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a b s t r a c t

Excessive acceleration criterion, developed by the International Maritime Organization within the Sec-
ond Generation Intact Stability Criteria, deals with lateral accelerations experienced by people onboard.
Level 2 criterion considers the ship at zero speed in beam waves, neglects diffraction and gives the
expressions for the Froude-Krylov roll moment. In this paper, the Level 2 procedure is generalized for any
ship speed and heading by developing the expressions for the Froude-Krylov exciting roll moment as a
function of the heading angle and introducing a variance preserving transformation from encounter to
wave frequency. The proposed procedure can be easily implemented in a user's code to assess the
simplified Operational Guidance without the use of commercial software. The proposed expression is
validated comparing the Froude-Krylov roll moment with the one obtained by the 3-D potential code
HydroStar®, referring to a barge and a bulk carrier. The bulk carrier is selected as test case to develop the
simplified Operational Guidance according to the proposed procedure. A polar diagram representation is
chosen to identify safe combinations of ship speeds and heading while a tabular representation is
proposed for a given heading to identify the minimum ship speed to avoid large lateral accelerations, for
the sea states reported in standard wave scatter table.

© 2022 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The Second Generation Intact Stability Criteria (SGISC) were
finalized in February 2020 by the International Maritime Organi-
zation (IMO) Sub-Committee on Ship Design and Construction
(SDC), at its 7th session and Interim Guidelines were approved by
the Maritime Safety Committee (MSC) at the end of the same year,
(IMO MSC.1/Circ.1627 (2020)). This new set of regulations is
intended to be included in Part A of the 2008 Intact Stability Code in
following years, after an extensive testing phase.

The SGISC address five modes of intact stability failure in waves,
divided in: restoring variation problems (parametric roll and pure
loss of stability), manoeuvring related problems (surf-riding/
broaching), stability under dead ship condition and excessive
lateral accelerations.

The present paper focuses on the Excessive Acceleration (EA)
criterion which deals with lateral accelerations experienced by
people onboard, in considered locations along the ship. In some
loading conditions, especially in ballast condition or ship partly
o).
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loaded, which lead to low roll period, roll accelerations may
magnify. The locations where crew or passengers may be present
are of paramount importance since accelerations grow with the
distance from the midship section and with the height above the
roll axis.

The EA criterion was introduced in the SGISC framework later
than the other four criteria, thanks to a proposal (IMO SLF 52/3/5,
(2009)) of the German delegation, which highlighted that lateral
accelerations due to synchronous rolling were not addressed by the
SGISC. The proposal was submitted as a response to serious acci-
dents associated to large roll angles and low roll periods on board of
the containerships Chicago Express (2008), CCNI Guayas (2009)
and Frisia Lissabon (2009), where people on board experienced
transverse accelerations greater than the gravity acceleration g, and
some crew members lost their life or suffered serious injuries.

Investigations (Federal Bureau of Marine Casualty Investigation,
2009 and 2011) showed that some parallelism exists between those
three accidents, in terms of sailing conditions, loading conditions
and hull geometry. Chicago Express was sailing partly loaded at the
time of the accident while CCNI Guayas and Frisia Lissabon were in
ballast condition. The loading conditions were characterized by
large values of the metacentric height GM. Chicago Express was
sailing in heavy weather with significant wave height around 7:5m,
with additional swell having a significant wave height of 3:0m. The
sevier B.V. This is an open access article under the CC BY-NC-ND license (http://
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wave heading was between 110� and 120�, while the vessel speed
oscillated in the range from 3 to 5 kn at the time of the accident.
Similar extreme weather conditions were experienced by CCNI
Guayas and Frisia Lissabon, which were sailing at very low speed. In
all accidents, low roll damping was one of the major reasons of the
dramatic events, due to low ship speed. In addition, the vessels
tended to adsorb high wave moments due to their large bow flare.
Regarding this last point, numerical simulations (Federal Bureau of
Marine Casualty Investigation, 2011) were performed on CCNI
Guayas, whose length overall was around 208m, considering the
ship in two different loading conditions characterized by nearly the
same GM, but different draught and trim: the one at the time of the
accident (ballast) and the other without ballast water. The first one
had draughts at aft, midships and fore perpendicular equal to
7:45m, 5:70m and 3:95m, respectively, while the other had
draughts equal to 7:35m, 3:86m and 0:37m, respectively. Simula-
tions inwaves, for a significant wave period Ts ¼ 9:5s, showed that,
despite the similar initial stability, the behaviour in waves was
significantly different, with a substantial reduction of roll angles for
the case without ballast water. Indeed, in that case the bow flare
resulted out of the water and no excitation moment could be
transmitted at bow.

The accidents’ dynamics showed that the simultaneous combi-
nation of low roll damping, high initial stability and large bow flare
trigger the inception of large lateral accelerations in beam or nearly
beam seas. An increase in ship speed and a change in wave heading
may prevent the ship against this phenomenon, which is mainly
due to synchronous rolling, although a significative increase in ship
speed could not be practicable due to severe sea state. In addition,
the crew tends to avoid too high ship speeds to ensure the ship
against slamming and water on deck or some combinations of
speeds and headings to avoid other dangerous phenomena, as
parametric rolling or loss of stability in waves. Therefore, a proper
evaluation of the ship behaviour in waves should be made in the
design phase, considering the various dynamic phenomena to
which she could be prone to. If the ship is found vulnerable to one
or more phenomena and changes in ship design are not feasible,
the overall safety level of the vessel can be increased by means of
Operational Measures (OM), (Ba�ckalov et al., 2016). IMO MSC.1/
Circ.1228, (2008), represents a first attempt to implement OM in
the intact stability rules currently in force. In the SGISC framework,
OM are provided to the shipmaster as a support to decision-making
on board and are divided in:

� Operational Limitations (OL) which limit ship operations to
areas, routes and seasons or to maximum significant wave
heights;

� Operational Guidance (OG) that define sailing conditions to be
avoided in each considered sea state.

In recent years, many researchers explored the feasibility of
their application. Rudakovi�c and Ba�ckalov (2019) considered wind
and wave measurements in Belgian coastal zone as alternative
environmental conditions for OL development. They examined the
behaviour of an inland container vessel sailing in North Sea coastal
zone referring to Excessive acceleration and Dead ship condition
criteria demonstrating that operational limitations of the vessel
cannot be expanded by imposing a draught reduction to the
selected sample ship when sailing in coastal zones. A significative
improvement was obtained considering the effect on the meta-
centric height of unconventional vertical distributions of
containers.

