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This paper describes the current state of development of the second generation of International Maritime
Organization (IMO) intact stability criteria. The objective of the paper is three-fold. First, it is a brief review of the
recent history of related IMO development with emphasis on the question: why is the second generation of stability
criteria needed? Second, the paper describes the framework of the new criteria in which they are complementary to
the existing IMO criteria. The new criteria are applied only to those designs that may be susceptible to one of the
modes of stability failure considered (parametric roll, pure loss of stability, surf-riding/ broaching). This is achieved
through a set of formalized procedures of vulnerability checks. The ideas, proposals and justifications of these
procedures represent the novel contents of the paper. Last, the paper reviews available technologies for development
of direct stability assessment methods or performance-based criteria that should be available for those rare cases

when susceptibility to these modes of failures is too high.

INTRODUCTION: REVIEW OF INTACT
STABILITY DEVELOPMENTS AT IMO

The origin of the first-generation intact stability criteria that are
included in the foundation of the International Code on Intact
Stability, the 2008 IS Code (IMO, 2009) can be traced to the
pioneering works of Rahola (1939), as well early versions of the
weather criterion developed in the 1950s. The history of devel-
opment and the background of these criteria are described by
Kobylinski & Kastner (2003); a summary of the origin of these
criteria is also available in chapter 3 of the Explanatory Notes to
the International Code on Intact Stability (MSC.1/Circ.1281%).

The first generation intact stability criteria was originally
codified at IMO in 1993 as a set of recommendations in Res.
A.749(18) by taking into account, among other things, former
Res. A.167(ES.1V) (“Recommendation on intact stability of pas-
senger and cargo ships under 100 metres in length” which con-
tained statistical criteria, heel due to passenger crowding, and
heel due to turn, 1968) and Res. A.562(14) (“Recommendation
on a severe wind and rolling criterion (Weather Criterion) for
the intact stability of passenger and cargo ships of 24 metres in
length and over,” 1985). These criteria were codified in the
2008 IS Code and became effective as a part of both the SOLAS
and International Load Line Conventions in 2010 (IMO Res.
MSC.269(85) and MSC.270(85)).

The criteria in Part A of 2008 IS Code are based on a tradi-
tional empirical/statistical approach, with the exception of the
Weather Criterion. The criteria for passenger vessels associated
with heeling due to turn and the crowding of passengers to one
side are formulated using a physics-based mathematical model
of ship heeling.

The Weather Criterion is based upon a mathematical model
of a ship heeling under the action of a sudden wind gust after
being excited by regular waves and a steady wind. The parame-
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ters of the Weather Criterion were “tuned” using a sample
population of ships, which limits the applicability of the
Weather Criterion, in addition to the assumptions of the mathe-
matical model used. In response to this, an alternative experi-
mental approach for the Weather Criterion was also adopted by
IMO (cf. MSC.1/Circ.1200 and MSC.1/Circ.1227).

The introduction of ships with characteristics and/or modes
of operation which are significantly different from the reference
population of ships on which the first generation criteria was
based challenges the assumption that adequate intact stability is
provided using the current criteria. A series of stability-related
accidents in the last 15 years, involving ships such as the 4PL
China, M/V Aratere, and Chicago Express, clearly demonstrates
that intact stability criteria must be revisited.

The development of the second generation intact stability
criteria started in 2002 with the re-establishment of the intact-
stability working group by IMO’s Subcommittee on Stability
and Load Lines and on Fishing Vessels Safety (SLF) (cf. Fran-
cescutto, 2004, 2007). However, due mainly to the priority of
revising the IS Code for approval, the actual work on the second
generation intact stability criteria did not commence in earnest
until the 48th session of the SLF in September 2005. The
Working Group decided that the second generation intact
stability criteria should be performance-based and address three
modes of stability failure (SLF 48/21, paragraph 4.18):

e Restoring arm variation problems, such as parametric exci-
tation and pure loss of stability;

e Stability under dead ship condition, as defined by SOLAS
regulation II-1/3-8; and

e Maneuvering related problems in waves, such as broaching-
to.

A similar formulation was included in the preamble of the 2008
IS Code, indicating the direction of the long-term development.
However, the restoring arm variation problem was considered as
two problems: modes of parametric roll and pure loss of stabil-
ity; hence, four stability failure modes were considered.

During this initial development, there was general agree-
ment that the second generation criteria should be based on the



physics of the specific phenomena leading to stability failure.
The design and modes of operation of new ships take on charac-
teristics that cannot, with confidence, rely solely on the statistics
of failures and regression-based methods. Also, there was gen-
eral agreement on the desirability of relating the new criteria to
probability, or some other measures of the likelihood of stability
failure, as methods of risk analysis have gained greater accep-
tance and become standard tools in other industries (e.g.
SLF 48/4/12).

These considerations led to the formulation of the frame-
work for the second generation intact stability criteria, described
in SLF 50/4/4 and discussed at the 50th session of SLF (May
2007). The key elements of this framework were the distinction
between performance-based and parametric criteria, and
between probabilistic and deterministic criteria. Special atten-
tion was paid to probabilistic criteria; the existence of the prob-
lem of rarity was recognized for the first time and a definition
was offered. Also, due to the rarity of stability failures, the
evaluation of the probability of failure with numerical tools was
recognized as a significant challenge.

By that time (2007), there was already some experience in
the maritime industry on how to handle some issues related to
dynamic stability. Following a parametric roll accident on the
APL China (France, et al., 2003), the American Bureau of Ship-
ping (ABS) issued a guide for the assessment of parametric roll
for containerships (ABS, 2004). The guide was based on a
multi-tiered assessment procedure. The first level—the
susceptibility criteria, was built upon evaluation of changing
GM in regular waves and the Mathieu equation. If the ship was
found to be susceptible to parametric roll, then a more complex
criterion was applied. This “severity” criterion involved the
calculation of the full GZ curve in waves and numerical integra-
tion of the roll equation. If the roll response was “severe
enough,” then advanced numerical simulations were applied and
ship-specific operational guidance was developed using a pro-
gram such as the Large Amplitude Motion Program (LAMP)
(Lin & Yue, 1990). While conservative, the susceptibility and
severity criteria were still capable of identifying ships for which
parametric roll was not possible.

Also at that time, the work of Germanischer Lloyd was
focused on numerical assessment procedures using the advanced
numerical code, GL Simbel (Brunswig & Pereira, 2006,
Shigunov & Pereira, 2009). Furthermore, the Germanischer
Lloyd development was focused on the preparation of ship-
specific operational guidance for the avoidance of parametric
roll (Shigunov, 2009).

Besides the efforts by classification societies, significant
progress was achieved in developing training programs in order
to increase crew awareness of parametric roll. An instructional
video, produced by Herbert Engineering Corporation, is one
successful example of this activity'.

Analysis of these experiences led to an understanding that a
multi-tiered approach should be applied for the development of

! Trailer available from
www.herbert.com/videos/ParametricRoll/

the second generation intact stability criteria as a way to avoid
unnecessary work. In view of this, the idea of vulnerability
criteria was first formulated in the paper by Belenky, et al.
(2008). The paper also gave a broad review of the physical
background of the modes of dynamic stability failure
considered. By virtue of its greater detail, this paper provided
“explanatory notes” to SLF 50/4/4 and was submitted to the 51st
session of SLF (SLF 51/INF.4) as additional information.

The framework of the second generation intact stability cri-
teria took shape based on the work of the intersessional corres-
pondence group (SLF 51/4/1 Annex 2). This document forma-
lized the concepts contained in SLF 50/4/4; in particular, a clear
distinction was made between a criterion and a standard, the
former being “an instrument of judging,” while the latter is a
boundary between acceptable and unacceptable.

In 2005, the Japan Society of Naval Architects and Ocean
Engineers (JASNAOE) established a Strategic Research
Committee on Estimation Methods for Capsizing Risk for the
IMO New Generation Stability Criteria (SCAPE Committee).
The outcome of this program was reported in five sessions of
JASNAOE; some other results were reported in English at the
Osaka Colloquium (Ikeda, ef al., 2008). An overview of this
work is available from SLF 51/INF.6. In the meantime, certain
developments in the field were affected by the increasing
consideration and practical formulation of the so-called “critical
wave groups” approach. This was used for probabilistic intact
stability assessment during the European SAFEDOR project
(e.g. Themelis & Spyrou, 2007), which allowed for a practical
interface between the deterministic and probabilistic viewpoints.
SNAME established a Dynamic Stability Task Group whose
purpose is to provide a detailed review of developments in the
field of dynamic stability (SLF 53/3/3).

Vulnerability criteria were the focus of the 1st and 2nd
International Workshops on Dynamic Stability Consideration in
Ship Design (DSCSD) (Kobylinski, 2009).

The development of the second generation intact stability
criteria was intensively discussed during the 10th International
Conference on Stability of Ship and Ocean Vehicles and in the
following 11th and 12th International Ship Stability Workshops
(Degtyarev, 2009; van Walree, 2010; Belenky, 2011). In partic-
ular, a review was presented that examined the suitability of
methods for vulnerability criteria (Bassler, et al., 2009).

The consideration of excessive accelerations was also re-
cently added to the list of stability failure modes (SLF 53/19,
paragraph 3.28) following the partial stability failure of Chicago
Express, which resulted in crew injuries and loss of life (BSU,
2009). While, technically, this issue is well-known, it has not
yet been included in the regulatory framework. In a recent
study, Shigunov ef al. (2011) considered a vulnerability check
for excessive accelerations based on initial GM and roll damp-
ing.

These discussions and developments were formed into pro-
posals presented and discussed at the 52nd and 53rd sessions of
SLF; (cf. SLF 52/3/1, SLF 52/INF.2, SLF 53/3/1, SLF 53/3/7,
SLF 53/3/8, SLF53/3/9, SLF 53/INF.8, SLF 53/INF.10).
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THE CONCEPT OF THE SECOND GENERATION
INTACT STABILITY CRITERIA

The assessment of dynamic stability in realistic wave conditions
is a formidable task. The 2008 IS Code recognized this:

“In particular, the safety of a ship in a seaway involves
complex hydrodynamic phenomena which up to now
have not been fully investigated and understood.
Motion of ships in a seaway should be treated as a
dynamical system and relationships between ship and
environmental conditions such as wave and wind
excitations are recognized as extremely important
elements. Based on hydrodynamic aspects and stability
analysis of a ship in a seaway, stability criteria
development poses complex problems that require
further research.”

A realistic seaway is also random, i.e. described as a stochastic
process; therefore, the problem must also be considered in a
probabilistic context. Further, the occurrence of of stability
failure (a random event) is rare—such that the natural period of
roll can be considered as infinitely small in comparison with the
expected time before such an event.

The existence of the problem of rarity makes direct, brute-
force numerical simulation impractical for the evaluation of
dynamic stability failure. There are special procedures that
allow the problem of rarity to be addressed, which are discussed
later in this paper. However, the solution may include
numerical simulations using hydrodynamic codes (such as
LAMP', FREDYN % GL-SIMBEL®, TEMPEST*, and others),
hybrid codes (such as CAPSIM?, LAIDYN®, SHIXDOF’,
SIMCAP®, and others) or simpler ordinary differential equation
(ODE) tools (such as OU BROACH’, ROLLS ", and others).
Preparing input data for these tools may include model testing.
While these tools represent the current state of the art (¢f. Beck
& Reed, 2001), their application is expensive and requires
proper justification of the necessity of their application, because
not all ships are vulnerable to these stability failures.

