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A B S T R A C T

Fishing is one of the most risky occupations worldwide. Many accidents are due to stability failures, and dynamic
stability phenomena in waves are among the possible causes. Due to time, cost and regulatory lacks, these
phenomena are not addressed during design of fishing vessels. High fidelity six degrees of freedom (6-DOF) codes
can cope with these phenomena, but their complexity, cost and time of application, limit their use to high-end
vessels. The use of less demanding approaches appears more suited for the fishing sector. The scope of this
paper is to compare a 6-DOF blended code, 1-DOF nonlinear roll models and simplified analytical formulae, in
order to assess the level of dispersion of the obtained roll motion predictions among tools with different levels of
complexity. The roll response for a medium-sized stern trawler is investigated in regular beam and longitudinal
waves, at zero speed. Results from the simplified models are in fair agreement with those from the 6-DOF code, at
least for moderate wave steepnesses. Simplified models could provide a valuable tool for the assessment of fishing
vessels behaviour at the early design stage, considering also their ease of implementation within typical existing
naval architecture software.
1. Introduction

Fishing sector is the one within the maritime industry with the largest
fleet worldwide. The total number of engine powered fishing vessels is
over 2.900.000 according to the latest FAO statistics (FAO, 2016a); 80%
of these units are from Asian countries, 7% from Latin-American coun-
tries, 6% from African ones, 3% of this fleet belongs to Europe, another
3% to the U.S. and, finally, 1% to Oceania. One characteristic of the
fishing fleet is its vast heterogeneity. Different regulatory frameworks,
distance to the fishing ground, caught species, regional tradition or even
meteorological characteristics of their area of operation, lead to many
different designs, which make it difficult to categorize fishing vessels into
a limited set of typologies.

However, a classification according to the ship length is usually done
based on the applicability limits of the different IMO and FAO in-
struments. On the one hand, there are vessels of 24 m in length and over,
which should be under the regulatory framework of the Torremolinos
Protocol (IMO, 1993), the Cape Town Agreement (IMO, 2012), the Part B
of the Code of Safety for Fishermen and Fishing Vessels (FAO/ILO/IMO,
2005a) and the 2008 Intact Stability Code (IMO, 2008a). On the other
hand, there are medium sized fishing vessels with lengths between 12 m
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and over and up to 24 m, to which the Voluntary Guidelines for the
Design, Construction and Equipment of Small Fishing Vessels (FAO/I-
LO/IMO, 2005b) are of application. And finally, there are small vessels of
under 12 m length, which are within the scope of the Safety Recom-
mendations for Decked Fishing Vessels of Less than 12 m in Length and
Undecked Fishing Vessels (FAO/ILO/IMO, 2012). In addition, it has to be
said that none of the previous international regulations regarding fishing
vessel safety are nowadays of mandatory application; these vessels are
only required to fulfil regional regulations or agreements, which are in
fact quite variable depending on the flag state of the ship. According to
this categorization, latest data (FAO, 2016a) show that most of the
worldwide fleet (85% of the vessels) belongs to the under 12 m group,
while 13% belongs to the group with length between 12 and 24 m, and
only 2% of the fleet has a length of 24 m and over. This distribution fits
quite well the distribution of the regional fleets, such as, for example, the
E.U. one (E.U., 2016).

Regarding the economic importance of the sector, it employs more
than 37 million direct workers worldwide (not including aquaculture or
processing industries). From these, 29 million are from Southeast Asian
countries, more than 280.000 are from the U.S. and 150.000 are from the
E.U. Fishing influence is especially relevant in the less developed
2017
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countries, where primary sectors have a prevalent role. Globally, fish
trade activities have grown in the last years, with exports rising from 72
billion dollars in 2004 to 148 billion dollars in 2014 and imports rising
from 76 billion dollars in 2004 to 140 billion dollars in 2014. China is the
top exporter (13%), while the U.S. is the top importer (14%). If the case
of the E.U. is used as an example of the situation of fishing in the more
developed countries, it could be seen that, although fishing does not have
a great impact on the economics of a whole country, it can have a big
impact in some regions, where the local economy can be really fish-
ing–dependent. While the Gross Value Added (GVA) of fishing and
aquaculture to the total Gross Domestic Product (GDP) of the E.U. is a
0.1% and in Spain this relationship is a 0.2%, in Galicia, one of this high –

dependant areas in Spain, this value rises up to a 1.3%. Regarding
employment, more than 25% of all the workers within fishing of the E.U.
are from just certain high – dependant regions of Spain, Greece, Portugal
and Italy. If the case of Galicia is again mentioned, it accounts for 7.5% of
the E.U. workers, 5.2% of the ships, 8.8% of the GT's and 14.5% of the
value of the total E.U. catches (E.U., 2016; FAO, 2016a, 2016b; Meixide
Vecino, 2015).

Despite these facts, safety is still one of the biggest problems affecting
fishing sector, and fishing is still considered as one of the most dangerous
industrial sectors, not only in the developing economies, but also in the
fully developed ones. FAO estimates in more than 24.000 the number of
casualties per year which directly affect fishing worldwide (Gudmunds-
son, 2013). In the case of countries like the USA (BLS, 2014), UK (Rob-
erts, 2010) or Spain (MESS, 2014), although this number is sensibly
lower, fishing is placed among the activities with largest fatal incident
rates. In Jensen et al. (2014), a review of figures and trends of fatal ac-
cident incidence rates for different European countries (Norway,
Denmark, Iceland, UK and Poland), USA and Canada can be found,
showing the aforementioned high casualty rates.

If data from Jensen et al. (2014) and those from other sources (CIAIM,
2014; Lincoln, 2010; MAIB, 2016) are analysed, it can be appreciated
that a large percentage of the casualties occur in the small - medium
range of the fleet (vessels under 24 m length), and that many of them are
due to stability failures, capsizing or bad weather (large wave struck).
These accidents usually lead to the complete loss of the vessel in a sudden
and fast way, making it very difficult for the crew to save themselves
(Mata-�Alvarez-Santullano and Souto-Iglesias, 2014).

This high percentage of stability-related accidents in the small
segment of the fleet could be explained by different reasons. One reason
is to be associated with the human factor. Crews of medium-small fishing
vessels lack the training that those of larger vessels have. Due to this fact,
they are not usually able to determine the risk level of their ship in a
given operational situation or to understand the, typically few, stability
information they have onboard (Womack, 2001). As a result, the crew on
fishing vessels often base their judgement criteria just on their subjective
experience. This lack of awareness, together with some occasional fac-
tors, such as not ensuring the vessel weather tightness, or the overloading
of the vessel, is a major cause of these types of accidents (Míguez
Gonz�alez et al., 2012; Spitzer, 1999; Wolfson Unit, 2004).

An additional aspect is the regulatory framework. As it has been
already mentioned, the international mandatory regulations applicable
to vessels of over 24 m length (Torremolinos Protocol and Cape Town
Agreement), have not entered into force yet and, with the exception of
those countries which have ratified any of them, only regional regula-
tions are of application. In the case of vessels under 24 m, no interna-
tional requirements are mandatory and, again, flag states are responsible
of establishing the regulatory framework (Francescutto, 2013; Gud-
mundsson, 2013). In some cases, especially in the under 24 m range,
these regional requirements do not reach the same safety levels as those
of the IMO instruments (Gudmundsson, 2013; Kaplan and Kite-Powell,
2000; Spitzer, 1999; Wolfson Unit, 2004).

A further factor affecting the low safety score of fishing vessels are the
environmental conditions. Fishermen are usually forced to sail in very
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harsh weather conditions, as their incomes are fully-dependant on
catches. Taking into account that, with the notable exception of the
Icelandic approach (Viggosson, 2009), there is no regulation which de-
termines which weather conditions a given fishing vessel is allowed to
sail in as a function of her size or stability levels, crews of smaller vessels
usually face relatively worse conditions than those of the larger vessels
(Spitzer, 1999).

Compared to larger vessels, small and medium sized fishing vessels
sail in relatively more severe weather conditions, which can induce large
amplitude motions and other dynamic effects, particularly roll. In fact,
roll motion can significantly contribute in deteriorating the operability of
the vessel (Mata-�Alvarez-Santullano and Souto-Iglesias, 2014; Tello et al.,
2011) and is, among all ship degrees of freedom, the one which can
mostly compromise its safety. Moreover, in addition to stability failures
associated to static/quasi-static effects (e.g. Mantari et al. (2011)),
nonlinear dynamic roll instabilities are known to be among the causes of
accidents involving fishing vessels (Mata-�Alvarez-Santullano and
Souto-Iglesias, 2013).

The evaluation of merchant and naval vessel vulnerability to the
aforementioned instabilities has traditionally been done by using
experimental tests, complex mathematical tools or both of these alter-
natives, which turned out to be a quite expensive and long process. In the
case of fishing vessels, especially the smaller ones, their design process is
usually very limited, not only in cost, but also in time. This is partially
associated with the fact that profit margins of this activity are very low
(an average of a 6% from 2010 to 2013 in the E.U., 2016), and long
design and construction periods limit the vessel profitability. In case of
EU countries, in addition, the need to shorten the design and construction
time is due to the fact that current regulations require the decom-
missioning of one vessel in order to build another one with the same
tonnage (Mata-�Alvarez-Santullano and Souto-Iglesias, 2013). These
limitations in cost and time have made it very rare to have dynamic
stability analysis carried out within design stages in the case of fish-
ing vessels.

At the same time, however, the need for taking into account dynamic
stability phenomena in waves has been already acknowledged by re-
searchers and regulators, and different published recommendations to
skippers try to provide some information about how to avoid, or at least
reduce, the inception of such phenomena (DFOHS, 2014; Gudmundsson,
2009; IMO, 2008a; Wolfson Unit, 2004; Womack and Johnson, 2003). In
order to take into account these phenomena within the IMO intact sta-
bility regulatory framework, the IMO Second Generation Intact Stability
Criteria (SGISC) are under development (SDC 2/WP.4, 2015; SDC
3/WP.5, 2016; SDC 4/5/1, 2016; SDC 4/INF.4, 2016; SDC 4/WP.4,
2017). The SGISC framework considers five different possible failure
modes: parametric roll resonance, dead ship condition, pure loss of sta-
bility, surf riding/broaching, and excessive accelerations (Francescutto,
2016). However, such new criteria are not planned to be applied to
fishing vessels. Hence, the development of SGISC is not considering
fishing vessels in the tuning of standards.