Applications of OG are reported in Belenky (2020), where a
description of their derivation from Direct Stability Assessment or
vulnerability criteria is given for all criteria, except for Dead ship
2

condition towhich OG do not apply. Polar plots representing OG are
reported for the parametric roll failure mode.

Petacco and Gualeni (2020) applied OL to a Ro-Ro pax ferry
operating in the Mediterranean Sea. The obtained results were
represented in terms of minimum height of the centre of gravity to
ensure the ship against lateral accelerations, for different draughts,
showing that an increase in the design domain can be obtained
introducing restrictions on the geographical area. Furthermore,
Petacco et al. (2020) developed OG referring to lateral accelerations,
for a megayacht according to IMO's procedure (IMO MSC.1/
Circ.1627 (2020)).

Begovi�c et al. (2021) developed OL related to maximum signif-
icant wave height and route for the bulk carrier considered in the
present work. Different strategies were considered to define the
scatter table to be used in the assessment when the route crosses
several areas, each of which characterized by its own scatter table.
It was shown that too conservative results may be returned taking
into consideration only themost dangerous area in the route and, in
some cases, results more severe than the ones obtained using the
standard scatter table used in Level 2 assessment. A comparison
between the assessment conducted weighting according to the
route length or performing a simple arithmetic mean of the scatter
tables associated to the crossed area along the route was per-
formed, showing that the simple arithmetic mean could be a
reasonable strategy only on short routes.

A first attempt toward the Direct Stability Assessment for the EA
failure mode was made by Kuroda et al. (2019). The authors con-
ducted experimental tests in irregular beam waves on a model of
containership reproducing Chicago Express. Aim of the tests was to
evaluate whether two numerical codes (one based on frequency
domain calculations and the other one on time-domain simula-
tions) were able to predict ship roll motion in short-crested irreg-
ular waves.

In the present paper, the EA Level 2 procedure, developed by the
IMO for the ship at zero speed in beam waves, is generalized to
account for all ship speeds and wave headings. An expression for
the Froude-Krylov exciting roll moment calculation for any wave
heading is proposed using a 2D approach, based on the standard
methodology for the evaluation of the effectivewave slope function
implemented in Level 2, which associates to each ship transversal
section an equivalent rectangular one through a transformation
algorithm. The Froude-Krylov roll moment is obtained integrating
the dynamic pressure of the incident wave over the calm water
wetted surface of the equivalent rectangles. Aim of the paper is to
provide a simple but accurate expression for the estimation of the
exciting roll moment for any wave heading with the same level of
complexity of Level 2 vulnerability criterion and minimum
computational effort. This is in line with the philosophy of the
regulations which should provide methods that can be applicable
without the use of any commercial tool. The proposedmethodology
is validated comparing the amplitude of the Froude-Krylov roll
moment with the one obtained by the 3-D potential code Hydro-
Star®, referring to a barge and a bulk carrier, for different headings.
A variance-preserving transformation is introduced to avoid dis-
continuities in the wave and response spectra in following and
quartering waves. The OG are developed for the bulk carrier ac-
cording to the proposed expression and polar diagrams are pro-
vided to identify safe combinations of ship speed and heading for
relevant sea states. A tabular representation is proposed for a given
heading to identify the minimum ship speed to avoid large lateral
accelerations, for the sea states reported in standard wave scatter
table. The results showed that, with the proposed method, the
operability of the bulk carrier increases, and the operability domain
is comparable to the one obtained by a commercial software.
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2. SGISC Operational Measures

SGISC are structured with a multi-tiered approach with an in-
crease in complexity from the lowest to highest level. The first two
levels, Level 1 and 2, are named vulnerability criteria, while Level 3
is the so-called Direct Stability Assessment. The verification can
start from any level and if the ship is found vulnerable, the next
level, less conservative, can be applied, otherwise ship design must
be changed or OM can be developed. OM are provided to the ship
master as a support to decision-making on board and aim to reduce
stability failures. As described in the flow chart in Fig. 1, OM are
divided in OL which limit ship operations to areas, routes and
seasons or to maximum significant wave heights, and in OG that
define sailing conditions (combination of ship speed and heading)
to be avoided in each considered sea state. OL are prepared
following Level 1, Level 2, or the Direct Stability Assessment by
replacing the North Atlantic wave scatter table by an another one
related to an area, a route or a season, or by a limited wave scatter
table obtained by cutting it up to a maximum significant wave
height. OG can be provided following three different approaches:
probabilistic, deterministic, and simplified. The probabilistic and
deterministic approaches are based on the Direct Stability Assess-
ment and require experimental tests or numerical simulations
while the simplified OG are based on Level 2 vulnerability assess-
ment, with appropriate changes depending on heading and speed
variations.

OL related to maximum significant wave height and OG require
weather forecast information for possible route changes to avoid
dangerous situations. OM give an overview of the environmental
conditions to be avoided for a considered loading condition, but if
too many sea states are excluded the loading condition is consid-
ered not acceptable. IMO sets a limit equal to 20% as maximum
value for the ratio between the sea states to be avoided and the
total sea states taken into consideration.

For the EA criterion, the simplified OG requires the computation
of the short-term failure indexes for all combinations of wave
heading (from following to head seas) and ship speed (from zero to
Fig. 1. OM procedures flowchart based on IMO Int

3

the service speed), in each sea state. Combinations for which the
short-term index is higher than 10�6 should be avoided.
3. Excessive acceleration: Level 2 vulnerability criterion

EA criterion focuses on lateral accelerations generated by waves
close to beam seas, which may excite the ship close to her natural
roll frequency. This phenomenon is particularly felt in loading
conditions characterized by a large transversal metacentric height
(high initial stability), which leads to low roll period and, conse-
quently, large roll accelerations. Lateral accelerations magnify with
the distance from the roll axis, whose trace is indicated as R in Fig. 2,
assumed to be located at the midpoint between the centre of
gravity and the intersection point between the vertical line passing
through the centre of gravity and the waterline (IMO MSC.1/
Circ.1627, 2020).

Referring to Fig. 2, a is the acceleration in point P, located at a
height equal to h above the roll axis. a is the results of various
components: gravity acceleration, linear and centrifugal
erim Guidelines (IMO MSC.1/Circ.1627, 2020).