This justification can be completed in the form of a multi-
tiered approach (see Figure 1), whereby a ship would be
checked for vulnerability in the first tiers and, if found
vulnerable, then the ship would be evaluated using state-of-the
art direct stability assessment methods. Taking into account the
intended regulatory application, two tiers of vulnerability
criteria would be applied. The first level is meant to be very
simple and conservative. Its main purpose is to distinguish
ships (and the loading conditions) that clearly are not vulnerable
to a given stability failure mode, from those that, in principle,
may be. Because further analysis of the vessels that are not
vulnerable would be redundant, the cost of performing such
further analysis should be avoided.

'Lin & Yue (1990); > de Kat, ef al. (1994); ° Pereira (1988);
*Belknap & Reed (2010); °Spanos & Papanikolaou (2006);
% Matusiak (2000); " Bulian & Francescutto (2008); * Schreuder
(2005); ? Hashimoto, ez al. (2011); ' S6ding (1982)
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Figure 1. Multi-tiered Approach for the Second Generation
Intact Stability Criteria (SLF53/WP.4 Annex 3)

As an example, very large crude carriers are wall-sided for
the most of the length of the hull and, therefore, cannot
experience significant stability changes in waves. Therefore,
this type of ship is not expected to be vulnerable to the righting-
lever variation problems of either parametric roll or pure loss of
stability. By basing the first-level vulnerability criteria on the
geometry characteristics of the hull and speed, rather than the
ship type per se, an easy first assessment of vulnerability may be
made. Therefore, the criteria will remain valid for any novel
ship design.

Because the level-one criteria are to be simple and
conservative, some occasional “false positives” may be
expected. Again, to reduce the time and cost of stability
assessment, a second level of vulnerability criteria is introduced.
The second level is meant to be less conservative than the first,
based on simplified physics and involving calculations with
reduced computational efforts and straightforward applications
following suitable guidelines.

There has been very active development of the vulnerability
criteria over the past two years. While this work has not been
completed, significant progress has been made since 2009, when
a review of eligible methods was prepared (Bassler, et al.,
2009). The next three sections of this paper describe these
ideas, their technical justification and sample calculations.

VULNERABILITY CRITERIA FOR PURE LOSS
OF STABILITY

Physical Background: Changing Stability in Waves

When a ship is sailing through waves, the submerged portion of
the hull changes. These changes may become especially
significant if the length of the wave is comparable to the length
of the ship. For example, let us examine the changes that occur
when the trough of a wave is located amidships, applicable for
the most monohull vessels (see Figure 2a). The upper part of



the bow section is usually wide, due to bow flare, which makes
the waterplane larger if the upper part of the bow section is
partially submerged. The upper part of the aft section is even
larger than the bow section; thus the aft part of the waterplane
becomes larger once the upper part of the aft section is
submerged. Unlike the bow and aft sections, the midship
section is wall-sided for most displacement hulls. This means
that very little change occurs in the waterplane width with
draft—when the wave trough is amidships, the draft at the
midship section is low, but the waterplane does not change
much. As a result, when the wave trough is around the midship
section, the waterplane is larger than it is in calm water.
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Figure 2. Change of Stability in Waves; a) on Wave Trough b)
on Wave Crest

When the wave crest is located around the midship section,
the situation changes dramatically, see Figure 2b. When the
wave crest is located amidships, a wave trough is located near
the fore and aft sections. The underwater part of the bow
section is usually quite narrow, especially around the waterline
and the underwater part of the aft section is also very narrow.
Thus when troughs are fore and aft, the draft at the bow and the
stern becomes shallow, which makes the waterplane very
narrow.

As is well known from ship hydrostatics, the waterplane
area has a significant effect on ship stability because it is
directly related to the inertia of the waterplane. If the
waterplane loses area, then the GZ curve is also reduced.

Pure loss of stability is related to prolonged reduction of the
GZ curve on (or near) the wave crest. This situation occurs in
following and stern-quartering seas when the ship speed is close
to the wave celerity. If an additional heeling (or rolling)
moment (e.g. lateral gusty wind load, short-crested wave effect
or centrifugal force due to course keeping) is applied, a ship
may attain a large roll angle and even capsize.

Level 1 Vulnerability Criteria for Pure Loss of Stability
Some hulls are more prone to pure loss of stability than others.
A hull with large freeboard and significant change of geometry
in the fore and aft sections, but with a small GM value, may
suffer from significant loll angle due to deterioration of stability
on the wave crest. As can be seen from Figure 3, loll angles
resulted in large angles of heel when the wave crest was passing
near the midship section
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Figure 3 Wave Passing Effect on GZ Curve of a RoPax Ship in
IMO-critical Loading Conditions

Pure loss of stability is driven by stability changes in
longitudinal waves. As discussed above, certain features of the
hull shape are “responsible” for stability change. One of the
possible options proposed for the Level 1 Criterion is focused on
these geometric features (SLF 53/INF.10 Annex 5).

The criterion is the average value of the vertical wall-
sidedness coefficients for the fore and aft quarter portions of the
hull, both above and below the waterline. The coefficient for
vertical “wall-sidedness,” Cyws, measures the variation of the
fore or aft quarter of the waterplane area, either from the base
line to the design draft or from the design draft up to the shear
line (see Figure 4). The threshold value as the standard should
be determined from sample calculations.

The coefficient is taken relative to the maximum waterplane
area of the fore or aft portion over the specified range of drafts,
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where d is draft, D is depth, and Ayp is waterplane area of fore
or after quarter of the waterplane.

The second proposed option considered is a conditional
value of minimum GM calculated as follows (SLF 53/INF.10
Annex 2):



GM,,, = KB+ % - KG @)

where KB is the distance of the center of buoyancy from the
base line, V' is the volumetric displacement calculated for the
design draft, and KG is the distance from the base line to the
center of gravity in design-loading conditions. [; is the moment
of inertia of the water plane calculated for a fraction of the draft,
which normally should be determined as the intersection
between the flat of side and the bilge radius at amidships. Since
the waterplane breadth in the midship section is almost
unchanged, the waterplane area on the wave crest can be
approximated with that in calm water but with the smallest draft.
As a result, the required value of I can be taken from an
existing hydrostatic table so that no additional calculations using
hull geometry are required. In this case, the threshold value as
the standard can be regarded as zero. Another advantage of the
criterion is its potential ability to differentiate between multiple
loading conditions.

Figure 4 Notional Ship Profile with the Four Portions of the
Cyws Considered for the Level 1 Vulnerability Assessment

Both criteria are based on understanding that the vertical
variability of the hull shape at bow and stern, but not at the
midship section, is responsible for stability changes in waves.
The results of calculations for 40 sample ships are presented in
Tables 1 and 2. The value 0.8 was considered as a tentative
standard for the criterion (1) in SLF 53/INF.10 Annex 5, while
GM ;>0 was proposed in the Annex 2 of SLF 53/INF.10

Preliminary analysis needs be done while criteria (1) and
(2) are still considered “draft” (as well as all other criteria
considered in this paper). First, the criteria (1) and (2) seem to
agree for most of the cases considered. The only exceptions are
the two multi-purpose vessels (MPVs) (L = 135 m and 105 m),
the 5500 DWT bulk carrier, the 110 m tanker and both tugs.

The ONR flared topside configuration (Naval Combatant 1)
represents the hull shape of a notional conventional destroyer.
The extensive operational experience of conventional destroyer
hulls shows that they are not known for any pure loss of stability
failures. Therefore, both criteria are conservative in this case
because the hull shape causes significant change of waterplane
area, while the KG-value is low enough to compensate for
degradation of stability in a wave crest. Similar situations can
be observed for the Japanese Purse Seiner, the small tanker
(L =110 m), the 105 m MPYV and both tugs.

The situation with the 135 m MPV and the 5500 DWT bulk
carrier seems to be the opposite: the change of water-plane area
is not dramatic, but the reserve KG may be insufficient to
counter the decrease of stability on a wave crest.

Table 1 Sample Calculations on Pure Loss based on Ships from SLF 53/INF.10 Annex 5

Ship Description L, m Cywp?2 GM GM,;n
Bulk Carrier 1 275 0.89 6.32 4.03
Bulk Carrier 2 145 0.87 1.53 0.27
Containership 1 Post-panamax 322.6 0.73 1.30 -6.23
Containership 2 Post-panamax 376 0.74 1.84 -6.23
Containership 3 Post-panamax 330 0.73 2.08 -3.08
Containership 4 Panamax 283.2 0.73 0.46 -4.01
Containership 5 Cl11 Class 262 0.67 1.9 -3.01
Fishing Vessel 1 Japanese Purse Seiner 34.5 0.68 1.00 -0.84
Fishing Vessel 2 21.56 0.69 0.73 -0.19
General Cargo 1 Series 60 Cg = 0.7 121.9 0.84 0.75 0.04
General Cargo 2 C4 Class 161.2 0.76 1.10 -0.53
LNG Carrier 267.8 0.85 3.40 0.34
Naval Combatant 1 ONR Flared 150 0.74 1.08 -1.75
Naval Combatant 2 ONR Tumblehome 150 0.71 2.06 -0.77
Passenger Ship 276.4 0.71 3.70 -0.49
RoPax 137 0.67 1.76 -0.58
Tanker 320 0.89 9.85 6.76




Both criteria unanimously exclude from vulnerability large
tankers and the rest of the bulk-carriers; this exclusion does not
require any comment as these ship types have never suffered
from pure loss of stability. Both criteria detect vulnerability to
pure loss of stability for both RoPax ships and the ONR
Tumblehome topside hull form (Naval Combatant 2) for which
vulnerability to pure loss of stability seems to be plausible, as
these types of ships are known for such failures (Maritime New
Zealand, 2007; Hashimoto, 2009).

Both criteria detect vulnerability to pure loss of stability for
all the tested container carriers. This seems to be result of
dramatic changes of the waterplane area for which
containerships are known. It is also known that these changes
are capable of causing parametric resonance, but not necessarily
pure loss of stability. The Level 2 Vulnerability Criterion, then,
is expected to be tested against this fact.

In general, it seems that criteria (1) and (2) complement
each other; criterion (1) offers better accounting for the details
of ship hull shapes, while criterion (2) provides a value that is
specific for a given loading condition. Choice of the appropriate
set of loading conditions remains to be done, as well as tuning
computational parameters.

Level 2 Vulnerability Criteria for Pure Loss of Stability

As a first approximation, pure loss of stability may be
considered as a single wave event because the changes in
stability are instantaneous and do not have a memory.
Typically, the worst-case wavelength is close to the length of
the ship, A/L = 1.0. However, in order to account for the effect
of ship size relative to wave conditions, righting lever variations
must be evaluated in irregular waves.

