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In spite the fact that composite materials have been in use in the maritime sector for over a half of century, classification
societies regulations tend to limit the usage of composites at the larger scale. One of the reasons for such strict class rules
is a lack of comprehensive analytical and numerical models representing the behaviour of composites in the sea
environment. Understanding the process of degradation and damage of composite materials assisted by sea environment
a crucial step in building such a model. This paper aims to give a critical review of the research advancements in
assessments of the sea environment influence on the degradation of mechanical properties of composites with a special
emphasis on developed models of processes containing water and moisture entering composite inner structure. The list
of major references in the last five years is given and suggestions for future research are discussed.
Keywords: marine composites, water diffusion, moistening process, degradation process.

1. INTRODUCTION

need for updated and more encompassing regulations
regarding acceptance of composite materials as a worthy
material in general, as well as maritime applications is
evident [12].
The aggressive influence of the marine environment is
a significant factor in the design of maritime structures
regardless of the material used. The application
possibilities for composite materials are based on a welldefined and in-practice proven mechanical model of their
behaviour under various load scenarios characteristic for
vessels, as well as the influences of the aggressive marine
environment. Example of such approach is, for instance,
experimental research [13] of the composites exposed to
seawater weathering followed by fire and/or heat damage,
typical for marine environment. Some research can be
performed numerically, e.g. estimating reliability of
filamentary composites in marine environment based on
sensitivity analysis [14].
Given all that, complete comprehension of the
adsorption and diffusion process of water in the matrix is a
crucial process to be understood. Just then, environmental
effects could be numerically modelled and the composite
degradation process integrated into the design process of
marine structures. Finite element (FE) analysis proves here
as an indispensable tool in numerical modelling of
mechanical behaviour of any structure.
In order to incorporate the effects of water diffusion in
FE analysis, input parameters are needed so experimental
testing is often used to extrapolate water absorption and
diffusion process parameters that can be used in analytical
and numerical analysis [15]. The aging effects due to
moisture intake must be coupled with mechanical loading
effects so a complete numerical model can be developed.
All of the above-mentioned issues served as a
motivation in writing this review article, which aims to
present recent relevant work in this field of research. The
goal is to give a critical overview of the current state of the
research as well as to outline possible future directions of
research advancements. Fundamental work on this topic
can be tracked through provided references.

Composite materials have been used in maritime
structures for several decades up to the present time, with
application ranging from leisure boats to military vessels
and structures (offshore, renewable energy) [1 – 4].
Composites are also used for specific elements on ships
and structures such as superstructures, deck elements,
bulkheads, propulsion systems elements, piping etc.
A more extensive and broader application in the
maritime sector has been made difficult due to incomplete
or non-existing rules of classification societies with respect
to durability and environment influence issues. The lack of
all-encompassing understanding of durability of composite
materials under specific environmental and load conditions
is the cause of a slow progressing application of
composites in marine industry (i.e. ships and offshore
structures) [5].
The most recent versions of class standards take into
account the possibility of composite materials application
as construction materials [6 – 9]. The standards obligatory
in the maritime sector prescribe temperature, water,
chemicals and UV-radiation as environmental conditions
that are considered in the assessment of environmental
influence on the mechanical properties of composites. The
materials taken into account are reduced to composites
using resins with glass transition temperatures ranging
below 150 °C [10]. Standards recommend “documenting
test results” in order to determine the behaviour of the
material, thus emphasizing the lack of reliable analytical or
numerical models in this field or research.
In addition, shipbuilding is a relatively conservative
industry field not prone to quick adaptation of new
technologies and materials applications. However, the
presence of composites in the shipbuilding is steadily
increasing and even dominating as construction materials
for small crafts (< 50 m) in the new millennium [11]. The
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2. MOISTENING AND SOAKING PROCESS OF
COMPOSITES

