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Abstract The usage of composite materials makes easier to
form complex shapes with the advantage of reducing the
weight of the ship. Moreover, composite material is not subject
to corrosion, which is the major issue in a marine environment.
This paper investigates the design of the adhesively bonded
composite-to-steel joint for marine industry. One part of the
joint is double-lap connection of steel plate and carbon fibre-
reinforced plastics (CFRP), whereas the other part is a CFRP-
skin sandwich panel with Divinycell® foam as the core. In
order to simulate the behaviour of composite-to-steel joint,
the finite element analysis is conducted. The results suggest
that the analysed joint could be used in marine applications.

Keywords (ITW Thesaurus) Fibre reinforced composites -
Finite element analysis - Structural reinforced composites -
Dissimilar materials - Adhesive bonding

1 Introduction

The new SOLAS Regulation 17 (2002) contributed to the in-
creased usage of the composite materials in the marine indus-
try. According to the rules, construction with materials other
than steel is allowed, provided that the safety level and non-
combustibility is preserved. The advantages of the composites
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are corrosion resistance, high durability, small weight, and
good strength-to-weight ratio. These advantages allow com-
posites to compete easily with other traditional building mate-
rials in the marine industry [1]. Fibre-Reinforced Plastic (FRP)
applications are recently introduced in components of larger
ships; the main reason for this being the demand for fast ves-
sels in which, light weight is essential [2, 3]. One of such is the
bow enclosure application found on container ships, bulk car-
riers, general cargo ships, etc. The bow enclosure is an appli-
cation of a considerable size; see Fig. 1.

Its streamlined shape has the function to enhance the aero-
dynamic profile of the ship thus reducing air resistance as well
as serving as protection from the seawater. Trends in the naval
sector and the advantages that composite materials can offer
make this application a future perspective to be explored.

This paper investigates the applicability of the connection
of the composite bow enclosure with the pre-existing ship
steel structure using the Finite Element (FE) analysis.
Regarding joining composite substructures to the metal ship
structures, adhesive or bolted joint, or the combination of
these two are the most common options [4—10]. For the pur-
pose of bow enclosure application, the bonded joint, compris-
ing of a double-lap steel-to-carbon fibre plastic (CFRP) joint
and a CFRP-skin sandwich with the Divinycell® core has
been used. This type of joint is a modification of the
composite-to-steel type of joint proposed by [9].

2 Application case

The idea of the composite bow enclosure is developed within
the EU FP7 project “MOSAIC”. The bow enclosure made of
steel is already used on some container ships and offshore
supply vessels where it serves as a wave breaker. Due to the
fact that steel is more difficult and expensive to form, the bow
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Fig. 1 Bow enclosure
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a) Top view

b) Bottom view

Fig. 2 Bow enclosure geometry

enclosure made of CFRP is investigated. The usage of CFRP
makes easier to form complex shapes with the advantage of
reducing the weight of the ship. Moreover, composites have
good mechanical properties such as strength-to-weight and
stiffness-to-weight ratios. The implementation of the

Table 1  Carbon/Vinylester—mechanical properties [12]

Mechanical properties of carbon fibre/Vinylester (orthotropic elastic ma-
terial)

