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Abstract

This thesis investigates the vulnerability of ships to dynamic stability failure, as defined
by the Second Generation Intact Stability Criteria (SGISC). The study addresses a
key limitation of SGISC, which uses a standard wave scatter table based on North
Atlantic data. This study aims to investigate the effect of different sea areas on the
applicability of SGISC by using modern hindcast wave data. The studied sea zones
are selected based on high-traffic global shipping routes for cargo and ro-ro passenger
(ropax) vessels and are aligned with zones defined in the Global Wave Statistics
(GWS) database. Level 2 vulnerability assessments are performed for three of the five
stability failure modes within the SGISC: pure loss of stability, parametric rolling, and
excessive acceleration. Four sample ships representing a large and small container
ship, a bulk carrier, and a ropax vessel are studied under multiple loading conditions
and wave environments using NAPA software.

The vulnerability analysis of all failure modes and sample ships revealed that the
standard wave scatter table consistently gave higher vulnerability index values than
the other zones studied. Based on the results, it is concluded that the standard wave
scatter table (Rev.1) is suitable to use as a wave environment input for approving ships
for unrestricted operations. Among all sea areas, the Pacific Ocean zones experienced
the highest vulnerability to cargo ships, whereas Ropax vessels showed the highest
vulnerability in the European sea areas. When comparing all sample ships, the fine-hull
ropax vessel is most vulnerable to parametric rolling and pure loss of stability, whereas
the bulk carrier is most susceptible to excessive acceleration due to its fuller hull form.

Keywords Ship stability, Intact Stability, SGISC, Failure modes, Wave scatter table,
Vulnerability analysis
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Symbols and abbreviations

Symbols
Ay Bilge keel area
Awr Waterplane area
AP Aft perpendicular
B Breadth of ship
C Roll period coefficient
Cp Block coefficient
Cwp Waterplane area coefficient
Ci Long-term vulnerability index
Cn Midship coefficient
Cs Short-term vulnerability index
CRy, CR, Intermediate vulnerability criteria (level 2)
d Draft
D Depth
Fn Froude number
g Acceleration due to gravity [m/s?]
GM Metacentric height
G M, Transverse metacentric height [m]
GZ Righting lever
H,; Representative wave height
H; Significant wave height
h, Vertical position above roll axis [m]
K; Speed scaling factor
KMT Transverse metacentric height
Lgp Length between perpendiculars [m]
Loa Overall length
my Zeroth-order spectral moment [m?-s]
N Number of sea states
Rear Excessive acceleration Threshold
Rprro Pure loss of stability threshold
Rpro Parametric Rolling threshold
S (w) Wave spectrum
T Draft [m]
T, Wave enounter period
Tn Mean wave period
T, Natural roll period
T, Zero-crossing wave period
Tr Trim
Vv Ship speed
Vi Design speed
Wi Weighting factor from wave scatter table
X Longitudinal location (from AP or aft perpendicular)
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Abbreviations

AHL
AIS
AP
BMT
DSA
DSC
DTC
EA
GM
GWS
GZ
IACS
IMO
IS Code
LC
MSC
oG
OL
PLS
PR
RoPax
SGISC
SR/BR
WST

Vertical location (keel/crew area)
Ship heading

Displacement

Wave elevation

Wavelength

Roll angle

Maximum roll angle

Angle of vanishing stability
Static heel angle under heeling lever
Std. dev. of lateral acceleration
Angular frequency

Alternate Hold Loading

Automatic Identification System
Aft Perpendicular

British Maritime Technology

Direct Stability Assessment

Dead Ship Condition

Duisburg Test Case

Excessive Acceleration

Metacentric Height

Global Wave Statistics

Righting Lever

International Association of Classification Societies
International Maritime Organization
Intact Stability Code

Loading Condition

Maritime Safety Committee
Operational Guidance

Operational Limitation

Pure Loss of Stability

Parametric Rolling

Roll-on/Roll-off Passenger (ship)
Second Generation Intact Stability Criteria
Surf-riding / Broaching

Wave Scatter Table



1 Introduction

1.1 Background

Intact stability is a fundamental requirement for ships that ensures their safety from
capsizing and maintaining an upright equilibrium at sea. It is an important factor
in the design and safety assessment of ships that contributes to defining the design
parameters and operational limitations. Historically, the evaluation of ship stability
can be traced back to the work of Archimedes and development of metacentric and
righting moment theories by Bouguer and Euler, respectively, in the 18th century[1].
However, the foundation of modern intact stability criteria began with the work of
Rahola in the 1930s, who proposed the first intact stability criteria to ensure safety
of ships at sea [2]. His work led to the introduction of the first international intact
stability guidelines (IMO Res. A.167, 1968), which later formed the basis for the
current intact stability criteria (IS Code 2008) [3].

Intact stability criteria, which are based on static ship assumptions, have been proven
inadequate for capturing the vulnerability to dynamic stability failures encountered
in actual sea states. [4]. The occurrence of dynamic failures is linked to complex
interactions between ships and waves, especially under specific operating conditions
[5]. The vulnerability of ships to dynamic stability failures has long been recognized as
a critical issue in evaluating ship safety under realistic wave conditions and researchers
have recognized the need to better understand the dynamic stability of ships[6]. This
became increasingly important as ships grew larger and operating in harsher sea
conditions, highlighting the shortcomings of conventional static stability methods.

In the 1970s, Paulling et al. [7] experimentally investigated ships in heavy seas
and distinguished three different dynamic stability failures.Their experimental study
revealed that pure loss of stability and parametric rolling occurred in following and
quartering seas. They also recommended the use of statistical wave data to predict
the probability of such events, emphasizing the need for probabilistic approaches for
stability assessment. Chou et al.[8] investigated ship motions in extreme waves, and
the capsizing phenomenon was revealed by changes in the waterplane areas in the
waves. Despite the early insights, the existing intact stability code [9] at the time
remained based on simple semi-empirical static assumptions and lacked the capability
to evaluate dynamic stability under realistic sea conditions. In 2000, Spyrou and
Papanikolaou proposed a two-level framework for a quantitative assessment of dynamic
stability failures.[10]

Despite compliance with intact stability regulations, several ships experienced capsizing
or faced significant losses due to dynamic stability failures under operational sea
conditions during the late 20th and early 21st centuries [11][12][13]. Notable incidents,
such as 59m long Oil tanker EDITH TEKROL in the Baltic Sea (1975), 4832-TEU
container vessel APL China in the North Pacific (1998), 4324-TEU container vessel
Maersk Carolina in the Northern Atlantic (2003), and pure car carrier vessel Cougar
Ace in the North Pacific (2006) have resulted in significant loss of cargo, vessel



damage, and in some cases, loss of life. Such real-world incidents highlighted the
gaps in the existing stability criteria and drew the attention of regulatory bodies and
ship designers to the importance of addressing dynamic stability under realistic sea
conditions.

In 2001, IMO initiated a comprehensive revision of the Intact Stability Code (IMO
Res. A.749) [3]. This process led to the development of the Intact Stability (IS) Code
2008[14]. This restructured the existing framework and addressed the limitation of the
weather criterion[15]. However, the weather criterion alone is no longer sufficient to
fully account for the complex dynamic phenomenon arising from wave-hull interactions
because it is based on semi-empirical methods [3]. In its mandatory section Part
A, Section 1.2, the code highlighted that some ships may face greater risk in waves
due to dynamic phenomena such as large roll angles or accelerations. The IMO
also recognized the need to develop new criteria to evaluate the dynamic stability
failures in sea waves[14]. Consequently, the IMO began the development of new
intact stability criteria to evaluate dynamic stability using performance-based and
probabilistic methods[16] [17]. Five failure modes were identified and assessed
individually through a multilevel assessment structure [18]:

1. Dead Ship Condition: Uncontrolled roll due to combined wind and wave action
in beam seas after loss of propulsion.

2. Excessive Accelerations: Rapid roll-induced lateral accelerations causing large
inertial forces.

3. Pure Loss of Stability: Significant reduction in righting lever due to waterplane
changes when crest aligns with midship in long following waves.

4. Parametric Rolling: Resonant roll motion triggered by periodic variation of
transverse stability as the ship moves through longitudinal waves.

5. Surf-Riding and Broaching: Transition from wave-induced acceleration to
loss of steering control, leading to violent yaw and large heel angles.

During the development of the SGISC, the IMO issued multiple draft versions of the
criteria with methodologies for vulnerability assessment. To support their refinement,
the IMO actively encouraged member states, classification societies, and researchers
to perform test applications and submit feedback. Numerous studies have analyzed
different ship types and failure modes, which helped to validate and improve the
proposed criteria[17]. A number of test applications for multiple ship types were
submitted during the development phase, evaluating the effectiveness of the Level
1 and Level 2 criteria and providing feedback to the IMO [17][19]. For example,
Tompuri et al.[20] applied the draft SGISC regulations to a fast RoPax ship and
highlighted the sensitivity of Level 2 results to key design inputs and guidance to
operational limitation. Chung et al. [21] applied the draft SGISC to evaluate pure
loss of stability and parametric rolling and found many Korean built container ships
failed to meet the vulnerability criteria in case of parametric rolling. In one study, the
SGISC vulnerability criteria were comprehensively evaluated using a sample of 17
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ships, and the consistency between Level 1 and Level 2 assessments across all studied
failure modes was found [22]. A similar study examined the consistency between
Level 1 and Level 2 vulnerability criteria for three SGISC failure modes and proposed
recommendations to avoid inconsistencies between the levels [23].

After years of development, the IMO released the Interim Guidelines for the Second
Generation Intact Stability Criteria in 2020 (MSC.1/Circ.1627)[24]. Although the
SGISC is not yet mandatory, ship designers are recommended to apply these guidelines
in addition to the mandatory IS code for the safety of ships with respect to dynamic
stability failure modes. The SGISC evaluation follows a multilevel assessment structure
with three levels of vulnerability checks and a final step for operational measures, if
needed.

* Level 1 is the simplest and most conservative check. It uses basic formulas
similar to traditional intact stability criteria. If passed, no further checks are
required.

* Level 2 applies physics-based methods and wave scatter data to assess vulnera-
bility more accurately. Failure at this level indicates possible risks under realistic
sea conditions.

* Direct Stability Assessment (DSA) is the most advanced level, using com-
putational simulations or physical model tests to evaluate stability. It is time-
consuming and costly but provides the most accurate results.

* If a ship fails any level, Operational Measures can be applied:

— Operational Limitations (OL): Restrictions on the environmental con-
ditions in which the ship is allowed to operate, such as wave height, sea
area, or season.

— Operational Guidance (OG): provides ship operation instructions with
combinations of ship speed, encounter heading, and environmental condi-
tions like wave height, wave period, and wind to avoid in order to prevent
dynamic failure.

Marlantes et al. [25] studied the technical and practical aspects of implementing
the interim SGISC Guidelines. Their study involved developing and validating two
different assessment methods, which were then applied to four sample ships to evaluate
all failure modes under Level 1 and Level 2 criteria. Recent studies have applied the
SGISC Level 2 vulnerability criteria to assess the risks of ship stability under global
sea conditions. Hashimoto et al. evaluated vulnerability of parametric rolling across
different zones based on global traffic density and seasonal variation[26]. Bulian
and Orlandi investigated the impact of environmental data on the application of the
SGISC, focusing on the Mediterranean Sea [27]. They applied Level 1 and Level
2 vulnerability criteria for parametric rolling to a Ropax vessel using five different
sources of environmental data, including widely used Global Wave Statistics (GWS)
data [28]. This study found that the use of different environmental data sources may
result in considerable differences in vulnerability assessment results. The findings
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showed that the GWS data resulted in more conservative results and required strict
operational limits within the SGISC framework.

The SGISC methodology for level 2 checks specifies the use of a standard wave scatter
table (WST) representing the environment of the North Atlantic,taken from the IACS
Rec. 34 Rev.1, which is based on visual observations from the historical British
Maritime Technology database[29]. However, in 2023, the IACS released Rev.2 of
the recommendation, which is based on hindcast data [30]. Several comparative
studies have shown significant differences between traditional BMT data and modern
hindcast sources, with the latter providing more accurate representations of real sea
conditions[31][32]. A recent study [33] examined the limitations of the standard WST
used in SGISC vulnerability assessments and compared it with hindcast-derived wave
data for selected sea areas. The study showed notably different results using two
different datasets and recommended applying the SGISC guidelines using region-
specific wave statistics instead of using standard WST. A comprehensive study by
MARIN on container ship accidents from the late 1990s to 2020 revealed that most
high-intensity container loss incidents occurred in the Pacific Ocean[34]. These
findings highlight the importance of conducting vulnerability assessments using
region-specific wave statistics rather than relying solely on standard WST. Applying
the SGISC with zone-based environmental data allows to capture dynamic stability
failure risks across different sea areas and ship routes.

1.2 Problem Statement

The Second Generation Intact Stability Criteria (SGISC) employ a standard wave
scatter table (WST) to assess the vulnerability of dynamic stability. This WST
represents the North Atlantic Ocean and is derived from the BMT (British Maritime
Technology) wave statistics database, which is based on visual observations with the
latest observation date back in 1984 [30]. Although this region represents one of
the worst sea environments, it may not necessarily be the most extreme case when
evaluating dynamic stability failure modes. Importantly, once a ship passes the
SGISC vulnerability check using the standard WST, it is allowed to operate globally
without restrictions. However, it remains unclear whether these vessels would remain
non-vulnerable even if the SGISC passed the WST based on the North Atlantic [33].
Past incidents involving dynamic stability failures in regions such as the Pacific Ocean
and Northern European Seas suggest that this unchecked global applicability of SGISC
may overlook critical environmental risk. Thus, there is a strong need to study the
effects of different wave scatter tables as inputs for the evaluation of dynamic stability
failures using the SGISC guidelines.