3. SEA ENVIRONMENT INFLUENCE
COMPOSITES DEGRADATION

Composite materials are composed of a polymer
matrix and reinforcing fibres. The function of the matrix is
to hold the load bearing fibres composed in a desired shape
needed for the structural element, whilst the fibre provides
directional material strength. The combination of the
matrix and fibres is referred to as laminate. When
composite materials are used in humid or wet environment,
moisture adsorption becomes an issue as it changes
mechanical properties of the laminate. The matrix is
structurally modelled, in accordance to Flory-Huggins
theory, as lattice of cells occupied by the polymer or
solvent molecules. During the process of polymer chain
forming, some of the cells are not occupied by the polymer
molecules. These vacancies determine material porosity
and permeability and enable penetration of gas of fluid
molecules present in to the environment into the material
itself.
The parameters that have the most significant
influence on moisture intake process are time, matrix
chemical composition, percentage of environmental
moisture content, environmental temperature, pH factor,
UV radiation and pressure.
This penetration of fluids into the matrix is usually
modelled according the one-dimensional Fick’s law from
the initial adsorption to the saturation level [16 – 19]. This
law assumes an infinite plate model for the laminate,
which is not satisfactory for thick composites. The
diffusion and moisture intake in thick laminates has to be
modelled with three-dimensional models [20].
It is assumed that a solute will move from regions of
high concentration to a region of low concentration across
a concentration gradient and the diffusion process of water
molecules into the composite material is correlated to
diffusion of water in a membrane. It has been observed by
various authors, [18, 21 – 23] that the adsorption and
diffusion in composite materials may not conform to the
Fick’s law when the composite material is subjected to
hydrostatic pressure, various moisture concentration and
temperature values.
Osmosis it on of the process by which water penetrates
the matrix and after the penetration dissolves any soluble
material thus forming solution volumes (pockets) which
exerts pressure to the surrounding material as it continues
to grow, finally resulting in stresses that cause
delamination of the composite material layers.
The absorbed water can enable physical and chemical
degradation, which influences the mechanical behaviour of
polymer composite by affecting mechanical properties of
the material [24, 25].
A kinetic model of water absorption in polymer
materials has been proposed by Gilormini and Verdu [26]
based on the idea of hydrogen bonding to polymer matrix,
which includes non-Fickian diffusion.
The diffusion of fluids in a fibre reinforced composite
material can be characterized as anisotropic as the
diffusion in the fibre direction is more intensive than in the
fibre transverse direction [16].

The most commonly used resins for composite
materials in the marine industries are polyester, vinyl ester
and epoxy. The reinforcing fibres are usually made of
glass, carbon or para-aramid. The composite material
combinations that have been mostly used are Glass
Reinforced Polyester (GRP), aramid fibre composites and
carbon fibre reinforced epoxy composites.
The absorbed seawater has a significant influence on
the composite materials mechanical properties. The water
molecules react with the matrix polymer molecules causing
plasticization, which in turn causes matrix cracking, voids
in the matrix that represent potential fatigue cracks starting
points, delamination and blistering [19].
All of these occurrences represent serious structural
issues, which makes understanding and modelling this
phenomenon of crucial importance.
The usual procedure used to assess the long-term
influence of seawater on the mechanical characteristics and
dynamic response of composite material structures is
soaking standardized coupons in water, monitoring the
amount of absorbed water by periodic weighing until
saturation (no significant further increase in coupon mass)
and final comparison of dry and wet coupon mechanical
properties [18]. This procedure is time consuming.
Accelerated test methods have been developed in order to
reduce the necessary testing time [27 – 30]. These methods
are based on the idea of heating the water in order to
achieve a faster diffusion process, hence reducing the time
needed to reach the water saturation of the material. The
testing is performed in aging chambers with controlled
conditions of parameters monitored, usually temperature,
humidity and UV-radiation. Relevant changes within the
material that cause variations in mechanical properties are
monitored using spectroscopy, Dynamic Mechanical
Analysis (DMA), Scanning Electron Microscopy (SEM).
Mass variations are indicative of the level of moisture
content in the material [31].
Hakansson et.al. [32] presented a parametric study
based on Det Norske Veritas (DNV) rules to determine
which types of composite material are most suitable for
weight/cost minimization of ships. The authors concluded
that 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 aluminium. In addition, illogicalities in the DNV class
regulations regarding minimum thickness of composite
structural elements requirements have been highlighted,
emphasizing the need for further work on the regulations in
order to accommodate the applications of composite
materials.
Grogan et.al. [33] defined the influence of
microstructure and hydrostatic pressure in composites that
are suitable for use in tidal energy devices construction.
Microstructural defects, referred to as voids that can
happen during production of composites have a significant
effect on the moisture diffusion rate and on the total
amount of absorbed water. The research was done for four
materials, namely a glass fibre powder epoxy (GFE), a
carbon fibre powder epoxy (CFE), glass fibre Ampreg
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(GFA) epoxy and a chopped fibre GF PEEK. Their results
have shown that hydrostatic pressure increases the initial
water absorption rate but does not affect the final water
uptake. The changes in mass and volume remained
unchanged after drying indicating that the material has
suffered a permanent change in properties, which has
repercussions to the device performances. The need for
further testing and research due to the complexity of the
water absorption process was once again stressed.