Density 1500 kg/m®

Compressive E;;=111410 MPa® E;,=5619 MPa E3;=5619 MPa
modulus

Poisson v1,=0.279 v13=0.279 v3,=0.279
coefficient

Shear G,=3417 MPa G3;=3417 MPa G,3=2391 MPa
modulus

Tensile 011=1337 MPa®  0,7=48 MPa  03;r=48 MPa
strength

Compressive  07c=947 MPa 0,c=129 MPa  03c=129 MPa
strength

Shear T1,=55 MPa T13=55 MPa T3, =55 MPa
strength

#Direction of axis 1 corresponds to direction of glass fibre, direction of
axis 2 is in plane with fibre and perpendicular to direction of axis 1, while
the direction of axis 3 is defined as the normal to the surface of the fibre
®Index T indicates critical tensile strength, and index C indicates critical
compressive strength
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composite material to the bow enclosure is considered on
the example of a 50.000 DWT Handymax tanker from EU
FP7 project Ulysses [11]. The bow enclosure is 17.8 m
long, 2.4 m high, and it is positioned above the main deck.
Figure 2 shows the bow enclosure structure that is made of
sandwich panels. The sandwich of the enclosure is made of
a 100 mm thick Divinycell® H200 foam core and 6.8 mm
thick CFRP skins on both sides, which in turn gives a total
thickness of 113.6 mm. Each CFRP skin has 68 unidirec-
tional fibres with the orientation 0/90/45/-45/30/60/120/
150/0. CFRP skins consist of carbon fibres and
Vinylester with the equal mass content. Mechanical prop-
erties of the materials are given in Tables 1 and 2.

Table 2 Core properties
Mechanical properties of Divinycell®

foam [13]
Units H200

Density kgm® 200
Compressive modulus ~ MPa 310
Poisson coefficient - 0.4
Shear modulus MPa 73
Tensile strength MPa 7.1
Compressive strength MPa 54
Shear strength MPa 35
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Fig. 3 Reinforcement geometry

Core Material
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Fig. 4 Joint scantlings
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Transversal reinforcements with thicker core were added to
stiffen the enclosure at the locations of the ship web
frames. The reinforcements are marked blue in Fig. 2,
whereas Fig. 3 shows the detail of the reinforcement.

The structure of the bow enclosure is connected to the
steel structure by the composite-to-steel type of joint. The
geometry of composite-to-steel joint used for the bow
enclosure application is a slightly modified geometry pre-
sented in Kotsidis et al. [9]. It is an adhesively bonded
butt-joint, comprised of a double-lap steel-CFRP joint and
a CFRP sandwich composite part. The numerical study in
the Kotsidis et al. [9] investigated the influence of various
design parameters on the mechanical behaviour of a
composite-to-steel joint under tensile and bending loads.
The results showed that some design parameters can im-
prove the joint’s strength and stiffness and accordingly,
the selected parameters suited for this paper are adjusted
for the bow enclosure application. The joint parameters
are given in Fig. 4.

The CFRP skins are adhesively bonded by Vinylester to
AH36 steel and core material in a way shown in Fig. 5. Steel is
depicted with grey colour; sandwich skins (CFRP) are marked
with blue, whereas the core (Divinycell® foam) is coloured
yellow. The joint has 200 mm overlap between the steel and
CFRP and 30 degrees inclination of the steel plate towards the
sandwich part; Fig. 4. The geometry of the joint has a slightly
curved surface as it follows the bow design.

3 Finite element analysis

The finite element analysis in NX NASTRAN is conducted in
order to validate the bow enclosure and the joint between the
composite and the steel structure. During the course of the
investigation the impact of the wave pressure is considered
according to The Rules [14]. The composite structure has been
modelled using four node laminate plates, but the core mate-
rial of transversal reinforcements has been modelled using

Fig. 5 Joint detail
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Fig. 6 FE model of ship's bow with the bow enclosure

eight node solid elements because of the large thickness-to-
length ratio; Fig. 3. The average element size was 200 mm.
Figures 6 and 7 represent the global FE model which includes
the steel bow of a 60000 DWT Handymax tanker and a com-
posite bow enclosure, while Fig. 7 shows the bow enclosure
alongside the transverse reinforcements and supporting pil-
lars. For the material modelling, steel was considered as iso-
tropic, elastic-plastic material with bilinear isotropic harden-
ing, whereas composite and core materials were considered as
homogenous, linear elastic orthotropic material.

All translations and rotations are suppressed at the nodes on
the aft end of the model. These nodes are presented in red
colour in Fig. 8. In the same figure, the elements where the
seawater pressure is applied are marked yellow.

