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ABSTRACT: Composite materials are becoming more and more popular, even for large ship and offshore
structures. They offer lightweight and adaptable strength and stiffness properties. In case of slender structures,
where buckling is the governing limit state, such features are valuable and allow designing high performance
assemblies like racing crafts as well as very large sail ships. The case of composite masts of sail ships is rather
interesting as, on the one hand, relatively large, stiff but light structures are needed and, on the other hand, their
reliability is crucial for ship safety. Hence, complete understanding of structural behaviour is essential to avoid
too large safety factors. Indeed, such case is also the paradigm of the dynamic buckling behaviour of slender
columns structures, pointing out differences between the widely used quasi-static design approach and the more
realistic time domain simulations. An earlier work studied the dynamic buckling behaviour of a metallic mast.
Now, the study has been extended to the much more complex case of composite masts, showing some variations
due to anisotropic material properties and specific weight values different by an order of magnitude. Compre-
hensive description of the dynamic buckling of a typical composite mast panel is outlined in this paper and

compared to results from a previous investigation on aluminium alloy mast.

1 INTRODUCTION

This paper deals with a mast panel of a large sail
ships. The design of these charming slender structures
is theoretically and computationally demanding.
However, it should be admitted that their design is
still largely based on empiricism, even if in the last
years rule requirements are more and more introduc-
ing state-of-the-art structural analysis methods in-
volving numerical analyses besides scantling check
approximated formulae. Really, only design of racing
boats and of large sail ships are in general deemed
worth of advanced numerical analyses and simula-
tions involving computational fluid dynamics (CFD),
finite element analyses (FEAs) and, eventually, com-
plete fluid structure interaction (FSI) calculations like
e.g. those carried out by Trimarchi and Rizzo (2009).
Publications on this topic mostly deal with the aero-
dynamics of sails (Viola et al. 2014) and more re-
cently investigated the FSI like in Sacher et al
(2015). Shenoi et al. (2009) had previously summa-
rized the state of the art about structural analyses, re-
porting a widespread literature review showing qual-
itative descriptions and rules of thumb: indeed, no
innovative approaches for the scantling design of
mast and rigging has been proposed since many dec-
ades. The behaviour of the rigging system under wind
gusts and the dynamic forces on the mast due to ves-
sel motions in rough sea are still quite hard to predict.
Similarly, the pre-tensioning loads led by dock tuning
and their variations over time induced by mast and
sail trimming are largely unknown along with several
other parameters, as noted in Rizzo et al. (2009).
Some evaluations on the rig’s tuning accounting for

ship motions have been reported by Fossati and Mug-
giasca (2011), who carried out a study in wind tunnel
environment and by Augier et al. (2013), who ex-
ploited numerical FSI simulations. However, while
highlighting the dynamic aspects of sail systems load-
ing, both works focused on the influence of the ship
motions and rig’s tuning on yacht performances, and
they were limited mainly to the aerodynamic aspects
of the problem. A study mainly dedicated to structural
aspects was published by Menotti et al. (2010). The
authors investigated the reasons of the dismasting of
the Volvo 70 Groupama 4 team sailboat through an
FSI approach, coupling a potential flow code with
FEAs. Results showed the loss of different structural
elements of the rigging system led to the mast failure.
In a recent publication, Lepidi et al. (2015) proposed
a simplified mono-dimensional analytic model devel-
oped for preliminary design to assess the response of
the rig under periodic pitching motions. Model’s re-
sults were validated with nonlinear FEAs. Another
important aspect in rig scantling is represented by
fabrication defects affecting the mast structural re-
sponse, as reported by Lorenzetti et al. (2017). In this
works, the authors set up a FEM beam model able to
take into account local defect affecting the local and
global stability of the mast.