Pan and Zhong [39] have developed an analytical
micromechanical model, which describes the change of
mechanical properties of composites with natural fibres,
which includes a damage variable, all for randomly
oriented straight fibres. The author has verified on
examples that a stiffer matrix can reduce moisture
absorption in the material, hence reducing the loss of
mechanical properties of the composite.
Joliff et.al. [40] analysed water diffusion in
unidirectional composites taking into account the
fibre/matrix interphase, which has different properties than
the matrix, the effect that fibres arrangement heterogeneity
and contact between fibres has on the water diffusion
characteristics. The data was verified experimentally,
analytically and numerically. This research has shown that
particular attention must be given to the meshing process
during FE analysis, as there are three distinctive regions in
the composite material, namely the matrix, the fibres and
the interphase, which all need different element sizes. The
research has led to the conclusion that a simplified
microstructure cannot be used to model the water diffusion
process in unidirectional composites. Numerical structure
model must be based on a realistic structure in order to
yield a reliable model for the water diffusion process in
composite materials.
Recent testing proved that a coupling effect of water
diffusion and mechanical stresses has a significant
influence on composite materials mechanical properties
degradation.
Meng et.al. researched the time dependencies of
moisture diffusion and stress distribution in in carbon fibre
reinforced polymeric (CFRP) composites using
experimental data and FE analysis [41]. The research
resulted in a multiscale 3D numerical model that can be
used to evaluate the stresses occurring in the interface
between the matrix and fibres. In this case, the moisture
diffusion process has been modelled using a realistic 2D
numerical on the micro scale. The coupling effect of
moisture ingression and consequential induced stresses has
been confirmed by SEM analysis, which has shown
fractures in the matrix/fibre interface zones.
Wang et.al. developed an equivalent model in order to
obtain a coefficient of hygrothermal expansion in the
composite material and a multi-scale model for composite
plates strain and stress calculation [42]. The second Fick’s
law was used as basis to model the water absorption
process and the coupling behaviour to stress. The
verification of the results was done experimentally and
numerically. The numerical model is based on a
representative unit cell, which enables the calculation of
strain and stress in both fibre and matrix.
Pour-Ghaz et.al. [43] analysed the coupled effects of
mechanical and environmental loading on Glass Fibre
Reinforced Polymers (GFRP) by loading the samples in
heated fresh and salt water at various load levels up to 30%
of their ultimate tensile strength. Interestingly, the authors
concluded: “this indicates that no synergistic effect on the
degradation rate of pultruded GFRP exists between
mechanical and environmental loading at stress levels
encountered during the service life of FRP structures”.
This effect was possible due to two process occurring in
the same time in this case, the degradation of mechanical

4. ANALYTICAL AND NUMERICAL PROCESS
MODELING
Combination of theoretical knowledge and
experimental results are needed to generate a complete
numerical model that can be integrated into standard FEA
procedures to enable the numerical simulation for
structures constructed of composite materials.
Analytical methods for modelling the moisture
absorption process in pure polymers and consecutive
change of their mechanical properties have been developed
[15 – 17, 34].
However, analytical models for effects of moisture
absorption on mechanical properties of composite
materials are somewhat sparse. Pan and Zhong [35] have
proposed the method of hybridization of the composite
material with natural fibres by adding synthetic
hydrophobic fibres into the composite and developed an
accompanying analytical linear constitutive model of such
material. Thermodynamic principles have been used in
order to model the progression of moisture absorption and
degradation of mechanical properties.
Akil et.al. [36] investigated the jute and jute/glass
hybrid reinforced polyester composites degradation under
combined water absorption and moderate temperature
influence. A deviation from Fickian absorption model and
a reduction in strength and elastic modulus was observed.
The glass fibres proved to reduce the degradation of
mechanical properties due to their resistance to water
absorption. Acoustic emission measurements and SEM
observations indicated that fibre/matrix interface
weakening is the main damage mechanism induced by
water ageing.
Peret et.al. [37] used the classical finite element
method to numerically model the solution of uncoupled
mechanical-water diffusion boundary problems at the
microscopic level for two polymer resins reinforced with
hydrophobic glass and carbon fibres. The authors
concluded that further research is needed in order to
analyse diffusion-mechanical couplings and that scale
transition methods have to be developed to take into
account microscopic details influencing material behaviour
at a higher scale. In a more recent work [38] the same
group of authors modelled the hygro-mechanical coupling
effect using the semi-empirical free volume theory
comparing pure resin mechanically loaded sample results
to unidirectional laminate sample behaviour, comparing
the classical Fick’s law and a strain-dependent diffusivity
based on the afore mentioned free volume theory. This
approach has shown “discrepancies between the two
models during the transient part of the moisture diffusion
process”, with further research still needed.
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properties and the increase of the strength after post-curing
at elevated temperature. This process of conditioning under
constant tensile load has been deemed very expensive and
time consuming by the authors themselves. The research
for higher loads and longer curing times remains to be
undertaken.
Joliff et.al. [44] have investigated the influence of the
interphase areas in unidirectional composites on the water
diffusion process, as well as mechanical properties
degradation using experimental. Analytical and numerical
analysis. The structural modelling of the interphase was
done on the microscale level. The findings of this research
indicates that the water diffusion coefficient is about five
times higher in the interphase area than in the matrix. The
results did not show significant influence of the modulus
change around the fibres.
Humeau et.al. [45] performed experimental research
of water diffusion in carbon/epoxy composites subjected to
static tensile stress. This research emphasizes the lack of
experimental data and analytical theories for fully coupled
behaviour of the water absorption/diffusion process and
mechanical stress. The authors concluded that testing these
two effects sequentially gives a wrong impression of weak
correlation on mechanical degradation, whereas when
water diffusion and stress are simultaneously applied to
composites large effects can be observed. The diffusion
process can no longer be simulated as Fickian and resulting
defects can be cause of premature failures. These coupling
effects are essential for composite structures lifetime
predictions.
Lu et.al. concentrated their research on various types
of glass reinforced polymer (GRP) composites exposed to
UV radiation, water condensation and high temperature,
proposing a new synergistic composites aging model [46].
The author has indicated that “the surface erosion of
polymer matrices of the GRPs by combined UV and water
condensation creates the most effective condition for small
polymer particles formed by UV to be subsequently
removed by water condensation exposing fresh still
undamaged surfaces to further UV degradation”.
Fang et.al. have proposed a method for monitoring the
effect of seawater aging in glass reinforced polymer
(GRFP) composite [47]. The method proposes adding socalled quantum dots labeled on the glass fibre by chemical
bond. A quantum dots is a fluorescent labelling agent that
can be used in sensing water absorption into the material.
Seawater inside the composite material causes separation
of fibres and matrix, which in turn exposes the quantum
dot the water causing the loss of fluorescence, indicative of
water intrusion.
Chen et.el. investigated the influence of hydrostatic
pressure on the water absorption process [48]. The result
had shown that the water absorption rate variated with
pressure showing two distinctive cases. For smaller values
(<3 MPa) the increase of pressure caused a reduction in the
absorption of water while for higher values (3 – 5 MPa)
increase of pressure caused a more intensive absorption.