The major problem of implementing composite structures
to conventional steel ships is connecting these materials to-
gether. The FE model in Figs. 6, 7, and 8 was used to study the
bow enclosure without taking into account the influence of the
composite-to-steel joint. Therefore, the fine mesh model is
used to investigate the local stress levels of the joint. For this
purpose, the detail with the highest stresses in the composite-
to-steel interface was analysed in ANSYS 13 [15]. Figure 9
shows the location of the highest stress levels along the inter-
face within the bow enclosure model, which is further
analysed in the form of a local submodel is shown in Fig. 10.

Fig. 8 Boundary conditions and loads

The average element size of 6 mm was used for the joint
model (Fig. 11). All materials were modelled using eight node
solid elements (SOLID185). Moreover, the elements used for
CFRP skins were layered solids (SOLID185) in order to mod-
el the different orientations of the carbon layers. The nodal
displacements obtained from the bow enclosure analysis are
mapped to the model of the joint using the “shell to solid”
option in ANSYS. This option applies the translations to the
solid element nodes and also the rotations from the shell nodes
in a way that it imposes the planar rotation to the multiple solid
nodes at locations where only one shell-node existed in the
bow enclosure model.

If the actual adhesive law is not available from the test data,
the adhesives can be modelled with the elastic law. This as-
sumption is justified by the fact that this law fits quite well the
behaviour of the rigid adhesive and the resin commonly used
to bond the patch.

The possibility of debonding between different material
interfaces was investigated using the cohesive zone model.
This method uses contact elements and in this case,
TARGE170 and CONTA174 elements are used as contact
pair. The contact is defined between three interfaces: CFRP-
steel, CFRP-core, and steel-core. The cohesive properties are
implemented through the triangular cohesive law.

a) Top view

b) Bottom view

Fig. 7 FE model of the bow enclosure
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Fig. 9 Location of the highest
stresses along the joint

Fig. 10 Position of the sub model

Fig. 11 Fine mesh model of the
joint

The adhesive material is Vinylester which was alsoused as  properties are based on the experimental results obtained with-
the resin for the sandwich skin, as described in Chapter 2. The  in the scope of the project and are given here in Table 4. The
material properties of Vinylester resin are taken from EU FP7  thickness of the cohesive elements is taken as zero according
Project CO-PATCH [12] and given in Table 3. These cohesive  to the CO-PATCH [12].

Table 3  Adhesive/resin properties

Mechanical properties of Vinylester resin [12] Table 4 Cohesive properties [12, 16]
Units Vinylester ngi:l direction) ?tlla(r)lizgial direction)
Young’s modulus MPa 3350
Poisson coefficient - 0.26 Maximum stress 82.5 MPa 82.5 MPa
Tensile breaking stress MPa 75 Maximum gap 0.0027 0.0027
Tensile breaking strain % 22 Contact stiffness 40740 MPa
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Fig. 12 Tsai-Hill failure index—
bow enclosure

4 Results

The response in a form of Tsai-Hill [17] failure index is shown
in Fig. 12 for the bow enclosure model. The maximum failure
index is 0.426, which is far below the limit of 1, and therefore,
the structure seems to be safe from the impact of the sea
pressure.

Tsai-Hill criterion takes account of interactions between
failure modes and mostly is an adaptation of von Mises crite-
rion adjusted for anisotropic materials. Failure occurs if the
inequality is violated:

o1\’ o\’ o0 2\’
o) + () S () =

Olu O2u O1u T12u

Where o, 05, and 7, are normal and shear stresses in the

composite. o denotes tensile stress and 7 denotes shear stress.
Index 1 corresponds to the direction of the composite fibre and
index 2 corresponds to the direction in the plane of the fibre.
Index u indicates critical strength in the composite and the
values are taken from Table 1. If the values of o, and o, are
positive, the oy, and o, are tensile strengths. If the values of
0, and o0, are negative, the oy, and o,, are compressive
strengths.

However, the main concern is the interface between the
composite and the steel structure. Figure 13 presents the
displacements of the joint model. The remaining Figs. 14,
15,16, 17, and 18 omit the elements close to the boundary
conditions in order to exclude the unrealistic stress
concentrations.