An irregular seaway can be presented as a series of
encounters with sinusoidal waves with random length or wave
number (spatial frequency) and height or amplitude. A joint
distribution of these quantities is available from Longuet-
Higgins (1957, 1976, 1984), which is based on the theory of an
envelope of stochastic process (Rice, 1944/45). Based on
Longuet-Higgins, each wave encounter can be associated with a
statistical weight:

a;+Aak;+Ak
W= | [fiakdida 3)

a;—Aak;—Ak

where a; and k; are amplitudes and wave numbers presented with
a certain discretization over the probability density function:

Table 2 Sample Calculations on Pure Loss based on Ships from SLF 53/INF.10 Annex 9

Ship Description L,m Cvwp2 GM GM,.;,
Bulk Carrier 5500 DWT 190 0.79 2.84 1.91
Bulk Carrier 180 0.8 2.10 1.17
Containership > 10000 TEU 360 0.75 0.80 -3.88
Containership > 10000 TEU 360 0.76 0.7 -3.96
Containership > 6000 TEU 320 0.74 0.70 -3.174
Containership > 6000 TEU 320 0.73 0.80 -2.88
Containership > 4000 TEU 250 0.7 0.5 -2.14
Containership > 4000 TEU 250 0.71 0.6 -2.09
Containership > 1000 TEU 210 0.71 0.60 -2.22
Containership > 1000 TEU 200 0.7 0.60 -1.98
Containership > 1000 TEU 170 0.69 0.5 -2.17
Containership > 1000 TEU 160 0.7 0.16 -1.16
Containership > 500 TEU 135 0.68 0.58 -1.00
Containership > 500 TEU 125 0.67 0.70 -1.16
Cruise Vessel 240 0.76 2.71 -1.05
LNG Carrier 1000 cbm 110 0.74 1.06 -0.11
MPV 135 0.83 0.65 -0.05
MPV 125 0.8 0.17 -0.53
MPV 120 0.71 1.00 -0.33
MPV 7500 DWT 105 0.81 0.70 -0.01
Tanker 30000 DWT 320 0.83 6.35 4.69
Tanker 110 0.72 1.31 0.6
Tug 30 0.73 2.23 0.69
Tug 25 0.67 3.60 2.01
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where V) is the variance of the wave elevations, k&, is the mean
wave number and k; is related to the mean width of spectrum

s(w) expressed in terms of wave numbers using the dispersion
relation:

The value of k, includes a fourth spectral moment. Not all
approximations for sea spectra allow straightforward calculation
of the fourth moment. It is known that calculations of the fourth
moment for Bretschneider-type spectra are only possible if the
frequency range is limited (Bishop & Price, 1978;
St. Denis, 1980).

The criterion formulated for a regular wave relates wave
length and height to a measure of deterioration of stability,
while this wave passes the ship. Then the criterion for irregular
waves can be sought as a mean value of a deterministic function
of random variables: wave number and wave amplitude.

Ci=)"> Cr(a kW
i J

where Cr is the criterion for a regular wave characterized with
the wave number, &, and amplitude, a, while Ci is the same
criterion averaged for irregular waves defined using a given
spectrum.

Alternatively, the 2nd level vulnerability check can be done
using just a series of regular waves systematically covering the
entire range of possible steepness values. Here, the wavelength
is assumed to be equal to the ship length as the worst-case
scenario, while the range of steepness values remains to be
determined.

Three criteria for regular waves are considered below. The
first criterion is based on time duration while stability is
degraded due to the passing wave.

The time while stability is decreased can be easily found if
the instantaneous GM is considered a function of the wave crest
position. To evaluate this function, the instantaneous GM is
calculated on a series of wave water planes corresponding to
different positions of the wave crest relative to the midship
section (see Figure 5). Points x1 and x2 (Figure 6) show the
distance when the GM remains below a critical level while the
wave passes the ship.

The “time -below-critical GM”, tbc, can be calculated as:

the = ——— 4)

where ¢ is wave celerity and V; is ship speed. The time-below-
critical GM is a random number in irregular waves. Its mean
value is estimated as:

m(tbe) =" the, W,
i

Obviously, waves that produce celerity that is too close to
ship speed must be excluded to avoid the singularity in

Equation (4). The criterion value Crl is proposed as the
following ratio:
Cﬂ:M, (5)
Ty

where T is a time scale of roll motions (not necessarily the
period in calm water).

oo}
Figure 5. On Calculation of the Instantaneous GM in Waves
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Figure 6. Calculation of “Time-Below-Critical-GM”

This criterion assesses the significance of stability changes
in waves. If stability is degraded only for a short duration, this
degradation may not be significant. However, for longer
durations of decreased stability below the critical level, the
restoring moment may be degraded enough to result in a
dangerously large roll angle. More details on this criterion as
well as sample calculations on notional naval ships is available
from Belenky & Bassler (2010). This criterion may be further
refined by including a simple model for surging, as the surge
motion affects phases and therefore may change the timing.

The second criterion, Cr2, is set to detect if there are
significant durations of negative GM (Figure 7). Appearance of
an angle of loll may lead to the development of partial stability
failure sooner, as the upright equilibrium is no longer stable. It
is quite possible that some ships may be more vulnerable to
these types of failure than others.



The second criterion is based on the time during which the
angle of loll exceeds a certain limit angle, ¢,,. The time while
the angle of loll is too large during the wave pass is expressed

as:
thz = szAt,
k

where value, z; is an indicator, Af is the time-step and index &
corresponds to a particular time instant during the wave pass.
For the k-th position of the wave crest along the hull crest, the
indicator value, z;, is calculated as:

. {Oif(bloll < Dlim
K=, .

1if bso11 Z Plim
(30 degrees was used as ¢y, in this example). Obviously, the

angle of loll, ¢y, can only be obtained from the GZ curve in
waves. Calculations of the instantaneous GZ curve in waves are
done in the same way as described for the instantaneous GM
(Paulling, 1961). Since the encounter frequency is low, the
influence of heave and pitch can be approximated quasi-
statically through balancing trim and draft. Sometimes the GZ
in waves can be approximated by using a calm-water GZ curve
and the instantaneous GM in waves. However, caution has to be
exercised as there are known cases when such approximations
are not conservative (Annex 9, SLF 53/INF.10).
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Figure 7 Deterioration of GZ Curve near the Wave Crest

Formulation of the second criterion is similar to the first
one:

Cr2 = M’ (6)
®
where T, is the chosen time scale, and m(tbz) is the weighted

average over the wave encounters:
m(thz) = Zthzij W;.
i

The third proposed criterion is based on the maximum of
the GZ curve in waves. The suggested standard is zero, so the
ship is considered to be vulnerable if the GZ curve becomes
completely negative at least once during the series of
calculations:

Cr3 = min(GZ,y (x,,a,k)) <0 (7)

Sample calculations for the criteria (5), (6), and (7) can be
found in Annexes 2 and 5 of SLF 53/INF.10.

VULNERABILITY CRITERIA FOR
PARAMETRIC ROLL

Physical Background: Parametric Resonance Caused by
Changing Stability in Waves

The occurrence of parametric roll is caused by time-dependent
stability changes. Typically, though not necessarily, the worst-
case condition occurs when the encounter frequency between
the ship and the wave is about twice the roll natural frequency.
In some cases, the condition when the encounter frequency is
close to the roll natural frequency can also be dangerous. The
possibility of development of instability due to GZ curve
changes in waves has been known since the 1930’s
(Watanabe, 1934, Kempf, 1938; Graff & Heckscher, 1941;
Paulling & Rosenberg, 1959).

If the ship has a non-zero roll angle while in the wave
trough, increased stability provides it a strong restoring force
(i.e., pushback). As the ship returns to the upright position, its
roll rate is greater since there was an additional pushback due to
the increased stability. If at that time, the ship has the wave
crest at midship, the stability is decreased and the ship will roll
further to the opposite side because of the greater speed (i.e.
inertia) of rolling and less resistance to heeling. Then, if the
wave trough reaches the midship section when the ship reaches
its maximum roll amplitude, stability increases and the cycle
starts again. An important point is that there was one half of the
roll cycle associated with the passing of an entire wave. So,
there are two waves that pass per each roll period. That means
the roll period is about twice that of the wave period, (Figure 8).

Even from this brief description, it is clear that for
development of parametric roll, two conditions are needed: a
variation of stability in waves and a certain ratio of encounter
and natural frequency.

Level 1: Vulnerability Criteria for Parametric Roll

As the Level 1 vulnerability criteria for parametric roll is
expected to be simple, it makes sense to use the Mathieu
equation (the simplest model of parametric resonance) as the
basis for the criteria. The linear roll equation with periodically
changing GM can be transformed into the Mathieu equation:

(Iy + A44) b+ By +W -GM(1)p=0 (8)

where I, is the transverse moment of inertia, A4, is the added
mass in roll By is the linear (or linearized) damping coefficient
and W is the weight displacement of a ship,.

The variation of GM with time is the key feature to model
parametric roll. In the case of regular waves, when the variation
of metacentric height is not very large, the dependence of GM
on time can be approximated by a sinusoidal function:

GM (t)=GM,, + GM , cos(m,¢),

where GM,, is the mean value of the GM, GM,, is the amplitude
of the GM changes in waves and o, is the wave frequency of
encounter.
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As a first approximation, GM,, and GM,, can be determined as:
GM, = 0.5(GM . —GM ), ©)

and
GM,, =0.5(GM,,, +GM;, )

where GM,,,x and GM,;, are the maximum and minimum values
of the GM value for one passage of the wave crest along the
ship hull. Alternatively, the actual average of GM in waves also
can be used.

The Mathieu equation is derived by transforming Equa-
tion (8) into the canonical form:

¢+ 26¢p + w2, (1+ hcos(w,0) )b =0, (10)
where:
\/W~GM,,, \/W~GMa
Q)m = ;O‘)KI = ;
I+ Ay, o+ Ay,
_1 By o
2 IX + A44 ’ (}\)ﬁ/l '
Then dimensionless time is introduced:
T=@,t
this change of variable allows damping to be removed:
(1) = x(1) - exp(- p) (11

which finally leads to the Mathieu equation

2
O prgeosole = (12)
T

where:

[
Q

The solution of the Mathieu equation (12) cannot be
expressed in elementary functions. A special function, the
Mathieu function, has been introduced to describe the solution
of equation (12). The most important characteristic of this
solution is whether it is bounded or not (see Figure 9).

As shown in Figure 9, different combinations of the charac-
teristics of coefficients p and ¢ lead to either a bounded or un-
bounded solution. The Ince-Srutt diagram, shown in Figure 10,
maps the bounded and unbounded solutions, depending on the
coefficients, p and g. The shaded areas, identified with Roman
numerals in Figure 10, correspond to the unbounded solution.

The first instability zone intersects the axis at exactly
p =0.25, which corresponds to the frequency ratio of 2; so the
excitation frequency is twice the natural roll frequency at this
point. The unbounded motion belonging to this zone is com-
monly referred to as the principal parametric resonance. The
zoomed-in view of this zone is shown in the insert of Figure 10.
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The Mathieu equation (12) has a periodic-bounded solution
since damping was excluded by the substitution (11). It means
that the corresponding roll, ¢(t), decays with the damping
decrement, p, if x(t) is a periodical solution of the Mathieu
equation, as shown in Figure 9. It also means that there is a
threshold value for roll damping for each pair of Mathieu
parameters, p and ¢g. If roll damping is less than the threshold
value, the roll will be unbounded as a solution of the Mathieu
equation. If the roll damping is larger than the threshold, roll is
bounded, even if the solution of the Mathieu equation is
unbounded. The increment of the Mathieu solution is not
enough to overcome the decrement of roll damping. It also
means that with linear damping, the instability zone is narrower
and requires some finite value of GM variations even at p = 1/4;
i.e., it does not touch the axis (see Figure 11).

possible, reveal two interdependent conditions that may be used
to formulate the following criteria: the frequency condition and
the parametric excitation condition. The frequency condition
depends on natural and encounter frequencies. Natural
frequency depends on the loading condition, while encounter
frequency depends on the wave parameters and the ship’s speed
and heading. The parametric-excitation condition requires that
the change of stability is large enough to cause instability;
whether this condition is satisfied depends on the hull geometry
and on the parameters of the wave used for the assessment.