In recent years, wave modeling has been significantly improved and multiple sources
of wave hindcast data of global seas are available which represent the waves more
accurately than the BMT data[31]. Using such data can improve the accuracy of
SGISC results, especially when applied to global sea areas beyond the North Atlantic.
To address these limitations, the current research focuses on the following:
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1. Apply SGISC vulnerability criteria using hindcast wave scatter tables for different
global sea areas.

2. Investigate how SGISC results vary across different operational zones compared
to standard North Atlantic WST.

3. Compare the vulnerability trends across multiple ship types, as different hull
forms and loading conditions may influence SGISC results even under the same
wave environment.

1.3 Research Objective and Scope

The objective of this thesis is to assess ship vulnerability to SGISC-based dynamic
stability failures under global sea environments, with a particular focus on studying
how different sea areas affect the outcome of SGISC vulnerability results. The scope
of this study includes the following:

* Vulnerability assessment of three different ship types according to SGISC
interim guidelines: - Bulk carrier - Container ship - Rodax vessel

» Application of SGISC Level 2 vulnerability criteria for three failure modes: -
Pure loss of stability (PLS) - Parametric rolling (PR) - Excessive acceleration
(EA)

* Vulnerability assessment of each case in different sea areas based on actual
shipping routes.

* Analysis of Level 2 vulnerability results to identify key factors (hull form,loading
condition and environment data) and to understand how these factors affect the
probability of failure modes.

1.4 Thesis Outline

This thesis is organized into five main chapters as follows:

* Chapter 1 introduces the background, problem statement, research objectives,
and the scope of the study, emphasizing the motivation for evaluating ship
stability under global sea environments using the SGISC guidelines.

 Chapter 2 provides an overview of the Second Generation Intact Stability Criteria
(SGISC), explains the mechanisms of critical dynamic stability failures such
as parametric rolling, pure loss of stability, and excessive acceleration and
discusses relevant environmental factors

* Chapter 3 describes the selection of ship types, the sources of wave data, the
sea area selection, the application of SGISC vulnerability assessment methods
using NAPA software
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» Chapter 4 presents the results of the vulnerability assessments, highlights
observed trends across different ship types and sea environments and analyzes
the key influencing factors.

* Chapter 5 summarizes the key findings of the research, draws conclusions based
on the analyses, and suggests directions for future work.

An appendix is included (Appendix A), which presents the wave scatter diagrams for
all studied zones.
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2 Second Generation Intact Stability Criteria

2.1 Multi-Level Assessment

Figure 1 shows the schematic of the SGISC criteria application used to evaluate
compliance for each stability failure mode. The assessment begins with the ship
design parameters, loading condition, and enviromental data as input. Based on this
information, the vulnerability to five defined dynamic stability failures is checked
using a sequential process that progresses through three assessment levels, followed
by an operational measures stage if needed.

Although the SGISC allows a ship to be assessed at any of the three levels directly,
the recommended approach is to begin with Level 1 and move sequentially to higher
levels only if necessary. All three levels are treated equally in terms of compliance, if
the ship is found not vulnerable at Level 1, it is accepted, and no further analysis is
required. This avoids unnecessary complex analysis for ships that clearly meet safety
margins under simplified checks.

)
Not vulnerable
Input for Level 1
—> o
assessment of criteria
SGISC failure o5
mode: @ X E o
o Possibly = g_
""""""""" Y 5 vulnerable €8
[ : 8 o
Ship design | 2 Level 2 Not vulnerable S =
| parameters z criteria § E
————————————————— £ g8
,,,,,,,,,,,,,,,,, a . A
. —> 8 Possibly g 3
Loading 2 vulnerable Direct Not vulnerable o=
condition ® stability %
,,,,,,,,,,,,,,,, g 7 r assessment g
,,,,,,,,,,,,,,,,, S (DSA)
i 1 o
i Environment g Possibly
data © \‘\ \1ulnerable M\ .
7777777777777777 ,.~ Operational | ,Compliance

guidance (OG) with OG
Acceptable

Not
acceptable
Modify
Input Data

Figure 1: Schematic of the SGISC multi-level approach for vulnerability assessment
[24]

Level 1: Simplified Vulnerability Criteria: Level 1 is the most basic and conservative
check. Itinvolves simple, formula-based calculations similar to those used in traditional
intact stability rules. These criteria provide a quick estimation of vulnerability using
limited inputs and assume large safety margins. Ships that pass Level 1 are considered
safe under conventional sea conditions and no further checks are required.

Level 2: Physics-Based Vulnerability Criteria: If the ship is found possibly vulnerable
at Level 1, it progresses to Level 2. This level applies physics-based methods and wave
scatter data to assess vulnerability more accurately. Level 2 applies a probabilistic
approach to calculate the likelihood of a dynamic stability failure, providing a better
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reflection of real-world sea conditions. Although more accurate, it requires more data
and computational effort than Level 1.

Direct Stability Assessment (DSA): If the ship still appears vulnerable after Level 2,
then a DSA is performed. DSA is the most advanced method and involves numerical
simulations of ship motions in waves, or experimental validation such as model
testing. It aims to replicate realistic ship behavior under complex sea states and
provides the most accurate results. However, it is also the most time-consuming and
resource-intensive level.

Operational Measures: If the ship is found vulnerable even at DSA, it may still be
accepted for operation by applying Operational Measures. These are divided into two

types:

* Operational Limitations (OL): These restrict the environmental conditions
under which the ship may operate. For example, OL may restrict sailing in
specific sea areas, seasons, or wave height conditions where the ship did not meet
the assessment. OL ensures compliance by avoiding the triggering conditions
of vulnerability check failure.

* Operational Guidance (OG): This consists of ship-specific recommenda-
tions for safe navigation under different sea states. OG helps the ship master
choose appropriate combinations of speed, heading, and other environment
parameters(such as waves and wind) to reduce the risk of failure during voyages.

This multi-level approach ensures efficiency by prioritizing simpler checks first,
reducing unnecessary complex analyses. If a ship fails any level, operational measures
can still allow safe operation while maintaining compliance. This multi-tiered
approach balances safety, practicality, and cost-effectiveness in modern ship stability
assessments.

2.2 Stability Failure Modes in SGISC
2.2.1 Parametric Rolling
Physical Background

Parametric rolling is a complex resonant phenomenon that occurs due to periodic
changes in the stability of a ship (righting moment) as she encounters waves. This type
of failure typically develops in head or following seas. It is especially critical for ships
with fine hull forms and large flares at the bow and stern, such as containerships and
Ropax vessels. In these ship types, the waterplane area and consequently the stability
varies significantly as waves pass along the hull.

The mechanism of parametric rolling depends on three primary conditions:

* Wave Length: The wavelength is approximately equal to the ship length,
producing significant changes in the waterplane area as crests and troughs pass
the hull.
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* Encounter Period: The wave encounter period (7,) is about half the natural
roll period of the ship (7}), creating a 2:1 resonance condition 7, = %Tr (see
Figure 3).

* Roll Damping: The ship’s roll damping is sufficiently low; otherwise, the energy
gained from the periodic stability variation will not be enough to amplify the
roll motion.

As the vessel travels through head or following seas, periodic changes in stability occur
due to the shifting position of wave crests and troughs along the hull. When a wave
trough aligns with the midship section—where the hull is generally wall-sided—the
flared bow and stern sections become more submerged, increasing the waterplane area
and consequently the ship’s stability. Conversely, when a wave crest passes amidships,
the bow and stern are lifted, reducing the waterplane area and decreasing stability. This
alternating variation in stability causes the righting moment to increase and decrease
twice per roll cycle, potentially inducing roll amplification (see Figure 2). When a
trough occurs as the ship is returning upright, it reinforces the motion by increasing
the restoring moment. On the next half-cycle, a crest occurs as the ship is heeling,
reducing stability and allowing a larger roll angle. If these events align consistently,
the roll amplitude grows cycle-by-cycle. Without sufficient damping, this resonance
can lead to dangerous roll angles exceeding 30° within a few cycles.

The risk of parametric rolling depends on the following critical factors:

* Hull Form: Ships with pronounced flare and fine underwater sections are more
susceptible.

* GM (Metacentric Height): Lower GM means a smaller restoring moment,
resulting in higher roll amplitudes and increased vulnerability to parametric
rolling.

* Damping Devices: Bilge keels or anti-rolling tanks can mitigate parametric
rolling by dissipating energy.

* Speed and Wave Direction: Parametric rolling typically occurs in head or
following seas and becomes more likely at certain speeds that match the resonance
condition. Adjusting course or speed can help to avoid resonance.
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during parametric rolling[36].

Level 2 Vulnerability Criteria

The Level 2 criterion for parametric roll is designed to estimate a ship long-term
vulnerability to large roll angles in waves due to resonance caused by periodic changes
in stability. The analysis considers various ship speeds, wave headings, and wave

environments.

This study uses the Level 2 C2 check to assess vulnerability, and the procedure for
calculating it is presented in the following paragraphs. According to the SGISC
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guidelines, a ship is considered not vulnerable to parametric rolling under a given
loading condition if the index value satisfies:

C2 <£0.025 (1)

The evaluation is conducted in two main steps. Step 1 involves performing time-domain
simulations to obtain the maximum roll angle under regular waves, while Step 2 applies
wave scatter tables to estimate the probability of encountering excessive rolling.

The process follows the flowchart shown in Figure 4, which outlines the process
step-by-step.
Step 1: Time-Domain Simulation and Preprocessing

For each heading 8 € {B), 5y} and each of the 12 Froude numbers Fn;, the maximum
roll angle ¢max 1s simulated in regular waves with varying wave heights. The wave
height 4; is given by:

h;j=001-j-L, forj=0,1,..,10 2)

The wavelength is taken as 4 = L(Length of ship), and the simulation is carried out
using a 1-degree-of-freedom (1-DOF) roll equation to calculate the maximum roll
angle Qmax (Fn;, hj)'

The Froude number for each speed V; is defined as:

Vi
Fnj=— 3)
VgL

where V; is obtained using a speed scaling factor K; and design speed Vi :

V=V, K; 4)

The speed factors K; for the 12 speeds are:

19



Table 3: Values of K; for different i

i | K
1 | 1.000
2 | 0.991
3 | 0.966
4 | 0924
5 | 0.866
6 | 0.793
7 1 0.707
8 | 0.609
9 | 0.500
10 | 0.383
11 | 0.259
12 | 0.131

Step 2: Probabilistic Evaluation

The SGISC method simplifies irregular seas by using the representative wave height
(H,;), which corresponds to the 1/3 largest effective wave height. The representative
wave height H, ; for each sea state is calculated using Grim’s effective wave approach.
The calculation of H, ; is based on filtering the wave conditions to those within the
ship’s length, using H; (significant wave height) and 7, (zero-crossing period) from the
wave scatter table. A more detailed explanation of the Grim’s effective wave method
and its application within the SGISC framework is provided in the IMO explanatory
notes on SGISC [35].

In the equation 8, it can be seen that H,; mainly directly proportional to the significant
wave height. As H; increases, H,; also increases, showing a strong dependence on
H;. Once the representative wave height (H, ;) is determined for each sea state, the
corresponding maximum roll angle is obtained by linear interpolation. Specifically,
for each calculated H, ;, the maximum roll angle is estimated by interpolating between
the maximum roll angles computed at wave heights (/) in step-1.

H,; = 4.0043 - o (5)

where m is the zeroth-order spectral moment defined as:

S (w)dw (6)

and wy is defined as:
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2
wL=\/¥ (7)

The wave spectrum S, (w) follows the Bretschneider wave spectrum as per SGISC
guidelines:

H? (27\* 1 (2n\* _
S..(w) = 4—; (72) w™ exp [—; (TZ) w™ (8)
If H,; > 0.1L, it is limited to:
H,;=0.1L 9)

For each Fn; and wave heading, the expected roll angle is interpolated from the step-1
(¢max) using H, ;. The short-term failure indicator Cy ; is defined as:

1, ifepy . >25°
Cg ;= 10
S {0, otherwise (10)

The weighted average of failures over sea states is calculated as:

N

Co(Fni, B) = ) W; - Cs, (11)

Jj=1

where W; is weighting factor for the respective wave cases in the wave scatter table.

Finally, C2 is obtained by averaging over both headings and all speeds:

12 1 12
C2= | ) CaFni, Bi) + 5 (C2(0.B1) + Ca(0.87)) + ) Cz(Fni,ﬁf)] /25 (12)
i=1 i=1
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Figure 4: Flowchart for parametric rolling Level 2 Check 2 vulnerability criteria

2.2.2 Pure Loss of Stability
Physical Background

Pure loss of stability is a dangerous phenomenon where a ship experiences a sudden
and significant reduction in stability due to wave-induced changes in the submerged
hull shape. This occurs when the speed of ship is close to the wave celerity. When the
wave crest stays longer at midship, it increases the risk of losing stability and makes
the ship more vulnerable to capsizing.

