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Abstract

To further exploit the potential of marine composites applications in building ship hulls, offshore structures, and marine equip-
ment and components, design approaches should be improved, facing the challenge of a more comprehensive and explicit
assessment of appropriately defined limit states. The structure ultimate/limit conditions shall be verified in principle within the
whole structural domain and throughout the ship service life. What above calls for extended and reliable materials characteriza-
tion on the one hand and for accurate and wide-ranging procedures in structural analyses. This paper presents an overview of
recent industrial developments of marine composites limit states assessments and design approaches, as available in open
literature, focusing on pleasure crafts and yachts as well as navy ships and thus showing a starting point to fill the gap in this
respect. After a general introduction about composites characterization techniques, current design practice and rule requirements
are briefly summarized. Both inter-ply and intra-ply failure modes and corresponding limit states are then presented along with
recently proposed assessment approaches. Three-dimensional aspects in failure modes and manufacturing methods have been
identified as the main factors influencing marine composite robustness. Literature review highlighted also fire resistance and
hybrid joining techniques as significant issues in the use of marine composites.

Keywords Marine composites - Navy ships - Pleasure crafts - Yachts - FEM - Material characterization - Limit state design -
Ultimate strength

1 Introduction

This paper deals with marine composites and it is intended as a
review paper aimed at supporting structural design and anal-
ysis in this particular field. While many papers and books are
available in open literature about composite materials and out-
standing experimental, numerical and theoretical results by
many researchers were and still continue to be presented, it
was felt desirable to offer a paper specifically dedicated to
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marine composites with special focus on pleasure crafts and
yachts as well as navy ships.

In particular, a few Italian shipyards are specialized in
building the above-mentioned units supported by relevant ma-
terial manufacturers and service-suppliers as well as by re-
search and educational activities ongoing since decades in
the field. Therefore, a recent literature review paper on the
matter appeared enviable. This paper focuses on the last five
years literature and current state of the art of industrial practice
and possible mid-term innovations, a topic which is not cov-
ered by scientific literature often.

In the following, some very basic concepts are briefly
outlined to introduce the matter before presenting latest ad-
vancements in the field.

Marine composites are typically constituted by multi-
layered laminates, where each ply is traditionally represented
by an orthotropic layer, from a mechanical point of view. An
orthotropic material admits three symmetry planes; thus, the
resulting elastic matrix is defined by 9 independent elastic
constants in 3-dimensional space, and by 4 elastic constants
considering a plane stress condition, which is often the case
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for marine structures applications, characterized by relatively
small thicknesses if compared with other dimensions.

Basic mechanical principles underpinning the marine com-
posites analysis are the following:

* The typical fiber-reinforced marine composite is constitut-
ed by a polymeric matrix, which cures on the reinforcing
fibers, on a mold.

* The fibers sustain the load, in terms of stresses, and pro-
vide the material stiffness;

*  Moreover, the fibers also act as crack stopper, limiting the
fracture propagation, originating both in the matrix and in
the fiber.

*  On the other hand, the matrix equally distributes the loads
among fibers and provide the interlaminar shear strength.

+ Its tasks are also to resist against chemical aggressions and
to allow an ultimate deformation higher than the one of
fibers, to prevent from matrix failure at low fiber stress.

The above-mentioned features are more and more applied
in ship and offshore structures, not only in small crafts and
special units, but also for navy and merchant ship structural
components, propulsion systems and hull outfitting. Most of
these applications were driven by the need to overcome
corrosion problems experienced with steel or aluminum
alloys or environmental degradation suffered by wood.
Another reason for using composite was to reduce weight,
particularly the topside weight of ships. A detailed
description of the application of composites in marine
industry is given by the works of Selvaraju and Ilaiyavel
(2011) and Mouritz et al. (2001), where, for each application,
the major benefits and main drawbacks gained from using
composites instead of conventional shipbuilding materials,
such as steel and aluminum alloys, are identified.

Most of marine structural composites employ E-glass fi-
bers in an unsaturated polyester resin matrix. Where higher
stiffness is required, and cost allows, the structures may be
manufactured using carbon fiber-reinforced epoxy resin.
Different types of reinforcement and matrix materials may
be selected to meet the design requirements and end-of-life
considerations for a specific application. As told before, the
matrix is the medium that transfers load from the external
environment into the reinforcement fibers and, if the matrix
is polymeric (PMC, polymer matrix composite), it is possible
to distinguish mainly two different products: thermosetting
resins, that are generally of single use (i.e., not inclined to easy
recycling) and thermoplastic-matrix systems that can be
recycled with relative ease. The principal commercial groups
of thermosetting resins are phenolic resins, epoxy, unsaturated
polyester, and vinyl ester. These materials are normally sup-
plied as a liquid resin that can be solidified using chemicals
and heat. The principal thermoplastic polymers to find use as
the matrix for composites are polypropylene, polyamide,
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polyester, and PEEK (Pemberton et al. 2019). As regards re-
inforcement, a wide variety of fibers may be used and they are
generally classified as natural (plant, animal, or mineral based)
and synthetic fibers (nylon, acrylic, aromatic polyester, poly-
ethylene, aramid, glass, carbon, boron, silicon carbide, stain-
less steel, aluminum, etc.). Glass, carbon or aramid fibers are
the most common choices and obviously they are character-
ized by very different mechanical properties. In particular:

* Glass is the dominant reinforcement fiber in composite
construction, accounting for over 90% of worldwide ap-
plication. It has good strength to weight characteristics,
can be produced easily and sold at a low price. When
fiberglass is impregnated with epoxy resin, the resulting
composite has high tensile strength and is stronger than
steel on an equal weight basis. Glass fiber is made by
melting the constituent materials together and drawing
the melt into a fiber. They have a diameter of 5-25 um
and are coated with a “sizing” to improve the adhesion
with the matrix material. The three most common types
of glass fiber are E-glass, C-glass, and S-glass; the others
are usually associated with a particular manufacturer.