Fig. 2. Lateral acceleration.
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accelerations caused by the roll motion itself, vertical and hori-
zontal accelerations due to ship motions different from roll. These
last ones are included in an approximate way in the 1-DOF model
used in Level 2 procedure by means of a coupling factor kL, which is
a function of the longitudinal position of the calculation point of
lateral acceleration (kL is equal to 1 if the point is located between
0:2L and 0:65L; it linearly increases outside this range, reaching its
local maxima at fore and aft ends of the ship). The centrifugal ac-
celeration is neglected. The projection of a on the y-axis, fixed to
the ship, leads to the so-called lateral acceleration a y, whose
amplitude is indicated as ay.

In Level 2, the ship is assumed to be at zero speed in irregular
beam waves and roll motion is modelled by means of a 1-DOF
motion equation, which is non-linear in the damping term:

ðI44 þA44Þ€4þMDð _4ÞþC444¼ Fex�4ðutÞ (1)

where: I44 is the mass moment of inertia; A44 is the added mass in
roll; MDð _4Þ is the non-linear damping moment; C44 ¼ DgGM is the
restoring coefficient; D is the ship mass displacement; g is the
gravity acceleration; GM is the transverse metacentric height; 4 _4,
€4 are the roll angle, velocity and acceleration respectively; Fex�4ðutÞ
is the exciting roll moment; u is the wave frequency.

The exciting roll moment, Fex�4ðutÞ, is described by the Froude-

Krylov component, written in complex form as F̂FK�4e
iut ¼

ðaþ ibÞeiut , being a and b the real and imaginary parts, expressed
as follows (IMO SDC 8/5/Add.2, (2021)):

a¼ rgza ∬
SBody

ekz cosðkyÞn4dS (2)

b¼ � rgza ∬
SBody

ekz sinðkyÞn4dS (3)

where: r is the density of sea water; za is the wave amplitude; x; y
and z are the coordinates of each point of the mean wetted hull
surface of ship; SBody is themeanwetted hull surface of ship; k is the
wave number; n4 ¼ yn3 � zn2 is the normal vector of roll and n2
and n3 are the normal vectors in the y� and z� direction.

In Level 2 criterion, a simplified formulation is proposed for the
calculation of a and b:

a¼ 0 (4)

b¼DgGMrðuÞu
2

g
(5)

where rðuÞ is the effective wave slope function, a linear function of
the Froude-Krylov roll moment, FFK�4, (IMO SDC 8/5/Add.2, (2021)
and Rudakovi�c et al. (2019)):

rðuÞ¼
���� FFK�4ðuÞ
rgVGMkza

���� (6)

being V the volume of displacement. The computation of the
effective wave slope function, Eq. (6), reduces to the evaluation of
the Froude-Krylov roll moment amplitude FFK�4. Different methods
can be used to calculate it, based either on strip-theory or on 3D
panel methods. In Level 2, a methodology based on strip theory,
hereinafter “IMO's standard methodology”, for the evaluation of
the effective wave slope function is proposed when more sophis-
ticated tools are not available. This methodology associates an
equivalent rectangle to each transversal section of the ship, through
a transformation algorithm which keeps the underwater sectional
4

area and the breadth at waterline.
The damping term in Eq. (1) is linearized introducing an

equivalent linear roll damping factor Be, such that MDð _4Þ ¼ Be _4. It
can be evaluated either assuming its value at an angle of 15� or
through a stochastic linearization, (IMO SDC 8/5/Add.2, 2021)
which depends on the considered sea state. The stochastic linear-
ization allows the computation of the equivalent linear roll
damping coefficient, me ¼ Be

2ðI44þA44Þ , through an iterative procedure,

once a set of extinction coefficients, linear m, quadratic b, and cubic
d, is known. In particular, the equivalent linear roll damping coef-
ficient is:

me ¼mþ
ffiffiffi
2
p

r
bs _4ðmeÞ þ

3
2
dðs _4ðmeÞÞ2 (7)

where s _4 is the standard deviation of roll rates.
Dividing both parts of Eq. (1) by ðI44 þA44Þ and introducing the

damping factor, it becomes:

€4þ2me _4þu2
44¼ FFK�4ðutÞ

I44 þ A44
¼ ðaþ ibÞ
I44 þ A44

eiut (8)

where: FFK�4ðutÞ
I44þA44

is the Froude-Krylov roll moment per unit mass

moment of inertia; u4 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
DgGM
I44þA44

q
is the ship natural roll frequency.

The linearization of the roll motion equation allows its resolu-
tion in the frequency domain by means of spectral analysis.
Therefore, the roll response, solution of Eq. (8), is harmonic and can
be written as:

4ðtÞ¼ b4ae
iut (9)

where: b4a is the complex roll amplitude, which contains both the
magnitude and phase of the response. Therefore, the roll amplitude
in complex form can be obtained:

b4a ¼
ðaþ ibÞ�� ðI44 þ A44Þu2 þ DgGM

�þ iuBe
(10)

The real and imaginary parts of the roll amplitude are:

4r ¼
a
�
DgGM � ðI44 þ A44Þu2�þ bBeu�

DgGM � ðI44 þ A44Þu2
�2 þ ðBeuÞ2

(11)

and

4i ¼
b
�
DgGM � ðI44 þ A44Þu2�� aBeu�

DgGM � ðI44 þ A44Þu2
�2 þ ðBeuÞ2

(12)

The transfer function of lateral accelerationmay be derived from
the roll response per unit wave amplitude, (Shigunov et al., 2011):

ay
�
u
�
¼ kL

�
g þ hu2

�
4a (13)

where h is the height above the roll axis of the considered location,
Fig. 2.