To derive a criterion for the critical parametric excitation
that creates roll growth, consider an approximate solution of the
Mathieu equation (10) for exact principal resonance (®, = 2®,,),
as presented by Hayashi (1985) and used to derive a “transient
stage” criterion for parametric roll by Spyrou (2005) as follows:
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Figure 11. Influence of Damping on the 1st Instability Zone



o) =e™ lClem”” sin(w,,f — €) 13
+ Cye ™" sin(w,,  + 8)] ,
where C) and C, are arbitrary constants which are determined by

the initial conditions and K is a parameter controlling the growth
or decay of oscillations. It is defined as:

K= —lw/ 2n? —4(a-1),

4

where a is variable expressing the frequency ratio,

2

a= 40)—’5'.

('Oe
Obviously, a = 1 when ®, =2 ®,,, which is exactly the middle of
the first instability zone (principal parametric resonance) of the
Ince-Strutt diagram.

The phase ¢ is determined from the following expression,

ms(Zs)zz(a—_l);—ESSSO.
a-h 2
The encounter frequency of “dangerous” waves is considered to
correspond exactly to the frequency of principal parametric
resonance:
h T
a=1x 2 i€ R (14)
Looking at the initial condition when the initial roll rate has zero
value, the constants are found equal to:

V2

= boido =0. (15)
Substituting Equations (14) and (15) into Equation (13) yields:

h
@) = g d)oe_&{euw"’t sin((s)mt + %j

ﬁwmt . e
—e* " sinl ®,f ——
4

Equation (16) allows calculation of the amplification factor, f,

after n oscillations:
| 2nn
f= _Q{—j (17)
¢0 Q)m

Note that the term with the negative exponent in Equation (16),
plays a small role for a motion that is in fact growing
exponentially. In this case, the substitution of Equation (16)
into Equation (17) yields:

f= _ﬁ exr{n_nh _ 2omn Jsin(%tn - %J (18)

Cl :_C2 =

(16)

2 2

m

Solving for 4 from Equation (18) leads to:

1nf+1n2+4_6
oz ©,

h=2

m

Given an amplification factor and the number of oscillations, the
following criterion is deduced, assuming the stability changes in
waves are symmetric relative to the calm water values:

GM 221nf+1n2+4_6.
GM, n ®,

(19)

The parameters ¢ and @, in Equation (19) have to be chosen.

If no other data are available, ABS (2004) recommends, as a
conservative estimate,

A =0.03. (20)

®o
The number of cycles and the amplification factor are obviously
related. Larger amplification of the initial roll may be expected
for more cycles. These parameters are very important for fine
tuning the criteria and need to be addressed during a later stage
of criterion development. As a preliminary guess of f=5 and
n =4 leads to,

—£>0.5. (21)
GM,
Equation (19) can also be used to derive a criterion without
transient effects. Such a criterion identifies the existence of an
unbounded solution, as the solution tends to go to infinity with
an increase in the number of cycles,

lim| 20/ *In2, 401 _40_OM, .30 ()
—0

Using a conservative assumption on roll damping in
Equation (20) leads to

My 5012, (23)
GM

0

As can be expected the exclusion of transient effects leads
to a far more conservative standard. The importance of
Equation (23) is that it sets a practical limit for the
“conservativeness” of the standard, as the damping assumption
in Equation (20) is extremely conservative. Another important
point is that including transient effects in the criteria is similar to
assuming less conservative damping. This effect is presented in
detail in Appendix 1.

These criteria require knowledge of the magnitude of
parametric excitation in Equation (9), which is based on
calculations of the instantaneous GM in waves. While these
calculations are straight forward, they involve computer
software and additional time needed for preparation of
geometric input. As was discussed above, most of the changes
of the waterline for ships come from the bow and stern quarters
of the hull, and these changes may be revealed by just altering
the draft. Altering the draft was used for the Level 1
Vulnerability Criterion for pure loss of stability (2) proposed in
SLF53/INF.10-Annex 2:

Iup _Ilow
GMa = T, (24)

where /,, and I,,,, indicate the moments of inertia of the water
plane for upper and lower drafts, respectively, and V is the



displaced volume of the ship for a standard draft. It may be
assumed the upper draft is lower than the freeboard’s deck by
5% of freeboard, and the lower draft is half the mean draft or the
intersection between the bilge circle and the side hull wall
midship. Other proposals for these reference drafts can be
found in SLF 53/3/9.

An obvious advantage of the criterion expressed in
Equations (21) and (24) is its simplicity. The criterion can be
evaluated without extra calculations, as all the values can be
directly obtained from the vessel’s hydrostatic curves. At the
same time this criterion accounts for neither the ship’s forward
speed nor the likelihood of encountering dangerous
environmental conditions. These factors may be determined by
using the frequency of encounter for condition of parametric roll
and by specifying the waves for the reference calculation.

The frequency of encounter can be determined using the
boundaries of the first instability zone of the Ince-Strutt
diagram. Because oscillations grow inside the instability zone
and decay outside the instability zone, the solution has to be
periodic at the boundary. To account for the damping already
included in Equation(13), it is enough to satisfy:

8 = Z (Dm ,
to obtain the well-known approximation for the boundary of the
first instability zone of Ince-Strutt diagram:

1602 (ws)
h=2 _Z; + = . (25)
(Dm (‘Om

This approximation establishes the relationship between
coefficient ¢ that is related to the magnitude of parametric
excitation (9) and coefficient p, the ratio of the natural
frequency to the frequency of encounter,

2

®, =03—0)—Vm cosB=@(@—meoosB)
g

where V, is the forward speed in m/s, B is heading angle relative
to the waves (0 is following seas), g is the acceleration due to
gravity, o is the true frequency of the wave, and A is the wave
length. Since the frequency of encounter depends on speed,
Equation (25) can be used to determine whether if the design
speed of a ship falls into a frequency range where parametric

roll is possible,
Jar  rJ202+h)
le,mZ = \/2_ - T > (26)

T ®

where Ty is the roll period.

A more sophisticated criterion can be proposed if actual
wave parameters are taken into account. To account for the
likelihood of encountering different waves, a series of wave
cases could be used as proposed in Annex 1 SLF 53/INF.10 (see
also Bulian & Francescutto, 2010). The final form of the
criterion is similar to:

Cpri = ) _W,C(H,, L), @7

Each wave case is defined by wave height H;, and length, A;
and W, is the statistical weight of a given wave case. For each
wave case the criterion is

GM ,(H;,\;)
, if —4—L1=>p and Vp <V,
C = GM.,,,(H,, 1)) e, (28)
0, otherwise,
where
2\ Y
o
s T

and 7 is the ratio between the magnitude of GM changes and the
mean value of magnitude providing the specified f~fold increase
after n roll cycles, (preliminary value is 0.5); Vj is the design
speed. Vpp is the speed where parametric roll is expected (wave
encounter frequency is twice the roll natural frequency). Cases
with negative GM,, require special handling.

The application of the criterion for parametric roll in
Equation (27) obviously requires more computational work than
evaluating Equation (21). However, these efforts may very well
pay off if employing the application of Equation (27) indicates
an absence of vulnerability to parametric roll, when the criterion
in Equation (21) may be too conservative.

Sample calculations for the parametric roll Level 1
Vulnerability Criteria, are presented in Tables 3 and 4.
Following the suggestion from SLF 53/3/7, the speed range
criterion in Equation (26) was applied to the sample population
of ships from SLF 53/INF.10 Annex 5, while a very
conservative assumption was used for the magnitude of
parametric excitation (h = 1) (see Table 3). As a result of using
this conservative assumption, only the tanker was found not
vulnerable.

The criterion and standard in Equation (21) were carried out
using a wave with a length equal to ship length and with the
steepness taken from SLF 53/3/7. The resolution of this
criterion seems to be better, as it excluded bulk and LNG carries
and both fishing vessels in addition to the tanker; these ships do
not have known vulnerability to parametric roll (SLF 53/INF.10
Annex 5). Application of the approximation given in Equation
(24) for the magnitude of the parametric excitation provides
results that are similar in terms of resolution. Sample
calculations for the criterion in Equation (28) are available from
Bulian & Francescutto (2011).

Table 4 contains the results of calculations for the sample
ship population from SLF 53/INF.10 Annex 10. The results in
Table 4 (shown for two loading conditions) are qualitatively
similar to those in SLF 53/INF.10 Annex 10. All the container
carriers and the cruise vessel are found to be susceptible to
parametric roll, while tugs, tankers and bulk carriers are not.
Generally, this is consistent with existing operational
experience. Multi-purpose vessels and the LNG carrier show
vulnerability in certain loading conditions; thus their
vulnerability must be determined by the level 2 criteria. Results
for more loading cases are available for these ships in
SLF 53/INF.10 Annex 10.



Level 2 Criteria for Parametric Roll

The linear equation of roll motion, Equation (8), as well as
its particular case in Equation (10), is a good model to indicate
the onset of parametric roll. However, it is not capable of
estimating the amplitude of parametric roll; once parametric
resonance in a linear system has started, its amplitude grows
without any limit. Nonlinearity stabilizes parametric resonance
at certain amplitude (see Figure 12).

60 0, deg E E {--Nonlinear equation with
Mathi'eu (linear)\ 'l periodically changed GZ

40 equation - f-curve

20 [, A‘\ O N /\
A A AU s
SR TRV TR AVETRVETA

-20 AN N1V S A VA

-40 Ml

\,.f'

Figure 12. Modeling of Parametric Roll with Mathieu Equation
(Dash) and Nonlinear Equation (Solid)

The mechanism of stabilization is related mostly to the non-
linearity of the GZ curve. Once the amplitude of the roll oscilla-
tion becomes large enough, the frequency condition for parame-
tric resonance is no longer satisfied, as the change in instan-
taneous GM leads to a change in the instantaneous natural fre-
quency. (It is a well-known phenomenon of nonlinear roll—the
dependence of natural frequency on amplitude is also known as
the loss of isochronous properties.) This means that once a cer-
tain roll amplitude has been exceeded, further flow of energy
into the dynamical system stops. Additional energy is available
only below this amplitude, which leads to the establishment of
the energy/work balance and stabilization of the amplitude, and
eventually leads to a limit cycle. Therefore, the simplest mathe-
matical model capable of reproducing stabilization of parametric
roll must include the nonlinear GZ curve:

(I, + A4)d+ By + W - GZ(9.1) =0

where GZ(¢,f) means a full GZ curve changing while the wave
passes (see Figure 3).