Rizzo and Boote (2010) identified the elastic buckling
as the governing limit state for mast and rigging slen-
der structures, showing an overview of their modern
scantling design procedures. However, yielding and
other nonlinear collapse mechanisms affecting ulti-
mate strength should be investigated as well, consid-
ering that weight reduction is of paramount im-
portance due to its significant effect on ship’s stability
and sea-keeping behaviour. Moreover, they noted that



procedures for rig design found in open literature as
well as in some scantling rules (e.g. the Nordic Boat
Standard, the Bureau Veritas rules and the Det Norske
Veritas rules) are traditionally based on the well-es-
tablished Skene’s analytical method (Skene, 1938),
which considers a quasi-static equilibrium between
inclining and righting moments, in order to estimate
acting forces on mast and rigging. Global mast buck-
ling is the only limit state to be checked, as long as
other failure mechanisms are implicitly prevented by
safety factors. More refined scantling methods, taking
advantage of modern computational facilities, were
outlined as well by Rizzo and Boote (2010), showing
that other limit states can be well assessed even by
FEAs using only truss and beam elements. Sub-mod-
elling technique can be applied to assess local behav-
iour of parts of the sail system like a mast panel.
FEAs are more regularly used by rigs designers and,
recently, required by rules of classification societies
dealing with sail systems approval. Actually, mari-
time administrations, like e.g. those of the Red Ensign
group, currently require design approval of mast and
rigging of large sail yachts. Some classification soci-
eties issued relevant rules. DNVGL rules, originating
from those of the Germanisher Lloyd before the
merging with the Det Norske Veritas, provide a de-
tailed description of structural analyses to be carried
out, addressing composite materials as well.

This work represents an extension of the study pre-
sented by Gaiotti and Rizzo (2014), where the dy-
namic behaviour of an aluminium mast of a large sail
ship under dynamic conditions was investigated.
There, the dynamic buckling of the lowest panel of a
very large mast was considered and several numerical
analyses were carried out to assess whether dynamic
phenomena affect the structural behaviour. It was
concluded that wave-induced loads on a large sail
ship are varying in time in a frequency range, which
is sensitive for the buckling behaviour of this slender
structures. Reference is made to this earlier work
where a general introduction to the subject is also
given. Hereunder, the focus is on a composite mast
and its dynamic buckling behavior, showing differ-
ences with respect to the metallic structure. In order
to be consistent with the previous work and to allow
comparison of results, the very same loading and
boundary conditions were maintained while a differ-
ent structure has been assessed as described in the fol-
lowing section. Eventually, a proper deep investiga-
tion on the materials used for building such structures
(i.e. aluminium alloys, carbon fibres) should be car-
ried out in order to assess for possible different limit
states, depending on the employed material.

2 TEST CASE

The test case considered in this paper refers to an ac-
tual Carbon Fibers Reinforced Plastic (CFRP) mast
typically employed in sailing boat industry.

The cross section of the mast is reported in Figure 1.
The mast cross section has no internal stiffening
members and it is built in two parts, obtained by
moulding. The parts are later joined by overlapping
the laminate skins. This overlapping also constitutes
a local reinforcement in way of the mast sides. The
total thickness of the shell laminate is 4.0 mm every-
where, except in way of the overlapping skins where
it is 8.0 mm. The mid-thickness of the shell structure
is sketched in Figure 2.
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Figure 2. Half section sketch using spline curves

Figure 3. Geometry of the panel (top detail on left)

The current analysis aims at investigating a column-
like structure, to represent the lowest panel of a typi-
cal mast structure. The column is 10.0 m high in the
numerical investigation, as in Gaiotti and Rizzo
(2014), representing the average distance from the
mast step to the lowest spreader in large sailing
yachts. The geometry has been obtained by extruding
the cross section (Errore. L'origine riferimento non
¢ stata trovata.). Plies employed in the stacking se-
quence are 0°/90°, + 45° and uni-directional standard
carbon fibres fabrics. Plies’ characteristics are re-
ported in Table 1. Biaxial layers’ nominal thickness
is 0.6 mm, whilst uni-directional layers are 0.4 mm
thick.

An orthotropic plastic material model has been
adopted for the plies, assuming a quasi-null plastic re-



sidual deformation, in order to simulate a brittle col-
lapse behaviour typical of fibre-reinforced plastics.
Tsai-Hill failure criterion has been considered to de-
fine the limit of the elastic behaviour of the material.
For a plane stress condition, assumed in the present
numerical simulation as reasonable simplification
due to the limited thickness of the composite lami-
nate, the criterion is reported in Equation 1:
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where 611 and 622 are the axial and normal stress com-
ponents, referred to fibre direction, 112 is the in-plane
shear stress, whilst corresponding R values are the
relevant failure stresses. It is worth remembering that
Tsai-Hill criterion cannot account for both tension
and compression at the same time, but the failure
stresses have to be considered according to the actual
stress of the laminate, especially when the material
presents a different behaviour in tension and in com-
pression, likewise in composites.