—  E-glass (electrical) is the most commonly used fiber in
PMC:s. It has good strength and stiffness but poor impact
properties. The “E” refers to the electrical resistance of
the fibers;

—  C-glass (chemical or corrosion) fibers have good chemi-
cal resistance and are often used as a veil or tissue outer
layer on pipes or tanks rather than as a reinforcement;

—  S-glass (stiffness) is a glass fiber with improved mechan-
ical and thermal properties.

Generally, when cost is a major driving force in the selec-
tion of a reinforcing material, fiberglass is usually preferred.

» Carbon fiber is the most expensive, but it has the best
specific stiffness properties. It is available in different
grades, categorized by the modulus of the fiber, increasing
in cost as the modulus increases. The standard modulus
fibers are referred to as high strength (HS); then there are
intermediate modulus (IM), high modulus (HM), and ul-
trahigh modulus (UHM). Although carbon fiber has very
good tensile strength and modulus, they have low impact
strength and the highest modulus fibers can be brittle
(Goodship et al. 2016).

* Aramid fibers, specified for its excellent impact resistance,
have a unique combination of high modulus, high
strength, toughness, thermal stability, and chemical resis-
tance. However, due to the molecular arrangement, the
fibers have poor transverse strength and poor compressive
properties (compressive strength is generally about 20%
of tensile strength).
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Fibers can be arranged in a variety of different ways. The
configuration of the reinforcement sets ranges for both the
achievable fiber volume fraction and the reinforcing efficien-
cy. In particular, fibers can either have a non-specific arrange-
ment like in the case of chopped fiber (nonwovens) or long
fibers grouped together, called tows or yarns, and assembled
into fabrics such as wovens, braids, or knits. Since the fibers
are the main source for the stiffness and strength of polymer
matrix composites, it could be correctly assumed that the di-
rection of these fibers will play a key role in the mechanical
and thermal behavior of the composite. The more the fibers
are aligned in the load direction, the higher are the stiffness
and strength of the composite in these directions. Hence, a
chopped nonwoven glass composite with fibers randomly ori-
ented in many directions will have stiffness inferior to that of a
fabric composite with fibers aligned in the load direction, and
so on. PMCs are typically manufactured using the process of
stacking lamina or fabrics. In some cases, these fiber layers are
pre-impregnated with a resin (prepregs) and kept at a very low
temperature to slow down the chemical reaction for at least
6 months or even a year. These layers are typically placed in
the expected load directions of the target product for an opti-
mum design. After stacking, if the fibers are not pre-impreg-
nated, resin is introduced to the composite and cured, or, in the
case of prepregs, heat is applied to initiate the curing process
(Gowayed 2013).

In the following, some peculiars aspects are considered
resulting from literature and industrial review of the last few
years, aimed at emphasizing current practices in composite
shipbuilding and future trends. Earlier findings and general
descriptions may be found in Tsai and Hahn (1980), Shenoi
and Wellicome (1993) and Jones (1998).

2 Mechanical Aspects and Current Design
Practice

The mechanics of composites should be approached separate-
ly, considering micro-mechanical and macro-mechanical
aspects.

The micro-mechanics considers the interaction between fi-
ber and matrix in the isolated ply, assumed as linear-elastic
orthotropic, and defines the elastic constants derived from
analytical formulations or, when available, from experiments.

‘When dealing with micro-mechanics, the interface between
fiber and matrix also play a key role in the failure mode, in
particular when dealing with fatigue and fracture, as well as
dynamic loading. Due to chemical issues related to the differ-
ent ionicity of matrix and fiberglass, sizing is always neces-
sary to improve fiber impregnability and fiber-matrix bond-
ing. Sizing is the chemical substance which is sprayed on
fiberglass just after the fibring process, having an intermediate
ionicity between fiberglass and matrix, in order to prevent the

fibers from repulsing the matrix during the impregnation pro-
cess, often resulting in sharp corner voids inside the matrix.

From this perspective, carbon fiber is less critical and does
not require sizing application in general, although recent in-
novations made available sizing for carbon, to improve the
laminate performance (Andideh and Esfandeh 2017;
Kobayashi et al. 2017). The fiber-matrix cohesive parameters
may determine the predominant damage mode in particular
stress conditions, as recently investigated by Ma and Liu
(2016). Fiber bridging effects in fatigue problems were inves-
tigated by Olave et al. (2015), while Airoldi et al. (2015)
showed the influence of fiber bridging in delamination prob-
lems. Russo et al. (2019) have demonstrated the strong impact
of the fiber bridging toughening mechanisms on the delami-
nation propagation and, consequently, on the ultimate strength
of composite structures.

In conclusion, if the general trend for the past decades
aimed at maximizing the fiber-matrix cohesive strength, now-
adays the global cohesive aspects are considered, and param-
eters like fracture toughness are believed to have a greater
impact on the operative life of the composite.

Current practice ignores completely the micro-mechanical
aspects, being too complex to be approached by ship scantling
designers, and include its effect in a general comprehensive
failure mode of the lamina.

Best practice involves experiments to determine failure be-
havior of composites, on a macro scale, and associated failure
modes in a micro scale, although such experimental efforts are
generally not available to most shipbuilding; hence, failure
modes are often assumed from rules, literature review, or from
reports from producers.

The present paper is not comprehensively discussing about
current rules for composite hull scantling as they are mainly
empirically driven, but it is worth noting that basically quasi-
isotropic approaches are ruled by classification societies,
while more modern methods are left under the own responsi-
bility of the designer. Some aspects such as the effective
breadth calculations, are still widely discussed in literature
(e.g., Ghelardi et al. 2015). However, the work by Ghelardi
et al. does not claim to settle all uncertainties about the effec-
tive breadth for composite stiffened panels for marine struc-
tures. These uncertainties, combined with those from produc-
tion, lead to over conservative rules formulations. Actually,
most classification societies rules for pleasure crafts made of
composite materials suggest empirical formulations to charac-
terize the main laminate properties (e.g., tension and bending
ultimate strength) depending on the fiber content but without
accounting for actual stacking sequence and non-isotropic be-
havior. Only HSC rules (International Maritime Organization
2000) recently overcame the limitation, although orthotropic
properties are only available for the definition of stiffness,
being the failure check completely uncovered by such rules.