Table 3 Sample Calculations on Parametric Roll, Level 1, based on Ships from SLF 53/INF.10 Annex 5

Criterion (26), h=1 Criterion and Standard (21)
GM in waves Eq (24)
GM, | V,

Ship L,m m kn | Vi, kn | Vi, kn | Y/N | Value Y/N | Value | Y/N
Bulk Carrier 275 3.46 15 290 | 2448 | Y 0.09 N 0.36 N
Bulk Carrier 2 145 0.56 15 12.96 1.02 ] Y 0.40 N 1.43 Y
Containership 1 3226 | 1.27 25 16.22 385 Y 1.42 Y 4.56 Y
Containership 2 376 1.79 25 17.05 4951 Y 0.90 Y 4.44 Y
Containership 3 330 1.85 25 1031 | -1445| Y 0.58 Y 2.40 Y
Containership 4 283.2 | 1.15 25 843 | -1533 | Y 0.75 Y 2.60 Y
Containership 5 262 2.00 25 745 -1589 | Y 0.77 Y 3.32 Y
Fishing Vessel 1 345 1.70 18 -6.08 | -2098 | Y 0.16 N 0.47 N
Fishing Vessel 2 21.56 | 0.80 15 1.74 52410 Y 0.09 N 0.77 Y
General Cargo 1 1219 | 0.67 18 14.40 5291 Y 1.03 Y 1.03 Y
General Cargo 2 161.2 | 0.90 16 7.85 899 | Y 0.57 Y 1.54 Y
LNG Carrier 267.8 | 3.42 18 -1.16 | 3111 | Y 0.18 N 0.62 Y
Naval Combatant 1 150 1.04 30 1.73 | -1879 | Y 0.58 Y 5.25 Y
Naval Combatant 2 150 2.06 30 -18.0 | -5294| Y 0.60 Y 0.89 Y
Passenger Ship 2764 | 3.75 25 -16.75 | -5859 | Y 0.57 Y 0.97 Y
RoPax 137 1.79 18 265 | 2541 | Y 0.82 Y 1.40 Y
Tanker 320 9.95 14 -16.36 | -60.16 | N 0.03 N 0.21 N




Table 4 Sample Calculations on Parametric Roll, Level 1, based on Ships from SLF 53/INF.10 Annex 10

Ship Description | L,m | d,m || GM1 | Eq (24) Y/N || GM2 | Eq (24) Y/N
Bulk Carrier 5500 DWT 190 12.8 2.84 0.2 N 3.34 0.17 N
Bulk Carrier 180 0.75 2.10 0.33 N 2.60 0.26 N
Containership | > 10000 TEU | 360 16.0 0.80 3.76 Y 1.30 2.31 Y
Containership | > 10000 TEU | 360 15.5 0.70 3.87 Y 1.20 2.26 Y
Containership > 6000 TEU 320 14.6 0.70 4.28 Y 1.20 2.5 Y
Containership > 6000 TEU | 320 14.5 0.8 3.18 Y 1.30 1.96 Y
Containership > 4000 TEU 250 13.5 0.50 3.03 Y 1.00 1.52 Y
Containership >4000 TEU | 250 12.5 0.60 2.96 Y 1.10 1.62 Y
Containership >1000 TEU | 210 12.0 0.60 2.71 Y 1.10 1.48 Y
Containership >1000 TEU | 200 11.4 0.60 3.19 Y 1.10 1.74 Y
Containership > 1000 TEU 170 10.9 0.50 3.6 Y 1.00 1.8 Y
Containership > 1000 TEU 160 10.5 0.16 7.88 Y 0.66 1.91 Y
Containership > 500 TEU 135 7.75 0.58 1.77 Y 1.08 0.95 Y
Containership > 500 TEU 125 7.40 0.70 1.96 Y 1.20 1.14 Y
Cruise Vessel 240 7.20 2.71 0.86 Y 3.21 0.73 Y
LNG Carrier 1000 cbm 110 8.48 1.06 0.69 Y 1.56 0.47 N
MPV 135 8.00 0.65 0.91 Y 1.15 0.51 Y
MPV 125 7.00 0.17 3.23 Y 0.67 0.82 Y
MPV 120 7.08 1.00 0.98 Y 1.50 0.65 Y
MPV 7500 DWT 105 7.06 0.7 0.64 Y 1.20 0.37 N
Tanker 30000 DWT | 320 22.6 6.35 0.08 N 6.85 0.08 N
Tanker 110 7.41 1.31 0.32 N 1.81 0.23 N
Tug 30 3.50 2.23 0.4 N 2.73 0.33 N
Tug 25 243 3.6 0.2 N 4.10 0.18 N

Nonlinear roll damping can also be a factor of stabilization.
Its mechanism is slightly different from one with the GZ curve.
An increase in the amplitude of roll motions leads to an increase
in the roll rate magnitude when the ship crosses the equilibrium
point. The increase in roll rate makes nonlinear damping large
enough to elevate the threshold above the current level of
parametric excitation. This also stops the flow of energy to the
dynamical system and stabilizes the parametric roll.

However, roll-damping nonlinearity is relatively weak
compared to GZ curve effects and should be considered as a
secondary factor for stabilization in regular waves. (In irregular
waves, the contribution from nonlinear roll damping may be
different.) Also, if the roll amplitude is large enough, damping
becomes dependent on the roll angle. This dependence may
lead to a decrease of damping (when a bilge keel emerges from
the water), as well as to an increase in damping (when the deck
edge submerges into the water). Hence, this is dependent on

ship-specific geometry (Bassler, et al., 2011). These considera-
tions, however, make the mathematical model too complex for
the second level vulnerability check, so it makes sense to limit

the de;scription of damping to a cubic or quadratic
approximation:

O+ [ (@) +0h - f(§:1) =0, (29)
where

4(9) =289 +sign()3,9°
or

Ja(®)=25¢+85”,
5, 8, and &5 are the linear, quadratic and cubic damping

coefficients, respectively; and f{¢,?) is a time-dependent stiffness
term related to the instantaneous GZ curve in waves. The



damping coefficients can be found either from a roll decay test
or by methods like Ikeda’s semi-empirical formula.

As mentioned above, the calculation of the instantaneous
GZ curve in regular waves is straightforward. However, the
assumption of low-encounter frequency is not always applicable
for parametric roll as it was for pure loss of stability, since the
former may occur in head and bow-quartering seas as well as in
following and stern-quartering seas.

The attitude of a ship is calculated based on the heave and
pitch response to a regular wave:

(M+A33)éc +B33CG +A35é+33sé
+ FQ(CGseat) =Fy (1)

(IY + Ass)é+Bssé+ Asséc + BS3CG
+My(C5,0,0)=My(1),

(30)

where M is mass of the ship; Iy is the mass moment of inertia
relative to the transverse axes; 433 and Ass are heave-added mass
and pitch moment of inertia (assumed to be equal to the
corresponding mass and moment of inertia), respectively; and
Bj3; and Bss are damping coefficients for heave and pitch. Fjy
and My are hydrodynamic components of the wave excitation.
Functions F; and M, are the difference between hydrostatic and
Froude-Krylov forces and moments, respectively, at the instant
of time, ¢. These values are expressed as follows:

0.5L
Fy(Ge.0.0=pg Vo= [Qn2(Ce.0.0)dr
-0.5L
and
0.5L
My(Gg:0.0)=pg| Vo LCBy = [ Mo (x,2(Cg.0)d

-0.5L

where p is mass density of water, V is volumetric displacement
in calm water, and LCB, is the longitudinal position of the
center of buoyancy in calm water. Functions Q and Mg
calculate an area and a static moment relative to the y-axis of a
station located at a longitudinal position along the hull, x. The
second argument of this function shows the submergence of this
position along the hull, as expressed by the function of the
instantaneous waterline z({¢,0,t) (see Figure 13)
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Figure 13 Sample Instantaneous Waterlines Evaluated from
Heave and Pitch Response

Once the Froude-Krylov terms are defined, the system of
differential Equations (30) can be integrated with a standard
Runge-Kutta solver. Once the steady state of the response is

reached, the instantaneous attitude of the ship for each position
of the wave crest along the hull can be determined.

While this method for evaluating the heave and pitch
attitude for stability in waves seems to be the most physically
sound, several assumptions must be made regarding the heave
and pitch hydrodynamic coefficients. If a seakeeping analysis
has been performed at this stage in the design process, the added
mass and damping are already available. If the vulnerability to
parametric roll needs to be addressed earlier in the design
process, additional assumptions are inevitable. The heave added
mass and pitch added moment of inertia can be assumed equal
to the corresponding mass and moment of inertia of the vessel.
Simple assumptions (subject to further verification) can also be
made for heave and pitch damping, based on typical values as a
percentage of critical damping (40-50%).  Finally, the
diffraction excitation and hydrodynamic coupling coefficients
can be neglected at this stage. It is quite simple to test these
assumptions by direct comparison between the results of the
simplified calculations and complete potential flow solutions.
Such testing remains on agenda for the future work.

Once the attitude of the ship for each wave crest position
has been determined, the GZ curve in waves can be evaluated.
To calculate the GZ curve in waves, the current attitude of the
vessel on the wave is considered to be in equilibrium following
the d’Alembert’s Principle, where the dynamical problem can be
considered as a static problem if the inertial forces are added.
These inertial forces show themselves as the difference between
the current attitude and the equilibrium attitude on the wave for
the same position of the wave crest. Further calculations of the
GZ curve in waves are done in a usual way, utilizing the
balancing of trim and draft at each heel angle. Models
accounting for dynamic heave have also been developed and
used by Kroeger (1986), Jensen (2007), and others.

Once the GZ curve in waves is available, roll Equation (29)
is solved. It is a nonlinear ordinary, differential equation and
does not have a known exact solution, leaving two options: an
approximate analytical or a direct numerical solution. Both
options allow consideration of nonlinear damping along with
nonlinear restoring.

Approximate analytical methods for solution of the roll
equation have been used extensively in the past (e.g. Sanchez &
Nayfeh, 1990; Oh, et al., 2000; Bulian, 2004; Spyrou, 2005) and
have proven themselves to be quite efficient for relatively
simple models. For example, the restoring function is
considered in the following form:

S0 =0+5¢" +159°
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where /5 and /5 are polynomial coefficients for the GZ curve in
calm water. An approximate solution based on the first
harmonic can be found using a well-known method such as
“averaging” or “harmonic balance”, as shown by:

b=, cos(wr—eko=0w,/2.



Then, the following algebraic equation can be obtained for
deriving the steady-state amplitude, ¢,, of the periodic solution.
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It can be shown that Equation (31) yields a linear solution
if:
L, =15 =GM,, =0;m = . 32)
Substitution of the above expressions in Equation (32) into
Equation (31) reduces the latter to:
8128 GM
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where &g is the equivalent linear damping. Equation (33) is
consistent with the level 1 criterion in Equation (22). This can
be shown by letting the amplitude, ¢,, be small. Then, the
equivalent linear damping, &z, becomes linear damping, 3, and

with the square of the roll amplitude being small relative to 27°,
Equation (33) reduces to Equation (22).

Numerical solution of Equation (29) can directly utilize the
results of the calculation of the GZ curve in waves. Another
advantage of the numerical approach is the possibility of obtain-
ing a transient solution, which avoids unnecessary conservatism
in cases where parametric roll grows so slowly that the ship
does not reach a large-roll angle in irregular seas (cf. Peters, et
al., 2010; also Annex 5 of SLF 53/INF.10). Application of a
wave group, consisting of limited number of waves with the
same length and height, leads to the same result as the “typical”
wave group. Using such wave groups limits the calculation of
stability in waves to only one type of wave. This significantly
reduces the otherwise substantial number of calculations needed
in the numerical approach (Annex 9 of SLF 53/INF.10).