Table 1. Plies’ mechanical properties, being
0/90 : Stnd. 0/90 CF Fabric

+45 : Stnd. #45 CF Fabric

UDE : Stnd. UDE

Units  0/90 +45 UDE
Young Modulus 0° GPa] 70 17 135
Young Modulus 90° Pa] 70 17 10

[

[

In-Plane Shear Modulus [GPa] 5 33 5
Major Poisson Ratio [-] 0.10 0.77 0.30
Ultimate Tensile Strength 0° [MPa] 600 110 1500
Ultimate Compressive Strength 0° [MPa] 570 110 1200
Ultimate Tensile Strength 90° [MPa] 600 110 50
Ultimate Compressive Strength 90° [MPa] 570 110 250
Ultimate In-Plane Shear Stress [MPa] 90 260 70

Ultimate Tensile Strain 0° % 0.85 - 1.05
Ultimate Compressive Strain 0° % 0.80 - 0.35
Ultimate Tensile Strain 90° % 0.85 - 0.5
Ultimate Compressive Strain 90° % 0.80 - 1.5
Ultimate In-Plane Shear Strain % 1.80 - 24
Density kg/m3 1600 1600 1600

3 NUMERICAL MODEL

A finite shell elements model has been built in the
ADINA (2016) software environment to simulate the
mast geometry under investigation. Twenty-four
thousand Mixed Interpolated Tensorial Components
4-nodes (MITC4) shell elements have been applied to
discretize the whole mode, see Chapelle and Bathe
(2011). Large displacements due to elastic instability
up to structural failure and material non-linearities in
the post-elastic range, describing material failure, jus-
tify the adoption of a non-linear element.

Panel’s own weight is computed by a consistent mass
matrix, while the weight of the upper part of the mast

(not modelled) is estimated to be 5000 kg, consider-
ing typical masts of this size. It is worth noting that
comparative design analyses on sail systems showed
that carbon mast weight is of the same order of mag-
nitude of light alloy one. Such mass is applied as a
concentrated mass on the centre of gravity of the top
cross section and connected to the tube shell elements

Load
Vector

Concentrated

! .

by means of rigid links, see Figure 4.
Figure 4. Finite shell elements model top side, rigid links, load
vector and concentrated mass

This assumption represents a simplification, since ro-
tational inertial effects are lost and a purely diagonal
mass matrix is adopted. At this stage of the research
on the dynamic buckling, the rotational inertia of the
top part of the mast structure, also due to mast pre-
bend, is thus neglected.

(b)

b

Figure 5. (a) Mast shell mid plane. (b) Rigid links connecting
shell elements

The mast is fully clamped at its bottom while the
shape of the cross section is fixed by a rigid link set
in the upper end, where load is applied. Since mast’s
geometry has been simplified by modelling shell ele-
ments mid surfaces, a gap was generated between the
flanges zones and the rest of the shell (Figure 5 (a)).
Therefore, panels have been connected through rigid
links as reported in Figure 5 (b)

4 STATIC COLLAPSE ANALYSIS

A preliminary static collapse analysis has been per-
formed to investigate the collapse mechanism and to
define the post-buckling response. Even if very large
displacements are found, a wide part of the post buck-
ling phase is still within the material elastic range.
The computation is carried out through a FE Eigen-
value linearized buckling analysis, whose results re-
turn the buckling mode shapes to be imported as ini-
tial imperfection for a non-linear progressive collapse
model as suggested e.g. by Bathe (1996).



As regards the Eigenvalue calculation, in the present
case, a load of 100 kN was applied resulting in a load
factor, i.e. a scaling factor identifying the buckling
load, equal to 1.516 for the first buckling mode.
Therefore, in this case, the buckling load resulted to
be 151.6 kN. It should be noted that the load was ap-
plied as a force in the same node where the concen-
trated mass was imposed and spread on the mast sur-
face by means of rigid links (Figure 4).