Therefore, the spectrum of lateral acceleration can be expressed
as:

SayðuÞ¼
�
ayðuÞ

	2SzzðuÞ (14)

where SzzðuÞ is the wave energy spectrum. The environmental
conditions are given by the standard wave scatter table (IACS Rec.
No.34, 2001). To account for the wave directional spreading, a
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reduction factor, equal to 0:75, is introduced (IMO SDC 8/5/Add.1,
2021), giving finally the variance of lateral acceleration:

s2ayðuÞ¼0:75
ðþ∞

0

�
ayðuÞ

	2SzzðuÞdu (15)

Assuming that lateral accelerations can be described by a Ray-
leigh distribution, a short-term excessive acceleration failure index
Cs;i is introduced:

Cs;i ¼ exp

 
� R22
2s2ay

!
(16)

where R2 ¼ 9:81m
s2. Such index is a measure of the probability of

exceeding a lateral acceleration equal to the gravity acceleration, at
the considered location on the ship, at least once in the considered
sea state. The short-term failure index must be calculated for all
combinations of significant wave height Hs and average zero-
crossing period Tz reported in the scatter table and multiplied by
the statistical frequency of occurrence of the corresponding sea
state, Wi. The weighted sum of the short-term indexes allows the
calculation of a long-term stability failure index C, which represent
the vulnerability of the ship to experience excessive lateral accel-
erations at the considered location:

C¼
XN
i¼1

WiCs;i (17)

Level 2 vulnerability criterion is verified if the long-term sta-
bility failure index is lower than the limit value REA2 ¼ 3:9, 10�4:

This value was proposed by German delegation as the attained
value of calculations performed on Chicago Express, considering
her loading condition at the time of the accident (IMO SDC 4/5/13,
2016). Further information and comments on the EA criterion Level
1 and 2 limit values can be found in Boccadamo and Rosano (2019).
4. Excessive acceleration: simplified Operational Guidance

The simplified OG can be prepared based on the Level 2
vulnerability criterion, requiring the computation of the excessive
acceleration short-term failure index Cs;i, defined by Eq. (16), for all
ship speeds between zero and the service speed, and all wave di-
rections, in the considered loading condition, for all sea states re-
ported in the considered wave scatter table. For each sea state,
combinations of ship speed and heading for which Cs;i > 10�6

should be avoided. Therefore, Level 2, developed for the ship at zero
speed in a beam seaway, has been modified to account for speed
and wave heading. A summary of the modified Level 2 procedure is
presented in the flowchart in Fig. 3, for a given sea state, where the
output is the index Cs;i. Since OG are treated by means of spectral
analysis, a variance preserving transformation is introduced to
properly deal with quartering and following waves, Subsection 4.1,
where all the frequency dependent terms are expressed in thewave
frequency domain. In addition, the exciting Froude-Krylov roll
moment, outlined in red in the flowchart, is described for any wave
heading angle according to the formulation proposed in Subsection
4.2 and Appendix A.
4.1. Variance preserving transformation

In beam waves, the encounter frequency and the wave fre-
quency are the same and the assessment is performed in the wave
frequency range. If the ship advances with a constant speed Vs,
5

different from zero, in long-crestedwaves with a constant direction
of propagation m, different from 90� or 270�, she will experience the

motions with the encounter frequency, ue ¼ u� u2

g Vscosm, hence,

spectral analysis has to be performed in the encounter frequency
domain. In quartering or following waves the transformation from
wave to encounter frequency is multi-valued and a variance-
preserving transformation from the encounter to the wave fre-
quency domain must be applied to calculate the spectral moments,
Lewis (1989):

mn ¼
ðþ∞

0

����u� u2

g
Vscosm

����njb4aðuÞj2SzzðuÞdu (18)

wheremn is the nth-order spectral moment of roll response and b4a
is the transfer function of roll motion. The transformation may be
used in two parts of the simplified OG development process: in the
calculation of the variance of roll rates (stochastic linearization) and
in the calculation of the variance of the spectrum of lateral accel-
eration. The variance of the spectrum of roll rates is:

s _4
2 ¼

ðþ∞

0

����u� u2

g
Vscosm

����2jRAO4ðuÞ j2Saa;eðuÞdu
(19)

where Saa;eðuÞ is the effective wave slope spectrum, calculated as

Saa;eðuÞ ¼ ðrðuÞÞ2SaaðuÞ, being rðuÞ the effective wave slope func-
tion, SaaðuÞ the wave slope spectrum; RAO4 is the response
amplitude operator of roll motion. The response amplitude oper-
ator of roll motion can be expressed in the wave frequency domain
as follows, (St. Denis and Pierson (1951)):

RAO4ðu;meÞ¼
u2
4ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi


u2
4�
�
u�u2

g Vscosm
�2�2þh2me�u�u2

g Vscosm
�i2s
(20)

The variance of lateral acceleration spectrum can be expressed:

s2ay ¼
ðþ∞

0

�
ayðuÞ

	2SzzðuÞdu (21)

where the transfer function is computed for the considered sailing
condition and assuming the wave circular frequency as domain of
integration.
4.2. Froude-Krylov exciting roll moment

The derivation of the expression for the Froude-Krylov roll
moment calculation for any wave heading angle, to be used in the
evaluation of the effective wave slope function according to Eq. (6),
is described in detail in Appendix A. The procedure is 2D and it is
based on the geometrical transformation of the IMO's standard
methodology which transforms each transversal section of the ship
into a rectangular one, (IMO SDC 8/5/Add.2, 2021). Therefore, the
Froude-Krylov roll moment for any wave heading angle is obtained
by means of formulas, which are exact for rectangles. The real and
imaginary parts of the Froude-Krylov moment are also derived, to
be used in the evaluation of the real and imaginary parts of the
transfer function of roll motion.

The Froude-Krylov exciting roll moment is obtained via inte-
gration of the dynamic pressure of the incident wave over the calm



Fig. 3. Simplified OG development procedure.
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water wetted surface of the body:

FFK�4 ¼ ∬
SBody

pIðyn3 � zn2ÞdS (22)

being pI the dynamic pressure of the incident wave. Following strip
theory assumptions and referring to the centre of gravity of the
vessel, the integral can be rewritten as follows:

FFK�4 ¼
ðL
0

ð
CðxÞ

pI ½yn3 �ðz� zGÞn2�dCdx (23)

where zG ¼ OG ¼ KG� d is the vertical distance between the centre
of gravity and waterplane area; KG is the height of the centre of
gravity above the keel line; CðxÞ is the contour of thewetted surface
at rest, at station x. According to the geometrical transformation, it
reduces to thewetted contour of the equivalent rectangular section,
having local draught dðxÞ and breadth at waterline BðxÞ.