Sample calculations using a direct numerical solution are
shown in Tables 5 and 6. These calculations are based on the
sample ship population from Annexes 5 and 10 of
SLF 53/INF.10, respectively. These results are of a preliminary
nature as the procedure for calculations has not yet been
established. The initial heel angle used in

Table 5 was 10 degrees, while 5 degrees was used in Table
6. The initial roll rate was zero in both cases. Sample
calculations using approximate analytical solution in Equation
(31) can be found in Annex 2 of SLF 53/INF.10

Table 5 Sample Calculations on Parametric Roll, Level 2, based on Ships from SLF 53/INF.10 Annex 5

Ship Description L,m GM m | &/og Roll Y/N
Bulk Carrier 275 9.4 0.05 10 N
Bulk Carrier 2 145 0.53 0.05 10 N
Containership 1 Post-panamax 322.6 1.11 0.05 >25 Y
Containership 2 Post-panamax 376 1.84 0.05 >25 Y
Containership 3 Post-panamax 330 1.64 0.05 >25 Y
Containership 4 Panamax 283.2 1.06 0.05 >25 Y
Containership 5 C11 Class 262 1.91 0.05 >25 Y
Fishing Vessel 1 Japanese Purse Seiner 34.5 1.69 0.05 10 N
Fishing Vessel 2 21.56 0.73 0.05 10 N
General Cargo 1 Series 60 Cg = 0.7 121.9 0.24 0.05 10 N
General Cargo 2 C4 Class 161.2 1.10 0.05 14.9 N
LNG Carrier 267.8 3.40 0.05 10 N
Naval Combatant 1 ONR Tumblehome 150 1.03 0.15 10 N
Naval Combatant 2 ONR Flared 150 3.01 0.15 10 N
Passenger Ship 276.4 3.70 0.05 >25 Y
RoPax 137 1.77 0.05 >25 Y
Tanker 320 9.76 0.05 10 10




Table 6 Sample Calculations on Parametric Roll, Level 2, based on Ships from SLF 53/INF.10 Annex 10

Ship Description | L,m | d,m || GM1 Roll Y/N | GM2 Roll Y/N
Bulk Carrier 5500 DWT 190 12.8 2.84 5 N 3.34 5 N
Bulk Carrier 180 0.75 2.10 5 N 2.60 5 N
Containership | > 10000 TEU | 360 16.0 0.80 32 Y 1.30 32 Y
Containership | > 10000 TEU | 360 15.5 0.70 >35 Y 1.20 >35 Y
Containership > 6000 TEU 320 14.6 0.70 32 Y 1.20 32 Y
Containership > 6000 TEU | 320 14.5 0.8 32 Y 1.30 32 Y
Containership > 4000 TEU 250 13.5 0.50 31 Y 1.00 31 Y
Containership > 4000 TEU 250 12.5 0.60 32 Y 1.10 32 Y
Containership > 1000 TEU 210 12.0 0.60 32 Y 1.10 31 Y
Containership > 1000 TEU 200 11.4 0.60 32 Y 1.10 31 Y
Containership > 1000 TEU 170 10.9 0.50 32 Y 1.00 32 Y
Containership > 1000 TEU 160 10.5 0.16 32 Y 0.66 30 Y
Containership > 500 TEU 135 7.75 0.58 32 Y 1.08 31 Y
Containership > 500 TEU 125 7.40 0.70 31 Y 1.20 30 Y
Cruise Vessel 240 7.20 2.71 31 N 3.21 30 N
LNG Carrier 1000 cbm 110 8.48 1.06 10 Y 1.56 5 N
MPV 135 8.00 0.65 23 Y 1.15 N
MPV 125 7.00 0.17 30 Y 0.67 13 N
MPV 120 7.08 1.00 30 Y 1.50 22 Y
MPV 7500 DWT 105 7.06 0.7 16 N 1.20 7 N
Tanker 30000 DWT | 320 22.6 6.35 N 6.85 N
Tanker 110 7.41 1.31 N 1.81 N

The main result of calculations is an observed maximum
roll angle. In a case of no parametric resonance, roll motions
will decay and the maximum roll angle will be the initial angle.
This will be the case for tankers, bulk and gas carriers, and naval
combatants. Quick development of parametric roll is observed
for container carriers, RoPax and cruise vessels; and these
results are consistent with existing experience.

General cargo and multi-purpose vessels as well as fishing
vessels are in a “grey” area. While the two sample fishing
vessels in the above table did not indicate any vulnerability to
parametric roll, fishing vessels, in principle, are known to be
susceptible to parametric roll (e.g. Neves, et al., 2009). In
principle, general cargo ships can exhibit parametric roll in
following seas under the condition of insufficient stability
(Paulling, et al., 1972, 1974, 1975). Some differences in the
severity of the parametric roll response were observed in case of
MPVs, depending on their loading conditions (see Table 6).

The question remains about what roll angle should be used
as a standard. The ABS Guide (2004) used 22.5 degrees; this
value came from a limit on the main engine operability for
container carriers. It is based on lubrication requirements at
static inclinations. Another standard might be proposed based
on container-lashing requirements; this seems to be logical, but

it may not be an appropriate criteria basis for other types of
vessels. While the issue of the allowable roll angle needs
further discussion, 20 degrees was used here to indicate
vulnerability to parametric resonance.

An important observation is that the result of sample
calculations for level 2 vulnerability criteria is, in general, less
conservative than the level 1 vulnerability criteria. The results
are consistent because all of the ships found to be non-
vulnerable by the level 1 criteria have been found non-
vulnerable by the level 2 as well.

VULNERABILITY CRITERIA FOR SURF-
RIDING AND BROACHING-TO

Physical Background of Surf-riding and Broaching-To
Broaching-to is a violent uncontrollable turn, which occurs
despite maximum steering effort. As with any other sharp-turn
event, broaching-to is accompanied with a large heel angle,
which may lead to partial or total stability failure. Broaching-to
is mostly associated with operating in following and stern-
quartering seas. Stability failure caused by broaching-to is
known as a problem mainly for fishing vessels and high-speed,
monohull passenger ships.



Broaching-to is often preceded by surf-riding. Surf-riding
occurs when a wave, approaching from the stern, “captures” a
ship and accelerates the ship to the wave-phase speed (wave
celerity). To the outside observer, surf-riding looks like a
transition from periodic surging (when waves overtake a ship) to
a situation where a ship runs with a wave.

This transition is a well-known and established nonlinear
phenomenon that has been discussed several times in the
literature (e.g. Grim, 1951; Kan, 1990). From a nonlinear
dynamics perspective, the fundamental dynamic sequence that
leads to surf-riding and then to broaching-to has been identified
by Spyrou (1996, 1997). As this phenomenon is well
understood, at least in a deterministic environment, it seems
viable to develop meaningful and scientifically sound criteria
expressing the likelihood of surf-riding.

As surf-riding is in most cases a stationary condition, the
wave profile does not vary relative to the ship. Furthermore,
during surf-riding some ships exhibit dynamic yaw instability,
despite active control. This leads to the uncontrollable turn
identified as broaching-to. Therefore, the likelihood of surf-
riding could be used in order to formulate suitable vulnerability
criteria for broaching-to. For surf-riding to occur, the wave
length is usually comparable with the ship length. Large ships
cannot surf-ride because waves of the necessary length are
simply too fast compared to the ship speed.

Surf-riding is an equilibrium condition in which the sum of
the wave-induced surge force, propeller thrust (at given speed
settings) and resistance is zero, with the ship speed equal to the
wave celerity. As can be seen from Figure 14, there are two
crossings and, therefore, two equilibria on the span of one wave.
One of these equilibria is located near the wave crest. It is
unstable in surge in that if a ship is perturbed from this position,
it will continue the motion rather than returning to the
equilibrium position. The other equilibrium position located
near the wave trough and is stable in surge, in that if a ship is
perturbed from this position, it will return to the equilibrium
position.

There are two characteristic speed settings or nominal
Froude numbers, associated with surf-riding. One is called the
critical speed for surf-riding under certain initial conditions (or
the first critical speed, or the first threshold), and the other is
critical speed for surf-riding under any initial conditions (Makov,
1969). The critical speed for surf-riding under certain initial
conditions is where surf-riding equilibrium exists.

Surging motions, however, are still possible, even when
surf-riding equilibria exist which is shown in the phase plane
diagram (Figure 15). Some combinations of the ship’s position
on the wave and its instantaneous forward velocity correspond
to surf-riding while others combinations correspond to surging.

The origin of the coordinate system in Figure 15 is located
on a wave crest and therefore, it moves with the wave celerity.
Surf-riding corresponds to the points on the x-axis relative to the
position of the wave crest (at which the ship is moving at the
wave celerity—CEg is zero). While the ship is surging, its mean
speed is less than the wave celerity (i.e., &g is negative), which
means that the surging trajectories are shown as dashed lines

leading backwards and away from the wave crest. The shaded
area in Figure 15 shows combinations of a position on the wave
and instantaneous forward speed relative to the wave celerity
that lead to surf-riding; the rest of the phase plane corresponds
to surging.
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Figurel5. Phase Plane with Surging and Surf-Riding (Belenky,
et al., 2008)

Surging and surf-riding do not coexist for all speeds.
Increasing the ship’s speed causes the surf-riding area to grow,
until the surging area ceases to exist (see Figure 16). The speed
(or nominal Froude number) corresponding to that situation is
regarded as the critical speed for surf-riding under any initial
conditions, or the second critical speed (or the second threshold).
If one considers the phase plane comprised by the pair of ship’s
longitudinal position and velocity, surf-riding will appear as
occurring under any initial conditions (somewhere between
23.25 and 23.5 knots in Figure 16).

For a general discussion, these critical speeds (the first one
appears when surf-riding becomes possible; and the second
(higher) one, when surf-riding becomes inevitable) are more
conveniently expressed in terms of the nominal Froude number



rather than as dimensional speeds. These two Froude numbers
are the major characteristics of the likelihood of surf-riding.
Wave capture associated with surf-riding is not just an
acceleration phenomena, in fact if wave capture occurs while
going faster that the wave celerity, deceleration will occur.
However, this type of surf-riding is only relevant for very high-
speed craft, so it is not discussed here.

b) Vs=21

a) Vs=18

¢) Vs=23.25

Figure 16 Changes of the Phase Plane with Increase of Speed
Settings

Mathematical Model for Surf-riding

Because surf-riding is often a pre-requisite to broaching-to, the
development of the vulnerability criteria focuses on surf-riding,
as the mathematical modeling is simpler than for broaching-to.

Identification of the first critical speed is simple, as the
calculation of the Froude-Krylov surge-wave force is straight
forward. This force is a result of the integration of the incident
wave pressure in the absence of the ship over the surface of the
hull (a derivation is shown in Belenky & Sevastianov, 2007):

Fiy (&) =—pgkC 4[ Ag sin(kE) — A cos(kE)] (34

where
0.5L 0.5L
Ag = '[AO(x)-cos(loc)dx, A= j Ay(x)-sin(ko)dy;  (35)
-0.5L —0.5L
0
A0 =2 [ v(x.2)explhe s, (36)
d(x)

and x, y and z are the coordinates of points on the surface of the
hull, expressed in a ship-fixed coordinate system; y(x, z) is the
half-breadth on a station with coordinate x at depth z; d(x) is the
draft of a station at longitudinal position x; k is the wave
number; C, is the wave amplitude; and p is the mass density of
water.

The above prediction method shows reasonable agreement
with model experiments except for ships with very fine forms
where it is believed that nonlinear wave effects may be
significant. While effects of nonlinear incident waves are rather
limited, even in steeper waves; three-dimensional diffraction

effects may be important for some ships (Sadat-Hosseini, et al.,
2011).

Once the amplitude for the wave-surging force is
calculated, the first threshold can be found by solving the
following algebraic equation relative to speed (thrust) setting,
expressed as the commanded rps, 7.