Still, the operational scheme of fishing vessels makes them potentially
vulnerable to some of these phenomena. Typically, while reeling in, these
vessels could spend a long time sailing at very low speeds, even at zero
speed, in head (trawlers and purse seiners) or beam seas (longliners and
purse seiners). This reduced speed condition also takes place during the
periods when catches are processed after the recovery of the fishing gear
and nets. In addition, they could also sail at slow speeds, in low
manoeuvrability situations and with a catch-dependant heading (letting
out purse seiners, letting out or trawling trawlers), or at moderate speeds
with some more steering capabilities (as is the case of letting out long-
liners). This operational profile makes fishing vessels prone to experi-
encing parametric roll resonance in head seas or pure roll resonance in
beam seas (equivalent to the dead ship condition considered in the
SGISC). On a normal sailing at cruise speed, and as a consequence of the
relatively small absolute dimensions, fishing vessels could also
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experience pure loss of stability and surf-riding/broaching (Mata-
�Alvarez-Santullano and Souto-Iglesias, 2014; Míguez Gonz�alez et al.,
2015; Perez Rojas et al., 2006). The operational requirements, which in
some conditions reduce the possibility of modifying the speed or head-
ing, make the potential vulnerability of fishing vessels to dynamic sta-
bility phenomena in waves, even higher. However, it is also worth
highlighting that, in some of these situations, especially in the trawling
condition, the effect of fishing nets on ship motions could be remarkable.

Nowadays, a variety of mathematical models exist for the prediction
of the aforementioned dynamic stability phenomena, which can be
considered to be potentially applicable at design stage. These go from the
more complex and accurate nonlinear time domain 6 degrees of freedom
(6-DOF) blended models, to the simplest nonlinear time domain 1 degree
of freedom (1-DOF) ones. Blended (or hybrid) simulation models use
different assumptions and approximations in order to arrive at practical
simulation tools for nonlinear ship motions in waves, which balance
accuracy and computational time. The scope of the approximations
introduced in these tools is, basically, to embed the major forcing terms
which drive nonlinear ship motions in waves, without exactly solving the
fluid structure interaction problem in time domain. A number of exam-
ples of such tools can be found in literature, as mentioned also by Peters
et al. (2012). Examples are FREDYN (de Kat and Paulling, 1989;
McTaggart and de Kat, 2000), LAIDYN (Matusiak, 2007), LAMP (Liut
et al., 2002; Shin et al., 2003; Spyrou et al., 2009), NMRIW (Ogawa,
2009), SHIXDOF (Bulian and Francescutto, 2013), TEMPEST (Belknap
and Reed, 2010), and the tools developed by Ayaz et al. (2006), Greco
and Lugni (2012, 2013), Grochowalski et al. (1998) and Liu and Papa-
nikolaou (2016), among others. Blended tools, were also discussed by
Beck and Reed (2001) and, more recently, in the review by Ba�ckalov
et al. (2016).

In the case of parametric roll resonance, it is also well worth
mentioning also 3-DOF models, which include the dynamic coupling
effects of pitch and heave on roll motion, which are of paramount
importance for the correct evaluation of the phenomenon (Munif and
Umeda, 2006; Taguchi et al., 2011). An example of this alternative was
presented by Neves and Rodríguez (2006), which has been applied to the
evaluation of the behaviour of parametric roll in regular longitudinal
waves for the case of fishing vessels (Neves and Rodríguez, 2009) and
other cargo ships (Rodríguez et al., 2007). However, although 3-DOF
models are far simpler than 6-DOF ones, they are still much more com-
plex than the 1-DOF alternatives, as the number of parameters required
for their setting up is much larger (and which include added mass,
damping and excitation terms for heave, pitch and roll motions, together
with coupling among them).

As a result from the above, 6-DOF can be considered to represent the
state-of-the-art regarding nonlinear ship motion simulation with a view
to application in ship design, while 1-DOF alternatives are characterised
by a more tailored applicability to specific phenomena and an expected
reduced accuracy compared to more complex models. 3-DOF models are
herein considered to be as a too complex option for vulnerability
assessment at design stage of fishing vessels. An extensive review in this
respect has recently been given by Ba�ckalov et al. (2016), where a
detailed analysis of most of the available alternatives can be found.

In some cases, 1-DOF models can also be further simplified by
developing specific analytical formulae, which might partially avoid the
necessity of going through time domain simulations. It is also worth
noting that this mentioned range of modelling correspond to that
embedded within the SGISC framework at different assessment levels.

From the above discussion, considering the fast&cheap requirements
implicit within the fishing vessel design sector, it is evident that 1-DOF
(or even simpler) roll models likely represent the most practically
feasible option for the assessment of possible vulnerability of a fishing
vessel to potentially dangerous dynamic stability phenomena in waves.
Proposals in this respect were already put forward in the past by, e.g.,
Bulian and Francescutto (2006). It is however known that reduced-DOF
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models have limitations induced by their inherent simplifications. In this
context, it is therefore important to investigate how the predictions from
simplified models compare with those from higher fidelity tools, in order
to verify whether the two approaches provide vulnerability indications
which are sufficiently in line for an application of simplified models as a
design tool.

This is, in fact, the problem addressed by the paper, i.e. a comparative
investigation among models with different levels of complexity. In the
past, conceptually similar investigations were carried out by Munif and
Umeda (2006), who compared a 1-DOF model for parametric roll with a
6-DOFmodel with linearized heave and pitch for an Icelandic trawler in a
small set of longitudinal regular waves at zero speed, and by Somayajula
and Falzarano (2017), who compared the results from a 6-DOF tool with
those obtained by different simplified 1-DOF models for the case of
parametric rolling in irregular waves for a C11 containership. Also Bulian
et al. (2012) compared predictions from simplified 1-DOF nonlinear roll
models with those obtained from the same 6-DOF tool used herein, for a
Series 60 hull form, but for the case of bi-chromatic beam waves at
zero speed.

This paper focuses on fishing vessels and addresses parametric roll 2:1
subharmonic resonance in longitudinal regular waves and 1:1 roll reso-
nance in beam regular sea waves, at zero speed, considering a wide range
of wave conditions. Results from a high fidelity 6-DOF blended model
(Bulian and Francescutto, 2013; Bulian et al., 2012, 2015, 2016; Cercos-
Pita et al., 2016; Moro et al., 2015), which has the main characteristics
for application at the envisioned Direct Stability Assessment Level of IMO
Second Generation Intact Stability Criteria (SLF 52/WP.1-Annex 2, 2010;
Annex 1 in SDC 4/WP.4, 2017), are compared with outcomes from
simpler 1-DOF nonlinear roll models for the two considered conditions
(Bulian, 2006; Bulian and Francescutto, 2006; Bulian et al., 2012). Pre-
dictions based on simplified approximate prediction formulae derived
from the proposed 1-DOF roll models are also considered. For the anal-
ysis, a mid-sized stern trawler, which could be considered to be repre-
sentative of the Spanish fishing fleet, has been selected. It is recognised
that, in principle, the effect of nets should also be taken into account for
the prediction of actual fishing vessel behaviour at sea. However, herein
the focus is on the relative comparison between the different types of
dynamical models in nominal regular waves. As a result, the inclusion of
effects of nets on ship motions has not been considered. It is also
underlined that including such effects is associated with a significant
complexity, with clear difficulties in the introduction of such effects,
particularly, in the 1-DOF models.

The paper is structured as follows. First, the mathematical models
used in the comparative study, are presented, together with the simpli-
fied approximate formulae derived from the 1-DOF models. Next, the
numerical experiments that have been carried out are described. This
section provides a description of the characteristics of the considered
fishing vessel, the description of the tests and the analysis of the obtained
results. Roll motion amplitude is reported for different regular wave
steepnesses and frequencies, in head and beam seas and zero speed, using
the different considered approaches. Finally, some conclusions regarding
the possible applicability of the considered simplified models at the
vessel design stage, are reported.

2. Description of mathematical models

2.1. 1-DOF models

1-DOF nonlinear models used in this study for the analysis of roll
behaviour in case of 1:1 resonance in regular beam waves and in case of
2:1 parametric roll resonance in longitudinal regular waves, are typical 1-
DOF models employed in the field of nonlinear roll motion dynamics
(see, e.g., Belenky and Sevastianov (2007) or Ba�ckalov et al. (2016) and
references therein). Each model, however, will be studied in two vari-
ants, as described in details in the following sections. Moreover, for each
model, a simplified analytical formulation for the determination of an
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approximate maximum roll response will also be provided. In this
respect, considering the target of the study, the simplified formulae will
be considered at the maximum possible level of simplification.

In the present work, two different alternatives for the simple 1-DOF
model have been studied in both the head and beam sea cases. In the
head seas case, a nonlinear model of roll motion, based on the look-up-
table approach for obtaining the GZ in waves has been selected,
considering the vessel both as free to trim in waves in the computations
of GZ, or with a fixed constant trim. In the case of beam waves, two
options have been applied for implementing the wave excitation within
the model: the “absolute angle model”, which considers wave moments
as an external excitation term which is separate from the restoring term,
and the “relative angle model”, where wave excitation is included within
the nonlinear restoring term. It is underlined that bothmodels considered
herein describe the dynamics of the absolute roll angle, and the wordings
“absolute” and “relative” are meant to identify the type of approach
which is used for the modelling of the moment exerted on the inclined
vessel in presence of waves.

2.1.1. Beam waves
In this work, two different 1-DOFmodels are considered for analysing

the roll motion response in regular beam waves. In both cases, the
inherent nonlinearities of large amplitude roll motion are taken into
account through nonlinear restoring and nonlinear damping terms.