Afterwards, a full non-linear collapse analysis has
been carried out. The first buckled mode shape has
been set as initial imperfection with a maximum am-
plitude of Y=0.1 mm transverse displacement in the
Y direction, in way of the node showing the maxi-
mum lateral displacement in the linearized analysis,
i.e. roughly at mid span.

Raftoyiannis and Spyrakos (1997), among the others,
described the impact of the initial imperfection on the
post-buckling transition. Indeed, the transition be-
comes smoother and the critical load threshold can
hardly be identified, while increasing the imperfec-
tion amplitude. Hence, a rather small value of the in-
itial imperfection was selected, certainly well lower
than actual geometrical imperfections. The computa-
tion has been carried out in displacement-controlled
regime, meaning that a compressive displacement in
Z direction has been applied linearly increasing from
0.0 to 100.0 mm. The collapse analysis showed a pure
mode one collapse, with one half-wave shape passing
through the mast length up to material failure and pro-
gressive deletion of the failed elements. Results are
reported in terms of displacements (at mast head) ver-
sus reaction in Z direction at mast step, representing
the corresponding compressive load (

) of the mast panel.
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Figure 6. Collapse history: vertical displacements [mm] vs. ver-
tical reaction [kN]

It can be noted that, after an initial linear elastic be-
haviour, a buckling load equal to 154 kN is clearly
identifiable, corresponding to a vertical displacement
of 15.4 mm. Then, the structure undergoes critical
global buckling with decreasing reactive force, typi-
cal of cylindrical structures as well established in lit-
erature (e.g. Shama, 2013). It is also worth noting that
a wide portion of the post-buckling response lies

within the material elastic range, thus the post-buck-
ling transition is fully reversible until local material
failure, which takes place, actually, very near to the
global collapse of the column, found at 138 kN with
a corresponding mast head displacement of 67.5 mm.
The large amount of elastic energy that the structure
is capable to absorb in the post buckling stage is the
main reason suggesting a dynamic analysis in time
domain, to account for temporary non-equilibrated
configurations capable of storing the work spent by
the external forces for a limited amount of time.

5 DYNAMIC ANALYSIS

The dynamic load adopted in the present study is de-
fined by a sinusoidal law where only half period is
considered. The impulse is therefore defined by a pe-
riod and an amplitude.

When the impulse drops to null value, it is kept con-
stant to assess the subsequent structural response. The
justification of the simplicity of such load function
was due to the motivation of investigating the influ-
ence of inertial effects on the structural response.
Therefore, there was no interest in simulating actual
time history of loads at this stage of the study. The
wave amplitude is defined by applying a scaling fac-
tor with respect to the critical load derived from the
previously described progressive static collapse anal-
ysis. From an amplitude equal to the critical load
found in the static analysis, the load is increased pro-
gressively up to obtain structural collapse, as shown
inErrore. L'origine riferimento non e stata tro-
vata.. Thirteen different periods have been consid-
ered, ranging from 0.05 s to 100 s, thus considering
fast dynamic loads up to very long lasting ones, sim-
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Figure 7. Dynamic loading function

As previously mentioned, the applied load is trans-
ferred from the load application point on the centre of
the column head to the mast top end by means of a set
of rigid links, as shown in Figure 4. The concentrated
mass simulating the upper panels of the mast is placed
on the same node where the force is applied. The con-



centrated mass should not be modelled as a force oth-
erwise inertial contributions in terms of translations
would be lost.

At the beginning of the computation, even with lim-
ited compressive impulse, a small vertical oscillation
was observed in the model due to the effect of the
concentrated mass, as in the initial configuration the
non-deformed structure has to sustain the inertial
force. Therefore, a suitably small value of damping
was introduced in the computation to sweep away
these physical oscillations due to the initial condi-
tions. Damping was simulated according to the Ray-
leigh’s approach, where the damping matrix C is con-
sidered as a linear combination of mass M and
stiffness K matrices, each one multiplied by two dif-
ferent scalar coefficients, respectively named o and 3
(Equation 2).