R(c)—T(c,n) +pgkC | A5 + AZ =0, (37)

where R is the resistance in calm water, 7T is the, and ¢ is the
wave celerity.

While the calculation of the first threshold is simple, it may
not be the most appropriate choice for setting a criterion
because, when the equilibrium first appears, its domain of
attraction is small (see Figure 16a). Also, the first threshold is
higher than the surging trajectory for the nominal speed and, as
a result, the ship is not likely to enter this domain without
additional force being applied. Thus, a criterion derived from
Equation (37) would unnecessarily penalize ships.

Calculation of the second threshold is more involved, as it
requires examining the behavior of the boundary between the
domains of surf-riding and surging. To understand this, the
simplest mathematical model describing surf-riding and surging
can be considered:

(m+m,)-Eg +R(c+Eg)~T(c+Eg.m) + Fyp(Eg) =0,  (38)

where m is the mass of the ship, m;, is the surge added mass, &g
is the distance between the wave crest and the center of gravity
of the vessel, ¢ is the wave celerity, and n the commanded rps of
the propeller (i.e., the speed or thrust setting) is an independent
parameter.

Equation (38) can be solved numerically for a given pair of
initial conditions: ship position on the wave and instantaneous
speed (i.e., a single point in the phase plane). The equation
needs to be solved only long enough to indicate whether the ship
is surging or surf-riding. The initial conditions can be plotted on
a graph: e.g. black for surf-riding; white for surging. Placing
these initial conditions in the nodes of a grid, it is possible to
find an approximate location of the boundary. The process must
be repeated for different speed settings until all the initial
conditions produce surf-riding. Since determining the threshold
is the objective, the calculations can be limited to few indicative
pairs of initial conditions with relatively low-initial
instantaneous speed.

Another way to determine the threshold is by detecting the
change of the shape of the boundary between the domains of
surf-riding and surging. This approach requires determining the
boundary; comprised of the unique trajectory, that leads towards
unstable equilibrium. Positions of equilibria are found from

Equation (38) by letting %G = éc =0,
R(c)—T(c,n)+ Fy (&) =0. 39)

If the speed settings are above the first threshold, Equation (39)
must have two solutions (Egs; Egu), corresponding to stable and
unstable equilibria, respectively (see also Figure 14). The
boundary between surging and surf-riding can be found by
integration starting from an unstable equilibrium. Since the



difference between the wave and ship speed at unstable
equilibrium is zero, the initial conditions for integration need to
be chosen, slightly shifted from unstable equilibrium, in the
eigen-direction defined by the following equation that refers to
the local-linearized system (see Figure 17):

x= (— 5, —82 +ky, )x.

The coefficients d, and kj,; are determined by local linearization
at the unstable equilibrium, &gy,

oo —__ L dFy(Ee)
WL — _ )
(m+m,) dé; &6 =C&cu
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Y 2m4m) die |Eg =0

The application of Newton’s method allows the direct detection
of this threshold (Umeda, ef al., 2007).

An analytical, approximate but highly nonlinear method,
the so-called Melnikov’s method, can produce a practical
criterion of surf-riding in closed form (Kan, 1990; Spyrou,
2006). The idea is based on the fact that the boundaries overlap
when the ship speed (i.e., thrust) settings correspond to the
second threshold. Melnikov’s function reflects the distance in
the phase plane between the two boundaries. Therefore, the
instant of achieving the second threshold corresponds to the

zero-value of Melnikov’s function.

For a dynamical system, a closed-form expression of the
Melnikov function is sometimes approximated as a perturbation
from a Hamiltonian system. Practically, this means that the
system should be relatively lightly damped, while a Hamiltonian
system can include nonlinearity in the stiffness term. In contrast
with other perturbation methods, Melnikov’s method does not
require small nonlinearity in the restoring term in order to be
applicable. One can also relax the requirement of low damping,
but this would be at the expense of not obtaining a closed form
solution. To apply Melnikov’s method, thrust and resistance are
expressed with elementary functions and Equation (38) is
transformed into the following non-dimensional form:

X"+ p(n)x'+ pzx’2 + p3x’3 +sinx = r(n),

where x = k&, with k the wave number; r the quasi-static part
of the balance between thrust and resistance; coefficients, pi, p,,
and ps, represent the change of this balance; and # is the current
speed (thrust) setting.

As shown in (Spyrou, 2006), Melnikov’s function can be
expressed as,

M) =—r<n)—%pl<n>+2pz _%ps- (40)

The speed setting corresponding to the “second” threshold nz,
can be identified from Equation (40), by satisfying the
condition:

M(n,r2 ) =0.
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Figure 17. Initial Conditions for Calculation of the Boundary

Level 1 Vulnerability Criteria for Surf-riding and
Broaching-to

The “second” surf-riding threshold is already used in
MSC.1/Circ. 1228 as operational guidance for avoiding the
danger of broaching. First introduced in 1995 by MSC.707, this
threshold was based on phase-plane analyses of surging and
surf-riding for a number of ships, using a wave steepness of 1/10.
The analysis resulted in the following formula:

g 1.8JL

> kn 41
§ cos(180 - OL)’ ’ “0

where L is length of the ship, a is wave heading (0° is head
waves). Assuming following seas (o = 180°) and transforming
Equation (41) into the form of length-based Froude number
yields:

"> 1.8-0.51444

Jg

Taking advantage of the experience with the application of
MSC.1/Circ. 1228, it makes sense to consider Equation (42) as a
level 1 vulnerability criterion. Thus, ships with service speeds
exceeding Fn = 0.3 should be subject to the level 2 vulnerability
check. In general, this is supported by calculations of the
second threshold using strip theory for surging force (Equa-
tions (34)—(36), with further direct analytical detection by the
Melnikov method (Spyrou, 2006) or by numerical integration
along invariant manifolds with Newton’s method (Umeda, et al.,
2007). Umeda & Yamamura (2010) reported that the second
threshold could be slightly below Fn = 0.3 for certain types of
vessels, though further study by Umeda, et al. (2011) did not
support this. One reason why calculations can sometimes show
the second threshold below Fn = 0.3 is the overestimation of
surging forces for some particularly fine ship forms.

=0.296 ~ 0.3 (42)

Assuming the Froude number as a vulnerability criterion
and 0.3 as a standard, it is necessary to recognize that this
criterion’s physical background is related to a wave steepness of
1/10. This wave steepness is quite high and the likelihood of
encountering a long and steep wave is less than the likelihood of
encountering a short and steep wave. Accepting Fn = 0.3 as an



“across-the-board” criterion and standard may unnecessarily
penalize long ships, thus the length of a ship needs to be
included in the criterion. Document SLF-53/3/8 considers
vulnerability for surf-riding and broaching-to only for a ship
when its length is less than 200 m.

The critical wave/wave group approach (Themelis &
Spyrou, 2007) combines the probabilistic nature of realistic
waves and a deterministic description of ship dynamics. Umeda
& Yamamura (2010) examined estimates of the probability of
broaching-to, using ships of different lengths. First,
combinations of wave height and wave length leading to
dangerous broaching-to were determined by numerical
simulations in regular waves. Then, the probability of
encountering these waves was evaluated using the Longuet-
Higgins method (Longuet-Higgins, 1983). Finally, the
probability of broaching-to was estimated as the probability of
encountering a wave capable of causing broaching-to (Umeda,
et al., 2007). The simultaneous increase of the wave length and
wave height lead to a decrease of the probability of broaching-
to. Similar conclusions were reached by Peters, ef al. (2011).

Results from applying the proposed criteria to the sample
ships are given in Tables 7 and 8. The service speed was
assumed to be 1 knot below the design speed. Only two ships
from Table 7 and four ships from Table 8 were shown to have
vulnerability to surf-riding and broaching-to as their length is
below 200 m and the Froude number, corresponding to service
speed exceeded 0.3. The fishing vessels and naval combatants
from Table 8 are generally known for their vulnerability to surf-
riding. The tugs from Table 7 show vulnerability to surf-riding
because they are short and powerful. However, because the
operation of these relatively small tugs in open sea is unlikely,
surf-riding and broaching-to is not a hazard for them.

Level 2 Vulnerability Criteria for Surf-riding and
Broaching-to

Similar to pure loss of stability, the phenomenon of surf-riding
is often a single-wave event. Despite the fact that the process of
attraction to a surf-riding equilibrium takes some time, the dis-
appearance of the equilibrium is instantaneous. The vulnerabil-
ity to surf-riding can be measured by the percentage of waves
capable of generating surf-riding. To do so, the irregular sea-
way is modeled as a sequence of sinusoidal waves with random
lengths and amplitudes and the statistical weight of each wave is
calculated using Equation (3). The results can be regarded as
the probability of occurrence of surf-riding when a ship meets a
wave with the assumed wave length and amplitude.

Direct calculation of the second threshold by Melnikov’s
method or a numerical method using the phase plane was
considered too complex for the level 1 vulnerability criterion.
However such level of complexity is consistent with
requirements for level 2.

For each wave with a specific length and amplitude
associated with a wave spectrum, the speed of the ship is
compared with the speed corresponding to the “second”
threshold for surf-riding, calculated by Melnikov’s method.
This comparison (using Froude number, F) yields a factor C2;:

ifFn> Fnpg(X;,a;)

1

1
C2.. = _
v {0 itFn < Fngg(X;,a;).

The weighted average of the factor, C2;, which is determined
over all of the values of A; and a;, is the key element of the
criterion:

N}» Na
C2Hy,Ty) =D D W,C2,, (43)
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Table 7. Sample Calculations for Surf-riding Level 1 Criteria, based on Ships from SLF 53/INF.10 Annex 10

L, vV, Fn > L, vV, Fn >
Ship Description m kn Fn 0.3 ? | Ship Description m kn Fn |03?
Bulk Carrier | 5500 DWT 190 14 | 0.15 N Containership | >500 TEU 135 18 | 0.24 N
Bulk Carrier 180 14 | 0.16 N Containership | >500 TEU 125 18 | 0.25 N
Containership | >10000 TEU | 360 25 | 0.21 N Cruise Vessel 240 22 | 022 | N
Containership | >10000 TEU | 360 24 | 0.20 N LNG Carrier 1000 cbm 110 16 | 0.23 N
Containership | > 6000 TEU 320 25 | 0.22 N MPV 135 15 | 0.20 N
Containership | > 6000 TEU 320 25 | 0.22 N MPV 125 15 | 0.21 N
Containership | >4000 TEU 250 24 | 0.24 N MPV 120 17 | 0.24 N
Containership | > 4000 TEU 250 25 0.25 N MPV 7500 DWT 105 13 | 0.19 N
Containership | > 1000 TEU 210 17 0.18 N Tanker 30000 DWT | 320 14 | 0.12 N
Containership | > 1000 TEU 200 22 | 0.24 N Tanker 110 13 | 0.19 N
Containership | > 1000 TEU 170 20 | 0.24 N Tug 30 12 | 0.33 Y
Containership | > 1000 TEU 160 20 | 0.25 N Tug 25 11 | 0.33 Y




Table 8. Sample Calculations for Surf-riding Level 1 and 2 Criteria, based on Ships from SLF 53/INF.10 Annex 5

V, Fn > C2.>

Ship Description L,m kn Fn 0.3? C2 C2, 0.017?
Bulk Carrier 275 16 0.15 | N 0.00 | 0.00 N
Bulk Carrier 2 145 14 0.18 | N 0.00 | 0.00 N
Containership 1 Post-panamax 323 25 022 | N 0.00 | 000 [N
Containership 2 Post-panamax 376 25 020 | N 0.00 | 0.00 N
Containership 3 Post-panamax 330 25 022 | N 0.00 | 0.00 N
Containership 4 Panamax 283 25 023 | N 0.00 | 0.00 N
Containership 5 C11 Class 262 25 024 | N 0.00 | 0.00 N
Fishing Vessel | Japanese Purse Seiner | 35 17 044 | Y 0.56 | 0285 | Y
Fishing Vessel 2 22 14 046 | Y 03410175 | Y
General Cargo 1 Series 60 Cg =0.7 | 122 18 025 | N 0.00 | 3107 | N
General Cargo 2 C4 Class 161 18 022 | N 0.00 | 0.00 N
LNG Carrier 268 | 18 0.17 |N 000|000 |N
Naval Combatant 1 ONR Tumblehome 150 30 039 | Y 0.20 | 0.22 Y
Naval Combatant 2 ONR Flared 150 30 039 1Y 0.20 | 0.22 Y
Passenger Ship 276 25 024 | N 0.00 | 0.00 N
RoPax 137 19 0.25 | N 0.00|510° | N
Tanker 320 14 0.12 | N 0.00 | 0.00 N

where criterion C2, is a function of the significant wave height,
Hg, and the mean zero-crossing period, 77, since the distribution
of wave numbers and amplitudes used for calculation of
statistical weights, depends on the spectrum defined using these
parameters.