@ Springer



556

Journal of Marine Science and Application

Analytical formulations like the so-called mixture rule are
well established and provide reliable results in terms of axial
modulus and in-plane Poisson coefficients, starting from fiber
and matrix properties. On the other hand, empirical correc-
tions derived from experimental campaigns are still necessary
to overcame limits originating from simplified assumptions in
order to define the remaining elastic constants. Among the
others, the Halpin-Tsai correction, and its further evolutions,
is still likely the most popular in current literature and design
practice (Halpin and Kardos 1976), despite based on rather
dated experiments.

More difficult is to predict reliable data for the ultimate
strength of the lamina, as the manufacturing process has a
strong impact on such parameters and composites obtained
from very same fibers and matrix can show completely differ-
ent behaviors. Manufacturing imperfections, like air inclu-
sions, de-cohesions and fiber misalignment, and chemical
features, i.e., the influence of ambient and laminate
temperature while curing and humidity, may seriously affect
the composite strength as well as its failure modes. This aspect
is widely covered in literature and confirmed in recent works
by Godani et al. (2014) and Kim et al. (2014), who investigat-
ed the mechanical properties and failure mechanisms of the
GFRP composite materials including the hand lay-up proc-
essed, the vacuum infusion processed and the hybrid GFRP
composites, particularly focusing on interlaminar strength and
buckling induced delaminations. Kalantari et al. (2017) stud-
ied the effects of three sources of uncertainties, namely, exis-
tence of matrix voids, fiber misalignment and thickness vari-
ation, on optimal and robust designs, with the main focus
being the influence of matrix voids. The results indicated that,
in general, all three uncertainties affected the cost and weight
of the optimal designs with the effect of voids being more
critical for void contents of greater than 2%.

The above listed parameters are therefore a source of un-
certainty that can be quantified and described realistically by a
probabilistic formulation, supporting thus design decisions
(Kharghani and Guedes Soares 2016).

At the moment, the only reliable practice to determine fail-
ure stresses of a lamina is to perform a widespread experimen-
tal activity (Kharghani and Guedes Soares 2018b, 2019, 2020)
based on specimens produced under the same environmental
conditions and manufacturing methods as per the actual com-
posite. Generally, sampling of built up laminates is required
by rules after construction.

2.1 Failure Modes and Limit States

Once the ply behavior is assessed, the prediction of the lami-
nate response when subjected to forces and moments, is based
on the so-called Classic Laminate Theory, which linearly adds
the contribution of each ply to obtain the global stiffness of the
composite laminate, given its stacking sequence (Bert 1989).
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The theory is well established and implemented by most of the
commercial finite element software when modeling multi-
layered composites: it provides reliable results within the ma-
terial elastic range of each ply. In practice, the mid-plane
strains are calculated, as well as the laminate curvatures, from
equilibrium considerations. A thru-thickness linear variation
of acting normal strains is assumed and the stresses are com-
puted at each ply. Different failure models can be adopted to
asses for the ply failure: currently, the most adopted by leisure
boat industry is the maximum strain failure criterion. Other
criteria include maximum stress, Tsai-Hill, Tsai Wu and their
derivations.

It is worth noting that composite materials have superior
properties only in the fiber direction; therefore, they also pres-
ent several drawbacks, including poor in-plane compression,
tension-compression fatigue, and restricted resistance to inter-
laminar fiber-matrix cracking and delamination due to the
limited fracture toughness of the polymer matrices. These ma-
terials present in fact a number of failure modes, which is
much larger if compared with traditional isotropic ductile ma-
terials, and current theories only provide approximated results
to asses for the first ply failure of a single ply in the stacking
sequence. In this respect, it should be mentioned the well
known series of coordinated studies (known as the “World-
Wide Failure Exercise,” WWFE) which, since 1992, aim to
provide a comprehensive description of the foremost failure
theories for fiber-reinforced plastic (FRP) laminates that were
available at the time, a comparison of their predictive capabil-
ities directly with each other, and a comparison of their pre-
dictive capabilities against experimental data (Kaddour et al.
2014).

Figure 1 shows typical failure modes of marine composites,
as reported by Xu et al. (2002). It is worth noting that the most
advanced current design practices only account for intra-layer
failure of orthotropic plies. Moreover, intra-layer failure
criteria can hardly asses for the failure mode (see Figure 1,
items 3, 4 or 5). Conjectures can be made considering the
predominant stress component of the stress tensor. Anyway,
although long-lasting discussions have been carried out in

. 1 Opening dominated inter-
Intra-layer failure layer crack (delamination
— buckling)
2 Shear dominated inter-
layer crack
3 Intra-layer crack
(matrix crack)
4 Failure of reinforcement
within a layer (fiber
breakage, kinking)

5 Interfacial failure within
a layer (fiber/matrix
deboading)

Intra-layer failure

Figure 1 Typical failure modes of marine composites (Roy Xu et al.
2002)
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scientific literature for decades, no unified and well-assessed
methods are currently universally recognized.

Numerical models to predict inter layer failures, as cohe-
sive elements in finite element methods, are currently avail-
able, but actual computational costs limit their applications to
small-scale model. Recently, Mohammad and Mousa (2019)
presented a comprehensive assessment on the VCCT (Virtual
Crack Closure Technique), CZM (Cohesive Zone Modeling)
and XFEM (Extended Finite Element Method) for modeling
of delamination propagation in composites: advantages and
limitations of each approach are addressed and the combina-
tion of XFEM and CZM is found as a suitable method for
simulation of delamination propagation. The just mentioned
models can be used at the grillage scale, where they allow to
study cracks propagating into the region of 2 or 3 m and these
have been performed on marine structures to study stiffener
debonding.