The first model, is the most frequently used 1-DOF nonlinear roll
model for describing the absolute roll angle ϕ in the beam sea condition
(Bulian and Francescutto, 2006; Francescutto and Contento, 1999;
Spyrou et al., 2002; Wu and McCue, 2008, among others, and see also
references in Ba�ckalov et al. (2016)):

€ϕþ 2⋅ν⋅ω0⋅ _ϕþ β⋅ _ϕ⋅
�� _ϕ��þ δ⋅ _ϕ

3 þ ω2
0⋅
GZðϕÞ
GMT

¼ ω2
0⋅αeff ðtÞ (1)

In this model, the righting lever curve in still water, as a function of
the absolute roll angle, GZðϕÞ, is considered in the nonlinear restoring
term, and roll damping comprises linear and nonlinear terms (co-
efficients ν, β and δ). The calm water metacentric height is indicated as
GMT , while ω0 is the roll natural frequency. It is noted that the wave
excitation term appears on the right hand side of the equation as a
separate termwith respect to the restoring which appears on the left hand
side. In the excitation term, the wave moment is implemented using the
“effective wave slope” (αeff ) approach, as follows:

αeff ðtÞ ¼ π⋅r⋅sw⋅cosðωe⋅t þ ψÞ (2)

where sw is the wave steepness, ωe is the encounter wave frequency, ψ is a
generic phase, and r is the effective wave slope coefficient. In case
drifting is not explicitly accounted for, the encounter wave frequency
corresponds to the physical wave frequency. Moreover, the phase ψ can
be taken as zero considering an appropriate translation of the origin of
time. The effective wave slope coefficient is assumed to depend on the
ship geometry and on considered wave. It is worth underlining that
modelling of the type in (1)–(2) has been accepted by the IMO in the
framework of the alternative assessment of weather criterion on an
experimental basis, through MSC.1/Circ.1200 (Francescutto et al., 2004;
IMO, 2006). In particular, MSC.1/Circ.1200 allows using a Parameter
Identification Technique (PIT), based on a modelling of the type (1)–(2),
where the model parameters are determined from model scale experi-
ments in beam waves, and the 1-DOF model is then used to predict roll
motion in the required conditions for the Weather Criterion.

The absolute angle model, however, has been shown to present some
consistency issues (Bulian and Francescutto, 2009, 2011), and a thinking
to the actual physics of the fluid structure interaction would suggest that
a model accounting for a (corrected) relative angle between the ship and
the wave could be more appropriate.

As secondmodel, therefore, the partially relative angle approach from
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Bulian and Francescutto (2009, 2011) is applied, where the wave exci-
tation is included within the restoring term. This alternative, which can
be referred to as “effective relative angle” approach, still describes the
dynamics of the absolute roll angle ϕ as the previous “absolute angle
approach”. However, in contrast to the previous model, it tries to take
into account the effect of relative angle between the ship and the wave
for the computation of fluid-structure interaction moment. More pre-
cisely, this alternative tries to take into account the fact that, differently
from the linear case, in a nonlinear framework it is not possible to
separate the “restoring” from the “wave excitation”, since these two ef-
fects are both included in the moment exerted on the vessel due to the
total pressure on the hull. This second 1-DOF alternative for the beam sea
condition takes the following form:

€ϕþ 2⋅ν⋅ω0⋅ _ϕþ β⋅ _ϕ⋅
�� _ϕ��þ δ⋅ _ϕ

3 þ ω2
0⋅
GZ
�
ϕ� αeff ðtÞ

�
GMT

¼ 0 (3)

It can be noted that, as anticipated, the equation still describes the
dynamics of the absolute roll angle ϕ. However, now, the instantaneous
effective wave slope αeff ðtÞ is embedded in the calm water restoring,
using the idea of the “effective relative angle” ϕ� αeff . It is noted that
when the roll restoring is linear, i.e. GZðξÞ ¼ GMT ⋅ξ, or when the angle
for the calculation of the restoring is small enough, i.e. GZðξÞ � GMT ⋅ξ,
then the two models (1) and (3) reduce to the same model.

Historically, the idea of describing roll motion dynamics using a
reasoning based on the concept of relative angle can be dated back to
Froude (1861), who used a long wave approximation (i.e. r ¼ 1) and a
linear restoring. However, in the literature it is possible to find different
approaches based on the relative angle modelling. For instance, Well-
icome (1975) andWright andMarshfield (1980) used an approach where
all terms in the dynamic equation (added inertia, damping, restoring
combined with forcing) are based on the relative angle ϕ� α (and
appropriate corresponding derivatives), neglecting the effective wave
slope coefficient under the assumption of long waves, and they consid-
ered nonlinear damping and nonlinear restoring. Instead, Tamiya (1975),
for instance, used a mathematical model where the added inertia and the
damping terms are based, respectively, on the first and on the second
derivative of the absolute roll angle. The restoring and excitation are
combined using a corrected restoring lever of the type r⋅GZðϕ� αÞ, i.e.
using the nominal relative angle between the ship and the wave ϕ� α,
and using the effective wave slope as a global corrective multiplicative
factor. Moreover, eventually, also Tamiya (1975) used the long wave
approximation, assuming r ¼ 1. These mentioned models differ from (3),
since, in the model presented herein, the added inertia and the damping
term are based on the absolute roll angle (like Tamiya (1975)), but the
restoring plus forcing term GZðϕ� r⋅αÞ is based on an “effective relative
angle”, where the effective wave slope is used as a correction factor only
for the wave slope. Specific discussions regarding the use of absolute
versus relative angle for the modelling of roll motion have been provided
by Belenky and Sevastianov (2007) and by Bulian and Frances-
cutto (2011).

The frequency dependent effective wave slope coefficient (r), which
is included in the forcing term in both models, can be predicted by using
different methodologies. One approach for its computation is based on a
decoupling of the linear hydrodynamics seakeeping equations (Bulian
and Francescutto, 2009, 2011; Naciri and Lledo, 2001). A second, simpler
approach, which does not require the hydrodynamic solution of the fluid-
structure interaction problem, is based on the determination of r by
direct computation of roll moment induced by the Froude-Krylov forces
with respect to the vessel centre of gravity (e.g. Umeda and Tsukamoto
(2008)). Finally, two simplified semi-empirical methods exist, as pro-
posed by (Blume, 1979) and as available in the IMO Weather Criterion
(IMO, 2008a). In these two latter cases, however, the effective wave slope
is provided only for a value of wave frequency corresponding to the
vessel natural roll frequency. In this work, although some comparisons
will be provided considering the four mentioned alternatives, only the
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first approach has been selected for the time domain calculations and
comparisons with results from the 6-DOF model.

For both models (1) and (3), an approximate solution for the
maximum roll amplitude can be obtained by means of a straightforward
simplified analytical approach, if nonlinearities in damping are retained,
but those in restoring are neglected. In this case, the maximum expected
roll amplitude for a given wave of steepness sW and a given effective
wave slope coefficient r, can be obtained by solving the following
equation for the roll amplitude Aroll:

Aroll ¼ π⋅r⋅sW
2⋅νeðArollÞ (4)

where νeðArollÞ is the dimensionless linear equivalent roll damping coef-
ficient at the roll natural frequency, and it can be calculated as (Himeno,
1981; Ikeda et al., 1978):

νeðArollÞ ¼ νþ 4
3⋅π

⋅β⋅Aroll þ 3
8
⋅ðδ⋅ω0Þ⋅A2

roll (5)

The combination of (4) and (5) leads to a polynomial equation for Aroll

which, in general, can be solved through simple numerical methods. It is
also worth mentioning that the formula for the roll amplitude in the
present Weather Criterion (IMO, 2008a), basically corresponds to what is
obtained from (4) and (5) when only a pure quadratic damping is
considered. However, the formula in the Weather Criterion also contains
a semi-empirical 30% reduction in roll amplitude with respect to that
which would be observed in regular beam waves (see IMO
(2006, 2008b)).

For the considered fishing vessel, results from the two mentioned 1-
DOF models, as well as results from the simplified approach (4)/(5), will
be compared with outcomes from the 6-DOF model which will be
described later.

2.1.2. Longitudinal waves
The 1-DOFmodel considered herein for the analysis of parametrically

excited roll motion response in regular longitudinal waves is what can be
considered to be the most commonly used simplified model. Similarly to
the beam sea case, inherent nonlinearities of large amplitude roll motion,
which are of paramount importance to accurately compute the rolling
amplitude, are taken into account through nonlinear restoring and
nonlinear damping terms. In this case, nonlinear roll restoring is calcu-
lated as a function of both the heeling angle and of the wave crest po-
sition in time along the hull.

The used 1-DOF non-linear roll model takes the following form:

€ϕþ 2⋅ν⋅ω0⋅ _ϕþ β⋅ _ϕ⋅
�� _ϕ��þ δ⋅ _ϕ

3 þ ω2
0⋅
GZðϕ; tÞ
GMT

¼ 0 (6)

where, as in (4), ν, β and δ are linear and nonlinear damping coefficients,
ω0 is the natural roll frequency of the ship, GMT is the still water meta-
centric height, but now GZðϕ; tÞ is the time varying nonlinear heeling
lever as a function of roll angle and time, and it depends on the wave
length and steepness considered in the simulation. Regarding damping, it
is here underlined that the linear term is dominant at small rolling am-
plitudes and it governs, together with the variation of the linear term of
GZðϕ; tÞ (i.e. GMTðtÞ), the parametric roll inception boundary. On the
other hand, nonlinearities of damping and restoring affect large ampli-
tude motions.

The 1-DOFmodel in (6) has been used in the past for different types of
vessels (see, e.g., references in Ba�ckalov et al. (2016)) including also
fishing vessels (Bulian and Francescutto, 2006; Munif and Umeda, 2006).
Moreover, this type of model has been also adopted in class rules as a
sufficient tool for addressing the vessel vulnerability to parametric roll
(ABS, 2004) and it has been used in the development of parametric roll
vulnerability criteria in IMO SGISC, in particular at Level 2-Check 2
vulnerability assessment (SDC 3/WP.5, 2016; Tompuri et al., 2014).
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The time, wave and roll angle dependent restoring term, the GZðϕ; tÞ,
is computed by using a standard hydrostatic software, under the quasi-
static assumption. To this end, two different approaches have been
considered: one where the vessel is free to trim and sink, as a function of
the wave crest position and heel (fixed-trim approach); and another
alternative where the vessel trim is fixed, while letting the sinkage free
(free-trim approach). This model considers that the equilibrium of the
vessel is obtained in a quasi-static way. Although this approach misses
the dynamic effects of heave and pitch, it has shown to provide reason-
ably accurate results in various cases (Bulian, 2006).

