; Vol. 
208; ISBN 978-94-007-7416-2. 

12.  Durability of Composites in a Marine Environment 2; Davies, P., Rajapakse, Y.D.S., 
Eds.; Solid Mechanics and Its Applications; Springer International Publishing: Cham, 
2018; Vol. 245; ISBN 978-3-319-65144-6. 

13.  Martin, R. Ageing of Composites; Woodhead Publishing Limited: Cambridge England, 
2008; ISBN 978-1-84569-352-7. 

14.  Takacs, L.; Kovacs, L.; Olajos, T. Numerical Tool with Mean-Stress Correction for 
Fatigue Life Estimation of Composite Plates. Eng. Fail. Anal. 2020, 
doi:10.1016/j.engfailanal.2020.104456. 

15.  Gljušćić, M.; Franulović, M.; Lanc, D.; Božić, Ž. Digital Image Correlation of Additively 
Manufactured CFRTP Composite Systems in Static Tensile Testing. Procedia Struct. 
Integr. 2021, 31, 116–121, doi:10.1016/j.prostr.2021.03.019. 

16.  Brčić, M.; Kršćanski, S.; Brnić, J. Rotating Bending Fatigue Analysis of Printed 
Specimens from Assorted Polymer Materials. Polymers (Basel). 2021, 13, 1020, 
doi:10.3390/polym13071020. 

17.  Venkatesan, K.; Ramanathan, K.; Vijayanandh, R.; Selvaraj, S.; Raj Kumar, G.; Senthil 
Kumar, M. Comparative Structural Analysis of Advanced Multi-Layer Composite 
Materials. Mater. Today Proc. 2020, 27, 2673–2687, 
doi:10.1016/j.matpr.2019.11.247. 

18.  Kastratović, G.; Grbović, A.; Sedmak, A.; Božić, Ž.; Sedmak, S. Composite Material 
Selection for Aircraft Structures Based on Experimental and Numerical Evaluation of 
Mechanical Properties. Procedia Struct. Integr. 2021, 31, 127–133, 
doi:10.1016/j.prostr.2021.03.021. 

19.  Sousa, J.; Marques, J.; Garcia, M.; Infante, V.; Amaral, P. Mechanical Characterization of 
Sandwich Composites with Embedded Sensors. Eng. Fail. Anal. 2020, 117, 104765, 
doi:10.1016/j.engfailanal.2020.104765. 

20.  Tomasz, M.; Szymon, D.; Bartosz, B.; Joanna, W.; Paweł, Z.; Grzegorz, L. Flexural and 
Compressive Residual Strength of Composite Bars Subjected to Harsh Environments. 
Eng. Fail. Anal. 2022, 133, 105958, doi:10.1016/j.engfailanal.2021.105958. 

21.  Vizentin, G.; Glujić, D.; Špada, V. Effect of Time-Real Marine Environment Exposure on 
the Mechanical Behavior of FRP Composites. Sustainability 2021, 13, 9934, 
doi:10.3390/su13179934. 

22.  Vizentin, G.; Vukelic, G. Degradation and Damage of Composite Materials in Marine 
Environment. Medziagotyra 2019, doi:10.5755/j01.ms.26.3.22950. 

23.  Tamboura, S.; Abdessalem, A.; Fitoussi, J.; Ben Daly, H.; Tcharkhtchi, A. On the 
Mechanical Properties and Damage Mechanisms of Short Fibers Reinforced 
Composite Submitted to Hydrothermal Aging: Application to Sheet Molding 
Compound Composite. Eng. Fail. Anal. 2022, 131, 105806, 
doi:10.1016/j.engfailanal.2021.105806. 



G. Vizentin – Doctoral dissertation 
 

108 
 

24.  Padmaraj, N.H.; Vijaya, K.M.; Shreepannaga; Amritha, U.; Dayananda, P. Slurry Erosion 
Behaviour of Carbon/Epoxy Quasi-Isotropic Laminates Based on Taguchi’s 
Optimization Method. Eng. Fail. Anal. 2021, 123, 105274, 
doi:10.1016/j.engfailanal.2021.105274. 