When a wave crest is located close to the midship section, the narrow underwater
parts of the bow and stern rise out of the water, which reduces the waterplane area
(see Figure 5). Consequently, the metacentric height (G M) decreases, reducing the
righting moment and increasing the risk of capsizing. This situation is considered the
most critical for pure loss of stability.

The risk of pure loss of stability depends on the following critical factors:

* Hull Form: Ships with flared bow and stern (e.g., container ships) show larger
G Z variation. Ships with more wall-sided hulls (e.g., tankers) are less affected.
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* Wave Length: Risk is highest when the wave length is close to the ship’s length.

* Speed: In following seas, if the speed of ship matches wave speed, the crest
stays longer at midship, increasing the probability of pure loss of stability. It is
important to note that this effect is not a concern for slow ships (Fn < 0.24),
since the waves overtake the ship quickly and the condition of reduced stability
at the wave crest does not persist long enough to cause failure.

In conclusion, the pure loss of stability arises from wave-induced changes in the
submerged geometry of the ship. By understanding how wave crests and troughs alter
the waterplane area and righting lever, naval architects and operators can identify the
conditions that may lead to the loss of transverse stability and take preventive measures
through design and operational choices.

a)

. . Wave trough
Waterline with the wave amiships

trough amidships

|/Kcalm water waterline

Calm water

b)
Calm water waterline / Calm water
GZ

# \
f E Waterline with the wave

Crest amidships

/
]

Wave crest amidships

Figure 5: Ship stability variation due to waterplane changes with (a) a wave trough
and (b) a wave crest located amidships. [22]

Level 2 Vulnerability Criteria

The following steps describe the Pure Loss Level 2 (PL2) assessment method for
vulnerability evaluation under SGISC guidelines:

1. Prepare the ship input data including hull geometry, tank arrangement, loading
conditions, and free surface moment effects.

2. Define the standardized set of wave heights #; ranging from 0.01L to 0.1L,
where L is the ship length.
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For each wave height 4;, assume wave length equal to ship length (4 = L).

For each h;, simulate different wave crest positions along the ship from 0.4 L aft
to 0.5L forward of midships.

At each crest location, compute the quasi-static righting arm (GZ) curve.

From each GZ curve, determine and store the minimum angle of vanishing
stability (¢y) and the maximum angle of equilibrium (¢gw) for each A;. Both
angles are illustrated in Figure 6.
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e | Laemal /in calm water
= " S
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’
-~
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@ . N .
] " «~ _In crest wave

4 -

N
’ -
s > -~
/ Ipr2 N
»
Osw Angle of Heel Oy

v

Figure 6: Pure loss of stability GZ curve characteristics used for Level 2 vulnerability
assessment.

10.

1.

. The angle of heel, ¢sw, is compued under the action of the heeling lever lp;»,

which is calculated as:

lpra = 8(H;/A) dFn* (13)

where H; is the effective wave height, A is the wavelength, d is mean draft of
ship and Fn is the difference in Froude number.

Construct curves of ¢y and gy as functions of wave height 4;.

Obtain the environmental sea state data: significant wave heights H; ;, zero-
crossing periods 77 ;, and associated probabilities W;.

For each sea state (Hj ;, T ;), compute the effective wave height H; as the 3%
highest wave height.

Using H;, interpolate from the stored curves to find corresponding ¢y and @gy .
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12.

13.

14.

14.

Evaluate Criterion 1 (Cy;) for each sea state:

1, if gy <30°
Cii= )
0, otherwise

Evaluate Criterion 2 (Cy;) for each sea state:

Cor = 1, if pgw > 15° for passenger ships or 25° for other ship types
o 0, otherwise

Compute the vulnerability indices CR; and CR; by weighted summation over
all sea states:

N
CR, = Z W,Cy; (14)
i=1

N
CR, = Z W;Co; (15)

i=1

Compare the maximum of CR; and CR; to the threshold value 0.06:
* If max(CR;, CR;) < 0.06, the ship passes the PL2 criterion.

* Otherwise, the ship fails the PL2 criterion.
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2.2.3 Excessive Acceleration
Physical Background

Excessive acceleration is a stability failure that happens when people or objects on a
ship are exposed to large inertial forces during roll motion. This mainly affects people
located higher up in the ship because they travel a longer distance in the same amount
of time, leading to higher speeds and stronger accelerations. As the ship rolls, the point
farther from the roll axis must move faster to complete the motion in the same period
(See Figure 8). This creates higher lateral accelerations at those points. When the
metacentric height (GM) is low, the roll period becomes longer and accelerations are
smaller. But with higher GM, the roll is faster and acceleration is greater, increasing
the risk.

Inertial forces in the horizontal direction are more dangerous than vertical ones. They
can make people lose balance, fall, or be thrown against furniture or bulkheads. This
is especially important for the safety of crew and passengers in spaces like lounges,
bridges, or upper decks. The effects of acceleration are commonly evaluated using
indices like Motion Sickness Incidence (MSI) or Motion Induced Interruptions (MII),
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which track the impact on comfort and safety. These are particularly relevant for
passenger vessels like cruise ships or RoPax ferries.

Inertial forces at

Longer the location
distance

traveled

Figure 8: Illustration of ship stability failure due to excessive accelerations[35].

Level 2 Vulnerability Criteria

According to the SGISC guidelines, a ship is considered not vulnerable to excessive
acceleration in a given loading condition if the long-term probability index C satisfies
the following criterion:

C < Rgap (16)

where Rg 42 = 0.00039 is the limiting value. The long-term index C is computed from
the weighted sum of short-term probabilities over all sea states:

N
C=>WCs; (17)
i=1

Here:
e N: number of short-term sea states,
* W;: occurrence probability of sea state i (from wave scatter table),
* Cg,: short-term failure index in sea state i.

The short-term failure index Cys; is defined as:

R
Csi=exp |~ (18)
LA,

where:

* R) =9.81 m/s?: threshold lateral acceleration,
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* o4, standard deviation of lateral acceleration in sea state i.

The lateral acceleration variance is given by:

Ny

3
O-ZA,i = 4 Z [ai(wj) : Szz(wj) : Aw] (19)
=

with:
* w;: wave frequency,
* Aw: frequency interval,
* S.:(w;): wave spectrum,
* ay(wj): lateral acceleration RAO.

The lateral acceleration Response Amplitude Operator (RAO) is computed as:

ay(@)) =k (g+hr ) @ulw)) (20)

where:
* kr: coupling factor,
* h,: vertical position above roll axis,
* ¢q(w;j): roll RAO amplitude.

The roll RAO is given by:

0.5
0a(w)) = (¢r(@)* + @i(w))?) @

where ¢, and ¢; are the real and imaginary parts of the RAO, respectively.

The guidelines also offer a simplified method to compute ¢,(w,), based on the
Froude—Krylov assumption and a linearized single-degree-of-freedom model, to
estimate the real and imaginary components of roll response. The process follows the
flowchart shown in Figure 9.
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2.3 Environmental Data

In the standard SGISC Interim Guidelines, the evaluation of ship vulnerability to
dynamic failure modes makes use of a long-term environmental characterization
based on a wave scatter table. This standard wave scatter table is adopted from
IACS Recommendation No. 34/Rev.1[29], which defines the number of occurrences
W;; corresponding to each combination of significant wave height H and average
zero-crossing wave period T, over 100,000 observations. Wave scatter data table
describe the wave data of the North Atlantic, covering areas 8,9,15 and 16, as defined
in Global Wave Statistics as shown in Figure 10 .
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Figure 10: Global Wave Statistics zones map highlighting the North Atlantic zones
[8,9,15,16] corresponding to IACS Recommendation No. 34 /Rev.1 [28].

The standard wave scatter table, presented in Table4, is recommended by SGISC to
use for Level 2 vulnerability assessment of all failure modes.

Table 4: Wave scatter table IACS Rev.1[29]
__ Number of occurrences: 100000 / T (s) = average zero-crossing wave period / _H, (m) = significant wave height

H |\T; - 35 45 5.5 6.5 7.5 8.5 9.5 10.5 11.5 125 135 145 155 165 175 185

0.5 1.3 1337 8656 1186.0 6342 1863 369 5.6 0.7 0.1 00 00 00 00 00 00
1.5 0.0 293 986.0 4976.0 7738.0 5569.7 23757 7035 1607 305 51 08 01 00 00 00
2.5 00 22 1975 21588 6230.0 7449.5 4860.4 20660 6445 1602 337 63 1.1 02 00 00
35 00 02 349 6955 32265 5675.0 5099.1 2838.0 1114.1 3377 843 182 35 06 0.1 00
45 00 0.0 6.0 196.1 13543 32885 3857.5 26855 12752 4551 1309 319 69 13 02 00
55 0.0 0.0 1.0 51.0 4984 16029 23727 20083 1126.0 463.6 1509 41.0 97 21 04 0.1
6.5 00 0.0 0.2 126 167.0 690.3 12579 1268.6 8259 386.8 140.8 422 109 25 05 0.1
75 00 0.0 0.0 3.0 52.1  270.1 5944 7032 5249 2767 111.7 367 102 25 06 0.1
8.5 0.0 0.0 0.0 0.7 15.4 97.9 2559 3506 2969 1746 776 277 84 22 05 0.1
9.5 0.0 0.0 0.0 0.2 43 332 1019 1599 1522 992 483 187 61 1.7 04 0.1
10.5 0.0 0.0 0.0 0.0 12 10.7 37.9 67.5 717 515 273 114 40 1.2 03 0.1
11.5 00 0.0 0.0 0.0 0.3 33 13.3 26.6 314 247 142 64 24 07 02 0.1
12.5 00 0.0 0.0 0.0 0.1 1.0 4.4 9.9 128 110 68 33 13 04 01 00
13.5 0.0 0.0 0.0 0.0 0.0 0.3 1.4 35 5.0 4.6 3.1 1.6 07 02 01 00
145 00 0.0 0.0 0.0 0.0 0.1 0.4 12 1.8 1.8 13 07 03 01 00 00
15.5 00 0.0 0.0 0.0 0.0 0.1 0.1 0.4 0.6 0.7 05 03 01 00 00 00
16.5 00 0.0 0.0 0.0 0.0 0.0 0.2 0.2 0.2 0.2 01 01 01 00 00 00
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3 Research Methodology

3.1 Selection of Ship Types

Dynamic stability failures under the Second Generation Intact Stability Criteria
(SGISC) strongly depend on hull form, ship size and loading conditions. The selection
of ship types for this study is driven by two key factors: historical incidence of dynamic
stability failures and representation of diverse hull forms and operational characteristics.
The study focuses on four vessels: two container ships (Duisburg Test Case [DTC] and
D-Container), a bulk carrier (D-Bulker), and a RoPax vessel (D-RoPax). These ship
types are chosen because of their known potential vulnerability[22] to SGISC-based
failure modes, their prominence in global shipping, and the availability of data for
analysis. Table 5 lists main particulars of the ships in their design loading conditions.

Table 5: Main particulars of the sample ships

Main Dimension Symbol Unit DTC D-Container D-Bulker D-Ropax
Overall length Loa m 390.5 196.6 224 221.5
Length b/w perpendiculars Lpp m 355 185 215 207
Maximum breadth B m 51 32 36 36
Depth D m 30 20 21 14
Design Draft d m 14.5 9 15 7.2
Waterplane area Awr m?2 15,254 4,733 7,312 7,432
Displacement A t 178,101 33,612 101,633 31,855
Block coeflicient Cp - 0.66 0.61 0.85 0.58
Midship coeflicient Cn - 0.98 0.97 0.99 0.82
Bilge keel area Ap m? 54.6 30.4 34.4 34
Design speed Vs kn 25 21 14 22
Froude number F, - 0.41 0.36 0.17 0.33

The main parameters listed in Table 5, including the overall length, beam, draft,
displacement, and block coefficient, are important factors affecting the dynamic
stability of each vessel and vulnerability to different SGISC failure modes.

Speed of the ship is a critical parameter that significantly influences vulnerability,
especially parametric rolling and pure loss of stability. Recently, the design speeds of
ships have been reduced to lower fuel consumption and comply with Energy Efficiency
Design Index (EEDI) regulations[37]. For the DTC model, the design speed of 25
knots is used, as specified in the reference benchmark study [38]. For the D-Container
model, a design speed of 21 knots is selected based on current propulsion trends in
container vessels of comparable size [37]. The D-Bulker model represents a typical
Panamax bulk carrier with high block coefficient. A design speed of 14 knots is
selected which matches the typical design speeds for such vessels[39][40] . Finally,
for the D-RoPax vessel, design speed of 22 knots is used, aligning with average speed
documented in recent studies on RoPax vessels [41] [42].

Roll damping has a strong influence on dynamic stability, making the bilge keel a key
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consideration in this study. The dimensions of the bilge keel significantly affect the
roll motion characteristics, and thus the result of the vulnerability to failure modes.
The length and width of the keel for the DTC model are obtained from an original
benchmark study [38]. To ensure consistent roll damping effects across all ship models,
the same bilge keel length-to-ship length ratio with width of 0.4 m are assumed. Since
actual bilge keel dimensions are only available for the DTC model, this configuration
was adopted for all sample ships with varying lengths. The bilge keel area for each
vessel is listed in Table 2, and the bilge keel area-to-length ratio is set same for all
ships based on the DTC reference, in order to approximate equivalent roll damping
effect. This assumption allows for a more consistent basis of comparison in the SGISC
vulnerability assessments, but actual damping effects may vary in real ships.