The Froude-Krylov exciting roll moment, eq. (23), can be
expressed in complex form by means of eq. (A.2):

bFFK�4 ¼ rgzaeiuet
ðL
0

e�ikxcosm
ð

CðxÞ
ekze�ikysinm�

½yn3 � ðz� zGÞn2 �dCdx
(24)

Eq. (24) can be rewritten as, see eq. (A.14):

bFFK�4 ¼ rgzae
iuet
ðL
0

e�ikxcosmAðxÞidx (25)

where the quantity AðxÞ is equal to:

6

AðxÞ¼2

" 
dðxÞ
k

þ 1
k2sin2m

!
e�kdðxÞ �

�
1
k2

þ zG
k


�
1� e�kdðxÞ

�#

sin
�
k
BðxÞ
2

sinm


� BðxÞ
ksinm

e�kdðxÞcos
�
k
BðxÞ
2

sinm



(26)

Therefore, the Froude-Krylov roll moment amplitude can be
expressed as:

FFK�4¼rgza

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi24ðL
0

cosðkxcosmÞAðxÞdx
352þ

24ðL
0

sinðkxcosmÞAðxÞdx
352

vuuuut
(27)

Eq. (27) allows the computation of the effective wave slope
function according to Eq. (6).

4.3. Froude-Krylov exciting roll moment validation

The validation of the formulas for calculation of the sectional
and total Froude-Krylov roll moment, presented in the previous
section and in Appendix A, is performed in three steps. First, the
expression of the sectional Froude-Krylov roll moment is used to
demonstrate that the formula reduces to the IMO's standard
methodology if the beam seas case is considered, as shown in
Appendix B. As second validation, the amplitude of the Froude-
Krylov roll moment acting on a barge, for different headings, is
compared against the results obtained by HydroStar® software, a
3D potential code developed by Bureau Veritas. Finally, the same
comparison is performed considering the Froude-Krylov roll
moment acting on a bulk carrier.

4.3.1. Barge
Eq. (A.12) represents the exact solution of the Froude-Krylov roll

moment amplitude acting on a barge with zero trim. IMO's for-
mulas and those proposed in the present work are exact for rect-
angular sections, therefore the results obtained with the present
formulation andwithmore sophisticatedmethods should be nearly
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the same. A 20-m-long barge, whose principal dimension are given
in Table 1, was considered to validate Eq. (A.12).

The Froude-Krylov roll moment was calculated both by the
proposed formulation and by HydroStar® software. Four heading
angles were considered to verify the formulation: 90�, 120�, 150�,
179�. The following convention was used for the wave heading
angle: 0� and 180� correspond to following and head waves
respectively. The curves show a good agreement between the two
methodologies, Fig. 4.
4.3.2. Bulk carrier
A bulk carrier was considered as subject ship to check how

much the Froude-Krylov exciting roll moment estimated with the
modified procedure differs from the one calculated with a 3D po-
tential flow method, which account for the actual ship geometry.
Themain dimensions and loading condition are reported in Table 2;
the body plan is showed in Fig. 5, being 0 and 20 the stations
located on the aft and forward perpendiculars respectively.

The comparison between the Froude-Krylov roll moment ob-
tained by the modified IMO's formulation and HydroStar® is given
in Fig. 6. A good agreement for frequencies up to 1:0 rad= s can be
seen for all headings. For higher frequencies (i.e. for the waves with
the period lower than 6 s) the difference tends to increase, since the
wavelength and the ship breadth become comparable, see Fig. 7.
The amplitudes match well at the ship natural roll frequency,
represented by the dot-slash line in Fig. 6, around which the ship
roll response tends to magnify.
5. Application of the proposed expression for Froude-Krylov
roll moment evaluation

The bulk carrier introduced in Subsection 4.3.2 was considered
as subject ship for the development of the simplified OG. The
calculation point for the lateral acceleration was assumed at the
wheelhouse, located at a distance x equal to 17:9m from aft
perpendicular and at a height H equal to 19:47m above the keel
line, Fig. 8. The ship was assumed with zero initial heel and trim.
The ship service speed is 14:0 kn. The factor kL, equal to 1:03, was
calculated according to the formulation provided in IMO MSC.1/
Circ.1627, (2020), and it was kept constant for all wave headings.
According to regulations the EA assessment should be performed
for a certain loading condition if the transverse metacentric height
GM is higher than 8% of the ship breadth and the distance from the
waterline of the highest location where crew or passengers may be
located is higher than 70% of the ship breadth. Both conditions are
verified for the subject ship which does not pass Level 1 and 2. OL
related to route and maximum significant wave height were pro-
vided in a previous paper, (Begovi�c et al., 2021), to permit ship
operation under certain environmental conditions, without
changes in ship design. The simplified OG have been developed in
the present work to improve ship's operability performances.

The effect of ship speed on roll damping was considered intro-
ducing the lift damping component (assumed equal to zero in Level
Table 1
Barge main dimensions.

MAIN DIMENSIONS

Length L
Breadth B
Draught d
Block coefficient CB

Displacement D

Height of the centre of gravity KG
Metacentric height GM

7

2 assessment) in the calculation of damping coefficient bymeans of
the Simplified Ikeda's Method, (Kawahara et al., 2009). Further-
more, due to the full hull form of the considered ship, the eddy
damping component was calculated using the Simplified Ikeda's
Method with the correction proposed by Rudakovi�c and Ba�ckalov
(2017). The effective wave slope function, whose knowledge is
required to perform the stochastic linearization, was calculated
according to Eq. (6), where the amplitude of the Froude-Krylov roll
moment was calculated by Eq. (27). The variance-preserving
transformation, according to the procedure reported in
Subsection 4.1, was applied, for each sea state, to obtain the stan-
dard deviation of the spectrum of lateral acceleration, for the
computation of the short-term stability failure index, Eq. (16).
Calculations were performed in the wave frequency range 0:2�
2:0 rad=s, i.e. for the wavelength from 15 to 1541 meters, respec-
tively. The proposed procedure was implemented in Matlab®
programming language.

Simplified OG were provided through a polar diagram repre-
sentation where the headings 0� and 180� represent following and
head seas respectively, while ship speeds from zero to the service
speed are reported along the radius of the graphs. Safe combina-
tions of ship speed and heading were identified for the sea states
reported in the standard wave scatter table. In total 197 out of 272
combinations of significant wave height (Hs from 0:5m to 16:5m)
and zero up-crossing period (Tz from 3:5s to 18:5s) have non-zero
probability of occurrence.