Similarly to the case of 1:1 resonance in beam regular waves, also in
case of 2:1 subharmonic resonance in longitudinal regular waves a
simplified expression for the maximum amplitude of parametrically
excited roll motion (Aroll) can be obtained if the restoring is approximated
to be linear, and if only nonlinearities in damping are retained. To this
end, first, the amplitude of parametric excitation is defined as:

h0 ¼ δGMT

GMT
¼ f1⋅λW ⋅sW

2⋅GMT
(7)

where λW and sW are, respectively, the length and steepness of the
considered wave, δGMT is the variation of vertical position of metacentre
for the considered wave and f1 is the coefficient playing the role of an
(approximate) transfer function of GMT variation in waves, similar to
that proposed by (Dunwoody, 1989). Then, if the condition of frequency
of encounter equal twice the natural roll frequency is fulfilled for the
considered wave, the maximum amplitude of parametrically excited roll
motion (Aroll) can be obtained by solving the following equation

h0 ¼ 4⋅νeðArollÞ (8)

where νeðArollÞ is the dimensionless linear equivalent roll damping coef-
ficient in (5). Also in this case, the combination of (8) and (5) leads to a
polynomial equation for Aroll which, in general, can be solved through
simple numerical methods. Equation (8) can be obtained as a simplifi-
cation of the more general approximate expressions in (Bulian, 2004).
Moreover, the same type of simplified expression has been considered in
the development of Level 1 vulnerability assessment criteria for para-
metric roll in SGISC (SDC 4/5/1, 2016). It shall be noted, however, that
the approximation (8) does not account for the effect of nonlinear
restoring which, in case of parametrically excited roll motion, can be
significant. Formulations involving nonlinear restoring, at different
levels of approximations, and, depending on cases, with or without
nonlinear damping, can be found in Bulian (2004), ITTC (2006) and SDC
4/5/1 (2016).
2.2. 6-DOF blended code

Direct nonlinear analysis of fluid structure interaction through CFD
codes with moving/overlapping meshes, presently represents the most
advanced approach for simulation of ship motions in waves (e.g. Sada-
t-Hosseini et al., 2010). However, as outlined by Ba�ckalov et al. (2016),
such tools are still too time consuming for a systematic application, such
as that which is required in the framework of ship design, where a large
number of different scenarios need to be investigated. As a result, in the
framework of nonlinear ship motions simulations, the state-of-the-art are
the so-called hybrid (or blended) 6-DOF models, which are considered to
represent reference high-fidelity tools. The aim of these tools is the
simulation of nonlinear motions of a vessel, possibly manoeuvring and
self-propelled, in waves, taking into account the main sources of non-
linearities which could cause dangerous dynamic stability phenomena in
waves. The model underlying such simulation codes typically blends
linear hydrodynamics, nonlinear Froude-Krylov effects, semi-empirical
models for manoeuvring, additional roll damping dissipation terms,
semi-empirical models for wind loads, etc. Hybrid models have been
considered to represent a potentially viable tool for the so-called Direct
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Stability Assessment level and for the development of ship-specific
Operational Guidance, in the framework of IMO Second Generation
Intact Stability Criteria (SLF 52/WP.1-Annex 2, 2010; Annex 1 in SDC
4/WP.4, 2017). As anticipated also in the introduction of the paper, due
to the partial semi-empiricism which is inherent in hybrid models,
different implementation variants are available in literature (e.g. Ayaz
et al., 2006; Belknap and Reed, 2010; Bulian and Francescutto, 2013; de
Kat and Paulling, 1989; Greco and Lugni, 2012, 2013; Grochowalski
et al., 1998; Liu and Papanikolaou, 2016; Liut et al., 2002; Matusiak,
2007; McTaggart and de Kat, 2000; Ogawa, 2009; Shin et al., 2003;
Spyrou et al., 2009). Recent developments in this respect are reported by
Ba�ckalov et al. (2016).

The 6-DOF model used herein is SHIXDOF (Bulian and Francescutto,
2013; Bulian et al., 2012, 2015, 2016; Cercos-Pita et al., 2016; Moro
et al., 2015). SHIXDOF integrates the 6-DOF nonlinear rigid body
equations of motions, projected, as usual, to the ship-fixed reference
system, under the effect of “external” forces:
8>>>>>>>>>>>>>>>>>>>>>>>>><>>>>>>>>>>>>>>>>>>>>>>>>>:

m⋅½uO0 þ ω∧uO þ ω0∧xG þ ω∧ðω∧xGÞ� ¼ FextðtÞ
IO⋅ω0 þ ω∧ðIO⋅ωÞ þ m⋅xG∧uO0 þ m⋅xG∧ðω∧uOÞ ¼ Mext;OðtÞ

dξO
dt

¼ R
S→Σ

⋅uO ¼

¼

0BB@
cosðψÞ �sinðψÞ 0

sinðψÞ cosðψÞ 0

0 0 1

1CCA⋅

0BB@
cosðϑÞ 0 sinðϑÞ

0 1 0

�sinðϑÞ 0 cosðϑÞ

1CCA⋅

0BB@
1 0 0

0 cosðϕÞ �sinðϕÞ
0 sinðϕÞ cosðϕÞ

1CCA⋅uO

dε
dt

¼

0BB@
1 sinðϕÞ⋅tanðϑÞ cosðϕÞ⋅tanðϑÞ
0 cosðϕÞ �sinðϕÞ
0 sinðϕÞ=cosðϑÞ cosðϕÞ=cosðϑÞ

1CCA⋅ω

(9)
In (9) vectors and matrices are reported in bold, and primes indi-
cate time derivatives carried out in the ship-fixed reference system.
The first two equations are the equations of 6-DOF nonlinear rigid
body dynamics projected in the ship-fixed reference system, and,
therefore, all involved vectors are considered to be represented in such
reference system. The ship-fixed reference system is right handed and
it has the x-axis longitudinal (directed from stern to bow), the y-axis
transversal (directed from starboard to port side) and the z-axis ver-
tical (directed upwards, from bottom to top). m is the mass of the ship,
the vector uO ¼ ðu; v;wÞT is the speed vector of the chosen centre O of
the ship-fixed reference system for the simulations, ω ¼ ðp; q; rÞT is the
rigid body angular velocity, xG ¼ ðxG; yG; zGÞT is the position vector of
the centre of gravity G, IO is the tensor of inertia with respect to O.
External actions on the ship at the generic time t are represented by
the force vector FextðtÞ ¼ ðFext;xðtÞ; Fext;yðtÞ; Fext;zðtÞÞT and the moment

(w.r.t. O) vector Mext;OðtÞ ¼ ðMext;O;xðtÞ;Mext;O;yðtÞ;Mext;O;zðtÞÞT . Such
external actions comprise the fluid-structure interaction, the possible
effect of wind, propellers, restrain systems, etc. As usual, the first two
equations representing rigid body dynamics are supplemented by the
third and fourth equations in order to properly position and orient the
vessel in the earth-fixed reference system at each time instant. The
third equation, which allows translating the vessel in the earth-fixed
reference system, represents the relation between the speed uO

expressed in components with respect to the ship-fixed reference
system, and the time derivative of the position vector ξO ¼ ðξO; ηO; ζOÞT
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of the point O expressed in the earth-fixed reference system. The
matrix R

S→Σ
, which depends on the Euler angles of roll (ϕ), pitch (ϑ) and

yaw (ψ), is the transformation matrix from the ship-fixed to the earth-
fixed reference system. Finally, the fourth equation links the angular
velocity ω expressed in components with respect to the ship-fixed
reference system, to the time derivative of the vector of Euler an-
gles, ε ¼ ðϕ;ϑ;ψÞT , and it allows to properly orient the vessel in the
earth fixed reference system. The convention used for the order of the
Euler angles is the classical one used in Naval Architecture, namely
first yaw, then pitch and finally roll.

With specific reference to the target of the present study, a description
is given in the following of the modelling for the most relevant actions.

Froude-Krylov force and moment are determined by direct pressure
integration on the instantaneous wetted hull (based on the undisturbed
wave profile) SHðtÞ, i.e.
8><>:
FFKðtÞ ¼ ∬

SH ðtÞ
�pTðx; tÞ⋅nðxÞdS

MFK;OðtÞ ¼ ∬
SH ðtÞ

x∧ð � pT ðx; tÞ⋅nðxÞÞdS (10)

where pTðx; tÞ is the total instantaneous undisturbed wave pressure,
comprising also the hydrostatic term, and nðxÞ is the local outward
normal vector. The total pressure is based on Airy linear theory. How-
ever, in order to guarantee zero pressure at the free surface, a stretching
technique is applied to the linear field (Matusiak, 2010; Wheeler, 1969).
The integration is numerically carried out using a discretisation of the
hull in triangular panels.

Forces associated to the linear hydrodynamic modelling are split into
two parts, namely radiation and diffraction (scattering). Radiation forces
are determined, instantaneously, by means of convolution integrals using
memory functions (Cummins, 1962) derived from linear hydrodynamic
pre-calculations, and, herein, the implementation is as follows:

8>>>>>><>>>>>>:

 
FradðtÞ
Mrad;OðtÞ

!
¼ �A∞;O⋅h0 � ∫ t

0KOðt � τÞ⋅hðτÞdτ

KOðτÞ ¼ 2
π
∫ ∞
0 BOðωÞcosðω⋅τÞdω

h ¼
 
uO

ω

! (11)
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In (11),A∞;O and BOðωÞ are, respectively, the 6� 6matrices of infinite
frequency added masses and frequency dependent damping, both with
respect to the point O, while KOðτÞ is the 6 � 6 matrix of memory func-
tions depending on the time lag τ . Also the diffraction (scattering) force
FdifðtÞ and moment Mdif;OðtÞ with respect to O are based on linear hy-
drodynamic frequency domain pre-computations, and they are deter-
mined, at each time instant of the simulation, by making direct use of the
force/moment transfer functions. In particular, at each time instant, the
heading of the vessel with respect to the wave and the relative position of
the vessel (point O) with respect to the wave crest, are determined. From
these two variables, the instantaneous diffraction force and moment with
respect to the point O, are obtained using the amplitude and phase in-
formation from the available pre-computed database of diffraction
forces. Hydrodynamic coefficients A∞;O and BOðωÞ, as well as transfer
functions of diffraction forces, are calculated for zero speed.

Drag effects are modelled by means of a cross-flow approach based on
the local relative lateral speed between the vessel (accounting for
nonlinear rigid body motions) and the undisturbed wave particles’ ve-
locity field (with stretching). Examples of approaches for modelling
cross-flow, with specific attention to large amplitude ship motions in
waves, have been described in the past by de Kat and Paulling (1989),
Grochowalski et al. (1998) and Hughes et al. (2011). In the present tool,
the force and moment due to cross-flow effects are obtained, at each time
instant, by integration of local contributions on the instantaneous portion
of the ship centreplane which is below water (considering the undis-
turbed wave profile), SCPðtÞ:8>>>><>>>>:

FdragðtÞ ¼ ∫
SCPðtÞ

1
2
⋅ρwater⋅CDðxÞ⋅urel�w;yðxÞ

��urel�w;yðxÞ
��⋅by dS

Mdrag;OðtÞ ¼ ∫
SCPðtÞ

x∧
�
1
2
⋅ρwater⋅CDðxÞ⋅urel�w;yðxÞ

��urel�w;yðxÞ
��⋅by� dS

(12)

In (12), CDðxÞ is the local drag coefficient at the point x on the cen-
treplane, urel�w;yðxÞ is the local component along the ship-fixed y-axis of
the relative velocity of water with respect to the vessel, and by is the
versor of the y-axis. The local relative speed accounts for the effect of the
wave velocity field. When CDðxÞ on the ship centreplane does not depend
on the vertical (ship-fixed) coordinate, the model reduces to a sectional
Fig. 1. Hull bodyplan (left) and 3D view of the m
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cross-flow model. For the numerical determination of drag force and
moment, the centreplane of the vessel is discretised into small panels,
and, for each panel, the local contribution to the drag force and moment
are determined, and eventually summed up.