25.  Rubino, F.; Nisticò, A.; Tucci, F.; Carlone, P. Marine Application of Fiber Reinforced 
Composites: A Review. J. Mar. Sci. Eng. 2020, 8, 26, doi:10.3390/jmse8010026. 

26.  DNV-OS-C501 Composite Components. Det Nor. Verit. 2010, 119–134. 

27.  Djeghader, D.; Redjel, B. Fatigue of Glass-Polyester Composite Immerged in Water. J. 
Eng. Sci. Technol. 2017, 12, 1204–1215. 

28.  Smith, L.V.; Weitsman, Y.J. The Immersed Fatigue Response of Polymer Composites; 
1996; 

29.  Vázquez, J.; Silvera, A.; Arias, F.; Soria, E. Fatigue Properties of a Glass-Fibre-
Reinforced Polyester Material Used in Wind Turbine Blades. J. Strain Anal. Eng. Des. 
1998, 33, 183–193, doi:10.1243/0309324981512904. 

30.  Kennedy, C.R.; Leen, S.B.; Ó Brádaigh, C.M. Immersed Fatigue Performance of Glass 
Fibre-Reinforced Composites for Tidal Turbine Blade Applications. J. Bio- Tribo-
Corrosion 2016, 2, 12, doi:10.1007/s40735-016-0038-z. 

31.  Gagani, A.I.; Mialon, E.P.V.; Echtermeyer, A.T. Immersed Interlaminar Fatigue of Glass 
Fiber Epoxy Composites Using the I-Beam Method. Int. J. Fatigue 2019, 119, 302–310, 
doi:10.1016/j.ijfatigue.2018.10.011. 

32.  Zhang, W.; Zhou, Z.; Zhang, B.; Zhao, S. A Phenomenological Fatigue Life Prediction 
Model of Glass Fiber Reinforced Polymer Composites. Mater. Des. 2015, 66, 77–81, 
doi:10.1016/j.matdes.2014.10.036. 

33.  Mouritz, A.P. A Simple Fatigue Life Model for Three-Dimensional Fiber-Polymer 
Composites. J. Compos. Mater. 2006, 40, 455–469, doi:10.1177/0021998305055199. 

34.  Yasar, A.; Kacar, İ.; Keskin, A. Tensile and Fatigue Behavior of Glass Fiber-Reinforced 
(MAT-8)/Polyester Automotive Composite. Arab. J. Sci. Eng. 2014, 39, 3191–3197, 
doi:10.1007/s13369-013-0897-2. 

35.  Burhan, I.; Kim, H. S-N Curve Models for Composite Materials Characterisation: An 
Evaluative Review. J. Compos. Sci. 2018, 2, 38, doi:10.3390/jcs2030038. 

36.  Vizentin, G.; Vukelic, G. Failure Analysis of FRP Composites Exposed to Real Marine 
Environment. Procedia Struct. Integr. 2022, 37, 233–240, 
doi:10.1016/j.prostr.2022.01.079. 

37.  INTERNATIONAL STANDARD ISO 527 Plastics - Determination of Tensile Properties; 
2020; 

38.  Choi, Y.Y.; Lee, S.H.; Park, J.-C.; Choi, D.J.; Yoon, Y.S. The Impact of Corrosion on Marine 
Vapour Recovery Systems by VOC Generated from Ships. Int. J. Nav. Archit. Ocean Eng. 
2019, 11, 52–58, doi:10.1016/j.ijnaoe.2018.01.002. 

39.  Kovač, N.; Ivošević, Š.; Vastag, G.; Vukelić, G.; Rudolf, R. Statistical Approach to the 
Analysis of the Corrosive Behaviour of NiTi Alloys under the Influence of Different 
Seawater Environments. Appl. Sci. 2021, 11, 8825, doi:10.3390/app11198825. 



G. Vizentin – Doctoral dissertation 
 

109 
 

40.  Vukelic, G.; Vizentin, G.; Ivosevic, S. Tensile Strength Behaviour of Steel Plates with 
Corrosion-Induced Geometrical Deteriorations. Ships Offshore Struct. 2021, 1–9, 
doi:10.1080/17445302.2021.2006969. 