Moreover, the knowhow required to reliably use such nu-
merical tools is still very far from current everyday practice of
most shipbuilders’ technical offices.

As a consequence, nonlinear response associated to mate-
rial failure still represents a challenging task for composite
materials. L.e., in order to predict the post first ply failure and
collapse behavior, orthotropic “plastic” models, with a close
to zero admissible plastic deformation, were successfully
adopted by Maggiani et al. (2017). Such modeling strategy
showed promising results for small-scale models, although
its extension to the full scale is still limited by computational
and modeling cost.

Finally, it is well known that laminated composite mate-
rials are also susceptible to impact damage, arising from such
varied events as collisions, striking floating debris, grounding,
docking or objects dropped on board during operation or fab-
rication. Impact damage may be dangerous not only because a
breach may lead directly to a loss of the structure at sea, but
also because less severe damage may leave the structure un-
able to support a future unusual load that would be normally
within the design limits. An experimentally based study of the
impact response of typical marine composites was developed
by Sutherland and Guedes Soares (2011).

2.2 Three-dimensional Aspects

Current practice limits the understanding of composite behav-
ior only to plane stress assumptions, and even if such approx-
imations is true for thin laminates, reliability of numerical
prediction of structural response is still quite poor (Kappel
and Mittelstedt 2020).

Nonetheless, among failure modes, the most critical is in-
deed the delamination, which involves three-dimensional as-
pects. Delaminations can open and grow inside the ply, run-
ning on the interfaces between fiber and matrix, but more
likely they tend to grow in the interlaminar matrix,

representing the amount of resin restrained between two adja-
cent plies, due to interlaminar shear stresses or stresses normal
to the composite plane.

It is therefore of great importance to understand the effect
of delamination on the behavior and the ultimate strength of
composite structures. This aspect has been studied by some
researchers, e.g., Li et al. (2018) investigated the compressive
properties and failure mode of reinforced composite structures
having different delamination defects. Results showed that the
ultimate load-carrying capacity of the specimen with delami-
nation defects in the skin and in the stiffener under compres-
sive load reduced by 38.58% and 22.34%, respectively.
Kharghani and Guedes Soares (2019) also proposed an im-
proved and efficient analytical solution to predict the behavior
and the ultimate strength of composite laminates containing
delamination using the Layerwise Higher Order Shear
Deformation Theory (LHSDT) combined with fracture
analysis.

Mode II opening is the most common for thru-thickness
delamination of composites in bending, deriving from shear
stresses associated to the variation of the bending moment. In-
plane shear strength is indeed an important parameter of or-
ganic matrices, for both manufacturing marine composites
and bonding components. Gaiotti et al. (2020) recently inves-
tigated the parameters that characterize the bonding capability
of matrices. It is found that energy release rate of the adhesive
for mode 1II play a key role in the bonding effectiveness.
Mixed-mode interlaminar fracture behavior of glass/vinyl es-
ter composite laminate has been investigated numerically and
experimentally by Alizadeh and Guedes Soares (2019).

Moreover, relevant works were conducted in recent years
to predict the opening and the growth of delaminations in
fiber-reinforced composites, and also to asses for their effect
in terms of global response of the structure. Gaiotti et al.
(2014) compared different numerical strategies to determine
the buckling capacity of delaminated composite panels and
Colombo and Vergani (2014) studied the effect of delamina-
tion on fatigue behavior. Considering the advances of numer-
ical simulations in this field, although the theory was devel-
oped in the past decades, due to the high computational efforts
cohesive elements have become available in finite element
software only recently. This fact has introduced a new tool
to simulate delamination opening and growth; however, cur-
rent applications only limits to small-scale models because of
two main reasons, both related to computational limits: pri-
marily because of the higher number of elements required to
simulate cohesive layers, and secondarily since cohesive are
solid elements requiring a 3D solid modeling strategy.

Cohesive elements define the material response when two
bonded surfaces are separated by a traction (both mode I and
mode II are implemented in most commercial FE software).
Three parameters are used to define the numerical law, as
reported in Figure 2:
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Figure 2 Cohesive element description and definition of its properties

* The “penalty stiffness,” representing the steepness of the
initial linear part of the law, whose influence is often
found negligible, in terms of mechanical behavior.

» The peak stress, representing the strength of the bonding,
defined as the apex of the triangle in Figure 2.

» The energy release rate, expressed as the area of the trian-
gle, which is usually the most important among the cited
parameters.

In general, cohesive models currently represent a powerful
instrument to investigate the influence of cohesive parameters
in small-scale model, while their implementation in large-
scale design is still far from being achieved due to computa-
tional limits. Some promising applications include the analy-
sis of local problems, as well as the numerical characterization
of the material capacity to resist against delaminating stresses
as reported by Cricri and Perrella (2017) and Woo et al.
(2013).

Finally, delaminations originating at “free edges” involve
very complex three-dimensional stress descriptions, as they
are originated by axial stresses normal to the composite plane
due to the variation of the interlaminar shear stress, which as
to equal 0 when approaching the free edge. Such stress distri-
bution leads to Mode I openings, which is often critical as

Figure 3 Free edge delamination

Mode 11
Sliding mode

Mode |
Opening mode

bonding properties of matrix are quite poor towards such fail-
ure mode, as showed in Figure 3 (Lorriot et al. 2003). An
analysis method for the computation of the three-
dimensional stress fields in cylindrically curved symmetric
orunsymmetric cross-ply laminated shells under bending load
is discussed by Kappel and Mittelstedt (2020).