Semi-empirical nonlinear roll damping contributions can also be
added, and actually, in general, they need to be added, in order to tune
the model with respect to roll dissipation. While, in principle, any general
functional form can be used, the following one is typically applied for
tuning purposes:

Madd�damp;OðtÞ ¼
�� B44L;add;O⋅p� B44Q;add;O⋅pjpj � B44C;add;O⋅p3

�
⋅bx

(13)

In (13), bx is the versor of the longitudinal ship axis and B44L;add;O,
B44Q;add;O and B44C;add;O, are, respectively, linear, quadratic and cubic
additional roll damping coefficients.

Additional forces, which are however less relevant for the cases
addressed in this study, are also present in the modelling, as described by
Bulian and Francescutto (2013) and Bulian et al. (2012, 2016).

3. Numerical experiments

Numerical experiments have been carried out on a sample vessel in
the two considered conditions (beam and longitudinal regular waves) at
zero speed. In longitudinal waves, the head sea condition has been
considered. The mentioned models have been used and compared with
the intention of analysing the level of agreement between predictions
from the 6-DOF modelling and from the 1-DOF modelling.
3.1. Sample ship

The selected ship is a Spanish medium sized stern trawler, sailing in
the Great Sole Bank area in southern Ireland. It is a two decked vessel,
with a stern ramp for letting out and reeling in the nets.

The Spanish medium sized trawling fleet is composed of vessels
sailing both in Spanish Atlantic grounds and in E.U. grounds in Irish and
U.K. waters (Great Sole bank area). In both cases, vessels are similar in
size and arrangement, being the latter slightly larger vessels. According
to the latest (2016) Spanish fishing fleet statistics published by the
Spanish Ministry of Agriculture and Fishing (MAPAMA, 2017), the
esh used in the 6-DOF simulations (right).



Table 1
Geometrical and mechanical data of the fishing vessel.

Volume 448.0 m3

Overall Length 34.50 m Draught 3.340 m
Length between
perpendiculars

29.00 m Downflooding Angle 63.4�

Breadth 8.00 m Metacentric height 0.350 m
Depth to Main Deck 3.65 m Natural roll frequency 0.563 rad/s
Depth to Upper Deck 5.80 m Dry roll radius of gyration

(w.r.t. CoG)
3.0 m (38% B)

Design Draught 3.60 m Dry pitch radius of gyration
(w.r.t. CoG)

7.0 m (24% Lbp)

Dry yaw radius of gyration
(w.r.t. CoG)

7.0 m (24% Lbp)

Table 2
Roll damping coefficients.

Linear roll damping coefficient (ν [�]) 0.0187
Quadratic roll damping coefficient (β [1/rad]) 0.393
Cubic roll damping coefficient (δ⋅ω0 [1/rad]) 0.0
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Spanish trawling coastal fleet (sailing in Atlantic waters), is composed of
80 vessels, with an average overall length of 28.29 m and an overage
Gross Tonnage of 227.3 GT. In the case of the Spanish trawling fleet
operating in E.U. grounds (Great Sole bank), there are 55 vessels, with an
average overall length of 32.68 m and an overage Gross Tonnage of
295.8 GT. Considering that the vessel selected in this work has an overall
length of 34.50 m and a Gross Tonnage of 332 GT, and although it is on
the upper range of overall length and Gross Tonnage values, it could be
said that it adequately represents the Spanish mid-sized trawling fleet.

The typical operation of these vessels include cruising to and from the
fishing area and letting out the nets, trawling and reeling in at slow
speeds (no more than 3 to 4 knots). Headings usually only depend on
maximising the amount of possible catches, trying to limit weathervaning
only to very severe weather conditions. This fact makes these vessels
potentially prone to experience 2:1 parametric roll resonance in head
seas, and large roll motions due to 1:1 resonance in beam seas, at near
zero speeds, due to the limited possibility of corrective actions.

In order to set up the mesh needed for the 6-DOF model, a 3D model
of the vessel was prepared. For the sake of better resemblance to the real
vessel, the rudder and the different superstructures were also included in
the geometrical model. The vessel bodyplan, together with a view of the
3D model, are presented in Fig. 1.

The main characteristics of the vessel and the studied loading con-
dition are presented in Table 1. The draught under analysis is obtained as
a mean of the operational draught range of the vessel, while metacentric
height was set to the minimum required value (350 mm) according to
(IMO, 1993, 2008a). Fig. 2 shows the still water righting lever curve for
the loading condition under analysis, computed under the free to trim
Fig. 2. Righting lever curve in calm water. Pitch is the Euler pitch angle, positive for bow
down.
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assumption, and taking into account the superstructures shown in Fig. 1.
In addition, in Fig. 2, the Euler pitch angle corresponding to each heeling
angle is also included.

In order to set up the nonlinear damping model, data from zero speed
roll decay tests of a similar vessel have been used. Although, in principle,
semi-empirical methods could be considered for this purpose (e.g. Ikeda's
method (Himeno, 1981; Ikeda et al., 1978; Kawahara et al., 2009)), re-
sults from realistic data seem to be more reliable than those obtained
from these approximations, at least for these type of vessels (Míguez
Gonz�alez et al., 2015). The applied damping model is of the purely
quadratic type, and coefficients are reported in Table 2. Such damping
coefficients correspond to a configuration of the vessel without bilge
keels, which is the configuration used in the present study.

These coefficients have been directly used in the 1-DOF models.
However, in the 6-DOF model, due to the presence of couplings among
different degrees of freedom and due to the presence of multiple sub-
models, a tuning process is necessary in order to fit the numerical roll
decay to the target dissipation level. To this end, the drag coefficient
CDðxÞ (see (12)) in the 6-DOF cross-flow model was assumed to have a
uniform value of 0.8 on the centreplane. Afterwards, the linear (B44L;add;O)
and quadratic (B44Q;add;O) roll damping coefficients of the additional roll
damping moment (see (13)) were manually modified, whereas the cubic
damping coefficient B44C;add;O was not used in the tuning. For each couple
of tentative coefficients a roll decay was simulated and analysed to obtain
the corresponding coefficients μ, β and δ. Such coefficients were then
used, together with the natural roll frequencyω0, to analytically calculate
νeðArollÞ according to (5) and to compare it with the target value obtained
from (5) using the damping coefficients in Table 2. Fig. 3 shows a roll
Fig. 3. Simulated roll decay from the 6-DOF model (top) and comparison of corre-
sponding amplitude dependent dimensionless linear equivalent roll damping coefficient
with target damping (bottom).



Fig. 4. Effective wave slope coefficient.

Table 3
Reference test conditions. Regular beam waves.

Wave steepness (sW ) [�] 1/100 1/50 1/30
Wave frequency (ωW ) [rad/s] 0.113–1.126

Frequency ratio
�
ωW=ω0

�
[�] 0.2–2.0

Wavelength to beam ratio
�
λW=B

�
[�] 6.08-608
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decay, and the corresponding dimensionless linear equivalent roll
damping coefficient νeðArollÞ compared to the target one, after the tuning
process. As it can be appreciated, the results from the tuned numerical
roll decay well match the target values.

Regarding the computation of the effective wave slope coefficient to
be used in the beam seas 1-DOF model, four different alternatives have
been applied, as it has been previously mentioned. These include a
computation based on linear hydrodynamics (Bulian and Francescutto,
2009, 2011) accounting for yaw coupling), a calculation based on
Froude-Krylov roll moment with respect to the centre of gravity, and the
simplified semi-empirical methods proposed by Blume (1979) and by the
IMOWeather Criterion (IMO, 2008a). In Fig. 4, the results obtained from
these four methodologies are presented. The first two approaches,
naturally account for the frequency dependence of the effective wave
slope, which is therefore reported for the range ωW ¼ 0 rad=s to
ωW ¼ 2 rad=s. For the cases of the Blume and the IMO approaches, the
effective wave slope coefficient is computed only for the natural roll
frequency of the vessel (ω0 ¼ 0:563 rad=s). However, while the IMO
Weather Criterion method provides a single value, the Blume method
also provides a range around the estimated value. It can be noticed that,
while the effective wave slope coefficient as predicted by the Blume
method and by using the formulation from the IMO Weather Criterion
are close each other, the two predictions are sensibly smaller than what
can be obtained from the application of a linear hydrodynamic compu-
tation. Finally, it is worth underlining that, for the considered range of
frequencies, the Froude-Krylov approach provides a conservative esti-
mation of the effective wave slope coefficient compared to the other
tested approaches.
Fig. 5. Maximum roll amplitude as a function of wave steepness from the simplified
approach. Beam regular waves.
3.2. Beam sea

This section presents and compares roll motion results, in regular
beam seas, as obtained from the considered models.

Three values of wave steepness have been studied for a range of wave
frequencies that includes the worst expected situations, which will occur
in the vicinity of the 1:1 ratio of wave to natural roll frequency. In
Table 3, the tested conditions are presented.

In Fig. 5, the results of the expected maximum roll amplitude values,
obtained by applying the simplified analytical approach according to (4),
and using the four different alternatives for the estimation of the effective
wave slope coefficient, are shown.

Observing the results in Fig. 5, an estimation of the importance of the
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methodology chosen for the computation of the effective wave slope
coefficient can be made. As it can be appreciated, the difference in the
maximum roll amplitude predicted by the different approximations is
quite small, in absolute terms, for the lowest wave steepness. The
divergence between the different alternatives starts becoming more
noticeable for values of wave steepness over sW ¼ 1=50. However, the
difference is within only ±1:6deg at a steepness sW ¼ 1=30, and within
only ±1:9deg even at a steepness sW ¼ 1=20.