41.  Vukelic, G.; Vizentin, G.; Brnic, J.; Brcic, M.; Sedmak, F. Long-Term Marine Environment 
Exposure Effect on Butt-Welded Shipbuilding Steel. J. Mar. Sci. Eng. 2021, 9, 491, 
doi:10.3390/jmse9050491. 

42.  DNV GL AS DNVGL-ST-C501 Composite Components; 2017; 

43.  Kim, H.S.; Huang, S. S-N Curve Characterisation for Composite Materials and 
Prediction of Remaining Fatigue Life Using Damage Function. J. Compos. Sci. 2021, 5, 
76, doi:10.3390/jcs5030076. 

44.  Silvera, A.; Vazquez, J.; Vinssac, V. Strain Analysis of a Glass-Fibre-Reinforced 
Polyester under Dynamic Loads. Spanish J. Agric. Res. 2011, 9, 49, 
doi:10.5424/sjar/20110901-444-10. 

45.  DNV Environmental Conditions and Environmental Loads; http://www.dnv.com, 
2014; p. 182;. 

46.  DNV Wave Loads; www.dnv.com, 2021; p. 81;. 

  



G. Vizentin – Doctoral dissertation 
 

110 
 

D. Composite wrap repair of a failed pressure vessel—Experimental 

and numerical analysis 
Goran Vukelic, Goran Vizentin 

Abstract: This experimental and numerical study deals with the failure of two steel pressure vessels that 

failed during hydrostatic test at a pressure lower than test pressure. Failure was noticed because of pressure 

drop and fluid leakage during the test and, later, by observing through-wall cracks that formed on the 

vessels. Experimentally, visual and ultrasonic non-destructive testing was performed to check the vessel for 

possible cracks and to measure wall thickness. Microscopy was employed to inspect the existing cracks and 

determine their dimensions. Results revealed pitting corrosion at the bottom part of the vessel to be the 

cause of the cracks. Numerical analysis was performed to assess the possibility of retaining the functionality 

of the vessel by using composite patch repair procedure. Results proved that repaired vessel can retain the 

pressure bearing capacity and numerically obtained results were confirmed by experimental investigation 

on the similar vessels. As a conclusion, some recommendations are given to avoid future failures of such 

pressure vessels. 

Keywords: Pressure vessel; Pressure vessel failure; Pressure test; Leak-before-break; 

Composite patch repair 

1. Introduction 

Pressure vessels made of steel are prone to corrosion and one of the most damaging 

corrosion forms is pitting [1]. Small holes or pits are caused when corrosive medium 

attacks confined areas on the surface of the metal. Pits are distributed irregularly and pose 

a threat to the structural integrity. Pits tend to reduce the load carrying capacity of the 

vessel, intensify local stresses and act as one of the most important causes of vessel 

failures [2]. Complete insight into the formation, distribution and size of the pits is needed 

to estimate the structural integrity loss. 

Corrosion and pitting have been discussed in numerous previous scientific studies. 

Corrosive environment significantly reduces fatigue strength of the structural steel when 

compared with results of tests performed in laboratory conditions [3]. Experimentally, a 

laboratory study of long-term under-deposit corrosion was performed to reveal that 

deposit-covered pipelines experienced severe pitting corrosion and greater pit depths [4]. 

A comprehensive experimental and numerical analysis was performed to develop 

simplified pitting model capable of assessing collapse pressure of corroded pipe [5,6]. 

Structural integrity of pipelines was proved to deteriorate significantly in the presence of 
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corrosion defects, as proven by FITNET FFS procedure [7]. Stochastic analysis of corroded 

pipelines considering corrosion growth in three dimensions revealed that this type of 

corrosion model significantly impacts reliability and remaining operational life of a 

pipeline [8]. FE study showed the importance of adequate modelling of corrosion defects 

in order to properly estimate burst pressure capacity of pipelines [9]. 