Natural roll period is a important parameter in evaluating dynamic stability and is
directly used in SGISC vulnerability assessments. The SGISC guidelines refer to
IS Code 2008, which estimates the roll period using a formula that depends on the
metacentric height GM, and a coefficient C. The general formula of the roll period
estimation is given below:

T, = —— (22)

However, this method has been shown to be less accurate for longer ships [43]. To
improve the estimation accuracy, a new formulation of the coeflicient C is recently
proposed by the Japanese delegation and submitted to IMO (MSCI108/INFE.7) [44].
This offers a more accurate estimation of the rolling period for a wide variety of ships
[43]. Ruponen et al. [45] present a comparison of both estimation methods along
with model test reference values of multiple ships. Based on these findings, this study
adopts the new coefficient formula proposed by the Japanese delegation, which is used
in the main roll period formula (Equation 22). The new formulation for the coefficient
is given below in Equation 23:

B
C =0.3437 + 0.02403 (23)

Here, B is the breadth and d is the draft of the ship.

3.1.1 Container Ships

Container vessels are crucial for global shipping because of their dominant role
in transporting manufactured goods internationally. The significance of container
ships has increased in recent years, particularly with the design evolution and rapid
increase in the number of Ultra-Large Container Vessels (ULCVs). In 2008, ULCVs
represented only approximately 1% of the global container capacity, which had
increased to over 15% by 2023. This trend continues to increase, as evidenced by the
significant proportion (43% in terms of TEU capacity) of current container vessel
orders [37]. However, it has also increased the risk of dynamic stability failures owing
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to pronounced bow flare, fine hull forms, and large deck stowage areas that amplify
dynamic interactions with waves. Recent maritime accidents involving Ultra-Large
Container Vessels, such as MSC Zoe (2019), ONE Apus (2020) and Maersk Essen
(2021), also highlight the vulnerability of large container vessels[34].

Due to different size categories and operational parameters, two container vessel
models are selected for this study: a large container vessel and a smaller feeder-type
container vessel. Duisburg Test Case (DTC), a 14,000 TEU post-Panamax benchmark
model, is selected to represent this critical ULCV class, with its publicly available
hull form and relevant data[38]. Figures 11 and 12 show the 3D hull form and hull
sections of the DTC ship, respectively.

7

L

Figure 12: Hull Sections of DTC ship model [38]

Two loading conditions (LC-1 and LC-2) are analyzed, with GM values of 4.57 m and
1.37 m, respectively, to capture a range of operational conditions. The main particulars
of both loading conditions are listed in Table 6. Because the benchmark study of
the DTC model only provides the hull geometry without any superstructure details,
a comparable ship profile was required to estimate the highest location required for
excessive acceleration vulnerability assessment. The ONE APUS container ship,
which has a principal dimension nearly the same as that of the DTC model, is used
as a reference. The bridge of the ONE APUS, where crew operations take place,
is identified as the highest point onboard. The vertical position from the keel and
horizontal distance from the aft perpendicular are measured and applied to the DTC
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model. Figure 13 shows the general arrangement of the ONE APUS container ship
used for this purpose.

Table 6: Loading conditions of Duisburg Test Case

Parameter Symbol LC-1 LC-2
Mean Draft T,, [m] 12.0 14.0
Trim Tr [m] 0 0
Displacement Volume v [m’] 136683 165980
Metacentric Height GM; [m] 4.57 1.37
Block Coefficient Cg [-] 0.63 0.65
Natural Roll Period T, [s] 21.3 37.6
Vertical Location of Crew Area z [m] 60
Longitudinal Crew Location from AP x [m] 218

Figure 13: General Arrangement plan of One APUS Container Ship [46]

The smaller container vessel (D-container) represents the feeder ship category, which
constitutes the largest portion (38%) of the global container fleet[37]. With a length
of 196 m and block coefficient of 0.61, its hull form is different from the DTC
model, allowing comparisons of vulnerability across segments of different sizes. The
vulnerability assessment of two different models allows the study to effectively cover
various sizes found in current container shipping industry. The model is taken from
NAPA software demo ships library. Figure 14 and 15 shows 3D model and hull
sections of the D-Container respectively.

Figure 14: 3D view of the D-Container hull form.
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Figure 15: Hull sections of D-Container ship model

Two loading conditions with GM=6.57m and GM=1.83m are studied, representing
the ballast and fully loaded conditions respectively. Main particulars of both loading
conditions are given in Table 7. For the D-Container ship, the full vessel geometry,
including the superstructure, is available from the NAPA demo library. Therefore, the
highest location for evaluating excessive acceleration is directly identified at the bridge
position. The vertical and longitudinal coordinates of this point, measured from the
keel and aft perpendicular respectively, are provided in Table 7. Figure 16 shows the
profile view of the D-Container ship with the selected EA calculation point.

Table 7: Loading conditions of D-Container ship

Parameter Symbol LC-1 LC-2
Mean Draft T, [m] 8.0 8.9
Trim Tr [m] 0 0
Displacement Volume v [m?] 27953 32112
Metacentric Height GM,; [m] 6.57 1.83
Block Coefficient Cg[-] 0.59 0.60
Natural Roll Period T, [s] 11.0 204
Vertical Location of Crew Area z [m] 41
Longitudinal Crew Location from AP x [m] 56
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Figure 16: Profile view of D-Container ship with EA calculation point.

3.1.2 Bulk Carrier

Bulk carriers represent a major segment of the global merchant fleet,accounting for
approximately 43% of the global fleet in terms of tonnage [39]. The bulk carrier
used in this study represents a Panamax-size bulk carrier, which is the most common
category among bulk carrier types [47]. A studied ship model, referred to as D-Bulker,
is derived from the NAPA demo ship library. With an overall length of 224 m and
a high block coefficient of 0.86, the hull features a full hull form, typical for bulk
carriers. Such vessels generally have higher metacentric height (GM) in fully loaded
conditions compared to container ships due to their fuller hull geometry and vertically
lower cargo weight distribution. Figure 17 and Figure 18 present the 3D view and the
body plan (hull sections) of the D-Bulker, respectively.

Figure 17: 3D view of the D-Bulker hull form.
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Figure 18: Hull sections (body plan) of the D-Bulker ship model.

Two loading conditions with GM = 3.58 m and GM = 7.0 m are studied, representing
two fully loaded cargo scenarios. Main particulars of both loading conditions are
listed in Table 8. The first condition assumes carrying a dry bulk cargo, whereas the
second considers loading a high-density cargo, such as steel coils or iron ore. For
high-density cargo, it is common practice to load alternate cargo holds while leaving
the others empty. This arrangement, known as Alternate Hold Loading (AHL), is
illustrated in Figure 19. The AHL is used to maintain a higher vertical center of
gravity, thereby reducing the metacentric height. Although one set of holds remains
empty, the total displacement remains approximately the same. This is because the
weight of the cargo in the filled holds is nearly double that of the dry cargo, resulting
in a comparable overall weight [48]. The GM value for the bulk carrier loaded with a
high-density cargo is referenced from a study analyzing a vessel of similar size under
AHL conditions [49].

Table 8: Loading conditions of D-Bulker

Parameter Symbol LC-1 LC-2
Mean Draft T,, [m] 15 15
Trim Tr [m] 0 0
Displacement Volume v [m?] 99,022 99,022
Metacentric Height GM; [m] 3.58 7.0
Block Coefficient Cg [-] 0.85 0.85
Natural Roll Period T, [s] 15.3 10.9
Vertical Location of Crew Area z [m] 37
Longitudinal Crew Location from AP x [m] 28
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Figure 19: Alternate Hold Loading (AHL) condition with heavy cargo in a bulk
carrier [48].

The highest point for excessive acceleration assessment is identified at the bridge,
where crew operations typically occur. The vertical and longitudinal coordinates of
this point, measured from the keel and aft perpendicular respectively, are listed in
Table 8. Figure 20 shows the profile view of the D-Bulker model with the selected EA
calculation point at the bridge.

ﬁ [ L T I | I L T I . /
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Figure 20: Profile view of D-Bulker with excessive acceleration calculation point

3.1.3 Ropax Vessel

RoPax (Roll-on/Roll-off Passenger) vessels are designed to transport both passengers
and vehicles, featuring a long and streamlined hull with a relatively low block
coefficient. The D-RoPax model used in this study is based on a representative ship
from the NAPA demo ship library. This model has a length of 210 meters and a block
coefficient of 0.56, reflecting the slender geometry typical for RoPax vessels. Such
hull forms are optimized for higher speeds and reduced resistance. Figure 21 and
Figure 22 present the 3D view and body plan of the D-RoPax model, respectively.

&l

Figure 21: 3D view of the D-Ropax hull form.
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Figure 22: Hull sections of D-Ropax ship model

RoPax vessels typically operate on short sea routes and are usually maintained in
a consistent loading condition due to their passenger and vehicle transport roles.
Therefore, only one representative loading condition is considered for the D-RoPax
model. The main particulars of this condition are summarized in Table 9. For the
excessive acceleration (EA) assessment, several high and potentially vulnerable points
are identified on the ship. A total of four EA points are selected for the vulnerability
evaluation, with the highest point located at the bridge, where crew operations are
typically performed. The coordinates of this point, measured from the keel and aft
perpendicular, are also listed in Table 9. Figure 23 shows the profile view of the
D-RoPax model with the indicated EA calculation points.

Table 9: Loading condition of D-RoPax ship

Parameter Symbol LC-1
Mean Draft T,, [m] 6.3
Trim Tr [m] 0
Displacement Volume v [m?] 26172
Metacentric Height GM, [m] 2.88
Block Coefficient Cg [-] 0.56
Natural Roll Period T, [s] 204
Vertical Location of Crew Area z [m] 35
Longitudinal Crew Location from AP x [m] 168
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Figure 23: Profile view of D-RoPax ship with excessive acceleration calculation
points.

3.2 Selection of Wave Data Source

The SGISC Level 2 vulnerability assessment, as outlined in the IMO guidelines,
requires three main inputs: the loading conditions, ship design parameters, and
environmental wave data. For the environmental input, the SGISC recommends using
a wave scatter table based on IACS Recommendation No. 34 Rev.1. This table
provides the long-term joint probability distribution of significant wave height and
zero-crossing period for different sea states as shown in Table 4. The underlying data
are based on historical wave observations recorded by ships and compiled as the Global
Wave Statistics (GWS), published by British Maritime Technology (BMT) [28]. The
Rev.1 wave scatter table covers GWS zones 8, 9, 15, and 16 (see Figure 10), which are
considered to represent most severe wave conditions in the global oceans[50].

Although the BMT dataset was the most accurate data available at the time of its
publication, it does not reflect long-term climate variations. Many studies [32] [51]
have also highlighted that BMT-based data may not accurately represent actual sea
state, often representing more extreme conditions than the actual measurements. Now
over the time, wave modeling techniques have improved significantly, and various
global wave hindcast datasets have become available for use. Hindcast datasets are
generated using numerical simulations and provide improved spatial and temporal
resolution for describing ocean wave conditions. This data provide a more accurate
and consistent description of wave conditions by simulating sea states over extended
periods [31]. Several global hindcast datasets are now widely used, including ERAS,
ERA-Interim, IOWAGA, NOAA, and WAVERYS. These differ in modelling approach,
resolution, wind forcing, and validation method. Their key features are summarised
in Figure 24. A detailed comparison of these datasets was presented in a recent
study, where IOWAGA hindcast dataset was shown to have the highest accuracy when
validated against satellite altimeter measurements[52].
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Figure 24:

Dataset ERA5 |ERA-INTERIM| IOWAGA | NOAA | WAVERYS
Provider ECMWF ECMWF IFREMER | NOAA | Copernicus
Software WAM WAM WWIIT WWIIT | MFWAM
Release date 2018 2006 2016 2017 2019
Wind forcing ERAS ERA-Interim CFSR* CFSR ERAS
Resolution (grid) 0.36% 0.75° 0.5° 0.5° 0.2°
Time step lh 6h 3h 3h 3h
Full spectra Yes Yes Some Some No
Range 1950-2019%#%  1979-2018  |1990-2016%(1979-2009( 1993-2018
Data access API API FTP FTP FTP
Altimeter Assimilation NIA Calibration N/A  [Assimilation

Comparison of key features of commonly used global hindcast datasets[52].

Furthermore, recognising the limitations of the Rev.1 wave scatter table, IACS recently
updated the previous wave scatter table to Rev.2 [53]. The Rev.1 wave scatter table
is based on the BMT data, and the revised table is based on the IOWAGA hindcast
dataset. It has now been extended further south to include additional zones 24 and 25,
as shown in Figure 25. Although the SGISC guidelines still adopt the IACS Rev.1
wave scatter table, this study also includes the use of the Rev.2 table to compare the
vulnerability results between Rev.1 and Rev.2. A comparison of the Rev.1 and Rev.2
wave scatter diagrams is shown in Figures 26. It is important to note that Rev.1 uses
the zero-crossing wave period (7,), while Rev.2 uses the mean wave period (7},,). It
can be seen that Rev.2 shows a different distribution of wave heights, with generally
fewer extreme sea states compared to Rev.1.
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Figure 25: Sea areas included in the updated IACS Rev.2 wave scatter table. [54]
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Figure 26: Comparison of wave scatter diagrams between IACS Rev.1 and Rev.2 .