It can be also appreciated that roll amplitudes predicted by using the
effective wave slope from the Blume and IMO Weather Criterion alter-
natives are almost coincident; the same happens among the linear hy-
drodynamics and the Froude-Krylov approaches. This is in line with
results reported in Fig. 4, since damping is the same in all cases. Fig. 5
could therefore be considered to represent a sensitivity analysis of the
expected outcome, in terms of predicted roll amplitude by the simplified
method, taking into account the variability of effective wave slope co-
efficient depending on its prediction method.

In Fig. 6, the results of roll motion response are presented. The
maximum roll amplitude, as a function of the frequency ratio, obtained
for the three different wave steepness with the 1-DOF model (both ab-
solute and relative angle alternatives) and the 6-DOF model, are re-
ported. While in the 1-DOFmodels drifting effects are naturally not taken
into account, in the 6-DOF simulations the vessel was restrained, as it is
common to do, by soft springs and, to avoid dynamic interference, nat-
ural frequencies induced by the soft springs were checked to be well
below the tested frequencies.

From the analysis of these response curves, some comments can
be made.

If the response curves corresponding to the minimum analysed wave
steepness (left figure, sW ¼ 1=100) are observed, it can be appreciated
that the predicted amplitudes from the three alternatives are very close
each other, although those obtained with the 6-DOF model are slightly
larger than the others. In terms of frequency ratio, the three models



Fig. 6. Roll response in beam regular waves.
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reproduce the larger motions at the same frequency value, slightly above
ωW=ω0 ¼ 1:0, with no appreciable response curve bending.

As the wave steepness is increased (sW ¼ 1=50), roll motion conse-
quently increases, and the differences between the three models also
becomemore noticeable. As it can be seen in the central plot in Fig. 6, the
results from the 6-DOF model present a slightly higher and broader peak
than those from the 1-DOF model. From the two 1-DOF alternatives, the
absolute angle approach predicts the lowest amplitude, while the relative
angle approach is between the other two models. Regarding the shape of
the response curve, a bending to higher frequencies can be clearly
observed in this test case, which was not significant in the previous one.
However, differences among the three different models, both in ampli-
tude and position of the peak, are in the range of 10% and can be
considered as relatively small in absolute terms.
Fig. 7. Maximum roll amplitude (top) and maximum roll amplitude normalised by the
wave slope (bottom), as functions of the wave steepness in beam regular waves.

321
Finally, in the right plot in Fig. 6, the results for the largest wave
steepness (sW ¼ 1=30) are presented. As it can be appreciated, the dif-
ferences between the three models become much more noticeable now,
especially between the 6-DOF model and the other two, not only in the
peak amplitude, but also in its position and width. The bending of the
response curve is also larger in the case of the 6-DOF. The differences
between the two alternatives of the 1-DOF model, although slightly
larger than in the previous tests cases, are still not very significant.

Overall, it is worth underlining that, among the 1-DOF models, the
relative angle one shows a tendency closer to the behaviour shown by the
6-DOF model.

In Fig. 7, the maximum roll amplitudes, as obtained from the response
curves computed with each model as a function of wave steepness, are
shown. In order to better highlight nonlinear effects, the same figure also
shows the maximum roll amplitude in radians normalised by the wave
slope π⋅sW . This summary plot is useful in those cases where the
maximum roll amplitude of the vessel is of interest, for varying wave
steepness and regardless of the frequency ratio at which it occurs (like in
the Weather Criterion). In addition to the results from the time domain
mathematical models, results obtained from the analytical approach (4)
using the effective wave slope coefficient calculated through linear hy-
drodynamics are also presented.

As it can be appreciated, for the lowest steepness under consideration,
the predictions obtained by the three studied alternatives are very close
each other. Moreover, also the simplified analytical approximation pro-
vides very close results. However, as the wave steepness increases, the
difference between the three alternatives increases as well, in accor-
dance, of course, with results in Fig. 6. Among the 1-DOF models, the one
better matching 6-DOF results is the relative angle one. Since the two 1-
DOF models share the same damping term, the observed difference
among them can therefore be directly linked with the differences in the
restoring/forcing terms. In fact, the 1-DOF absolute angle model applies
the nonlinear GZ function in the restoring term only to the absolute roll
angle ϕ, keeping the wave forcing as an external sinusoidal forcing
ω2
0⋅αeff ðtÞ (see (1)). On the other hand, in the relative angle model, the

nonlinear GZ function is applied to the difference ϕ� αeff ðtÞ (see (3)). If,
for the sake of explanation, it is imagined that GZ is described by a
polynomial representation, it can be immediately understood that the
relative angle model implicitly introduces additional terms in the equa-
tion of motion compared to the absolute angle model. These additional
terms, eventually, influence the dynamics of the system and are the
source of the observed differences (Belenky and Sevastianov (2007) and
Bulian and Francescutto (2011) presented, in the past, discussions
following this line of reasoning). From a general perspective, results in



Table 4
Reference test conditions. Regular head waves.

Wave Steepness (SW ) 1/
200

1/
100

1/
50

1/
30

1/
20

1/
15

Wave Frequency (ωW ) 0.845–1.689 rad/s

Frequency Ratio
�
ωW=ω0

�
1.5–3.0

Wavelength to Ship Length Ratio�
λW=LPP

� 2.980 – 0.745
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Figs. 6 and 7 highlight that the 6-DOFmodel tends to show systematically
larger peak rolling amplitudes compared to the 1-DOF models at all
tested steepnesses, with differences which increase as the wave steepness
increases. Considering that the peak amplitude of the roll response is,
loosely speaking, the result of the combination of a forcing action and a
dissipation action, the systematic effect observed from the simulations
could be due to the fact that the overall level of dissipation in the 6-DOF
model during simulations in waves is smaller than the level of dissipation
of the 1-DOF models, due to the fact that the overall forcing due to waves
in the 6-DOF simulation model is larger than the forcing in the 1-DOF
models, or a combination of these two effects. In addition, looking at the
fact that also the two 1-DOF models, which are characterised by the same
damping term, show different outcomes, it could also be conjectured that
part of the observed differences between the 6-DOFmodel and the 1-DOF
model could come from the effect of nonlinear Froude-Krylov forces.
Looking at Fig. 7, it is also interesting to comment that the results from
the 1-DOF relative angle model are practically coincident with those
obtained from the simplified analytical approach for the whole range of
studied wave steepnesses. This fact is very relevant if some of the pro-
posed approaches are intended to be used during the early design stage of
the considered type of vessels. In fact, whenever only an indication of the
largest expected roll motion in regular beam waves is needed for a given
design, then the use of a simplified analytical approach, such as the one
used in this case, could be almost equivalent to the use of a more complex
alternative, such as the 1-DOF relative angle model. On the other hand, if
the whole frequency response is of interest for a given design, a more
complex approach shall be used, and the observed dispersion of results
for the largest tested steepness indicate that caution should be exercised
when predicting roll amplitudes for too severe approaches, since pre-
diction uncertainty could be non-negligible.
3.3. Longitudinal sea

In this section, the results of roll motion obtained by using the
considered different models in regular head waves are reported.

Six different wave steepness values have been tested, with frequency
Fig. 8. GMT variation in regular longitudinal waves as function of wave crest positi
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ratios ranging from ωW=ω0 ¼ 1:5 to ωW=ω0 ¼ 3:0, and corresponding
wave to ship length ratio λ=Lpp between 0.745 and 2.980. Table 4 pre-
sents an overview of the tested conditions.

As it is well known, the phenomenon of parametric roll resonance is
generated by the effect that wave passing has on the underwater hull
geometry of the vessel and, subsequently, on her righting lever curves
and initial stability. The typical conditions in which parametric roll
resonance is more severe is in wave frequency to natural roll frequency
ratios of around ωW=ω0 ¼ 2:0, and in wavelengths similar to the ship
length ðλW � LPPÞ. These conditions are those in which wave passing is
typically more effective in promoting the inception of parametric roll, as
a consequence of the combination of the frequency condition with a
sufficiently large magnitude of the restoring variations. The magnitude of
the parametric roll phenomenon is directly related to the amplitude of
the variation of the vessel roll restoring parameters, also known as
parametric excitation, when these occur with the appropriate frequency.

Fig. 8 shows the variation of the vessel metacentric height (GMT), as a
function of the longitudinal coordinate of the wave crest along the hull
(xc), for different wave steepness and a wave length λW ¼ LPP. In this
figure, xapp represents the longitudinal coordinate of the aft perpendic-
ular of the vessel and Lpp is the ship length between perpendiculars.

Fig. 9 provides the same information for a wave corresponding to a
frequency ratio of ωW=ω0 ¼ 2:0. The presented data have been obtained
applying the two methodologies which have been implemented for the
determination of the righting lever in the 1-DOF model: free trim and
fixed trim calculations.

In case of a wavelength equal to the vessel length (Fig. 8), the
maximum metacentric height values coincide with wave crest placed in
the vessel perpendiculars (i.e. through amidships), while minima occur
while wave crest is near amidships. In addition, the expected relationship
between the amplitude of GMT variation and wave steepness can be
observed, with an increase of the parametric excitation as the wave
steepness increases. If the results obtained by using the free trim and the
fixed trim approach for the calculation of the vessel righting lever in
waves are compared, it can be appreciated that, in terms of amplitude,
both results are quite similar for the lower steepnesses, and variations
obtained from the fixed trim approach are slightly larger for the largest
steepnesses. If the position of the peaks is analysed, a light bending and
displacement to the right can be noticed in the fixed trim case, which is
not present in the free trim calculations. In any case, both alternatives
provide very similar outcomes.

However, the similarities among the two calculation approaches
reduce if the wavelength under study is increased (Fig. 9). In this case,
the results obtained for the wavelength λW ¼ 48:615 m, corresponding to
a frequency ratio of ωW=ω0 ¼ 2:0 in free and fixed trim conditions, are
noticeably different. On the one hand, fixed trim variations of meta-
centric height are larger than free trim ones, for all wave steepnesses. On
on. λW ¼ LPP corresponding to ωW ¼ 2:59⋅ω0. Left: free trim. Right: fixed trim.



Fig. 9. GMT variation in regular longitudinal waves as function of wave crest position. λW ¼ 48:615 m corresponding to ωW ¼ 2⋅ω0. Left: free trim. Right: fixed trim.

M. Míguez Gonz�alez, G. Bulian Ocean Engineering 148 (2018) 312–330
the other hand, regarding the peak positions, a large shift to the right can
be observed in the fixed trim case. Finally, and especially for the largest
steepnesses, fixed trim curves of GMT as a function of the wave crest
position, present wider peaks than those obtained from the free trim
calculations.