Most of the previous research dealing with retaining the functionality of damaged thin-

walled structures follows the idea of applying composite patch repair technique [10,11]. 

Finite element analysis revealed that the composite repairment can be used to restore the 

pressure bearing capacity of the steel pipelines, even when the localized damaged reach 

70% of material loss [12]. Same group of authors provided a complete review of the use 

of polymer composites for repairs of different types of pipeline, along with discussing 

possible future directions of research in this section [13]. A theoretical study combined 

with FE analysis was used to determine stress intensity factors for double-edged cracked 

steel plates strengthened with fiber reinforced polymer composites [14]. A parametric 

study was done to determine the influence of composite patch thickness on fatigue crack 

growth life extension of low-strength structural steel pipes [15]. Analytical and numerical 

analysis of a pressure vessel with multiple cracks ad composite reinforcement showed 

that critical internal pressure does not differ much for a single and multiple cracked vessel 

and that laminates with higher elasticity modulus have more effect on the critical internal 

pressure [16]. 

Pressure equipment failures can endanger safety of the people and produce negative 

economic impact, so studying the origins of the failures can help in avoiding such 

scenarios. This experimental and numerical study deals with the failure of two steel 

pressure vessels, part of an air compressor unit, that failed during hydrostatic test. Causes 

of failures are determined and a method to repair damaged vessels is proposed. The 

proposed repair technique relies on applying composite patches over the damaged area 

of the vessel in order to retain pressure bearing capacity of the vessel. Composite repair 

technique is a practical choice for engineers since the cost of the composite material is 

generally acceptable and it can be rather easily applied. Care must, however, be taken to 

properly choose the material (i.e. type, thickness, dimensions, ply orientation) and to 

recognize the type of failure that can be repaired successfully. This is also the aim of this 

paper. 
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2. Experimental failure analysis 

Two steel pressure vessels failed during hydrostatic test that was performed with water 

as a test fluid. No previous repairs, inspections or tests performed were noted. Pressure 

vessels were used as a part of an air compressor unit in a shipyard, kept in horizontal 

position, manufactured in 1984. Both vessels are identical in terms of design and have a 

declared volume of 60 l and mass of 21.3 kg. However, actual weighted masses were  

21.6 kg and 21.8 kg, respectively. Working pressure of the vessels is 8 bar and test 

pressure is set at 13 bar. Fig. 1 gives general dimensions of the vessels, with thickness of 

the shell wall  = 3 mm. 

 
Fig. 1. General dimensions of the vessel (in mm). 

Failure occurred during hydrostatic pressure test, a test that can be classified as one of 

the full-scale tests that are considered the most informative regarding the state of welded 

pressurized structures [17]. However, pressure tests can sometimes provoke the 

formation of cracks and leakage of the contained fluid [18], therefore caution is needed in 

performing the test meaning that the pressure needs to be raised gradually and the state 

of the vessel monitored continuously. The test was performed using a hand pump with 

the aim of reaching and holding designed test pressure of 13 bar. Analogue pressure 

gauges and digital pressure transducer were connected to the vessel to monitor the 

change in pressure, Fig. 2. When reaching pressure about 20% lower than the test value, 

fluid leakage was observed from two locations on each of the vessels, Fig. 2. Also, pressure 

drop was noticed on the pressure gauges and computer display connected to digital 

pressure transducer. Hydrostatic pressure test was terminated at that point and 

experimental failure analysis followed. 
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Fig. 2. Hydrostatic test setup with details of fluid leakage. 

Outer and inner surfaces were first examined visually using magnifying glass and 

borescope. Uniformly spread surface corrosion at the contact area with the saddle 

holdings of the compressor unit were noticed on the outer surface, but in extent that did 

not substantially deteriorate the material. Also, sporadic localized corrosion points were 

noted, Fig. 2. Special attention was given to inspection of weld line, but no excessive 

corrosion was noted. Inner surface was found to be uniformly heavily corroded and 

multiple points with excessive corrosion were noted that are adequate to definition of 

pitting corrosion points. This type of material damage seriously threatens the pressure 

bearing capacity of the vessels [19]. 