While the IOWAGA dataset appears to be the most accurate option available, it is
not straightforward to use directly for global zone-based comparisons. The dataset
provides high-resolution outputs on a fine spatial grid, which makes it difficult to
match with the GWS zones (big rectangular area). To represent GWS zones with
such high-resolution data requires retrieving large volumes of data and performing
extensive post-processing. On the other hand, the GWS zone-based approach offers
simplicity and consistency, and it has been widely used in many studies.

To overcome this, a recent study adapted the IOWAGA hindcast data to develop wave
scatter tables for all GWS zones, offering a more accurate alternative to BMT based
GWS wave data[31]. These tables are expressed in terms of significant wave height
and mean wave period. Since the SGISC criteria are based on the Bretschneider wave
spectrum, the mean wave period (Ty,) is converted to the zero-crossing period (75)
using relation shown in Equation 24 [35].

T,
T, = ——
1.0864

(24)

Based on the improved accuracy of the IOWAGA hindcast data and its compatibility
with the GWS zone structure, this dataset is used for the present study. Hindcast
based wave scatter diagrams for all GWS zones studied in this study are presented in
Appendix A.

3.3 Selection of Sea Areas

This section explains how global sea areas were selected for vulnerability assessment,
based on the operational patterns of different ship types. The selection is primarily
based on global traffic density data, with high-density routes of ship category is used
to identify zones.
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Global traffic density of container ships was analyzed using AIS-based route data
in the study by Hashimoto et al. [26]. Based on this analysis, the authors identified
high-density sea zones for the SGISC Level 2 assessment. The same selected zones,
drawn on the global traffic density map, are shown in Figure 27 and are also used in
this study for the vulnerability assessment of container ships. These zones are also
considered suitable for bulk carriers, as both ship types follow largely overlapping
high-traffic routes and share many common ports [55].

Figure 27: Global container ship routes showing high-density shipping lanes. [26]

Two new zones (85 and 90) have been added to this study to reflect recent changes
in global shipping routes. These changes are due to the disruption of typical route
through the Suez Canal [56]. Many ships are avoiding the Red Sea and taking a
longer route around the Cape of Good Hope via South Africa. Table 10 presents the
final selection of major cargo shipping zones used in the vulnerability assessments of
container ships and Bulk carrier.

Table 10: GWS zones representing major Cargo shipping routes

Area GWS zone number

Centre-North Atlantic 15, 16, 24, 25, 33, 34, 35
Centre-North Pacific 7, 12, 13, 20, 21, 22, 30, 31, 43
East, South China Sea 40, 41

Mediterranean Sea 26,27

South Atlantic 85,90

Multiple sources are used to identify sea zones relevant to global RoPax vessel routes.
In European seas and the Mediterranean Sea, significant RoPax traffic exists between
various countries [57]. Zone 5 is selected to represent the Baltic Sea, which has high
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volumes of RoPax traffic in the Baltic Sea. Zone 11 covers the North Sea, where
traffic between the UK and continental countries is significant. Zone 10 includes the
Irish Sea, which primarily hosts routes between the UK and the Republic of Ireland.
Zone 17 represents the Bay of Biscay, a region mainly used by RoRo vessels but also
featuring RoPax routes between Spain and UK. Similarly, Zones 26 and 27 are selected
to represent the Mediterranean Sea, where significant RoPax activity occurs between
coastal countries. In the East China Sea, RoPax traffic primarily operates between three
countries: China, South Korea, and Japan, based on routes identified from multiple
sources [58, 59]. In this study, Zones 18, 28, and 29 are selected to represent RoPax
activity in this region, covering key routes between these countries. Table 11 presents
the final selection of major Ropax traffic zones used in the vulnerability assessments
of D-Ropax.

Table 11: GWS and regional zones representing major RoPax shipping routes

Area Zone number or region

European seas 5,10, 11, 17
Mediterranean Sea 26, 27

East China Sea 18, 28, 29
Australia Bass Strait

In the Oceania, RoPax traffic mainly operates between mainland Australia and the
island state of Tasmania. However, when referring to the Global Wave Statistics
(GWS) zones (see Figure 28), this specific region is not directly dedicated zone. The
nearest zones: 92, 93 and 101 are large and cover wider oceanic areas, which include
more extreme sea states that are not representative of the Bass Strait itself.
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Figure 28: GWS zones near Tasmania and southern Australia [28].

Liu et al. investigated the wave climate of Bass Strait and South-East Australia over
the period 1981 to 2020.[60], sea conditions in the Bass Strait are generally milder
compared to surrounding sea regions. Figure 29 illustrates that extreme significant
wave heights in the Bass Strait are lower, even during extreme return periods such as
50-year or 100-year events.
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Figure 29: Extreme significant wave heights in the Bass Strait [60]

Therefore, instead of using broad GWS zones, this study uses regional wave climate
data from the www.waveclimate.com database to better represent the actual sea state in
the Bass Strait. The selected area, shown in Figure 30, is a 400km x 400km offshore

region centered at 40 ° S, 146 ° E, which captures the local sea conditions relevant to
RoPax operations in the Bass Strait.
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Figure 30: WaveClimate offshore data box covering Bass Strait region[61]

In total, 27 GWS zones and one regional zone (Bass Strait) are selected to represent
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the most relevant operational areas for all sample ships. The selected zones are
visualized on the map in Figure 31. These zones define the wave scatter tables used as
environmental input for all vulnerability assessments conducted in this study.
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Figure 31: Global Wave Statistics Map for high traffic zones. Blue: container
ship/bulk carrier routes; Red: RoPax routes; Green: Common zones for all sample
ships.

3.4 Applied Software for Vulnerability Calculations

This study utilized NAPA software to perform failure vulnerability assessments of all
sample ships in accordance with the SGISC guidelines. NAPA is a well-established
and widely used software tool for ship design in the industry. The software can perform
Level 1 and Level 2 SGISC calculations. In this study, only Level 2 vulnerability
assessments are performed, which are more complex and require evaluation across
multiple sea states using wave scatter data.

All vulnerability assessments are performed using NAPA Release 2024.2[62] , specifi-
cally using the VARDEF*SGIS.MATRIX module. This module allows users to define
the failure mode of interest and provide all the input values required for the assessment
of vulnerability Level 2. It also supports the import of user-defined wave-scatter
tables. By default, it includes the standard wave scatter table recommended by SGISC
guidelines. The wave scatter tables of all other zones are imported into the software
and made available for selection within the module for zone-wise level 2 vulnerability
calculations. After defining all inputs, level 2 calculations are performed and the final
vulnerability index values are obtained for each loading condition and selected wave
scatter table. An example of the interface of the module used to perform parametric
rolling calculations for DTC is shown in Figure 32.
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:.; VARDEF*SGIS.MATRIX/A/DUISBURG* - Variable Editor [ A/DUISBURG - R67... — (m] X

File View Zoc

f i Options
== ‘VARDEF"SGIS.MATRIX/A[DUISBURG M|

SGIS Matrix Calculations| Notes|

This vardef can be used to perform SGISC matrix calculations

Failure mode [PrOLL2C2 -l
Wave Scatter Table TAB*CR.WAVE_SCATTER_20 ~
CR-task Arguments

Intact hull {STABHULL) STABHULL -
Draught range to calculate 14 . m

GM range to calculate 1.37 m

Trim 0.000 m

Sea water density 1.025 t/m3
Design speed 25.0 knots
Design Froude number ‘O. 218

Criteria Type Specific Parameters

Heel angles [deg] [c0 30 5) 40 50

Mumber of forward speeds for calculation 12

Roll angle limit 25.0 deg
Macro for predicting roll natural period ‘ SGIS. TROLL_FORMULA_MSC108 -
Bilge Keel Geometry

Bilge keel length 68.250 m
Bilge keel width 0.400 m
Total bilge keel area 54.6 m2
Results

MName of the table with the resulis TAB*SGIS.MATRIX_PROLL2C2_TRO
[T Export results table as a CSV-file

Decimal Separator

< Comma (,)

4 Period ()

C5V file name SGIS_MATRIX_20.CSV

CSVfile path C: /NAPA/PROJECTS_RESULTS /DUISBERG TE ...
Perform the Calculation -

TASK

Figure 32: Interface of NAPA module used for performing SGISC calculations.

3.5 Data Collection and Analysis

To assess the vulnerability of the selected ship types against the defined failure modes,
the results are calculated and analyzed in two main stages.

In the first stage, the Level 2 vulnerability criteria are evaluated using a set of predefined
loading conditions for each ship, defined by their GM and draft as explained earlier.
The vulnerability criteria are computed across all relevant GWS zones for each
failure mode. This initial analysis allows the identification of critical sea zones and
provides a comparative understanding of how different loading conditions affect the
risk of failure. In the second stage, a more detailed analysis is performed through
the generation of vulnerability matrices. For each ship and failure mode, the level
2 criteria values are recalculated over a wide range of GM and draft combinations,
forming a two-dimensional vulnerability map for selected GWS zones. Two zones are
selected for this purpose: one with high vulnerability and another one with relatively
lower risk, as identified in the first stage. This approach provides deeper insight into
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the sensitivity of vulnerability to loading conditions, allowing the identification of
critical combinations of GM and draft that may lead to failing the SGISC criteria.
To support this analysis, each matrix is paired with the corresponding wave scatter
diagram of the zone, which illustrates the probability of different sea states in that
zone. Overall, this two-step methodology ensures a comprehensive understanding of
how ship stability performance varies with both operational loading and environmental
conditions. The vulnerability index values obtained from NAPA were further processed
in MATLAB to organize the results zone-wise. MATLAB is used to generate all
figures, including vulnerability matrix plots and zones-comparative plots for detailed
analysis and presentation.
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4 Results

4.1 Parametric Rolling
4.1.1 Duisburg Test Case

Figure 33 shows the Level 2 C2 vulnerability index values for parametric rolling across
different sea zones for the DTC container vessel in two loading conditions as defined
in Section 3.1.1. In LC-1, the C2 values are nearly zero in all zones, indicating that
the ship is not vulnerable to parametric rolling with high GM. In contrast, LC-2
shows noticeable C2 values in several zones, suggesting increased vulnerability due
to the lower metacentric height and reduced transverse stability. Figure 34 presents
the SGISC vulnerability map for parametric rolling in the DTC ship under LC-2. It
shows the relative risk levels across global sea zones based on logarithmic scaled
vulnerability index values, where the most critical zone has the highest vulnerability
level.

The IACS Rev.1 wave scatter table gave the highest C2 value, although it still remained
below the SGISC threshold (Rpgry> = 0.025). This dataset represents the original North
Atlantic wave conditions used in the SGISC guidelines. The newer IACS Rev.2, based
on hindcast data, gave a much lower C2 value, not only lower than Rev.1 but also lower
than the most critical sea zones in this study.

Considering the global sea areas, the Pacific Ocean showed the highest vulnerability,
especially in Zone 13 and Zone 20, which appeared as the most critical after Rev.1.
In the Atlantic Ocean, Zone 16 shows elevated values, while in the South Atlantic,
Zone 90 (around the Cape of Good Hope) also shows relatively high vulnerability.
However, the zones in the Mediterranean Sea and Southeast China Sea indicate a very
low vulnerability to parametric rolling.
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Figure 33: Parametric rolling Level 2 results for DTC across GWS zones.
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Figure 34: Parametric rolling vulnerability map for DTC under LC-2

Figures 35 and 36 present the matrix results for parametric rolling vulnerability of
the DTC model in the Zones 13 and 15, respectively. These results provide a detailed
view of how the failure criterion varies across different GM and draft combinations.
Zone 13 was selected as the most critical area based on earlier analysis, while Zone 15
from the Atlantic represents a zone with comparatively lower vulnerability.

According to the SGISC vulnerability criteria, the overall vulnerability of the DTC
vessel to parametric rolling remains low across most GM—draft combinations in both
selected zones. In Zone 13, the vulnerable region appears primarily at low GM values,
especially below 1 m, and is further increased when combined with lower drafts. A
similar trend is observed in Zone 15, although the extent of vulnerability is less severe.
The results demonstrate that parametric rolling vulnerability is highly dependent on
GM, where lower GM values lead to an increased risk of failure. This behavior is
consistent with the physical mechanism of parametric rolling, which typically develops
at higher roll periods corresponding to low GM. These results further support the
classification of Zone 13 as more critical than Zone 15, as its wave scatter diagram
shows a broader distribution toward higher significant wave heights. As described
in Section 2.2.1, the representative wave height H,; used to assess vulnerability is
mainly governed by the significant wave height H.

In addition to GM, the draft also affects the vulnerability, although to a lesser degree.
At a same GM, lower drafts tend to show slightly higher vulnerability. This effect
can be explained through hydrostatic characteristics. As shown in Table 12, the block
coefficient (Cp) of the DTC model decreases from 0.667 at 15 m draft to 0.602 at 10 m.
A lower Cp implies a finer hull form with more variation in water plane area along the
length of the ship. This makes the vessel more sensitive to changes in wave profile as it
encounters head or following seas. According to the rolling period formulation defined
in Section 3.1, a lower draft results in a longer roll period for the ship. Consequently,
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lower drafts provide more time for wave-induced stability variations to develop and
amplify the roll motion. In contrast, shorter roll periods at higher drafts reduce this
effect, making the vessel less vulnerable to parametric rolling.
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Figure 35: Zone-13 : (a) Parametric rolling Level 2 matrix results for DTC (b) Wave
scatter diagram.
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scatter diagram.
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Table 12: Variation of Block Coefficient and Roll Period (at GM = 0.5 m) with Draft
for the DTC model

Draft(m) Cp 1T, (s)

10.0 0.602 67.2
11.0 0.615 65.6
12.0 0.629 643
13.0 0.642 63.2
14.0 0.654 622
15.0 0.667 61.3

These matrix results confirm that the DTC vessel is most vulnerable to parametric
rolling in low GM and low draft conditions, particularly in zones with more extreme
wave conditions, such as the Pacific. An overall comparison of the key factors related
to parametric rolling is presented in Section 4.1.4, focusing on how they contribute to
vulnerability across all the studied vessels.