The long-term formulation of the criterion can be found by
averaging Equation (43) over the values of significant wave
heights and mean zero-crossing periods using entries of the
wave scatter diagram as weights:

C2;, =D CAH;,T,)P(H.T,),
HS TZ

where P(Hj,T7) is the statistical frequency of observation of a
sea state with significant wave height, Hy, and mean zero-
crossing period, 7;. The data for averaging between different
sea states can be obtained with the standard wave scatter
diagram (i.e. IACS 2001):
N\H,T.
p( H,.T, ) = M7
Tot

where N(Hs,T) is the number of observations of a particular sea
state and Ny, is the total observations available.

Table 8 contains the results of calculations carried out on a
sample population of ships. The value of criterion C2 was
calculated for a single wave-state characterized with Hg = 2.5 m,
T, = 8.5 s (short-term criterion). Assuming a standard of 0.01,
the susceptibility to surf-riding and broaching-to is predicted for
both fishing vessels and naval combatants. This prediction is
generally consistent with operational experience. The
differences between short-term and long-term criteria seem to be

minimal. The long-term criteria seem to be more sensitive as it
covers more wave-height/wave-length combinations.  The
results are also consistent with the level 1 vulnerability criterion.

DIRECT STABILITY ASSESSMENT AND
FUTURE OUTLOOK

Tools

Once the vulnerability to a certain mode of stability failure has
been established, a direct assessment of dynamic stability is
expected to follow, as defined in the framework of the second
generation intact stability criteria (Annex 2 SLF 51/4/1). The
objective of the direct stability assessment is two-fold: one is as
a tool for detailed design analysis and the other is as a tool for
the development of ship-specific operational guidance. At the
core of direct stability assessment lies a method capable of
reproducing ship motions in severe seas, with sufficient fidelity
for sound, technical decision-making.

Considering the current state-of-the art of computational
ship hydrodynamics for these problems, general direct stability
assessment options appear to be limited to model tests and fast
time-domain simulations. The simulations use potential flow
wave-body hydrodynamic methods, and are supplemented by
empirical formulations for viscous and vortex forces, which are
based on model tests.

The main advantage of the current potential flow codes is
that body-nonlinear, hydrostatic and Froude-Krylov forces can
be computed efficiently and accurately. As a result, there is no
need for the separation of restoring and exciting forces; strictly
speaking, that can be done only under assumptions of linearity.



Keeping in mind that both pure loss of stability and parametric
roll are largely driven by hydrostatic and Froude-Krylov forces,
the fidelity of their modeling requires a serious consideration.

The evaluation of radiation and diffraction forces by a
potential-flow code involves additional assumptions related to
the techniques for solving the boundary-value problem.
Therefore, one may expect an increase in the scatter in the
results when benchmarking different codes.

Problems related to maneuvering in waves are more
difficult to solve numerically than problems related to pure loss
of stability and parametric roll. The hull forces in maneuvering
depend on vortex phenomena and cannot be easily modeled
using potential flow assumptions. Inclusion of empirically-
based approximations for the effect of lifting phenomenon in
potential flow codes may lead to significant errors. These errors
are partially caused by double counting for wave forces that are
implicitly included in the empirical data and inherently
calculated by the potential code. Despite these difficulties, there
has been substantial progress in the development of
hydrodynamic models for maneuvering in waves (cf. Yen, et al.,
2010). Meanwhile, the modeling of ship maneuvering by a
system of ordinary differential equations remains a mature and
practical tool (SLF 53/3/8).

Validation remains an important problem for all tools that
might be used in a regulatory framework (Reed, 2008).
Additional work is needed to determine how the scatter in
results may influence the application of these codes in a
regulatory framework. The answer may be different for
different modes of stability failure. However, this issue remains
outside the scope of this paper.

Procedures

Having a numerical tool, even if it is validated, is insufficient for
practical application in direct stability assessment. There must
be a process for applying the tool that leads to a conclusion
regarding the stability of the vessel under consideration.

The framework of the second generation intact stability
criteria (Annex 2 SLF 51/4/1) calls for evaluation of the safety
level for each mode of stability failure. If the safety level is
expressed in the form of a long-term probability of a particular
mode of failure, it creates a basis for comparison and a
defendable outcome of the direct stability assessment. The
importance of establishing good safety level criteria is that the
level of safety of a new ship design can be judged against the
safety level of an existing ship with a long history of safe
operation.

Evaluation of long-term probability is straight forward
(Sevastianov, 1994) if the short-term probability of failure is
available. A short-term probability of failure is evaluated under
the assumption that the environment can be described as a
stationary stochastic process. However, calculation of this
probability represents a significant challenge because a stability
failure is, fortunately, a rare event. Thus, the estimate of the
probability of failure by direct counting is impractical. The
calculation of short-term probability of ship stability failure is
defined in Annex 2 of SLF 51/4/1 as the problem of rarity.

Addressing the problem of rarity requires application of special
extrapolation procedures. Each mode of failure may require a
specific extrapolation procedure that suits the particular physics
of the phenomenon.

CONCLUSIONS

The objective of this paper is to describe the current state of
IMO’s development of second generation intact stability criteria.
Following the completion of the 2008 IS code, the SLF Sub-
Committee focused on new criteria that would address the
dynamic stability failures not yet covered, including pure loss of
stability, parametric roll, and broaching-to.

The concept of the second generation intact stability criteria
is based on a multi-tiered evaluation process. Because the direct
stability assessment of ship-stability performance may incur
substantial additional design analysis expense, a vulnerability
check needs to be performed first, to exclude cases where the
modes of stability failure are not a concern. Vulnerability checks
are performed at two levels to ensure simplicity and prevent
unnecessary conservatism. The level 1 vulnerability check is
simple, but conservative, while the level 2 is less conservative,
but involves more calculations.

The level 1 vulnerability criteria for pure loss of stability is
based on geometry of the hull, reflecting how dramatic changes
of waterplane increase the likelihood for stability failure. The
level 2 vulnerability check is performed with the GZ curve
changing in waves, using different parameters as the criteria.

For parametric roll, the level 1 vulnerability criteria is based
on the simplest model of parametric resonance—the Mathieu
equation. Two conditions are used: the magnitude of stability
changes in waves, and the encounter-frequency condition based
on ship-service speed. The level 2 vulnerability criterion is
based on the roll response under conditions of parametric
resonance.

The vulnerability criteria for broaching-to focuses on surf-
riding, as the latter is usually a pre-requisite for broaching-to.
The level 1 criterion is formulated as simple conditions for
service speed in terms of Froude number and vessel length. The
level 2 criterion is based on the threshold speed for surf-riding
under any initial conditions.

The next objective in the development of the second
generation intact stability criteria is defining the requirements
and procedures necessary for direct assessment. This is a
formidable task. Not only must the most advanced technologies
available be used, but they also need to be available world wide

At this moment, advanced potential-flow hydrodynamic
codes with empirical models for lifting and viscous forces seem
to be the most appropriate tools for predicting pure loss of
stability and parametric roll. Broaching-to is best modeled with
a system of ordinary differential equations until more advanced
hydrodynamic codes gain enough maturity for this application.

Development of validation procedures for time-domain
simulation tools is another difficult, but absolutely necessary
task. As direct stability assessment is meant to be done under



realistic conditions, the stochastic nature of the environment
needs to be fully considered. This means that stability failures
must be regarded as random events and, since they are rare, the
problem of rarity needs to be addressed with a set of appropriate
probabilistic extrapolation procedures. Development and
verification of these procedures is just as important as the
development and validation of numerical tools.

Also, an additional mode of intact stability failure,
excessive accelerations, needs to be addressed with suitable
vulnerability criteria and direct stability assessment methods.

Once the criteria development is complete, two more stages
will be needed. First, standards or acceptance boundaries must
be established for the various criteria. This task will involve
agreeing on socially acceptable risks of maritime activity.
While this problem has been tackled in other fields of
engineering, it has not yet been adequately addressed as far as
intact stability is concerned.

Second, issues of implementation of the second generation
intact stability regulations will need to be addressed.
Implementation will rely on careful testing of the new criteria
and a comprehensive analysis of the impact of new regulations
on exiting and future fleets.
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APPENDIX: TRANSITION-BASED
BOUNDARY FOR PARAMETRIC ROLL

In principle, the effect of transients on the initiation of
parametric roll can be incorporated into the frequency condition.
Using the theoretical background in Hayashi (1985), following
Spyrou (2005), transient effects for conditions that are close to
®,, but not necessarily equal to 2w,,, were used in SLF 53/3/9
and in Bulian & Francescutto (2011).

As a demonstration, the solution of the roll equation
represented by Equation (13) is considered for a specific pair of
initial conditions that makes the arbitrary constant, C;, equal to
zero (this leads to a theoretical "worst case" solution) with a
very simple exponential growth of the envelope:

0(t) = Cre e 2 sin(%t + SJ

Starting from this form of the solution, it is possible to
determine the magnitude of parametric excitation corresponding
to a specified amplification factor, £, in n oscillations. Assuming
that 6/®,<<l, such parametric excitation can be approximated

as:
Lo 2 515 2 2

where &, is an additional “allowance” for the transient effect
defined as:

5, = UMl @)

47
By comparing Equation (44) with Equation (25), one can see
that the difference between them is the transient effect. This
effect is shown in Figure 18; the transition boundary shows the
combinations of parametric excitation and frequency ratio,
where the parametric roll grows faster than the specified values
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given the specific initial conditions. The initial conditions are
the reason why the “transition curve” in Figure lies below the
boundary of the criterion (21) since it represents a “theoretical
worst case scenario.”

In the particular case of ®, =2w, , according to Equa-
tions (44) and (45) we obtain:

}1:2M+4—6

™o,

Indeed, while the condition of Equation (21) is based on a
particular pair of initial conditions (deemed to be realistic), the
curve specified by Equation (44), and as represented in Figure,
represents a “theoretical worst case” scenario.
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Figure 18. Effect of Transient Behavior on the Boundary for Parametric Roll