C = aM + BK )

A sensitivity analysis was carried out on coefficients
a and, B to achieve a critically damped system on the
axial oscillation. Depending on the amplitude of the
impulse, different behaviours of the mast panel have
been identified as it follows.

The stable phase up to the buckling transition, where
the rise of bending stresses in the mast is due to the
rapid deformation, as the axial displacements (z di-
rection) follow the loading time function and become
null at a certain point in time. The transition point is
coincident to the peak value of the load function for
quasi-static loading conditions.

At higher loading rates, a particular point in time may
be identified, where an unexpected behaviour is
noted: while the applied load is being reduced accord-
ing to the prescribed loading function, a growth in the
axial displacement is found, followed by an oscillat-
ing behaviour. This fact is due to inertial effects,
which delay the buckling effects. Thereafter, material
failure of a few elements of the mast may or may not
occur due to large deformations related to elastic
buckling. However, the structure is able to restore its
initial configuration with negligible damages, after
the loading impulse is removed.

The mast collapse describes the condition where the
mast panel is severely damaged so that it is no longer

Collapsed

Unstable

Axial displacement [m]

Time [s]

able to sustain its own weight due to several local fail-
ures of the material after complete removal of the ap-
plied load.

Figure 8. Time vs. axial displacement. Stable, unstable and col-
lapsed behavior

Errore. L'origine riferimento non ¢ stata trovata.
shows an example of different solution trends in time,
in terms of axial displacement of mast panel’s top. It
should be noted that the oscillations of the unstable
transition curve may lead to either plastic or elastic
strains, but the panel is still able to restore its initial
configuration as long as no or limited laminate failure
occurred.

As an example of an unstable behaviour, Figure 9 re-
ports a local failure flag of the external ply of the
CFRP laminate, for the case with load period of 2 sec-
onds and load factor of 1.11.

Figure 9. Plies local failure. Load period 2 s, load factor of 1.11
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However, the mast was able to recover its original
shape at the end of the calculation. On the other hand,
this local failure will affect the structural strength and
stiffness of the column, possibly resulting in a differ-
ent structural response under further load cycles.

By the way, in the present study only one load cycle
was considered, postponing further consideration on
the effects of cyclical loads on ultimate collapse to
future works. Local material failures have been de-
tected at column’s mid span for impulses having a pe-
riod in a range of approximately 4 — 0.4 seconds. Be-
low this threshold, failure was mainly localized close
to the bottom-constrained zone.

6 DISCUSSION OF RESULTS

As mentioned, in the present study thirteen different
impulse time durations have been considered ranging
from 0.05 s to 100 s. For each impulse duration, con-
ditions of global collapse, local rupture and instability
are reported along with the corresponding load factor
amplitude (Figure 6). It can be noted that for load im-
pulses equal or longer than 10 s, i.e. 0.1 Hz period, no
local failures occur but the mast panel directly
switches from a local unstable configuration to the
global collapse, as typically experienced by slender
columns whose collapse is driven by elastic buckling



(Euler’s buckling). On the other hand, for load dura-
tion shorter than 0.2 s, i.e. 2.5Hz, buckling does not
occur.
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Figure 6. Load time vs. load factor, different structural responses

Four different regions can be observed depending on
the load application time:

A quasi-static response region, from 10 s to 100 s,
where the dynamic effects are negligible and the col-
lapse behaviour replicates the static model.

A transition zone, from 4.0 s to 1.0 s, where an incre-
ment of the sustainable load is noted when reducing
the application period of the load.

A dynamic response region, from 0.6 s to 0.2 s, where
significant increment in the sustainable load is found,
as the structure becomes very sensitive to variations
of the impulse duration.

A high-speed dynamics range, below 0.2 s, where lo-
cal ruptures directly lead to global collapse following
a progressive path.

It is worth noting that the transition zone and the dy-
namic region are characterized by load application
periods approximately corresponding to those of the
wave encounter frequency typical of large sail ships.
Moreover, induced ship motions as well as wind load
on the sail system are characterized by relatively
shorter periods and vibration induced loads stress the
mast panels when motoring and in rough sea. As a
matter of facts, large sail ships are rather stiff ships in
sea waves because of keel weight and stability needs.
Further considerations about these different zones
will be hereunder presented in more detail.