Another limitation to current methods is that characterizing
the composite stiffness properties, from experiments, out of
the composite plane still represents a challenging task. Such
properties become necessary for conducting numerical analy-
sis adopting solid “brick” elements, which is a current require-
ment for cohesive analyses. Some pioneer experiments
(Zimmermann et al. 2010) are being conducted on thick spec-
imens to account for such complex properties (i.e., Gi3, Gzs,
V13, Up3) but the complexity of the experimental setup along
with the high cost related to the manufacturing of specimens
still limit this important characterization. However, it is worth
noting that for thick plates nonlinear theories take in account
the effect the distribution of stresses across the thickness; e.g.,
Mantari and Guedes Soares (2013) presented a generalized
higher order shear deformation theory (HSDT) that accounts
for nonlinear and constant variation of in-plane and transverse
displacement respectively through the plate thickness.

A recent work presented some interesting experimental vs.
numerical benchmarks (Moheimani et al. 2020) referring also

¢.g. in case of pure axial stress:

mechanism, as reported by
Lorriot et al. (2003)
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Free edge:
Tensile lateral stress g,

Due to 3-D stress state:

For y/h>2: no lateral
axial stresses

Compressive lateral
stress g,

sigma xz
— — sigmayz
....... sigma zz

2040608 1012141618 2.0
ylh

interlaminar lateral axial stresses (o)) in the middle of the laminate versus y
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earlier studies about cohesive models and FEM modeling
strategies. By using user-defined cohesive mesoscale models
in simulation, the local and global buckling of the face-sheets
of a sandwich laminate can be precisely detected and response
of sandwich structure becomes mesh independent, while mesh
size is reduced. Fracture propagation can be also assessed.

Summarizing, marine composites can be designed accord-
ing to three levels of complexity:

1 Simplified isotropic models, which is the current practice
of most construction rules currently applied by shipyards
and classification societies. This implies high safety fac-
tors but allows quick computations.

2 Multi-layered orthotropic models (analytical or numeri-
cal). This theory allows the capability of fully evaluating
the stress tensor of each ply, and checking its strength
towards admissible limits, when strength data are avail-
able. Such strategy is currently not ruled by any classifi-
cation society for marine composites, although several so-
cieties leave this possibility to the sole responsibility of the
designer.

3 Multi-layered orthotropic plies connected by cohesive in-
terfaces. This is the current state of the art in numerical
predictions. Computational efforts still represent a chal-
lenging task for the assessment of such method.
Moreover, cohesive parameters present complex calibra-
tion efforts, often related to widespread experimental
campaigns.

3 Fire Resistance

Another critical aspect arising when adopting composite ma-
terials in commercial applications is the fact that composites
are, according to the International Maritime Organization
(2009), combustible materials. As a consequence, fire safety
has to be investigated. Understandably, fire can be considered
an accidental limit state, hence strict rules on this topic were
taken into account by classification societies.

Thermal degradation of organic matrix represents the main
issue, when composites are exposed to high temperatures.
When degrading, gases produced are highly inflammable
leading to the spread of the flame front. Their ignition rises
the temperature locally, accelerating the process. In fact, the
International Maritime Organization bases the definition of
“combustible material” on the temperature gradient measured,
when a purposely made specimen is exposed to a certain tem-
perature. The composite under investigation is exposed for
20 min at a temperature of 750 °C, if its weight loss is less
than 50% and its temperature below 800 °C the material is
classified as “non-combustible.” If the former prescription can
be easily satisfied when glass content is greater than 0.5, the

latter condition results very strict, due to the heat produced by
the ignition of gases produced by thermal degradation.
Relevant published works include Hertzberg and Hedlund-
Astrom (2010), Evegren et al. (2014), and Evegren and
Hertzberg (2017).

Current researches focus on flame retardant additives: hy-
brids of aluminum hypophosphite and ammonium
polyphosphate proved to be very effective by Lin et al.
(2016), as well as phosphorus-containing star-shaped flame
retardant included in the polyester matrix as tested by Bai
et al. (2014).

Traditionally, earlier research found effective retarding
agents for polyester matrix, however such additives used to
have a heavy negative impact on the matrix mechanical
properties and the cited works did not focus on the
mechanical aspect. From this aspect, an experimental work
by Saat et al. (2017) tested the influence on mechanical prop-
erties of aluminum phosphate, used as fire retardant in
fiberglass-reinforced polyester matrix for leisure boat applica-
tions, indicating promising results.

Another aspect to be analyzed is the one related to the work
by Rahm et al. (2017), who studied the structural fire integrity
of lightweight multiple core sandwich structures, aimed to
demonstrate that steel can be replaced by fiber-reinforced
polymer (FRP) sandwich panels, obtaining significant weight
savings. More in detail, they presented results from vertically
loaded fire resistance tests of two structures and show that the
multiple core sandwich bulkhead demonstrated structural fire
integrity performance well beyond 60 min while having a
significantly lower structural weight and thickness. The new
type of multiple core sandwich structure thus provides great
potential, both from a weight saving and a fire safety
perspective.

4 Current Technological Practice:
Manufacturing Methods

Composite materials specifications sometimes differ from
their designed ones since some defects, such as manufacturing
defects, cause them to deviate from the expected enhancement
in mechanical properties. These manufacturing defects in-
volve misalignment, waviness, fiber/matrix debonding, de-
lamination, and formation of voids in the matrix. In particular,
voids lead to early failure of the voided regions and eventually
to overall failure of the composite at lower ultimate stress
levels than to be expected, but this can be avoided by manip-
ulating some manufacturing processes parameters
(Mehdikhani et al. 2018). It is therefore needed to analyze
different types of composite manufacturing techniques to un-
derstand which one will ensure the optimal strength.

The current manufacturing methods for large marine struc-
tures includes hand lay-up lamination and vacuum bag
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infusion. Other methods like prepregs, resin transfer molding,
filament winding, etc. are restrained to small hulls or compo-
nents due to their high cost and technological complexity.