Further non-destructive tests were performed, as a powerful tool in assessing the 

condition of the pressure equipment [20]. Ultrasonic testing (UT) was performed to 

determine possible variations in shell thickness of the vessel. A minimum of five 

measurements was taken at every location indicated in Fig. 3 and average results are 

given in Table 1. 
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Fig. 3. Orientation and zones of performed ultrasonic shell thickness measurement. 

Table 1. Measured shell thickness (in mm). 

 Orientation    
Zone 0° 90° 180° 270° 

1 2.5 2.7 2.6 2.7 
2 1.9 2.1 2.7 1.9 
3 2.7 2.6 2.6 2.8 

Further research was employed on specimens that were cut out of one vessel. Chemical 

composition of steel was determined using glow discharge spectrometer, Table 2, and it 

was found that the composition of tested material is adequate to steel EN 10028-2 grade 

P235GH (other designations: 1.0345, ASTM A285 Grade 60). 

Table 2 Chemical composition of the material (wt%). 

C Si Mn P S Cr Ni Nb 
0.094 0.0376 0.401 0.0194 0.0122 0.0249 0.0191 0.0039 

Cu Al Sn W Co Pb As Mo 
0.086 0.0631 0.0069 0.0079 0.0044 0.0003 0.0013 0.0043 

Measured mean hardness value was found to be 590 HV (Vickers hardness number) and 

maximum tensile strength derived from the hardness value [21] is TS = 3.2HV = 410.88 

MPa. Hardness test was performed on the inside and the outside surface of the vessel at 

the zone 2 and 90° and 270° orientation on the vessel, Fig. 3. According to the standard, 

for steel plate thickness less than 6 mm maximum tensile strength is TS = 360-480 MPa 

and yield strength YS = 235 MPa. Since the yield stress of the material is quite low, 

possibility of significant plastic deformation arises. However, designed working pressure 

does not introduce excessive stress to the structure that could provoke this type of 

deformation and the experimental hydrostatic test was terminated (due to safety 

reasons) before the significant plastic deformation of the structure was noticed. 
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Cut-out specimens containing cracks were used to perform microscopic examination, Fig. 

4, using optical and scanning electron microscope (SEM), Figs. 5 and 6. 

 
Fig. 4. Cut-out specimen containing crack used to perform microscopic examination. 

 
Fig. 5. Image of a pitting point on the outer surface taken by: (a) optical microscope at 20x 

magnification; (b) SEM at 100x magnification. 

 
Fig. 6. Image of a pitting point on the inner surface taken by: (a) optical microscope at 20x 

magnification; (b) SEM at 100x magnification. 
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3. Numerical analysis 

A numerical analysis was performed in order to validate the applicability of fiber 

reinforced polymer (FRP) patches as a repair technique for pressure equipment damaged 

by corrosion. This technique utilizes fibers bonded both together and to the equipment 

by the means of cured resins, often in-situ. The patch type considered here is the hoop-

wrapped one. 

The analysis is performed using commercial FE analysis software package ANSYS. The 

input data is based the on experimentally collected geometrical and mechanical 

characteristics of the vessel, as described in Section 2. 

First, a static structural analysis of the undamaged vessel is performed with the goal to 

assess the stress distribution and to confirm the validity of the vessel design. Making use 

of symmetry of the vessel and to reduce computational time, only half of the vessel is 

modelled and meshed with quadratic order elements (TET10), Fig. 7. Pressure load is 

imposed on the inner surface of the vessel. 3D FE analysis was performed instead of also 

acceptable 2D in order to gain more comprehensive results without significantly 

extending the computational time. 

 
Fig. 7. Meshed FE model of the considered pressure vessel. 

An additional stress analysis is performed on a model of vessel with introduced pitting 

corrosion damage. Pitting holes are introduced in 20 locations on the vessel, Fig. 8a, five 

of them at every angle orientation presented at Fig. 3. Pitting is modelled as a conical hole 
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(2.9 mm deep and leaving a 0.1 mm shell thickness as measured during SEM microscopic 

examination), Fig. 8b, according to obtained SEM images. 