In addition to the GMT variation due to wave passing for a fixed wave
length and different wave crest positions and steepnesses, as shown in
Figs. 8 and 9, in Fig. 10 the variation of GMT due to the effect of waves as
a function of wavelength and frequency ratio, for the different values of
wave steepness, and for the free to trim and fixed trim methodologies, is
presented. Moreover, in Fig. 11 the mean GMT in waves as a function of
wavelength and frequency ratio, for the different wave steepnesses and
for the free to trim and fixed trim methodologies, is included.

As it can be appreciated from these figures, the variation of GMT in
waves tend to be larger in the fixed trim case, and this difference becomes
Fig. 10. GMT variation in regular longitudinal waves as function of wave length (top) and of n
fixed trim.
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more noticeable as wavelength is increased. Regarding mean GMT in
waves, a similar behaviour could be observed, and the difference be-
tween the fixed trim approach and the free trim one becomes very large
as wave length and wave steepness increase.

The patterns shown in Figs. 8 and 9 for the metacentric height are
reflected by the righting lever curves in waves. As an example, the GZ
curves (both free and fixed trim) for the wave condition with largest
steepness and wavelength equal to ship length (λW ¼ LPP, sW ¼ 1=15),
are shown in Fig. 12 as colour plots as a function of wave crest position
and roll angle. As it can be appreciated, in the case of free trim, the
maximum GZ values are associated to a wave crest position close to the
vessel perpendiculars (wave through amidships), while minimum values
are placed when it is around a 40% of the wavelength from the aft
perpendicular. These wave crest positions basically coincide with those
observed for minimum and maximummetacentric height in Fig. 8. In the
ormalised wave frequency (bottom), for different wave steepnesses. Left: free trim. Right:



Fig. 11. Mean GMT in regular longitudinal waves as function of wave length (top) and of normalised wave frequency (bottom), for different wave steepnesses. Left: free trim. Right:
fixed trim.
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case of fixed trim, larger values of maximum GZ are observed in com-
parison to the free trim case. Although the positions of these maxima are
similar to those on the free trim case, the minimum values are shifted up
to a position at around 60% of the ship length from the aft perpendicular.
This pattern could also be observed in Fig. 8, where the presence of a
bending to the right of the GMT curves, as a function of the wave crest
position, was already highlighted. In addition to this, a shifting of the
minimum values to wave crest positions closer to the aft perpendicular at
large roll angles can be observed. This behaviour is not present in the free
trim calculations, where minima occur approximately at the same posi-
tion almost independently of roll angle.

In addition to GMT and GZ data in waves which have been described,
Fig. 13 shows the normalised variation of KMT due to wave passing for
different values of wavelength and steepness, in the free trim case. These
curves provide information regarding the amplitude of the variation of
the transverse stability characteristics of the vessel for given wave con-
dition, normalised by using the wave amplitude. These values can be
considered to represent a sort of approximate numerical transfer function
between wave excitation and parametric excitation, while a semi-
analytical approach for their calculation was presented in the past by
Dunwoody (1989). As it can be observed, the influence of wave steepness
on the magnitude of normalised KMT variation is noticeable only in the
vicinity of a wavelength similar to vessel length, that is where maximum
values occur. It is noted that additional relative maxima also take place at
wavelengths close to 12 m (around 40% of the ship length between
perpendiculars), although their amplitude is noticeably lower than that
of the absolute ones.

It is however to point out that, for the vessel used in this study, the
observed almost linear dependence of the variation of KMT from the
wave steepness, for the considered waves, could be associated with the
fact that the considered vessel has a large freeboard. However, in case of
fishing vessels characterised by small freeboard, and depending on the
considered wave amplitudes, the linear modelling could fail to properly
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represent the variation of KMT in waves. In such cases a more general
nonlinear dependence, based on direct calculations, should be accoun-
ted for.

Fig. 13 also reports the largest value of normalised KMT variation for a
wave frequency of ωW ¼ 2⋅ω0 (λW ¼ 48:615 m), which corresponds to
the lowest wave steepness (sW ¼ 1=200). This value has been conserva-
tively taken to correspond to the f1 factor in the simplified methodology
(see (8)) for predicting roll motion amplitude under parametric roll
conditions in head seas. Results from the application of the simplified
methodology are shown in Fig. 14. The figure shows the predicted rolling
amplitude as a function of wave steepness for a wave frequency
ωW ¼ 2⋅ω0. As it can be observed, roll motion under parametric roll starts
developing above the inception threshold which, in this case, corre-
sponds to a wave steepness slightly higher than sW ¼ 1=200. For larger
steepnesses the roll motion amplitude grows up linearly with the steep-
ness up to more than 50 degrees at sW ¼ 1=20. The linear increase of roll,
as predicted by the simplified methodology, is a direct consequence of
the assumption of linear-plus-quadratic roll damping model. If a cubic
roll damping term was added, the predicted roll amplitude would show a
reduced grow rate for larger steepnesses. It is also important to recall that
the simplified methodology (8) neglects the effect of nonlinearities in the
restoring term. Since nonlinearities of the restoring typically lead to a
shifting of the peak of the parametrically excited roll response curve as
the excitation, and thus the amplitude of roll, increases, this effect is not
captured by the simplified methodology (8).

Comparisons of predicted roll motion in regular head seas obtained
by using the 6-DOF and the 1-DOF models (free and fixed trim GZ
calculation), are presented in Fig. 15, where the roll amplitude is plotted
against ωW=ω0 ratio for the six tested wave steepness. Similarly to the
case of beam waves, also in this case, the 1-DOF naturally enforce the
zero speed, mean zero-yaw condition. In order to achieve a similar sit-
uation also in case of 6-DOF simulations, soft restraints were added. In
particular, the ship is restrained by two elastic lines connected, on one



Fig. 12. GZ variation in regular longitudinal waves as function of wave crest position and roll angle. λW ¼ LPP (ωW ¼ 2:59⋅ω0), sW ¼ 1=15. Left: free trim. Right: fixed trim.

Fig. 13. Normalised variation of KMT as a function of wave length and wave steepness.
Free trim calculations.

Fig. 14. Maximum roll amplitude as a function of wave steepness from the simplified
approach. Head regular waves.
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end, at the ship bow at the calm water draught, and fixed to the earth-
fixed reference frame on the other end, in a v-shaped configuration.
The elastic lines produce force when in traction, but do not produce force
in case of compression, similarly to elastic lines used in real experiments.
Similar elastic lines where not connected at the stern, since, due to the
zero-speed and head sea condition, this was found not necessary, and it
was therefore preferred to reduce at minimum the number, and thus the
influence, of the restrain system.

As it can be appreciated from Fig. 15, in the sW ¼ 1=200 case, the only
model which shows appreciable roll motion is the 1-DOF fixed trim one,
mainly due to the fact that the parametric excitation in this case, as was
shown in Figs. 9 and 10, is larger (almost doubled) than that of the 1-DOF
free trim model. It can also be noted that the peak amplitude occurs at
ωW=ω0 ¼ 2, due to the fact that, for small rolling amplitude, GZ is well
approximated by its linear approximation, and hence no roll response
bending occurs.

As the wave steepness is increased, the roll amplitudes predicted by
the three models increase as well. Up to a wave steepness of sW ¼ 1=50,
the response curves obtained from the 1-DOF model with free trim and
the 6-DOF model are almost coincident. On the other hand, the ampli-
tudes predicted by the 1-DOF fixed trim model are systematically larger
and the unstable area in this case is also wider than for the 6-DOF and 1-
DOF free trim models. These are consequences of the larger parametric
excitation in the fixed trim 1-DOF model, as can be observed also in
Fig. 10. As the predicted roll amplitudes increase, the effect of the GZ
nonlinearities can be appreciated in the bending to the right (higher
wave frequencies) of the response curves. This is a characteristic which is
obtained with all the models, which is in line with the hardening calm
water restoring, and which increases with the roll amplitude (as GZ
nonlinearities become more relevant).

If the wave steepness is further increased (sW ¼ 1=30), a different
behaviour is observed for each of the models. In the low frequency/long
waves range (left part of the plot), the inception of parametric roll starts
nearly at the same frequency ratio for the three models and the predicted
roll amplitudes remain very similar up to a frequency ratio of approxi-
matelyωW=ω0 ¼ 2:0. For larger frequencies the predicted roll amplitudes
start diverging, being the highest those predicted by the 1-DOF fixed trim
model, and the smallest those from the 6-DOF model.

Finally, a third different behaviour is observed for the highest wave
steepnesses (sW ¼ 1=20 and sW ¼ 1=15). In these cases, although the
inception frequency ratios of parametric roll are quite similar in the 6-
DOF model and 1-DOF model with free trim, the parametric roll incep-
tion range is sensibly shifted to higher frequencies in the 1-DOF fixed
trim case, and this is particularly noticeable for the highest tested wave
steepness. Up to a frequency ratio around ωW=ω0 ¼ 2:0, the response
curves for the 6-DOF model and the 1-DOF free trim model remain quite
close, similarly to what has been previously observed. However, also in
this case, response curves start to diverge for higher frequencies. While



Fig. 15. Roll response in head regular waves.
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the 6-DOF model tends to saturate and the maximum roll amplitude does
not increase much as the wave steepness is increased, the roll amplitude
predicted by the 1-DOF free trim model continues increasing with wave
steepness. At the same time, the maximum roll predicted by the 1-DOF
fixed trim model tends to show a stronger saturation effect compared to
the free trim one. Eventually, the response curves of both alternatives of
the 1-DOFmodel reach similar maxima and have approximately the same
shape in the region of frequencies from around ωW=ω0 ¼ 2:3 and above.
Regarding the instability areas, they are similar in width when
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comparing the 6-DOF and the 1-DOF free trim models, although that of
the latter is slightly shifted to higher frequencies. However, the insta-
bility area obtained using the 1-DOF fixed trim model is noticeably
narrower at the largest wave steepness.

Such behaviour, however, is associated with the indirect effect of the
variation of mean GMT in waves. The variation of mean GMT in waves
(GMT;mean;W ), if compared to the nominal one in calm water, can be
considered to basically correspond to a change of the reference natural
frequency of the vessel, which is relevant for the determination of the



Fig. 16. Maximum roll amplitude as a function of wave steepness in head regular waves.
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tuning ratio. This reference natural frequency, when wave effects are
taken into consideration (ω0;W ), becomes:

ω0;W ¼ ω0⋅
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
GMT ;mean;W

GMT

r
(14)

As a result, the nominal tuning ratio ωW=ω0, which is normally used
for plotting the results, is no longer a good approximation of the actual
tuning ratio in waves, ωW=ω0;W .