Hand lay-up lamination consists on manually impregnating
the fiber plies and place them on the mold, the stacking se-
quence is then consolidated in order to improve fiber align-
ment and uniformly distribute the resin. The sequence of op-
erations must be completed within the resin working time as
the inhibitor, which is present in the resin solution, prevent the
free radicals from being available to the curing reaction. This
method is highly influenced by the ability of the operator to
correctly impregnate the fibers and by technological features
such as textile parameters, which play a non-negligible role in
the laminate permeability as shown by Grossing et al. (2016).
Good permeability prevents dry areas, that would result into
fiber-matrix de-cohesions, or embedded delaminations. The
uniform distribution of the resin and the correct fiber/resin
ratio helps providing constant mechanical properties. The
presence of air bubbles of various size is also common in this
manufacturing method: the spherical shape of the bubbles
make them less critical than sharp de-cohesions originating
from impregnability issues, in terms of stress concentration,
although they can influence the interlaminar shear strength up
to 25% as investigated by Di Landro et al. (2017) and Godani
et al. (2014). Shipyards are gradually abandoning the manual
impregnation, which is still very common indeed, in favor to
the impregnation machines.

Impregnation machines are able to provide uniform and
constant resin content to the wetted laminates, limiting the
human influence on this critical parameter, moreover, the im-
pregnation machine is usually hanged above the mold, thus
easing the plies positioning, speeding-up the construction
(Figure 4).

In vacuum bag manufacturing method, the dry fibers are
arranged on the mold an and airtight bag is placed on top.
Adhesive tape is used to seal possible holes and a vacuum
pump extracts the air from inside the bag. Opposite to the
vacuum pump, a number of resin inlets are positioned to let
the resin flow into the bag. This method increases the

Figure 4 Impregnating machine for fiberglass products (Phoenix
equipment, www.phoenixequipment.com)
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composite quality limiting the manufacturing induced imper-
fections, moreover, the fiber content is also improved as less
resin is necessary to correctly impregnate an identical stacking
sequence, compared with manual lay-up. A study of the influ-
ence of vacuum level on fiber fraction and flexural properties
has been completed using burn-off and three-point bending
tests (Alizadeh et al. 2016). Besides the higher manufacturing
cost involved in this method, some critical technological and
mechanical aspects have to be discussed as they are not suffi-
ciently addressed in any regulation nor in scientific and tech-
nical literature despite their significance. Truth to tell, ship-
yards and composite manufacturers are well aware of the
problem and empirically solve the issues during lamination.

The former is related to the exothermic peak during the
curing stage, as both polyester and epoxy matrices are char-
acterized by exothermic curing reaction. The exothermic peak
is the maximum temperature reached by the composite while
curing: if the exothermic peak is too high, permanent defor-
mations may affect the laminate (in extreme cases the matrix
can also combust), as the fibers expand when heated by the
liquid resin and are restrained by the solid matrix when the
temperature decreases. On the contrary, if the exothermic peak
is too low lack, of polymerization will affect the matrix,
resulting into insufficient hardness. Depending on the resin
type, fixed ranges for the exothermic peak apply (usually
50° to 55 °C for most polyester resins). The peak mainly
depends on the resin exothermic process, which is a fixed
parameter once the matrix is chosen, as recently investigated
by Vargas et al. (2015) for polyester and Park et al. for epoxy
(2015). Other governing parameters are the ambient tempera-
ture, which can seldom be controlled in shipyards, especially
when laminating outdoor, and mostly the laminate thickness,
as thicker laminates produce higher exothermic peaks since
the heat transfer to the environment is less efficient.

This aspect results in the need of splitting the lamina-
tion of thick stacking sequences into multiple stages,
waiting for the cure of the partial laminate before continu-
ing laminating. The hand lay-up manufacturing method is
not that sensitive towards this aspect: it is sufficient to
wait for the cure of the partial stacking sequence, then
laminating over the remaining layers that will bond to-
gether with chemical adhesion, taking advantage on
chemical features that characterize surfaces in polyester
resin exposed to the air, when built in hand lay-up.
Infusion methods instead requires expensive consumables
that have to be disposed after the process, hence splitting
the lamination into different stages to reduce the exother-
mic peak significantly increases the manufacturing cost.
Moreover, the cured surfaces will not bond over fresh
resin by chemical adhesion, but only mechanical adhesion
will be possible, and this will require surface treatments.
The possibility of chemical adhesion over cured laminates
will be discussed in the next section of the paper.
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For this reason, in naval applications (e.g., minehunters),
shipyards still prefer to build thick laminates with traditional
hand lay-up methods, limiting the vacuum infusion to decks,
superstructures and components. In leisure boat industry, the
thickness involved are usually not critical in term of exother-
mic peak, even in the bottom shell, and the manufacturing
method choice is governed by a cost-benefit analysis
(Astrom 1997).

Another non-negligible mechanical aspect related to the
manufacturing method is the bending response of the pro-
duced composite. It was previously mentioned that infusion-
made composites obviously present better quality towards
embedded imperfection such as de-cohesions, air inclusions
and delaminations, that can lead to early failure due to stress
concentration and fracture propagation, or progressive dam-
aging due to load cycles. Moreover, the higher fiber content
associated to the infusion method leads to higher specific me-
chanical properties on the one hand, although the lower thick-
ness induces a diminished bending response on the other. This
aspect can easily be proven by calculating the mechanical
properties deriving from empirical formulations provided by
classification societies rules: if from one side the higher fiber
content leads to a higher material stiffness, the lower thickness
leads to a loss of inertial contribution. The resulting laminate
will show a reduced bending response, and this assumption
has found experimental evidence in Yaacob et al. (2017),
where a small 12-ft fishing boat was built by both hand lay-
up and infusion, with identical stacking sequence. Specimens
were cut out and tested in accordance to the standard ASTM
D3039, D3039M, ASTM D695-02a and ASTM D790-07.
The experiments showed that the resin infusion technique
produced better result upon ultimate tensile strength (+27%)
but slightly less satisfactory for in compressive stress (— 12%)
and flexural stress (—34%).