Fig. 9 reports the results of OG application, for the sea states
defined by four mean zero-crossing wave periods,
8:5; 9:5; 10:5; 11:5 s and three significant wave heights, 3:5; 5:5;
7:5m. Each polar plot represents sea states having the same zero-
crossing period and increasing significant wave heights. For each
sea state, the contour defines the area inside which the ship is
found vulnerable, therefore the sailing conditions outside the area
identify the operability domain. Results show an expected reduc-
tion in the operational domain with the increase of the significant
wave height.

The mean zero-crossing period has a significative influence on
the ship response, for given significant wave height and heading. For
the sea states showed in Fig. 9, the most severe results are for Tz ¼
8:5s. An increase of the mean zero-crossing period leads to a miti-
gation of the phenomenon, and the operability domain becomes
wider. To examine more in depth the effect of the mean zero-
crossing period, the transfer functions of lateral accelerations and
the corresponding response spectrawere obtained for the beam seas
case, considering the significant wave height 5:5m and the periods
8:5; 9:5; 10:5; 11:5 s, Fig. 10. The Brethschneider wave energy
spectrumwas used to describe the environmental conditions. Wave
spectra and transfer functions are drawn in the plot on the left. It can
be noticed that the transfer functions show a peak in correspon-
dence of the ship natural roll frequency, ur ¼ 0:64 rad=s. The
amplitude of the peak increases with themean zero-crossing period.
It is worth to underline that the transfer function of lateral acceler-
ation depends on the sea state considered, because the equivalent
(m) 20.0
(m) 10.0
(m) 5.0
- 1.0
(t) 1025.0
(m) 2.5
(m) 1.67



Fig. 4. Froude-Krylov roll moment acting on the barge for different wave headings.

Table 2
Bulk carrier main parameters.

MAIN DIMENSIONS

Length LBP (m) 112.8
Breadth B (m) 16.8
Draught d (m) 6.7
Block coefficient CB - 0.81
Displacement D (t) 11622
Height of the centre of gravity KG (m) 5.38
Metacentric height GM (m) 1.71
Roll period Tr (s) 9.83

Fig. 5. Bulk carrier body plan.
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damping factor is a function of the sea state.
Fig. 10 reports on the right side the response spectra of lateral

acceleration, for the considered sea states, showing that, for the
considered significant wave height, the sea state with the lowest
zero-crossing period, i.e. 8:5s, is the one with the highest amount of
energy around the peak of the transfer function, leading to the
highest response in terms of lateral acceleration. The response
spectra have the same shape, with a peak at the natural roll
frequency.
8

Table 3 reports, for wave heading 120� and for each sea state, the
ship speed, in knots, below which the short-term stability failure
index CS;i is higher than the limit value 10�6, identifying combi-
nations of speed and heading that are not feasible. Cells coloured in
red identify critical sea states, from the point of view of lateral
acceleration, for any ship speeds. For these combinations of HS and
Tz different heading should be chosen. Cells coloured in green
report zero forward speed identifying sea states for which ship will
not suffer excessive lateral accelerations, for any ship speed. A
comparison between the tabular forms of OG obtained with the
modified IMO methodology and with HydroStar® has been re-
ported, see Tables 3 and 4. The identified potentially dangerous sea
states are the same. The tables show that the results provided by
the modified procedure are more conservative compared with
those obtained using the Froude-Krylov roll moment calculated by
HydroStar software. Indeed, even though the modified methodol-
ogy underestimates the roll moment at the higher frequencies, in
the Excessive acceleration phenomenon most of the energy is
concentrated around the natural roll frequency, where the roll
moment is slightly overestimated by the modified procedure.

Similar tables could be derived for any heading angle,



Fig. 6. Froude-Krylov roll moment acting on the bulk carrier for different wave headings as a function of the wave frequency.

Fig. 7. Froude-Krylov roll moment acting on the bulk carrier for different wave headings as a function of the ratio l/B.
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identifying the corresponding speed limits, for each sea state.
As described in Section 2, a loading condition for which OG are

provided is considered acceptable if the total duration of all
9

situations which should be avoided to the total operational time is
lower than 20%. The check was made by defining the sum of mul-
tiplications of the probability of encountering each sea state and a



Fig. 8. Calculation point for lateral acceleration.

Fig. 9. Polar plot reporting the ship speeds to avoid the Exce

Fig. 10. Wave spectra, transfer functions of lateral acceleration and lateral a
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10
speed-heading factor which represents the ratio between the total
cases of speed and heading combination to be avoided, and the
total sailing cases. The North Atlantic wave scatter diagram was
considered for the verification; the weighted sum, equal to 0.017,
does not exceed 0.2 therefore, the loading condition is in compli-
ance with the regulation and OG can be considered acceptable.
6. Conclusions

The present paper focuses on the Excessive acceleration crite-
rion, one of the five stability failure modes within the SGISC. In
Level 2 criterion, a methodology for the estimation of the so-called
effective wave slope function, a linear function of the excitation
moment, is introduced. The standard IMO's methodology consists
of two parts: a geometrical transformation which associates an
equivalent rectangular section to each ship transversal section, and
a 2D strip-theory algorithm that uses formulas which are exact for
rectangular sections and specific for the beam seas case. According
ssive acceleration failure mode, for different sea states.

cceleration spectra. Beam seas case and significant wave height 5.5 m.



Table 3
Minimum ship speed e Heading 120� - Modified IMO’s procedure.

Table 4
Minimum ship speed e Heading 120� - F-K roll moment calculated by HydroStar.
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to the Explanatory Notes of the SGISC, IMO SDC 8/5/Add.2, (2021),
the standard methodology is recommended “since the vulnera-
bility criteria is required to be applied with minimal computational
efforts”. In the present work, Level 2 criterion procedure was
examined and extended to account for the effect of ship speed and
wave heading. An expression for the Froude-Krylov roll moment
was proposed to properly account for the wave exciting roll
moment. The geometrical transformation was kept and the algo-
rithm for the calculation of the effective wave slope function was
updated to account for all wave headings. The Froude-Krylov roll
moment in complex form was derived for the equivalent ship,
whose transversal sections were substituted by rectangular ones.