 
Fig. 8. Pitting introduced in a FE model of pressure vessel: (a) pitting holes locations (angle and 

number); (b) detail A - pitting hole geometry (all dimension in mm). 

As the corrosion propagates, through-wall cracks occur followed by fluid leakage, i.e. 

repair is necessary. The repair method proposed here consists of an FRP composite hoop-

wrapped patch, 100 mm in width, applied in the leak zone. 

The patch is modelled using surface geometry which is ‘‘layered up’’ with uni-directional 

(UD) epoxy-glass woven pre-pregs in a (0°/-45°/45°/90°) layup configuration using the 

ANSYS ACP system. The layer adjacent to the vessel is modelled as epoxy resin, whilst the 

composite patch itself consists of 4 layers of the UD pre-preg 0.4 mm in thickness. The 

patch is meshed with TRI3 and QUAD4 elements, Fig. 9.  

 
Fig. 9. Meshed FE model of the vessel with applied patch assembly (section view). 
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This type of composite material was chosen since the epoxy-glass combination 

deteriorates significantly less in the presence of water than other types of composites 

[22]. As for the layer configuration, the chosen one has already been proven as suitable 

for repairing thin-walled structures [23,24]. 

 

4. Results and discussion 

Testing of material chemical composition revealed that the pressure vessels were made 

of steel under designation P235GH (1.0345, ASTM A285). It is a low to intermediate 

tensile strength carbon steel used in the manufacturing of pressure vessels by fusion 

welding. It comes in a plate of maximum thickness of 50 mm. Vessels made of this type of 

steel are usually storage tanks and low-pressure vessels, i.e. it is used in non-critical 

pressure vessel applications. Various types of pressure equipment, e.g. pressure vessels, 

steam tubes, heat exchangers, boilers, etc., are made of this pressure vessel steel and 

application can be found in vast array of different industries. 

Visual and optical microscopic investigation of the outer surface revealed localized 

corrosion points, Figs. 4 and 5a, but better understanding of the damage magnitude came 

with SEM investigation that revealed these corrosion points propagated through the 

entire thickness of the shell, Fig. 5b. SEM was also used to measure diameter of pits, Fig. 

5b. Visual and optical microscopic investigation of the inner surface revealed uniformly 

and heavily corroded surface with pitting corrosion points on the bottom section of the 

vessels, Figs. 4 and 6a. SEM investigation of the area around pits, Fig. 6b, revealed large 

quantity of corrosion products. This corrosion most obviously served as a trigger for pit 

formation, growth and propagation towards outer surface of shell. When comparing Figs. 

5 and 6, it can clearly be noticed how the corrosion propagated from the inside surface of 

the wall since this part has gradual increase of mechanical damage when approaching 

the center of the hole from the outside perimeter, Fig. 6. Outer surface, on the other hand, 

shows only signs final failure (through-hole), Fig. 6a, with some signs of delamination 

around the hole, Fig. 6b. 

As said in the introduction, pits are caused when corrosive medium attacks confined areas 

on the surface of the metal. It is indicative that pitting formed mainly on lower section of 

the vessels, close to the drainage opening. UT measurement, Table 1, revealed that shell 
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thickness is greatly reduced in that area, up to 36% of the initial thickness. The most 

excessive reduction of the thickness occurred in zone 2, at 0◦ orientation measurement 

point, Fig. 3, where the drainage hole is located. This is the area where the liquid fluid in 

air compressor vessels concentrates and can, if not drained regularly, cause damage to 

the vessel. It seems reasonable to conclude that this excessive corrosion in that area is a 

result of inadequate maintenance of the vessel without regular draining and cleaning. 

This, coupled with lack of regular NDT inspection and hydrostatic pressure testing, led to 

build-up of corrosion products on the inner surface that caused the change in the weight 

of the vessels and formation of corrosion pits. 