initial costs and fire regulations. The beneficial factors that
can enable a broader use of composites is the ever stricter
environmental requirements regarding fuel emissions when
the smaller weight of composite materials comparing to
traditional materials gains importance. Compared to
traditional materials used in shipbuilding (steel, aluminium
alloy and wood) composite materials offer the possibility
of significant structural, maintenance/exploitation and
economical aspects improvement due to their specific
mechanical characteristics. The most important areas of
improvement compared to traditional materials are weight
reduction (low material density), corrosion resistance and
flexibility in shape forming of mechanical parts and
structural elements.
Still, class regulations require comparative studies
with traditional materials.
Modelling the behaviour of composite materials under
mechanical loads and establishing their failure modes is a
rather complicated task due to the pronounced material
heterogeneity and anisotropy. In addition to different
matrix and fibre mechanical properties, the interphase
areas that form in the fibre/matrix bonding zone have to be
taken into account as these areas exhibit yet another
change in material characteristics. Current research efforts
seem to be concentrated on either experimental, analytical
or numerical modelling of the environmental influence on
the mechanical properties of composites.
Additional environmental effects, such as moisture
and/or water absorption influence on the mechanical
properties of the composites make the structural analysis
even more complicated. This influence is especially
significant for maritime structures, which are constantly in
contact or completely submerged in seawater. There is
currently no comprehensive general model for composite
materials that would enable to incorporate the water intake
effects on composites in standard numerical analysis
procedures. Furthermore, research that takes into account
the coupling effect of water absorption and stress is in its
initial phase.
Another specific issue in numerical modelling of
composites is that a realistic approach is inevitable, i.e.
actual structure made of a specific composite needs to be
modelled in order to correctly ascertain its behaviour. This
numerical model has to take into account the matrix/fibre
interphase that exhibits high water diffusivity.
Moreover, not only that numerical models need to be
specific, but also experiments that are used for verification
of analytical and numerical solutions need to be tailored to
specific type of composite material. Consequently,
experimentally obtained results tend to be valid only in
specific range of composite material structure. All that
adds to the cost and duration of experimental testing,
limiting greater usage of composites in a traditionally
conservative and cost-conscious marine industry. Bearing
in mind that mechanical behaviour of composites relies
heavily on material structure as well that the adsorption
process is strongly material dependent, it can be concluded
that a theory that would incorporate general composite
behaviour model will not be easily reached. It is most
probable that this generalized model will not be reached in
a single step, but a continuous, small-increment step
toward it will be needed. Nevertheless, the idea of a

5. DISCUSSION AND CONCLUSION
Summarizing, a broader application of composite in
the maritime sector has been limited by relatively high
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generalized model is certainly worth investigating during
further research efforts.
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