4.1.2 D-Container

Figure 37 shows the Level 2 C2 vulnerability index values for parametric rolling across
different sea zones for the D-Container vessel in two loading conditions as defined
in Section 3.1.1. In LC-1, the C2 values are nearly zero in all zones, indicating no
vulnerability to parametric rolling when the vessel operates with high GM. In contrast,
LC-2 showed clear C2 values in multiple zones, reflecting increased vulnerability due
to the reduced metacentric height and lower transverse stability. Figure 38 presents the
SGISC vulnerability map under LC-2 based on log-scaled vulnerability index values
of studied sea zones. The zone-wise vulnerability profile remains mostly similar to that
seen in the DTC, with the same regions showing relatively high or low risk, although
some zones display small differences in level of vulnerability.

The IACS Rev.1 wave scatter table produced the highest C2 value, although it remained
below the SGISC threshold (Rpgo = 0.025). This corresponds to the original North
Atlantic data used in SGISC guidelines. The IACS Rev.2, based on more recent
hindcast data, gave a significantly lower C2 value, not only below Rev.1, but also lower
than any of the real-world sea zones included in this analysis.

Among the sea zones, the Pacific Ocean again shows the highest vulnerability, with
Zone 13 and Zone 20 standing out as the most critical areas after Rev.1. Zone 16 in
the Atlantic Ocean and Zone 90 in the South Atlantic also show elevated C2 values.
In contrast, the zones representing the Mediterranean Sea and Southeast China Sea
show near-zero C2 values, indicating a very low risk of parametric rolling for the
D-Container ship under both loading conditions.
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Figure 37: Parametric rolling Level 2 results for D-Container across GWS zones.

o9

85

I !
Low Medium High
Vulnerability Level

Figure 38: Parametric rolling vulnerability map for D-Container under LC-2

Figures 39 and 40 show the Level 2 matrix results for parametric rolling vulnerability
of the D-Container vessel in Zone 13 and Zone 15, respectively. The same two zones
were analyzed earlier for the DTC model to allow consistent comparison across sample
ships. These plots illustrate how vulnerability varies over a range of GM and draft
combinations.

In both zones, the results showed increased vulnerability at low GM values. In Zone
13, the C2 values exceeded the threshold primarily when GM is below 1.0 m and
draft is about 10 m. However, even at low GM, the vulnerability reduced as draft
decreases. In Zone 15, a similar vulnerability pattern is observed at low GM, but all
values remained below the threshold. These trends further support the classification
of Zone 13 as more critical than Zone 135, as its wave scatter diagram shows a broader
distribution toward higher significant wave heights.
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Figure 40: Zone-15 : (a) Parametric rolling Level 2 matrix results for D-Container
(b) Wave scatter diagram.

Another important observation is that, unlike the DTC model, the D-Container vessel
shows highest vulnerability at higher drafts when GM is fixed. This difference shows
that hull form plays an important role in how draft affects parametric rolling. For the
D-Container, more geometric changes occur around the 10 m draft level, where the
hull form broadens to accommodate container cargo. This change resulted in greater
variations in water plane area, which amplifies the parametric excitation mechanism.
As shown in Figure 41, more geometric changes occurred at a 10 m draft. Although
the block coefficient (Cp) increases gradually with the draft, the hull shape transitions
more abruptly at a 10 m draft level, contributing to high vulnerability.
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Figure 41: Water plane Coefficient (Cy) and its percentage change across drafts for
D-Container ship

4.1.3 D-Ropax

Figure 42 shows the Level 2 C2 vulnerability index values for parametric rolling for
the D-Ropax vessel across selected sea zones. The IACS Rev.1 wave scatter table
results in a C2 value that exceeds the SGISC threshold, marking it as the only loading
condition case in this study, where the C2 value exceeds the threshold defined by the
criteria for parametric rolling. The Rev.2 value is also relatively high, but remains just
below the threshold. Although the D-Ropax did not pass the criteria with standard
wave scatter table (Rev.1), the vulnerability index remained below the threshold for all
zones in possible ropax routes. Thus, according to the SGISC guidelines, operational
limitations can be applied, which allow the vessel to operate in these areas under this
loading condition without requiring design modifications.

Figure 43 presents the SGISC vulnerability map under loading condition based on
log-scaled vulnerability index values of studied sea zones. Among the operational
zones, the European seas showed the highest vulnerability, particularly Zone 17 (Bay
of Biscay), followed by Zones 10 and 11. These three zones have the highest values
among all zones evaluated for this ropax vessel. Other zones, such as those in the
Mediterranean, East China Sea, and Bass Strait, yielded lower C2 values, but these
are still notably higher than the values observed for the container vessels in the same
zones.

These results indicate that the Ropax vessel exhibits a generally higher vulnerability
to parametric rolling, which reflects the influence of its hull geometry and operational
characteristics. Even in zones where the threshold is not exceeded, the values are
significant, suggesting that D-ropax is more prone to dynamic instability compared to
the others sample ships.
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Figure 42: Parametric rolling Level 2 results for D-Ropax across GWS zones.
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Figure 43: Parametric rolling vulnerability map for D-Ropax under loading condition

Figures 44 and 45 show the parametric rolling Level 2 matrix results for the D-
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Ropax vessel in Zone 17 and Zone 26 respectively. Zone 17 was identified as the
most vulnerable region based on earlier analysis, while Zone 26 was selected for its
comparatively lower vulnerability.

The results show that vulnerability is low at higher GM values and increases significantly
at lower GM, following a similar trend observed in the other vessels. However, the
overall vulnerability of the D-Ropax is notably higher than that of the DTC and
D-Container vessels. Even at moderately higher GM levels, significant C2 values are
observed. Compared to the other ships, the block coefficient (Cp) of the D-Ropax is
considerably lower at the studied drafts, indicating a more slender hull form. This
behavior causes the water plane area to change more quickly with small changes in
draft, making the ship more vulnerable to parametric rolling. Table 13 below shows
the variation of Cg with draft:

Table 13: Variation of Block Coefficient with Draft for the D-Ropax model

Draft (m) Block Coefficient (Cp)

4.0 0.497
5.0 0.524
6.0 0.548
7.0 0.573
8.0 0.595

Comparing the two zones, Zone 17 exhibits greater vulnerability across a wider range
of conditions. This is supported by the wave scatter diagram, which shows more
frequent occurrence of extreme sea states compared to Zone 26.
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Figure 44: Zone-17 : (a) Parametric rolling Level 2 matrix results for D-Ropax (b)
Wave scatter diagram.
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Figure 45: Zone-26 : (a) Parametric rolling Level 2 matrix results for D-Ropax (b)
Wave scatter diagram.

At fixed GM values, the highest vulnerability is observed at lower drafts, particularly
between 4 m and 5 m. This contrasts with the D-Container, where vulnerability
increased at higher drafts. For the D-Ropax hull form, the geometry changes more
abruptly at lower drafts, leading to increased variation in water plane area and
amplifying the parametric rolling response under head or following seas.

4.1.4 Key Findings from the Parametric Rolling Assessment

The following points summarize the key factors influencing parametric rolling vulner-
ability across all ships and sea zones studied.

» Metacentric height (GM): Across all ships, the results show that lower GM
values lead to increased vulnerability to parametric rolling. This is because
a low GM reduces the restoring moment of the ship, which leads to a longer
natural roll period and increases the vulnerability of the vessel. The longer roll
period also brings the ship closer to the resonance condition 7, ~ Tr /2, which
often occurs in following seas and can lead to parametric rolling[63].

* Draft: The effect of draft varies by hull form. DTC and D-Ropax showed higher
vulnerability at lower drafts, which is also associated with longer roll periods,
making them more prone to parametric resonance. In contrast, the D-Container
vessel was more vulnerable at higher drafts at same GM due to a more abrupt
change in hull form. These differences reflect how hull geometry responds to
different draft levels and influences the ship dynamic behavior.

* Hull Geometry: The overall vulnerability to parametric rolling varies notably
among the four sample ship. D-Ropax exhibits the highest level of vulnerability,
followed by the D-Container and DTC vessels, whereas D-Bulker shows negli-
gible vulnerability and was therefore excluded from the detailed analysis. This
difference is closely linked to how the metacenter(KMT) of each hull changes
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with draft at crest and trough waves. Change of metacenter at wave of 4 meter
is shown in Figure 46, the D-Ropax experiences the greatest change in KMT
across the studied drafts, making it highly vulnerable to parametric rolling. In
contrast, the D-Bulker shows almost no variation in KMT with draft, indicating
minimal sensitivity to wave-induced changes. Therefore, it is not vulnerable
to parametric rolling. Overall, it can be observed that as the draft increases,
the variation in the metacentric height (KMT) becomes smaller. This means
that at lower drafts, the metacenter is more sensitive to wave profile changes,
resulting in greater vulnerability when GM is fixed. Therefore, ships tend to
exhibit higher vulnerability at lower drafts due to larger shifts in KMT between
wave crest and trough conditions.
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Figure 46: Change of Transverse Metacenter (KMT) between wave crest and trough
across drafts for all sample ships

* Environmental Conditions: Significant wave height is a critical factor, as it
drives changes in water plane area. Higher wave heights cause larger variations,
increasing vulnerability. As described in Section 2.2.1, the representative wave
height H, ; used to assess vulnerability is mainly governed by the significant wave
height H;. Zone-level comparisons show that higher vulnerability corresponds
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to wave scatter diagrams with broader distributions toward high significant wave
heights. For container vessels, the Pacific Ocean zones were more vulnerable,
whereas the IACS Rev.1 dataset consistently produced the highest vulnerability
index values across all zones. In the case of D-Ropax, the European sea zones
showed the highest risk of vulnerability, with IACS Rev.1 resulting in the
maximum index values.

* Speed: In the SGISC Level 2 assessment method, the design speed is used as
input. It is further used in evaluating the vulnerability at 12 different speeds
using defined speed factors, as described in Section 2.2.1. The final result
is obtained by averaging the outcomes across these speeds in both head and
following seas. Since lower speeds are more vulnerable to parametric resonance,
ships with lower design speeds tend to show higher vulnerability index values
under this approach [26].

These findings highlight the complex interaction between ship design, loading condi-
tions, and wave environment in causing parametric rolling failures.

4.2 Pure Loss of Stability
4.2.1 Duisburg Test Case

Figure 47 shows the Level 2 vulnerability index values for pure loss of stability for the
DTC container vessel across different GWS zones. In LC-1, all values remain close to
zero, indicating no vulnerability under high GM conditions. In LC-2, several zones
show higher values, although all values remain below the SGISC threshold.

The TACS Rev.1 wave scatter table again gives the highest vulnerability value for this
failure mode, although the value remains below the SGISC threshold (Rp;o = 0.06).
The IACS Rev.2 value is noticeably lower than Rev.1 and also lower than several other
studied sea zones, placing it closer to the lower end of the vulnerability range.

The distribution of zone-wise vulnerability shows a trend similar to that observed
in parametric rolling. The Pacific Ocean zones, particularly Zone 13 and Zone 20
continue to show the highest values among real sea areas, indicating that this region
consistently presents a higher risk of dynamic stability failures. In the Atlantic, Zone
16 shows a moderate level of vulnerability. In the South Atlantic, Zone 90 also
contributes to the higher end of the range. In contrast, zones in the Southeast China
Sea, Mediterranean, and others show near-zero values, confirming low vulnerability
for this failure mode in those areas.
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Figure 47: Pure Loss of Stability Level 2 results for DTC across GWS zones.
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Figure 48: Pure Loss of Stability vulnerability map for DTC under LC-2

Figures 49 and 50 present the Level 2 matrix results for pure loss of stability vulnerability
of the DTC model in Zone 20 (Pacific Ocean) and Zone 85 (South Atlantic), respectively.
These zones were selected based on earlier analysis, with Zone 20 identified as one
of the most critical sea areas and Zone 85 representing a region with moderate
vulnerability.

In both zones, the results show that vulnerability is most significant at lower GM
values, particularly when GM falls below 1.0m, where the index value exceeds the
threshold defined by the Level 2 pure loss of stability criteria. The reason for this
increased vulnerability at a low GM is the reduction in the restoring moment of the
ship. This makes the ship more vulnerable to the effects of any external heeling
moment, particularly when a wave crest passes amidships. With the wave crest at
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midship, the righting lever curve further reduces, and the vessel may fail to meet
the SGISC Level 2 criteria for pure loss of stability. Specifically, vulnerability is
identified when either the vanishing stability angle (¢y) falls below 30°, or when the
wave-induced heel angle (¢gw) exceeds 25° at heeling lever moment. At low GM,
both of these failure conditions become more likely due to the limited stability reserve
and reduced ability to recover from any external heeling moment.