It is also to be noted that the actual amplitude of parametric excitation
is δGMT

GMT;mean;W
, and this quantity depends on both the wave length and the

wave steepness, which is further affecting the observed behaviour.
Finally, again, the effect of GZ nonlinearity can be observed in the

bending to higher frequencies of the roll amplitude curves from the
three models.

In Fig. 16, the maximum roll amplitudes obtained with the three
models for the six tested wave steepnesses, are compared. This figure is
useful for analysing the maximum expected roll amplitudes in head
waves, without focussing on the wave frequency at which this maximum
occurs. For sake of comparison, the results obtained with the simplified
analytical approach, based on the Mathieu equation with nonlinear
damping, have also been included.

Observing the results reported in Fig. 16, it can be seen that the values
obtained with the fixed trim 1-DOF model are the highest from the three
approaches in the whole range of wave steepness, as it has been already
mentioned. Regarding the other two models, the results obtained with
the free trim 1-DOF model are very similar to those obtained with the 6-
DOF in the lowest range of wave steepnesses. However, the difference
between these two models becomes larger as wave steepness increases,
and for the highest values of wave steepness the results from the free trim
1-DOF model are in line with those of the fixed trim approach. The
simplified approximation accurately tracks the results of the more com-
plex models in the low range of wave steepnesses, especially those of the
1-DOF free trim one, as the applied f1 transfer function has been deter-
mined in line with this model for low steepnesses. Due to the increased
level of parametric excitation, the 1-DOF fixed trim model shows,
instead, an earlier build-up of roll. However, as wave steepness increases,
the simplified methodology, which neglects the nonlinearities of roll
restoring, predicts much larger amplitudes than those obtained by any of
the proposed models. This confirms the importance of restoring non-
linearities in determining the amplitude of parametrically excited roll
motion in regular waves. It is interesting to note that, contrary to what
327
was observed in the beam sea case (comparewith Fig. 7), here in the head
sea case the 6-DOF model tends to show the smallest maximum roll
amplitudes, with the exception of the two smallest tested wave steep-
nesses where, however, the 6-DOF model shows results which are only
marginally larger than the 1-DOF free trim model. Although it was not
possible to identify a clear source for the observed behaviour of the 6-
DOF model with respect to the 1-DOF ones, some aspects could be linked
with the observed outcomes. One point is that the 6-DOF model takes
into account the actual dynamics of heave and pitch, whereas the 1-DOF
free trim model considers them quasi-statically, and the 1-DOF fixed trim
model considers only heave quasi-statically and fixes the trim. Another
source of differences could be the fact that the 6-DOF model provides an
explicit dynamic coupling between all relevant degrees of freedom.
Instead, in the 1-DOFmodels, this dynamic coupling effect is neglected or
it is approximately accounted for in an implicit way (coupling between
sway, roll, and yaw). It is also possible that, as a result of the differences
in modelling and as a result of coupling, the 6-DOF approach in the
simulations in waves is associated with a dissipation level which even-
tually differs from that of the 1-DOF models.

4. Discussion and final remarks

The limitations in cost, time and a simplified regulatory framework,
usually limit the application of too complex tools within the design
process of fishing vessels. However, the inception of parametric roll in
longitudinal waves or excessive roll motions in beam seas, are well-
known phenomena which could affect the operational safety of this
type of vessels. The application of simple models could therefore help in
addressing the risk stemming from these phenomena, within the
mentioned practical constraints.

The main objective of this paper was, therefore, to compare the
performance of simplified 1-DOF models, as well as very simplified
analytical formulations, with respect to outcomes from more complex 6-
DOF high fidelity blended modelling, for analysing the vulnerability of
the vessel to parametric roll resonance and large motions in beam seas.
Such comparison was carried out to analyse the suitability of the former
methods to be used during the early design stages, where the application
of any stability analysis tool should fulfil some requirements of reduced
cost, time and complexity, and 6-DOF codes are therefore out of the
scope. This is particularly true in the case of fishing vessels, which are the
specific target of the present study.

To this end, the roll motion response of a mid-sized trawler, at zero
speed and for regular beam and head waves with different steepness and
frequencies, was analysed by applying a state-of-the-art 6-DOF model
and different simplified nonlinear 1-DOF models. For the 1-DOF
modelling, two methodologies were applied in the beam waves case
(absolute and relative angle modelling for the excitation and restoring
terms), and another two in the longitudinal waves case (based on fixed
trim and free trim calculation of righting lever in waves). In addition to
this, two very simplified analytical expressions to compute the maximum
expected roll amplitude, both in longitudinal and beam regular waves,
have been also applied.

4.1. Beam waves condition – harmonic resonance

The obtained results show that, for the case of beam seas, even the
simplest fully analytical approach which was applied, based on linear
restoring and nonlinear damping, could be considered as well repro-
ducing the outcomes from the most complex alternative if only an esti-
mation of the maximum roll amplitude is needed. The estimation of the
maximum roll amplitude could be very useful, for example, to reduce the
risk of flooding through open doors or through progressive flooding
points, which are known to be very likely causes of fishing vessel acci-
dents (CIAIM, 2014; Wolfson Unit, 2004). In this case, the use of the
simplified analytical approach could already help in applying possible
corrective measures to the vessel design aimed at avoiding, or at least
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reducing, these issues. This approach is also in line with the background
theory of the existingWeather Criterion. If the whole response curve is of
interest, then the 1-DOF model based on a relative angle approach pro-
vided the closest results to the 6-DOF model. The differences in the
predictions were larger as the forcing wave steepness increased.

In addition to the above, it is worthmaking some comments regarding
the estimation of the effective wave slope coefficient, which is needed in
both of the simplified methodologies. The main approach applied in this
work for the determination of such coefficient, which has been proved in
the past to be effective and theoretically justifiable, is based on linear
hydrodynamics. However, such methodology requires linear hydrody-
namic data, which might not available in case of typical fishing vessels
design, unless seakeeping calculations are carried out. Simplified alter-
natives have also been investigated, which are based on direct Froude-
Krylov pressure integration or semi-empirical formulae. For the tested
case, the Froude-Krylov approach could be a good balance between
simplicity and accuracy. In fact, it allows providing a frequency depen-
dent effective wave slope function, and, in the range of frequencies of
interest for the study, it was conservative with respect to the approach
based on linear hydrodynamics. On the other hand, semi-empirical
methodologies provided effective wave slope coefficients only at the
roll natural frequency, which were also non-conservative with respect to
the other tested methodologies.

4.2. Longitudinal waves condition – parametric roll

Regarding parametric roll resonance, the situation is different with
respect to that discussed above for the beam sea case. The very simplified
analytical approach used herein, based on linear time dependent roll
restoring and accounting for nonlinearities only in damping, proved to be
unsuitable for predicting the rolling amplitudes above parametric roll
threshold, apart from regions of very small steepnesses. For moderate/
large wave steepness, the use of at least a 1-DOF model was necessary for
the tested case. If only the maximum roll amplitudes are needed, the use
of the 1-DOF fixed trim model represented, for the tested case, a con-
servative and thus on-the-safe-side approach compared to the 6-DOF
model. In fact, the former overpredicted roll motion in comparison to the
latter in the whole range of wave steepnesses. If the details of the roll
response curve are of interest, the 1-DOF free trim model showed closer
results to the blended 6-DOF code, although the observed differences
increased for larger wave steepnesses.

4.3. Practical implementation

From the point of view of implementation, some comments can be
made. For the beam sea case, if the 1-DOF time domain methodology is
considered, the implementation of the model requires the computation of
the GZ curves in still water, the prediction of the effective wave slope
coefficient and the vessel roll damping. The 1-DOF approach is, of course,
muchmore affordable, in terms of required technical skills, time and cost,
if compared to the use of blended 6-DOF tools. The implementation of the
fully analytical simplified approach is even simpler, only needing the
effective wave slope coefficient and the equivalent roll damping.
Although the computation of effective wave slope coefficient through
linear hydrodynamics is likely too complex considering the typical fish-
ing vessel design routine, the use of the simplified Froude–Krylov
approach is a much easier alternative once the hull geometry and the
vessel loading condition are available, as it is always the case during
design stages. Following these considerations, it can then be stated that
the implementation of these models (1-DOF time domain model and fully
analytical method) within typical existing tools, does not present any
serious difficulty, and will be a very straightforward process.

For the longitudinal sea case, the evaluation of parametric roll on the
basis of the 1-DOF model, requires the computation of several surfaces of
GZ for different waves. Although these are relatively simple computa-
tions, they require a naval architecture software which is capable of
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performing them in a properly automated way. This is a level of
complexity higher than the calculations of righting lever in calm water,
as it is not usually built-in in standard software, and therefore makes the
whole process of setting up the 1-DOF model for parametric roll more
time consuming than that for the beam waves case. Although the
implementation of the analytical approach is much simpler, its perfor-
mance, as it has been already discussed, is far from satisfactory for most
of the tested conditions.
4.4. Final remarks

Considering the envisioned practical application of the proposed al-
ternatives, it could therefore be concluded that simple models can pro-
vide reasonable predictions, with much lower effort, compared to the use
of the more complex 6-DOF tool in the initial stages of the vessel design.
However, their real applicability, as typical, is largely dependent on their
implementation in a self-contained software application, with a user
friendly interface and high level of automation, simplifying, therefore,
the process of model setting up and use. This is an aspect which is
particularly important in the case of fishing vessels design.

For obtaining realistic roll predictions, accurate roll damping infor-
mation is necessary, and this is valid, of course, for both the beam sea
case, as well as for the longitudinal sea case. Use of damping coefficients
from a similar vessel, application of analytical methods, or even the use
of a real vessel roll decay test, could be different alternatives for
obtaining these data. At the moment, however, there seems to be no
widespread and accepted methodologies for this purpose, which are
applicable to fishing vessels, and research is therefore needed in
this respect.

Finally, it has to be indicated that this study is limited to one single
vessel and therefore, its conclusions cannot be extended to the whole
fishing fleet, where different typologies and sizes may be found. Never-
theless, in case the maritime authorities would undertake a major review
of the fishing vessels stability regulatory framework to incorporate direct
assessment approaches, the basis established in this work would be of
direct application.
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