Cracks, pits and other forms of surface damage of pressure vessels tend to reduce the 

thickness of their shell, forming only a narrow ligament of material that must withstand 

the service load. As the service load in pressure vessel alternates, these defects may grow 

in size to form through-thickness cracks. As the cracks open, leaking of internally stored 

fluid can be expected followed with a loss of pressure inside the vessel. This situation 

leaves time for preventing the vessel from final failure. Scenario is known as leak-before-

break (LBB) and is one of the most important criteria for safe design of pressure vessels 

and pipelines [25]. LBB is also the scenario that developed during hydrostatic testing of 

the considered vessels. This type of scenario also helps in retaining the safety of operating 

vessel as it functions as a structural stress relief. This is of special importance when the 

gaseous fluid is contained inside the vessel. LBB is a fail-safe design concept for 

application in pressure vessels when a quantitative maximum allowable flaw size is 

required to set acceptance/rejection limit to predict whether the specific cracked pipe 

will leak or break [26]. 

In order to verify the FE model, numerically obtained values of circumferential ( c) and 

longitudinal ( l) stress are compared with ones obtained analytically, Table 3, with  

c = pr/t and l = c/2 [27], for working pressure  = 8 bar, radius  = 150 mm and 

thickness  = 3 mm. 

Table 3 Comparison of numerically and analytically obtained values of circumferential ( c) and 
longitudinal ( l) stress. 

Analytically   Numerically  
c (MPa) l (MPa)  c (MPa) l (MPa) 

40 20  41,348 20,343 
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The stress levels in the damaged vessel near the pitting holes are significantly higher than 

in the rest of the vessel body, Figs. 10 and 11. The stress in the longitudinal direction of 

the damage area reaches the yield stress level of the material, which explains the 

formation of the through-thickness holes. 

 
Fig. 10. Equivalent (von Mises) stress distribution at working pressure for damaged vessel: (a) 

cross section; (b) hole detail. 

 
Fig. 11. Equivalent (von Mises) stress distribution at test pressure for damaged vessel: (a) cross 

section; (b) hole detail. 

Once the holes have been formed the vessel losses its function to retain fluid, so repairs 

become necessary. The stress analysis shows stress concentration points, caused by 

geometry changes due to corrosion damage, localized to the damage area exceeding the 

permitted value for von Misses stress of 282 MPa [28]. Particular attention has been given 

to the bottom holes as the most extensive pitting has been noticed there, Figs. 12 and 13. 
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Fig. 12. Equivalent (von Mises) stress distribution at the center bottom hole (position 0°-3, Fig. 

7a) at: (a) working pressure; (b) test pressure. 

 
Fig. 13. Equivalent (von Mises) stress distribution at the center bottom hole (position 0°-3, Fig. 

7a) with patch applied at: (a) working pressure; (b) test pressure. 

The stress distribution in the hoop-wrapped patch is shown in Fig. 14, and in the vessel 

in Fig. 15. 

 

Fig. 14. Equivalent (von Mises) stress distribution at the patch covering 1 mm diameter hole at: 
(a) working pressure; (b) test pressure. 



G. Vizentin – Doctoral dissertation 
 

122 
 

 

Fig. 15. Equivalent (von Mises) stress distribution over the vessel with 1 mm diameter hole at: 
(a) working pressure; (b) test pressure. 

The maximum stress in the vessel, which is above the maximum allowed value, can be 

reduced by enlarging the diameter of the through thickness hole. This is achieved by 

drilling a 12 mm diameter hole. This procedure is, in fact, necessary to remove corrosion 

products around the initial pitting hole and help in future corrosion retardation. Also, 12 

mm diameter is necessary in order to confirm the applicability and suitability of hoop-

wrapped patching repair [29]. 

Repeating the same analysis for the new hole geometry shows the maximum stress for 

both loading cases occurring on the torispherical head of the vessel, Fig. 16, which is 

outside the patch area. In both cases (142 MPa and 231 MPa, respectively), the stress 

value is below the maximum permitted equivalent stress of the material. 