The highest occurring stresses in the steel are shown
in Figs. 14 and 15. Considering the small edge element
length, the obtained stress is well within permissible
limit. Maximum permissible stress for fine mesh analy-
sis is calculated according to the yield utilisation factor
A,. For this particular case the permissible stress range
is given by the expression A, < 1.7 (The Rules [14],
Sec. 9/2.3.5).

The permissible stress limit (grade AH36 steel) for mesh
size of 50 x 50 mm is calculated by:

A235  1.7:235
k072

Oym = = 555 MPa

Where o,,, is the von Mises stress calculated at element’s
centroid.

Furthermore, Tsai-Wu failure criterion [18] was investi-
gated for the core and skins and in the both cases, the index
was less than the critical value of 1; see Figs. 16 and 17.

Fig. 13 Total displacement
[mm]—deformed model

A

‘K

8.1406

9.1899

10.2392 12.3378

14.4364
11.2885

16.5349
13.3871 ~

15.4856 17.5842
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Fig. 14 Von Mises stresses
calculated from element centroid
in AH36 steel [MPal—top view

X&/
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Fig. 15 Von Mises stresses
calculated from element centroid
in AH36 steel [MPa]—bottom
view
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The results also showed that, according to FE results, there
is no danger of debonding between different materials; see
contact total stress (CTS) plots for all three interfaces in
Fig. 18. The CTS is the vector sum of normal and tangen-
tial contact stresses that gives the permissible CTS of
116.68 MPa resulting from the values given in Table 4.
The stresses that occur in contact elements between all
three interfaces are below this permissible limit of

116.68 MPa. The maximum total contact stress in the in-
terfaces between the composite and core material, core and
steel, and composite and steel material are equal to 48.6,
48.8, and 105.7 MPa, respectively. Phenomena such as
creeping and temperature effects are not considered in the
present study. Displacement distribution in the joint sub
model corresponds to the applied mapped translations
and rotations from the global model, as shown in Fig. 13.

Fig. 16 Tsai-Wu failure criteria
in CFRP composite material—
results from the layer with
maximum value
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Fig. 17 Tsai-Wu failure criteria
in Divinycell® core material
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Considerable stress appears in the steel part, especially on
the inner side of the plate, but within permissible limits. See
Figs. 14 and 15.

The highest value of failure criteria index in the composite
part is located around the edge where the sandwich skin, core,
and steel part are joined; see Fig. 16. At this location also the
highest contact stresses occur; see Fig. 18. These results sug-
gest that the alternative version of the joint should also be
considered, for example, in a form of the curved design in
order to create more even stress distribution over the adhesive
joint.

The core material itself shows lower failure index than the
sandwich skin, as seen in Fig. 17.

5 Conclusion

This paper aimed to investigate the design of the adhesively
bonded composite-to-steel type of joint and its applicability in
marine industry. The joint comprises of double-lap connection
of steel plate and carbon fibre reinforced plastics (CFRP) at
one side, whereas the other side is the CFRP-skin sandwich
panel with Divinycell® foam as the core. The investigation
considered the application case of the composite bow enclo-
sure, which has to withstand the loading of the seawater in
rough seas. In order to simulate the behaviour of composite-
to-steel joint, the finite element analysis employed the two-
stage analysis. Firstly, the global response of the bow

Fig. 18 Contact total stress
[MPa]; a composite-core
interface; b core-steel interface; ¢
composite-to-steel interface

560694

23.9134 47,2661 70-6168 93.9714
2O 35see7 YO sgloana - 82.2951 o

c)
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enclosure was obtained. Then, the displacements from the
global analysis were mapped to the local FE model of the
joint. The analysis of the joint uncovered that the stress levels
are within the permissible limits and that there is no danger of
debonding between the materials. These results suggest that
the joint is potentially applicable in the marine industry as
already proposed by [9]. However, the phenomena like creep-
ing and temperature dependence have not been taken into
account within the scope of the study. Therefore, the future
work should consider creeping, temperature, and a curved
design of the joint. In addition, mechanical tests should be
performed before the industrial application of the joint.
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