The thickness reduction also gives rise to concerns about
elastic stability, which is mainly governed by bending and
torsional stiffness of the laminate. In conclusion, the potential
benefits produced by infusion method rather than hand lay-up
lamination are out of discussion and well assessed in terms of
composite quality. However, the reduced thickness led by
such manufacturing method has to be considered in the design
stage: if a stacking sequence produced in hand lay-up methods
satisfies the design requirements, the same sequence may not
be satisfactory if manufactured by infusion, and reinforcement
plies shall be added.

Prepregs represent the most recent state of the art in terms
of composite performance, as they can maximize the fiber
content leading to outstanding material properties. The ex-
tremely high cost and the need for refrigerated storage rooms
limit their application to racing yachts and high-performance
components. Manufacturing cost of prepreg is also a critical
aspect, as to achieve outstanding material performances vac-
uum bag technology in controlled environment shall be

adopted. Godani et al. (2015) highlighted poor interlaminar
performances of prepregs with fabrication induced imperfec-
tion with respect to a similar fiberglass-reinforced composite
produced by infusion. It is worth noting that the specimens
were cut out from laminates produced for actual industrial
applications. Gangloff et al. (2017) showed that imperfections
related to air inclusion mainly originate in prepreg production,
while the curing process inside the vacuum bag has a scarce
influence on the overall quality.

5 Recent Technological Innovations

Innovation in polyester matrix, with the introduction of the
vinyl ester one in particular, made available on the market
matrices characterized by outstanding performances in terms
of elongation at break (above 6% and more), as well as inter-
laminar adhesion. This aspect plays a key role in the produc-
tion of marine composites, since it closed the gap with epoxy
resin, considered the top performing matrix.

Besides the higher cost of epoxy, it is also worth noting that
correct handling of an epoxy matrix is a challenging task for
large marine composite applications, as epoxy requires fixed
thermal profiles in the post-curing stage, in order to show clear
advantages with respect to a vinyl ester matrix in term of
performances. Hiither and Brendsted (2016) found that fa-
tigue performance of unidirectional glass fiber-reinforced ep-
oxy composites, for loading at 0° with respect to fiber orien-
tation, is highly influenced by the curing cycle. Thus, relative-
ly small components can be built in pressurized ovens, while
large hulls require mold heating. In conclusion, the handling
difficulties are still limiting the widespread use of epoxy for
large marine structures mainly to racing yachts and naval
applications.

On the other hand, epoxy matrix does not contain styrene,
which is a volatile toxic component of polyester resins. Hence,
the risk for the personnel to be exposed to a potential life-
threatening substance is reduced, although epoxy also present
some human health issues related to the presence of
bisphenol-A, which is a recognized endocrine disruptor.

Another innovation related to reinforcing fiber were led
by the introduction of the stitched fibers or non-crimp
fabrics, that are able to maintain the planarity of the rein-
forcement. The benefit of non-crimp fabrics leads to an
increment of the tensile ultimate strength of about 20 to
30%, being equal the glass content with respect to a wo-
ven fabric, according to an investigation conducted by the
author upon reinforcements currently available on the
market. Moreover, the lower number of interstitial spaces
between non-crimp fibers also allows an increment in the
composite fiber content, leading to a further improvement
in terms of material properties. On the other hand, non-
crimp fibers are more expensive than traditional woven
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roving, thus their application is limited to high-
performance composites. Another critical aspect was
highlighted by Shiino et al. (2017) in delamination prob-
lems, which found a decrease in the surface propagation
energy because the stitch yarn replaced the carbon fiber/
epoxy interface, which has better chemical affinities.

6 Joining of Composites

Joining of fiber-reinforced plastic can be achieved by surface
bonding, bolted connection or combined solution.

Bonding of composites is an important aspect of composite
production, as delamination of top-hat stiffeners is a typical
failure mode for marine structures as shown by Raju et al.
(2013), in particular when subjected to impact loading (Ji
et al. 2016).

Top-hat stiffeners can be infused together with the hull
shell or laminated at different stages: if the reinforcements
are laminated on a previously cured shell, the adhesion
must be checked. Other bonding problems include hull-
deck connection and bulkheads-hull connection. Bonding
on composite surfaces can be achieved by chemical adhe-
sion or mechanical adhesion. The effectiveness of the
bonding, namely the delamination strength and the energy
release rate, is not influenced by the nature of the adhe-
sion, namely chemical or mechanical, in general.
Moreover, preparing a cured surface for mechanical adhe-
sion requires treatments to increase surface roughness,
thus extending the production time. In addition, the join-
ing of these materials is very sensitive, in terms of
strength, to many factors including the just mentioned
surface preparation, adhesive choice, application methods
and cleaning conditions. Statistical experimental design
techniques (DOE) have been used by Sutherland et al.
(2019) to study the multi-parameter problem of the bond-
ing of composite materials through a large test program
on “T”-joints representative of various joints used to fab-
ricate marine composite structures. The effects of different
surface preparation, cleaning methods and adhesives,
along with the interactions between these effects, were
therefore investigated.

For large engineering structures in fact, composite joints
between plates, stiffeners and other sub components are often
post-cured due to the scale of the production process and
typical interfaces contain a chopped strand mat (CSM) layer.
Debonding of sub-component parts is a common failure mode
of these types of structures, however the characterization of
these typical post-cured interfaces is not well understood
(Yetman et al. 2019).

The mode I and mode 1II fracture properties for co-cured
and post-cured joints are assessed and compared in the work
of Yetman et al. (2017) by providing a full characterization of
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typical materials with a complete data set for both co-cured
interfaces, typical of mid-laminate debonds, and post-cured
interfaces, typical of sub-component joints.