6.1 Quasi-static region

In this region, the mast works like a typical com-
pressed slender column: dynamics effects have very
little or no importance and the presence of a compres-
sive force even slightly higher than the static critical
load leads to collapse due to global buckling. In fact,
the global collapse, the local failure and the elastic
buckling are almost coincident in terms of axial ap-
plied force. Hence, once the elastic buckling load is
reached, the column fails to sustain any higher load
and it behaves like an Euler column (i.e. a purely
global instability is observed in practice, with no re-
sidual capacity). The definition of the limit of such
zone could be a useful parameter for the rig designer,

avoiding dynamic time-consuming computations
since static models are adequate to predict the col-
lapse. Of course, further deepening should be carried
out to assess different mast geometries and dimen-
sions obtain a general rule requirement useful in en-
gineering design practice but the trend is quite clear.

6.2 Transition zone

In this zone, the critical load is slightly influenced by
the duration of the load, i.e. the smaller the duration
of the applied load, the higher the mast response. Dif-
ferences among estimated collapse loads are more ev-
ident, as the load impulse becomes faster (shorter pe-
riod of application).

Three distinct load thresholds become clearly visible:

*  Elastic buckling with elastic material response,

*  Material failure of local elements not affecting
the global capacity, with the mast resuming its
original configuration after the load is removed,

*  Global collapse of the mast.

6.3 Dynamic region

This zone revealed to be very critical. In fact, even
slightly varying load duration induces considerable
differences in maximum sustainable load. The struc-
ture is able to withstand collapse loads from 1.8 to 2.7
times higher with respect to the statically applied
load, depending on the impulse period. Moreover, a
higher gap between the buckling limit and the local
rupture one is observed, indicating a remaining mar-
gin between the elastic buckling and the initiation of
the mast collapse.

6.4 High-speed dynamics range

In this region, an increase of the maximum sustaina-
ble load is observed until periods of about 0.1 s, whilst
a drop is observed at 0.05 s. The study was not deep-
ened for higher load frequencies since phenomena of
such small duration are not likely to occur on sail sys-
tems but it should be noted that such a limit depends
on the features of the structure. It should be also noted
that in this region no elastic buckling is observed, dif-
ferently to what reported by Gaiotti and Rizzo (2014)
where the aluminium mast showed a failure mode
clearly driven by local buckling phenomena.

In the present case, above a certain load amplitude,
material failure at the bottom of the mast occurs,
quickly leading to global collapse. In order to better
understand the physics behind fast growing external
forces, for the case of loads acting for 0.05 s, a graph
reporting vertical displacements at mast panel’s top
and the loading time function (scaled) over time is re-
ported in Figure 11.



Time [s]

is 00.00 0.04 0.08 0.12 0.16 0.20 0.24 0.28 0.32

0.00

-15.0

————— Applied force over time (scaled) [-] \ /

-30.0 : i
—— Axial displacement [m] | /

Axial Displacement [m]

-45.0

-60.0
Figure 7. Axial displacement delay for load of 0.05 s duration.

A delay between the load and the vertical displace-
ments can be observed because of inertial effects. A
positive extensional displacement was detected after
the applied force had ceased. This fact means that the
strain energy does not balance the external work in
the unloading phase leading to a much higher amount
of energy to be stored in the system, both in form of
strain energy and kinetic energy.

Therefore, when the load is removed, the column be-
haves similarly to an oscillating one Degree of Free-
dom (1-DoF) dynamic system.

However, to better understand the collapse mecha-
nism, a new plot reporting the reaction force at the
constrained mast end versus the applied force at the
mast top is reported (Errore. L'origine riferimento
non eé stata trovata.).

750

600

H
w
o

| Applied force at the i '-._ ‘\
- mast top [N] P il
] A\

Force [KN]
w
o
o

—i— Reaction force at the i / :: \
| clamped edge [N] H /' i\

-
w
o

0 ./" 30} : ==

-150 : ‘ i
0.00 0.04 0.08 0.12 0.16 0.20 0.24 0.28 0.32
Time [s]

Figure 8. Reaction force delay for load of 0.05 s duration.
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Besides the delay between the two curves, it can be
noted that value of the reaction is higher than the ap-
plied force, due to the previously mentioned energetic
consideration. This is mainly due to inertial effects,
i.e. to the fact that the kinetic energy leads to a normal

compressive wave, which induces an increased com-
pression located at the clamped end.