The proposed formulation offers the following advantages: it
can be easily implemented in a numerical code without requiring
commercial software for its calculation; the methodology is
coherent with the philosophy of the regulations which should
provide simple but sufficiently accurate expressions to allow the
calculations of the excitation moment without using any com-
mercial tool, ensuring a sufficient level of safety; it is intended to be
used in the development of the simplified Operational Guidance
11
which should share the same methods and complexity of the Level
2 vulnerability criteria for the Excessive acceleration failure mode
and the proposed version is an extension of a method already
implemented in the rules with a quite limited increase in the
computational effort.

The simplified OG were developed according to the proposed
formulation, for each sea state reported in the standard wave
scatter table, identifying safe combinations of ship speed and
heading for which the short-term indexes were lower than the
limit value 10�6. Results were expressed as polar plots, identifying
the minimum ship speed for any heading angle, below which the
ship is found vulnerable. The effect of the significant wave height
and zero-crossing wave period was investigated for relevant sea
states. Additional results were reported for wave heading 120� in
tabular form, defining the speed limits for each sea state. Similar
tables could be obtained for different headings. It was verified that
the total duration of all situations which should be avoided to the
total operational time was lower than 20% to check if the OG were
acceptable for considered loading condition.

The obtained results should be considered as a part of a
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comprehensive operability assessment which should consider all
the phenomena to which the ship could be prone to. In addition, it
should be verified that the allowable sailing conditions are feasible
for the ship, since in heavy weather an increase in ship speed or a
change in heading could be not practical due to speed loss inwaves,
reduced steering capabilities or occurrence of other dangerous
phenomena.

Further improvement in ship operability could be obtained
through the application of deterministic or probabilistic OG which
account for at least four degrees of freedom of motion of the ships,
relevant non-linearities and diffraction forces.
12
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Appendix A. Froude-Krylov exciting roll moment

A detailed derivation of Eqs. (25) and (27) is provided in this appendix.
A right-handed coordinate systemOxyzmoving with the forward speed of the ship Vs, assumed to be constant, is considered. The plane xy

coincides with the mean water level, with x-axis pointing in the direction of ship's speed, and z-axis pointing upwards. At the instant t ¼ 0
the origin O is on the vertical through the centre of mass G. A regular wave propagates in the x0 direction, inclined at an angle m to the x-axis.
The dynamic pressure of the incident wave, disregarding the non-linear term in Bernoulli's equation, can be expressed in the moving
reference frame as, (Newman, 1977):

pI ¼ rgzae
kz sinðuet� kxcosm� kysinmÞ (A.1)

In complex form:

bpI ¼ rgzae
kzeiueteið�kxcosm�kysinmÞ (A.2)

The Froude-Krylov roll moment with respect to the centre of gravity, Eq. (23), is reported again in the following:

FFK�4 ¼
ðL
0

ð
CðxÞ

pI ½yn3 �ðz� zGÞn2�dCdx (A.3)

It can be expressed in complex form by means of Eq. (A.2):

bFFK�4 ¼ rgzae
iuet
ðL
0

e�ikxcosm
ð

CðxÞ
ekze�ikysinm½yn3 �ðz� zGÞn2�dCdx (A.4)

being bFFK�4 the complex form of the Froude-Krylov exciting roll moment. In beam seas, the real and imaginary parts reduce to (2) and (3),
respectively. The complex form of the sectional Froude-Krylov roll moment per unit length is defined by the line integral over CðxÞ.

bf FK�4 ¼ rgza

ð
CðxÞ

ekze�ikysinm½yn3 � ðz� zGÞn2 �dC (A.5)

The line integral can be expressed, for a rectangular section having local draught d and breadth at waterline B, as a sum of three integrals:

ð
CðxÞ

ekze�ikysinm½yn3 �ðz� zGÞn2�dC¼ ¼ �
ð0
�d

ekze
�ik

�
�B

2



sinm

ðz� zGÞð�1Þdzþ
ðB2
�B

2

e�kde�ikysinmyð�1Þdy�
ð0
�d

ekze�ikB2 sinmðz� zGÞð1Þdz

(A.6)

Therefore:

ð
CðxÞ

ekze�ikysinm½yn3 �ðz� zGÞn2�dC¼
�
eik

B
2 sinm � e�ikB2 sinm

� ð0
�d

ekzðz� zGÞdz� e�kd
ðB2
�B

2

e�ikysinmydy (A.7)

The sectional Froude-Krylov roll moment divided by rgza becomes:
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bf FK�4
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¼
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eik
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(A.8)

Euler's formula, eia ¼ cosaþ isina, allows to rewrite Eq. (A.8) as follows:

bf FK�4
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)
i (A.9)

Eq. (A.9) is in complex form and its magnitude represents the sectional Froude-Krylov roll moment amplitude, divided by rgza, for a
generic heading angle m:
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(A.10)

Eq. (A.10) is not defined for heading angles equal to 0� or 180�. However, the sectional Froude-Krylov roll moment in following and head
seas is equal to zero since Eq. (A.7) goes to zero.

The total Froude-Krylov roll moment can be obtained introducing the complex form of the sectional Froude-Krylov roll moment
amplitude, Eq. (A.9), in Eq. (A.4). Then:
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idx (A.11)

An exact solution of Eq. (A.11) can be obtained if a bargewith zero trim is considered. Indeed, terms in curly brackets are constant along x,
and the Froude-Krylov roll moment amplitude can be written as:

FFK�4 ¼ rgza
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ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½1� cosðkLcosmÞ�2 þ ½sinðkLcosmÞ�2

q (A.12)

In the case of a ship, since breadth at waterline and local draught change along x, the terms in curly brackets in Eq. (A.11) are not constant.
Therefore, the integral over the ship length must be discretized. The quantity AðxÞ is introduced to emphasize the x-dependence of the terms
in the brackets:
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(A.13)

Then, Eq. (A.11) can be rewritten as:

bFFK�4 ¼ rgzae
iuet
ðL
0

e�ikxcosmAðxÞidx (A.14)

The Froude-Krylov roll moment can be expressed as a sum of two integrals, separating the real and imaginary parts:

bFFK�4 ¼ rgzae
iuet

0@i
ðL
0

cosðkxcosmÞAðxÞdxþ
ðL
0

sinðkxcosmÞAðxÞdx
1A (A.15)

Each integral can be calculated separately with a suitable integration method. Therefore, the Froude-Krylov roll moment amplitude can
be expressed as:

FFK�4¼rgza

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi24ðL
0

cosðkxcosmÞAðxÞdx
352þ

24ðL
0

sinðkxcosmÞAðxÞdx
352

vuuuut (A.16)
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Appendix B. IMO's standard methodology

In Level 2, the effective wave slope function is obtained by means of formulas, which are exact for rectangles. In the IMO's standard
methodology, the effective wave slope function is defined as:

rðuÞ¼
����
ð
L

CðxÞdx

Veq GM

���� (B.1)

where:

CðxÞ¼
�
0 if AeqðxÞ ¼ 0 and BeqðxÞ ¼ 0
AeqðxÞ
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� (B.2)

and:
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being BeqðxÞ, deqðxÞ, AeqðxÞ the equivalent breadth at waterline, draught, and underwater area of each transversal sections, according to the
transformation procedure, IMO SDC 8/5/Add.2, (2021). OGeq is the height of the centre of gravity above the waterline.