Regarding the influence of draft, the results show that vulnerability is generally more
pronounced at lower drafts. At a same GM, lower drafts correspond to slightly higher
vulnerability indices. As explained in section 4.1.2, at lower drafts, the ship hull
is finer, which reduces the ability of ship to generate a sufficient restoring moment
in waves. In addition, results show that Zone 20 is more vulnerable to pure loss of
stability than Zone 85. This is supported by the wave scatter diagram for Zone 20,
which shows a broader distribution toward higher significant wave heights.
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Figure 49: Zone-20: (a) Pure loss of stability Level 2 matrix results for DTC (b)
Wave scatter diagram.
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Figure 50: Zone-85: (a) Pure loss of stability Level 2 matrix results for DTC (b)
Wave scatter diagram.

4.2.2 D-Container

Figure 51 shows the Level 2 vulnerability index values for pure loss of stability for
the D-Container vessel across different GWS zones. For both LC-1 and LC-2, all
values remain at or near zero, indicating no vulnerability under the evaluated loading
conditions.

Since these loading conditions are predefined and used for all case studies, the actual
sensitivity of the vessel is not fully captured in this analysis. A clearer understanding
of the vulnerability is obtained through matrix results, where a wider range of GM
and draft combinations is evaluated.
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Figure 51: Pure Loss of Stability Level 2 results for D-Container across GWS zones.

Figures 52 and 53 present the Level 2 matrix results for pure loss of stability vulnerability
of the D-Container vessel in Zone 20 and Zone 85. These are the same zones previously
analysed for the DTC model to allow consistent comparison across sample ships.
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In both zones, the D-Container shows increased vulnerability at lower GM values,
following the same trend observed in the DTC case. However, unlike the DTC, the
D-Container exhibits the highest vulnerability at higher drafts, around 10m. This
difference is due to the hull geometry, as previously discussed in Section 4.1.2, where
the D-Container shows more abrupt geometric changes at higher drafts, which result
in greater variation in water plane area. Consequently, when the ship is at the crest
waves, the reduction in the restoring moment becomes more severe at a higher draft for
the D-Container ship. These results highlights that the response of the vessel to pure
loss of stability is highly dependent on how its hull geometry varies with the draft.
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Figure 52: Zone-20: (a) Pure loss of stability Level 2 matrix results for D-Container

(b) Wave scatter diagram.
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Figure 53: Zone-85: (a) Pure loss of stability Level 2 matrix results for D-Container
(b) Wave scatter diagram.
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4.2.3 D-Ropax

Figure 54 shows the Level 2 vulnerability index values for pure loss of stability for
the D-Ropax vessel across different GWS zones. In the studied loading condition, all
values remain very close to zero across all zones, indicating no significant vulnerability
for this failure mode.

The IACS Rev.1 wave scatter table gives the highest value among all zones for this
case, but it still remains well below the SGISC threshold (Rpro = 0.06). Although
the fixed loading condition does not indicate any risk, a more complete assessment
is possible through matrix results, where the variation of GM and draft can reveal
potential sensitivity not visible under a single loading condition.
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Figure 54: Pure Loss of Stability Level 2 results for D-Ropax across GWS zones.

Figures 55 and 56 show the level 2 matrix results for the pure loss of stability
vulnerability of the D-Ropax vessel in Zones 17 and 26. Zone 17 was previously
identified as the most vulnerable among the studied sea areas, whereas Zone 26 showed
a relatively lower vulnerability in earlier analyses. Because D-Ropax is a passenger
vessel, a stricter criterion is applied under the SGISC Level 2 assessment with the
threshold for the wave-induced heel angle ¢gw is reduced to 15°, rather than 25° as
used for cargo ships. This makes the D-Ropax overall more vulnerable to fail the
SGISC level criteria under the same sea state conditions. Furthermore, this ship has
the lowest block coefficient (Cp) among the studied ships, resulting in a finer hull form
and more reduction in restoring moment in waves.

The results also confirm that vulnerability is higher at low GM values, consistent with
the other sample ships. As GM increases, the vessel’s restoring moment improves,
which reduces the probability of failing vulnerability criteria. In terms of draft, the
D-Ropax shows the highest vulnerability at lower studied drafts. This is due to hull
geometry, where more abrupt change in waterpalne area occur at lower drafts. When
comparing the two zones, Zone 17 shows higher vulnerability than Zone 26. This
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aligns with its wave scatter diagram, which displays a broader distribution toward
higher significant wave heights.
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Figure 55: Zone-17: (a) Pure Loss of Stability Level 2 matrix results for D-Ropax (b)
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Figure 56: Zone-26: (a) Pure Loss of Stability Level 2 matrix results for D-Ropax (b)
Wave scatter diagram.

4.2.4 Key Findings from the Pure Loss of Stability Assessment

The following points summarize the key factors influencing pure loss of stability
vulnerability across all ships and sea zones studied.

* GM (Metacentric Height): Across all sample ships, the vulnerability to pure
loss of stability increases significantly at low GM values. A smaller GM results
in a reduced restoring moment, which reduces the ability of ship to recover from
extreme rolling angles induced by external heeling. Under such conditions, the
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ship is more likely to fail the Level 2 criteria, either due to a vanishing stability
angle or a wave-induced heel angle exceeding the allowable threshold in Level
2 criteria.

* Hull Geometry: The geometry of the hull plays a major role in determining
how restoring moment varies with wave conditions. Ships with finer hull forms
or more abrupt geometric changes (e.g., D-Container and D-Ropax) are more
sensitive to wave-induced reduction of stability. In contrast, D-Bulker showed
zero vulnerability due to its fuller hull and very minimal variation in the water
plane area, and was therefore excluded from the analysis for pure loss of stability
as well.

 Ship Type and Assessment Criteria: According to the SGISC Level 2 criteria,
passenger ships are subject to a stricter version of Criterion 2, where the threshold
for the wave-induced heel angle (¢gw ) is reduced from 25° to 15°. This increases
the vulnerability of passenger vessels, such as the D-Ropax, compared to cargo
ships under the same environmental and loading conditions.

* Speed: Speed does not have a direct influence on the Level 2 vulnerability
criteria, except through Criterion 2, where the heeling lever depends on the
square of the Froude number. A higher speed leads to larger heeling moments,
which can increase the likelihood of exceeding the threshold for wave-induced
heel angle.

* Environmental Conditions: Zones with a higher occurrence of large significant
wave heights tend to show greater vulnerability. This is because waves with
higher crests passing amidships lead to a larger reduction in water plane area and
righting lever. As a result, the restoring moment decreases more significantly,
making it more likely for the vessel to fail the Level 2 pure loss of stability
criteria. For container vessels, the Pacific Ocean zones were more vulnerable,
while the IACS Rev.1 dataset consistently produced the highest vulnerability
index values across all zones. In the case of the D-Ropax, the European sea
zones showed the highest risk of vulnerability, with IACS Rev.1 again resulting
in the maximum index values.

4.3 Excessive Acceleration
4.3.1 Duisburg Test Case

Figure 57 shows the Level 2 vulnerability index values for excessive acceleration
for the DTC vessel across different GWS zones. These values represent the lateral
acceleration at the navigation bridge, as defined in Section 3. In all zones, the results
remain near zero and well below the SGISC threshold, indicating no vulnerability
under the studied loading conditions which corresponds to relatively low GM values.
However, further insight will be gained through the vulnerability matrices, where
variations in GM and draft may reveal more critical combinations.
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Figure 57: Excessive Acceleration Level 2 results for DTC across GWS zones.

Figures 58 and 59 show the Level 2 vulnerability matrix results for excessive accelera-
tion for the DTC model in Zone 20 and Zone 41, respectively. These zones are selected
based on the EA vulnerability analysis of D-Container to maintain consistency in
evaluating the vulnerability of sample cargo ships.

As shown in the matrix, the DTC model showed no vulnerability across the full range
of GM and draft combinations. The EA index values remained well below the SGISC
threshold Rg 42 = 0.00039 in both sea areas. This low vulnerability is largely because
of high natural roll period of DTC compared to the other ships. Table 4.1 provides
the roll period of all sample ships at the same GM across studied drafts. The higher
roll period prevents the ship from experiencing resonance with most encountered sea
states, thereby limiting roll-induced accelerations.

Although the vulnerability remains below the SGISC threshold in both zones, the
results show a relative increase in index values at higher GM and draft combinations.
These trends are consistent with theoretical expectations and are further discussed in
the D-Container ship results section.
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Figure 58: Zone-41 : (a) Excessive Acceleration Level 2 matrix results for DTC (b)
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Figure 59: Zone-41 : (a) Excessive Acceleration Level 2 matrix results for DTC (b)
Wave scatter diagram.

4.3.2 D-Container

Figure 60 shows the Level 2 vulnerability index values for excessive acceleration for
the D-Container vessel across different GWS zones. These values represent the lateral
acceleration at the navigation bridge, as defined in Section 3. In LC-2, all values
remain well below the threshold (Rg42 = 0.00039), indicating no vulnerability in
the low GM condition. In contrast, several zones show higher C values under LC-1,
confirming that the vessel is vulnerable to this failure mode when operating with
higher GM. This behavior aligns with the behavior of excessive acceleration, where
increased GM leads to short rolling period and greater lateral accelerations at high
locations on board.
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The TACS Rev.1 wave scatter table produces the highest value in the dataset, clearly
above the threshold. The Rev.2 value is significantly lower, remaining well below both
Rev.1 and most of the other studied zones. Among the studied sea areas, the Pacific
Ocean shows the highest response, with zone 20 clearly exceeding the threshold and
others showing values near the limit. Some of the zones in the Atlantic and South
Atlantic regions also show high responses, while the Mediterranean and Southeast
China remain least vulnerable under LC-1 loading condition.
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Figure 60: Excessive Acceleration Level 2 results for D-Container across GWS zones.
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Figure 61: Excessive Acceleration vulnerability map for D-Container under LC-1

Figures 62 and 63 show the Level 2 vulnerability matrix results for excessive accelera-
tion for the D-Container vessel in Zone 20 and Zone 41, respectively. Zone 20 was
previously identified as the most vulnerable among the studied sea areas, whereas
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Zone 41 showed a relatively lower vulnerability in earlier analyses. Compared to
the DTC, the D-Container shows higher acceleration vulnerability partly due to its
relatively short roll period across the evaluated drafts and GM values.

In Zone 20, the D-Container shows high vulnerability at high GM values, with index
values exceeding the SGISC threshold Rg 42 = 0.00039 particularly above GM ~ 5 m.
This trend is consistent with the theoretical expectation that higher GM results in
higher roll accelerations at higher locations like the navigation bridge. At high GM, the
natural roll period of the ship decreases, resulting in sharper and faster roll motions,
thus increasing the lateral acceleration and ultimately leading to increased failure
index values.

In terms of draft influence, at a fixed GM, vulnerability increases slightly with draft.
This trend aligns with the calculated roll periods, where higher drafts give shorter roll
periods for the same GM, further contributing to sharper roll responses and hence
higher acceleration. In Zone 41, a similar pattern is observed, but the vulnerability
is notably lower than in Zone 20. The index values in this zone remain below the
threshold for almost all draft-GM combinations. This difference is well justified by
the wave scatter diagram, as Zone 41 shows a lower frequency of extreme sea states

compared to Zone 20.
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Figure 62: Zone-20 : (a) Excessive Acceleration Level 2 matrix results for D-
Container (b) Wave scatter diagram.
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Figure 63: Zone-41 : (a) Excessive Acceleration Level 2 matrix results for D-
Container (b) Wave scatter diagram.

4.3.3 D-Bulker

Figure 64 shows the Level 2 vulnerability index values for excessive acceleration for
the D-Bulker vessel across different GWS zones. These values represent the lateral
acceleration at the navigation bridge, as defined in Section 3. Unlike in the other
failure modes, this vessel shows significant vulnerability under LC-2, where the GM
is high. In LC-1, the values are close to zero in all zones. However, in LC-2, many
zones exceed the SGISC threshold (Rg42 = 0.00039), indicating that the vessel is
vulnerable to this failure mode when operating with high transverse stability. This is
consistent with the expected behavior of excessive acceleration with high GM value.

In the Bulk carrier, IACS Rev.1 wave scatter table also gives the highest value in the
dataset, clearly above the threshold. The Rev.2 result is lower than Rev.1 but still above
the Rg 2. In the Pacific Ocean, more than half of the zones show values well above
the threshold, confirming this region as the most critical for this failure mode too.
Several zones in the Atlantic and South Atlantic also exceed the threshold, indicating
widespread vulnerability in these areas as well. Notably, the Southeast China Sea,
which was not vulnerable in other failure modes, shows values above the threshold in
this case. In the Mediterranean region, Zone 26 remains below the threshold but is
close to the limit, indicating a moderate level of risk in this region too.
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Figure 64: Excessive Acceleration Level 2 results for D-Bulker across GWS zones.

Low Medium High
Vulnerability Level

Figure 65: Excessive Acceleration vulnerability map for D-Bulker under LC-1

Figures 66 and 67 present the Level 2 vulnerability matrix results for excessive
acceleration for the D-Bulker ship in Zone 20 and Zone 41, respectively. The same
sea areas as the D-Container and DTC are selected for consistency among the cargo
ship categories.

Zone 20 reveals significant vulnerability at higher GM values, with a notable portion
of the operating range exceeding the SGISC threshold Rg 4> = 0.00039. The observed
pattern is similar to that of the D-Container, where increased GM leads to reduced roll
period and sharper roll motions, thus amplifying the lateral accelerations at navigation
bridge. For draft, the results follow the expected behavior, with a fixed GM, higher
drafts slightly increase vulnerability.
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Figure 66: Zone-20 : (a) Excessive Acceleration Level 2 matrix results for D-Bulker
(b) Wave scatter diagram.
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Figure 67: Zone-41 : (a) Excessive Acceleration Level 2 matrix results for D-Bulker
(b) Wave scatter diagram.