Figure 13 reports a large zone where elements expe-
rience material failure nearby the clamped edge.

7 COMPARISON WITH ALUMINIUM MAST

In this section, a comparison between the CFRP mast
analysed in the present work and an analogous one
built in aluminium alloy and studied in a previous
work (Gaiotti and Rizzo, 2014), is presented. Figure
14 shows the masts’ cross section for both models.

Figure 14. Cross-sections of composite mast (left) and alumin-
ium mast (right)

The section of the aluminium mast is 900 mm long
and 400 mm wide, the mast tube thickness ranges
from 8 to 12 mm, while the internal frames are 5 mm
(main) and 4 mm (lateral) thick. The mast section was
used for similar sail ships, approximately of the same
size, whose sail system was different mainly because
of the building material of the mast. Indeed, the same
shipyard built and launched various similar hulls hav-
ing different mast and rigging designs. However, the
same mast panel length was considered (10 m) and
the same concentrated mass simulating the upper part
of the mast was applied at the top (5000 kg) for com-
parison purposes.

Figure 15. Comparison between carbon and aluminium masts.
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Despite dimensions are different as well as column
stiffness (and so numerical results), a similar trend be-
tween collapse curves can be observed in Figure 15,
showing that these slender structure can withstand
loads considerably higher if loads are applied only for
short periods of time rather than statically or as long-
lasting forces. Further comparisons will be carried out
in the future among different masts geometries. Even-
tually, it should be noted that, in case of aluminium
masts, a threshold indicating the initiation of local in-
stabilities (i.e. local buckling) was highlighted for



high-speed dynamics loads, whilst for the carbon
mast no local buckling occurred. Moreover, the alu-
minium mast seems to be more sensitive to dynamic
effects, likely due to the different mass/stiffness ratio
with respect to CFRP.

8 CONCLUSIONS

In this paper, a numerical investigation on the dy-
namic buckling behaviour of a typical CFRP mast
panel employed in sailing yacht industry has been
carried out assessing the dependency of the mast’s re-
sponse with respect to impulsive loads applied for dif-
ferent periods. This work followed a previous one re-
garding aluminium masts (Gaiotti and Rizzo, 2014).
Present results confirmed that the mast is able to resist
to higher loads for relatively high load application
rates, indicating an inverse proportionality between
the maximum sustainable load and the load impulse
duration. However, localized failures may occur, af-
fecting structural behaviour in forthcoming load cy-
cles. A simplified sinusoidal load function was
adopted in this study to assess the inertial effects and
their involvement into the elastic buckling problem of
a column, whose main outcomes are the following:
The structure showed a growing ultimate strength
level when reducing the acting period of the load.
The instability condition has been reached with a de-
lay with respect to the maximum applied load, while
the stress level was actually decreasing. This is
mainly caused by inertial effects, but it is also due to
the delay in displacement of the mast top, leading to
axial displacements in the direction of the applied
force also after the load peak has been reached, lead-
ing to a positive work of the external force. Further-
more, it should be remembered that collapse could be
due to an excessive stress level as well as a variation
in the stiffness of the structure due to large displace-
ments experienced because of the buckling.
Therefore, results confirmed the general trend ob-
served on aluminium masts, highlighting only minor
conceptual differences. Actually, local buckling does
not occur in carbon masts in the high-speed dynamics
region. Further comparison will be carried out in the
future, comparing masts of different material and ge-
ometries.

In conclusion, the present work showed interesting
results on the capability of column-like structures to
withstand dynamic loads, i.e. loads acting for a short
period of time, having a significant higher magnitude
than static loads. In order to extend the study and de-
termining new possible guidelines in the design of
mast and rigging structures, different mast panel fea-
tures (e.g. span, cross section geometries, stacking se-
quences), more complex loading conditions as well as
the modelling of the whole rig including manufactur-
ing defects could be taken into account in future stud-
ies.
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