IMO's formulas for the effective wave slope function may be obtained from the sectional Froude-Krylov roll moment amplitude, Eq.
(A.10), considering the beam seas case, m ¼ 90�. It results:
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Eq. (B.6) can be rearranged as follows:
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Dividing both parts of the equation for the wave number the following expression is obtained:
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# (B.8)

The sum of first, third and fourth elements in the square brackets returns the term K1ðxÞ of the IMO’ standard methodology, Eq. (B.3):

2
B
e�kd

k2
sin
�
k
B
2



� 2
Bdk3

sin
�
k
B
2



þ 2
Bd

e�kd

k3
sin
�
k
B
2



¼ sin

�
k B
2

	
k B
2

"
ð1þ kdÞe�kd � 1

k2d

#
¼K1ðxÞ (B.9)

The sum of seventh and second elements returns the term K2ðxÞ, Eq. (B.4):
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2664cos�k B2


� sin

�
k B
2

	
k B
2

3775¼K2ðxÞ (B.10)

The sum of fifth and sixth elements returns the term which depends on the loading condition, i.e. the product between F1ðxÞ, Eq. (B.5),
and OG, being zG ¼ OG ¼ KG� d:
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zG
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�
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2
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k2
e�kdsin

�
k
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¼�

" 
1�e�kd
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sin
�
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2

	
kB
2

zG¼F1ðxÞOG (B.11)

Therefore, the sectional term CðxÞ, Eq. (B.2), is obtained:
fFK�4

rgkza
¼Bd½K1ðxÞþK2ðxÞþ F1ðxÞOG� ¼CðxÞ (B.12)

Finally, the effective wave slope function according to IMO's standard methodology, is obtained:

rðuÞ ¼
���� FFK�4ðuÞ
rgVGMkza

���� ¼ ����
ð
L

fFK�4ðxÞdx

rgkzaV GM

���� ¼ ����
ð
L

CðxÞdx

V GM

���� (B.13)

List of symbols
Greek symbols
b Quadratic roll damping coefficient, 1/rad
D Ship mass displacement, t
d Cubic roll damping coefficient, s/rad2

za Wave amplitude, m
l Wavelength, m
m Angle of heading, rad
m Linear roll damping coefficient, 1/s
me Linear equivalent roll damping coefficient, 1/sb4 Complex roll amplitude, rad
4 Roll angle, rad
_4 Roll velocity, rad/s
€4 Roll acceleration, rad/s2

4a Roll amplitude in regular beam waves of unit amplitude at zero speed, rad/m
4i Imaginary part of the roll amplitude in regular beam waves of unit amplitude at zero speed, rad/m
4r Real part of the roll amplitude in regular beam waves of unit amplitude at zero speed, rad/m
r Sea water mass density, t/m3

say Standard deviation of lateral acceleration, m/s2

s4 Standard deviation of roll motion, rad4/s2

s _4 Standard deviation of roll rates, rad2/s
u Wave frequency, rad/s
u4 Natural roll frequency, rad/s
ue Encounter frequency, rad/s

Roman symbols
a Real part of the Froude-Krylov roll moment, Nm
ay Lateral acceleration per unit wave amplitude, (m/s2)/m
A44 Added mass in roll, tm2

b Imaginary part of the Froude-Krylov roll moment, Nm
15
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B Breadth of the ship, m
Be Equivalent linear roll damping factor, kNms
C Long-term excessive acceleration failure index
CB Block coefficient
Cs;i Short-term excessive acceleration failure index
Cm Midship section coefficient
C44 Restoring coefficient, Nm
d Mean draught, mbf FK�4 Complex form of the sectional Froude-Krylov roll moment, Nm/m
Fex�4 Magnitude of the exciting roll moment, Nm
FFK�4 Magnitude of the Froude-Krylov roll moment, NmbFFK�4 Complex form of the Froude-Krylov roll moment, Nm
Fn Froude number
g Gravity acceleration, m/s2

GM Transverse metacentric height in calm water not corrected for free surface effect, m
h Height above the roll axis of the calculation point of lateral acceleration, m
H Height above the keel line of the calculation point of lateral acceleration, m
Hs Significant wave height, m
I44 Mass moment of inertia, tm2

k Wave number, rad/m
kL Factor taking into account simultaneous action of roll, yaw and pitch motions
KG Height of the centre of gravity above the keel line, m
L Length of the ship, m
MDð _4Þ Non-linear roll damping moment, Nm
n2 Normal vector in the y-direction
n3 Normal vector in the z-direction
n4 Normal vector of roll
pI Dynamic pressure of the incident wave, N/m2bpI Complex form of the dynamic pressure of the incident wave, N/m2

r Effective wave slope function
RAO4 Response Amplitude Operator
Say Spectrum of lateral acceleration, (m2/s4)/rad/s
Saa Spectrum of the wave slope, rad2/rad/s
Saa;e Spectrum of the effective wave slope, rad2/rad/s
S4 Spectrum of roll motion, rad2/rad/s
SZZ Wave frequency spectrum, m2s/rad
Tr Natural roll period of the ship, s
Tz Mean zero up-crossing wave period, s
Vs Ship speed, m/s
Wi Weighting factor for the short-term environmental conditions
x Longitudinal distance from aft perpendicular of the calculation point of lateral acceleration, m
zG Vertical distance between the centre of gravity and the waterplane area, m

Abbreviations
EA Excessive acceleration
IMO International Maritime Organization
OG Operational Guidance
OL Operational Limitations
OM Operational Measures
SDC Sub-committee on Ship Design and Construction
SGISC Second Generation Intact Stability Criteria
16
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