A favorable condition, which only occurs for polyester
matrices produced by hand lay-up on air exposed surfaces,
allow chemical adhesion without any surface treatment re-
quired, for a certain time after curing. The phenomenon is
due to the fact that styrene evaporation on the air exposed
surface results in a non-stoichiometric polyester-styrene ratio,
leaving some polyester groups free to bond to styrene once the
liquid matrix comes into contact with the cured surface.
Secondarily, the oxygen present in the air is a strong inhibitor
of the curing reaction, leaving the external molecular layer
under-polymerized.

Joining of composites to other materials has also be-
come a challenging topic in recent years. Technological
restrictions are the main factor limiting hull composites in
size, although the lack of stiffness of fiberglass-reinforced
plastics represents another issue against hull-girder prima-
ry stresses, that grow together with the ship’s length. In
view of the above, large hulls are still built in steel or
aluminum alloy except for some naval vessels, although
composites provide advantages for superstructure and
components (see Figure 5).

Composite Superstructure Concept (CSC) is a joint venture
of companies heavily involved in the Swedish government-
funded LASS project (2004—2008), and member of the E-Lass
(the European network for lightweight applications at sea),
established in 2013, that gather stakeholders interested in
lightweight design for the maritime industry. According to
CSC, key benefits introduced by composite superstructures
include: significant weight saving, increased payloads, built-
in thermal insulation, reduced fuel consumption, increased
stability, lower through-life cost, compound curves readily
achieved. Promising application areas of composites are as

Figure 5 Naval ship top mast built up in fiberglass composite


https://www.sciencedirect.com/topics/engineering/fracture-roperty

B. Barsotti et al.: Recent Industrial Developments of Marine Composites Limit States and Design Approaches on Strength 563

follows: superstructures, deck houses, balconies, architectural
features, funnels, shelters, cargo hatches, masts.

The steel to composite bonding for marine applications
and, in particular, the joint strength/failure modes prediction,
has been widely characterized by experimental/numerical ac-
tivities in recent years by Ribeiro et al. (2016), Li et al. (2015),
Senguttuvan and Lillymercy (2015) and Son et al. (2014)
among the others. In particular, in very recent years
Kharghani and Guedes Soares (2018a, b) tested a large-scale
model of a composite-to-steel hybrid balcony overhang
(Figure 6) to find its strength and stiffness under imposed
shear and bending loads. The configuration tested was repre-
sentative of a solution being considered for the balconies of
cruise ships, where the substitution of steel by composites
aims at weight saving.

Cohesive models also found application in predicting
lap joints behavior: Tomaso et al. (2014) successfully
predicted the progressive failure and local strains with a
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Figure 6 Strength tests of hybrid joints, large-scale specimens top (from
Kharghani and Guedes Soares 2018a): (a) Large-scale test specimen of
hybrid joint. (b) Detail of test specimen. (¢) Back side of test

2D solid numerical model with plane-strain theory, for a
steel to composite joint experimentally tested. Local 3D
solid models can be easily investigated by numerical strat-
egies with reasonable computational efforts, while model-
ing global structural models still represent a challenging
computational task.

Steel to composite bonding is also being considered as an
efficient repairing strategy of degraded and corroded ship
structures. Such technique is already well assessed in civil
engineering.

Potential advantages led by composite materials were
also investigated by government-funded Pyxis project,
where different materials for a naval ship mast able to
integrate most of the instrumentation and sensors typical
of a Combat System (radar, communications, electronic
warfare) were compared. Gaiotti et al. (2018) conducted
experiments on the bonded/bolted connection between the
mast and the steel deck.
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®

specimenBottom bottom (from Gaiotti et al. 2018): (d) FEM analysis of
bonded-bolted joint specimen. (e) Bonded-bolted joint specimen. (f)
Detail of the joint after collapse test
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7 Conclusions

This work presented the current industrial state of the art of
marine composites, in terms of design approaches, rule re-
quirements and manufacturing processes. The work is aimed
at filling the gap between modern advances in powerful com-
putation tools, able to describe complex failure modes, and
current design ways and means, too often limited to quasi-
isotropic, bi-dimensional approximations. Knowledge and ef-
ficient technological transfers are essential to fill the current
gap between research centers and universities on one side, and
designers and shipbuilders on the other.

Up-to-date computation tools availability and related theo-
retical knowledge allow introducing within the shipbuilding
industry a new perspective in applying composite materials
and exploiting their potential advantages. However, design
processes and scantling assessment approaches currently ap-
plied by designers in shipyards everyday practice shall be
substantially modified, overcoming the empirically driven ap-
proach based on admissible stresses and rule requirements and
leading towards a much more design oriented and transparent
limit state design approach.

To this aim, first engineering principles, structural me-
chanics and numerical methods, i.e., FEM, need appropri-
ate implementations, making their use more straightfor-
ward, as well as more comprehensive material character-
ization providing substantial input data to them. In short,
direct calculations shall be more widely used. Literature
review presented in this paper shows that many scantling
assessment and structural analysis methods are already
available and only need to be more and more applied
and included in standards and practice. Material charac-
terization data are partially available but they will likely
follow the trend according to industry needs.

Manufacturing processes are instead more sensitive to-
wards industrial innovation: e.g., improvements on vacuum
bag techniques are nowadays applied on a daily basis, and
new fabrics, as non-crimp fibers, are constantly available on
the market and quickly implemented in the production stage.
However, full understanding of the effect of construction and
fabrication methods and of the corresponding induced imper-
fections on the fabricated structure is much more difficult to
assess and characterize. And even more difficult is to make
such information openly available and included in rules and
standards. A few papers have been mentioned in the present
literature review, highlighting that industry trend is in this
direction and efforts are ongoing. However, it appears that,
for the time being, obtained results are related to research
activities and still need to be transferred into design and con-
struction practice.
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