 
Fig. 16. Equivalent (von Mises) stress distribution over the vessel with 12 mm diameter hole at: 

(a) working pressure; (b) test pressure. 
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However, the increase of the hole diameter causes an increase of the patch stress which 

is still below the maximum allowable values, Fig. 17. For the test pressure load the 

maximum fiber direction stress in the bottom layer of the patch is 1.91 MPa and in the top 

layer 33.17 MPa.  

 

Fig. 17. Equivalent (von Mises) stress distribution at the patch covering 12 mm diameter hole at: 
(a) working pressure; (b) test pressure. 

The composite failure criteria applied here is a combination of maximum stress and Puck 

failure criteria. The value of the failure index of 1 indicates that the material in a layer will 

fail. An element-wise failure analysis is conducted for the test pressure load, showing the 

failure index varying from the minimal value of 0.077 to the maximum of 0.32, Fig. 18. 

This indicates that the patch is adequate to withstand the said pressure. 

 
Fig. 18. Equivalent (von Mises) stress distribution in a patch over a 12 mm diameter hole at test 

pressure load. 
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In order to experimentally test the suitability of the proposed repair technique, 

hydrostatic pressure tests were performed on two similar steel pressure vessels. Pressure 

vessel concerned were of 123 mm outer diameter, 720 mm overall length, 4.5 mm wall 

thickness, 12 mm through-hole at the middle of the body and an epoxy-glass composite 

patch of 400 mm in length was applied to cover the hole, Fig. 19. 

 

Fig. 19. Pressure vessels with composite patch repair examined using hydrostatic test. 

Hydrostatic test followed the same procedure as already described, but until the burst of 

the composite patch to inspect the maximum possible pressure that the patch can 

withstand. Results of the hydrostatic tests for two vessels are given in Fig. 20, where the 

gradual rise of the pressure over time can be monitored.  

 
Fig. 20. Pressure rise over time during hydrostatic tests performed until burst for two vessels. 
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Bursting occurred at the value of just over 50 bar, significantly higher than the maximum 

allowable pressure. It is interesting to note that the bursting occurred at the edge of the 

patch, not in the location of the hole, Fig. 21. 

 

Fig. 21. Detail of the test fluid bursting on the edge of the composite patch. 

 

5. Conclusion 

In this study, experimental and numerical analysis was employed to determine the 

possible causes of pressure vessels failure and to propose a suitable repair technique in 

order the functionality of the vessels. Experimental investigation comprised of technical 

data acquisition, visual and ultrasonic non-destructive testing (NDT), characterization of 

material and microscopic analysis. Numerical stress analysis was performed using FE 

method to assess the possibility of employing composite patch repair technique. The 

results obtained by the FE analysis have been confirmed by performing experimental 

hydrostatic tests on similar pressure vessels repaired with composite patches. 

Experimental results suggest that the root cause of the failure is inadequate maintenance 

of the vessels, i.e. irregular draining, deficient cleaning, lack of scheduled NDT inspections 

and hydrostatic pressure testing. This opened a path for a corrosion process most severe 

at the bottom part of the shell where excessive corrosion pitting has been detected. Leak-
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before-break scenario developed with vessel failing to pass hydrostatic pressure test well 

below the test pressure value. 

While the initial design of the vessel was satisfactory, it is clear that inadequate 

maintenance caused the failure so recommendations of this study are aimed at that 

direction and direction of repairing the already damaged vessels. Possible 

recommendations to avoid such failure in the future would include adequate maintenance 

of remaining un-damaged vessels: cleaning, draining, NDT inspection and regular 

hydrostatic pressure testing with appropriate choice of inspection technique. 

For already damaged vessels, hoop-wrapping repair method with composite patches is 

proposed. If the results of the FE stress analysis of the damaged and repaired vessels are 

compared, it can clearly be noted that with composite patch repair can successfully 

withstand the working and test pressure, while the damaged cannot contain the fluid. 

Experimental analysis of repaired vessel also shows that this type of repairment is able to 

withstand designed pressure. 

Possible directions for future research on this matter would include optimization of the 

composite patches in the terms of their dimensions, thickness and the orientation of the 

layers. Composites lose some of their load bearing capacity when exposed to aggressive 

environment [22] which should also be studied. 
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