4.3.4 D-Ropax

Figure 68 shows the Level 2 vulnerability index values for excessive acceleration
for the D-Ropax vessel across different GWS zones. The vulnerability assessment
is performed for all four selected locations on board as described in Section 3. The
maximum values are obtained at the highest location, i.e., the navigation bridge.
Therefore, all reported results in this section correspond to that location. In all zones,
the results remain near zero and well below the SGISC threshold, indicating no
vulnerability under the low GM. However, further insight will be gained through the
vulnerability matrices, where variations in GM and draft may reveal more critical
combinations.
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Figure 68: Excessive Acceleration Level 2 results for D-Ropax across GWS zones.

Figures 69 and 70 present the Level 2 vulnerability matrix results for excessive
acceleration for the D-Ropax vessel in Zone 17 and Zone 26, respectively. Both zones
gave relatively low vulnerability, with the computed index values mostly staying below
the SGISC threshold.

One factor is the relatively high natural roll period of the D-Ropax, which reduces the
amplitude of roll accelerations under the encountered wave conditions. Additionally,
the selected operational zones for the D-Ropax vessel are less extreme in wave
environment compared to zones analyzed for cargo vessels.

The similar trend with respect to GM is followed for D-Ropax. However, the draft
dependency shows an inverse trend compared to the other ships. For D-Ropax,
higher vulnerability is observed at lower drafts. This behavior is attributed to reduced
roll damping at lower drafts, where the block coefficient is very low[17].A smaller
underwater volume decreases hydrodynamic damping forces, allowing larger angular
accelerations to develop under wave , even if the roll period remains relatively long.
When results were checked beyond 8 m draft, higher drafts showed greater vulnerability,
confirming that lower drafts with lowest Cp reduce damping and increase index value.
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Figure 70: Zone-26 : (a) Excessive Acceleration Level 2 matrix results for D-Ropax
(b) Wave scatter diagram.

4.3.5 Key Findings from the Excessive Acceleration Assessment

The following findings summarize the critical aspects influencing excessive acceleration
vulnerability across all ships:

* Roll Period: The overall excessive acceleration vulnerability mainly depends
on roll period of each ship. Figure 71 compares roll periods at GM =7 m across
all ships. The DTC and D-Ropax with the longest roll period, showed the lowest
vulnerability, while the D-Container and D-Bulker, with shorter roll periods,
are more prone to this failure.
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Figure 71: Roll period vs draft comparison at GM = 7 m for all sample ships

Metacentric Height (GM): In all ships, excessive acceleration vulnerability
increased with higher GM values. This is due to the associated reduction in
natural roll period, which results faster roll motions. Higher accelerations at
short periods raise the index value defined in the SGISC Level 2 criterion.

Draft Influence: For most studied ships, increasing draft at fixed GM led to
higher acceleration vulnerability. This behavior is consistent with the trend of
decreasing roll period at higher drafts, resulting in steeper roll acceleration. The
effect was especially evident for the D-Container and D-Bulker vessels.

Hull Form and Damping Considerations: Ships with finer hull forms expe-
rience lower hydrodynamic roll damping, particularly at low drafts.[17] This
contributes to sharper roll responses and greater lateral accelerations, explaining
the unexpected vulnerability behavior observed in the D-Ropax at lower drafts.

Environmental Conditions: Similar to the other SGISC failure modes, the
environmental conditions have a notable impact on the results of excessive
acceleration vulnerability. In EA assessment, the IACS Rev.1 wave scatter table
again showed higher index values compared to other zones. Among the regional
zones, the Pacific Ocean zones consistently resulted in the highest EA index
values. This trend aligns with the findings for other failure modes.
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4.4 Summary of SGISC Vulnerability Results

Table 14 shows that most of the studied ship types satisfy the SGISC criteria under their
defined loading conditions using the standard Rev.1 wave scatter table. The D-RoPax
vessel does not meet the pure loss of stability criterion at its loading condition, but since
all RoPax operating zones pass the vulnerability check, the vessel can operate without
changes to its design or loading condition. This is in line with SGISC guidelines,
which allow the ships to sail with operational limitations if the ship fails the criteria. In
contrast, both the D-Container and D-Bulker failed the excessive acceleration criterion,
and several sea zones also exceeded the threshold. Therefore, to operate in those
non-compliant zones, weather routing must be applied, or the ship’s design or loading
condition must be modified as per SGISC guidelines.

Table 14: SGISC Vulnerability Assessment for all sample ships at loading conditions

Sample Loading Failure Rev.l Threshold Vulnerability

Ship Condition Mode Value Value Status
DTC LC-1 PR 0 0.025 Pass
DTC LC-2 PR 0.007 0.025 Pass
DTC LC-1 PLS 0 0.060 Pass
DTC LC-2 PLS 0.019 0.060 Pass
DTC LC-1 EA 0 0.00039 Pass
DTC LC-2 EA 0 0.00039 Pass
D-Container LC-1 PR 0 0.025 Pass
D-Container LC-2 PR 0.01 0.025 Pass
D-Container LC-1 PLS 0 0.060 Pass
D-Container LC-2 PLS 0 0.060 Pass
D-Container LC-1 EA 0.001 0.00039 Fail
D-Container LC-2 EA 0 0.00039 Pass
D-Ropax LC-1 PR 0.028 0.025 Fail
D-Ropax LC-1 PLS 0.008 0.060 Pass
D-Ropax LC-1 EA 0 0.00039 Pass
D-Bulker LC-1 PR - 0.025 Pass
D-Bulker LC-2 PR - 0.025 Pass
D-Bulker LC-1 PLS - 0.060 Pass
D-Bulker LC-2 PLS - 0.060 Pass
D-Bulker LC-1 EA 0.0044  0.00039 Fail
D-Bulker LC-2 EA 0.0001  0.00039 Pass

In addition to loading condition analysis, each ship type is evaluated over a range of
GM and draft values to identify critical loading conditions. Table 15 summarizes the
most vulnerable zones for each failure mode and ship type. The results show that
the D-RoPax vessel, due to its finer hull form, is the most vulnerable to pure loss of
stability and parametric rolling. In contrast, the D-Bulker showed no vulnerability in
these failure modes, attributed to its fuller hull form. For excessive acceleration, the
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D-Container and D-Bulker are more vulnerable, primarily due to their shorter natural
roll periods.

Table 15: Summary of SGISC-based vulnerability assessments in a critical zone

Sample Failure Critical Critical Critical Overall
Ship Mode Zone GM (m) Draft(m) Vulnerability
DTC PR 13 <1.0 10-12 Moderate

D-Container PR 13 <1.0 10 Moderate
D-Ropax PR 17 <3.0 4-5 High
D-Bulker PR - - - No

DTC PLS 20 < 1.0 10-12 Moderate

D-Container  PLS 20 <1.0 9-11 Moderate
D-Ropax PLS 17 <4.0 4-5 High
D-Bulker PLS - - - No

DTC EA 20 - - Low

D-Container EA 20 > 5 7-9 High
D-Ropax EA 17 > 8 5-6 Moderate
D-Bulker EA 20 > 4.5 12-14 High

Figures 72 and 73 present the global vulnerability maps for different ship types and
failure modes. Although the levels of vulnerability for zones varied slightly across ship
types, a general pattern remained the same. Pacific zones tend to be more vulnerable for
cargo vessels, whereas European zones show higher vulnerability in RoPax operations.
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Figure 72: General vulnerability zones map for studied cargo ships across all studied
failure modes
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Figure 73: General vulnerability zones map for the D-RoPax vessel across all studied
failure modes
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5 Conclusion

This thesis investigated the vulnerability of ships to dynamic stability failures as defined
by the Second Generation Intact Stability Criteria by applying Level 2 criteria. The
purpose of this study is to address the limitation of standard SGISC wave scatter table
(WST) which is derived from IACS Recommendation No. 34/Rev.1. A key motivation
for this study is to check the applicability of SGISC, which allows unrestricted global
operation once a ship passes the vulnerability check using the standard North Atlantic
wave scatter table. However, it remains uncertain whether such ships would remain
not vulnerable in other global sea areas. Therefore, this study applied hindcast-based
scatter tables across different Global Wave Statistics (GWS) zones to evaluate three
failure modes across four sample ships and compare the results against standard wave
scatter table.

Based on the results of the vulnerability assessments across the studied failure modes
and ship types, the main findings are presented below:

» Standard WST data consistently gave the highest vulnerability index values
across all studied failure modes and ship types. This confirms the conservative
nature of Rev.1 and confirms its applicability for global unrestricted operations
if a ship passes this standard wave scatter data.

* Rev.2 wave data, introduced by IACS Recommendation No. 34/Rev.2, produced
lower vulnerability index values, even lower than many other GWS zones.

* Among the zones selected based on cargo ship routes, those located in the
Pacific region showed higher vulnerability results in all failure modes, followed
by Atlantic zones.

* For the ropax routes, the selected zones showed lower vulnerability compared
to standard WST and other high vulnerable GWS zones. In some cases, the
D-Ropax passed the criteria in these zones despite not meeting under Standard
WST, indicating that ship can sail without restrictions in those areas as per
SGISC guidelines.

The following points are suggested as future recommendations to further extend this
study:

* Instead of annual wave data, season-specfic wave data may be used to study the
effect of seasonality on SGISC vulnerability results.

* Extend the analysis to include a more ship types and using design input data
from real-world vessels to improve the accuracy of results.

* Instead of using average wave statistics zone data, use of weather route-specific
hindcast wave data can give more ship operationally relevant assessment results.

* Investigate the influence of varying bilge keel dimensions, trim conditions, and
damping effects on vulnerability outcomes.
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A Wave Scatter Diagrams of All Studied Zones
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Figure A1: Wave scatter diagram and significant wave height probability for TACS Rev.1
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Figure A2: Wave scatter diagram and significant wave height probability for IACS Rev.2
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Figure A3: Wave scatter diagram and significant wave height probability for Zone 5.
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Figure A4: Wave scatter diagram and significant wave height probability for Zone 7.
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Figure A5: Wave scatter diagram and significant wave height probability for Zone 10.

89



Zone 11
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Figure A6: Wave scatter diagram and significant wave height probability for Zone 11.
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Figure A7: Wave scatter diagram and significant wave height probability for Zone 12.

Zone 13
Wave Scatter Diagram 08 Distribution of Significant Wave Height
18 :
0.09
16 0.7
0.08
—~ 14 0.6
) 0.07
E12
e 0.06
=
o
g 10
5 0.05
=
R
2 004
S
]
B 6 003
& 0.2
4 0.02
0.1
9 0.01
ol || |
4 6 8 10 12 14 16 0 2 4 6 § 10 12 14 16 18

Mean Wave Period, Tm (s) Significant Wave Height, Hs (m)

Figure A8: Wave scatter diagram and significant wave height probability for Zone 13.
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Zone 15
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Figure A9: Wave scatter diagram and significant wave height probability for Zone 15.
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Figure A10: Wave scatter diagram and significant wave height probability for Zone 16.
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Figure A11: Wave scatter diagram and significant wave height probability for Zone 17.
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Zone 18
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Figure A12: Wave scatter diagram and significant wave height probability for Zone 18.

Zone 20
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Figure A13: Wave scatter diagram and significant wave height probability for Zone 20.
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Figure A14: Wave scatter diagram and significant wave height probability for Zone 21.
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Figure A15: Wave scatter diagram and significant wave height probability for Zone 22.
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Figure A16: Wave scatter diagram and significant wave height probability for Zone 24.
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Figure A17: Wave scatter diagram and significant wave height probability for Zone 25.
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Zone 26
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Figure A18: Wave scatter diagram and significant wave height probability for Zone 26.
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Figure A19: Wave scatter diagram and significant wave height probability for Zone 27.
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Figure A20: Wave scatter diagram and significant wave height probability for Zone 28.
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Zone 29
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Figure A21: Wave scatter diagram and significant wave height probability for Zone 29.
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Figure A22: Wave scatter diagram and significant wave height probability for Zone 30.
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Figure A23: Wave scatter diagram and significant wave height probability for Zone 31.
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Zone 33

Wave Scatter Diagram 08 Distribution of Significant Wave Height
18 0.3 '
16 0.7
0.25
—~ 14 0.6
g
=
:—ED 12 02 0.5
210 a
k] o015 204
= 2
‘é‘ 8 &
u':‘uw 0.3
: 1
X °
@ 0.2
4
0.05
0.1
-
0 0 . . . . . .
4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16 18
Mean Wave Period, Tm (s) Significant Wave Height, IIs (m)

Figure A24: Wave scatter diagram and significant wave height probability for Zone 33.
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Figure A25: Wave scatter diagram and significant wave height probability for Zone 34.
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Figure A26: Wave scatter diagram and significant wave height probability for Zone 35.
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Zone 40
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Figure A27: Wave scatter diagram and significant wave height probability for Zone 40.
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Figure A28: Wave scatter diagram and significant wave height probability for Zone 41.
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Figure A29: Wave scatter diagram and significant wave height probability for Zone 43.
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Zone 85
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Figure A30: Wave scatter diagram and significant wave height probability for Zone 85.
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Figure A31: Wave scatter diagram and significant wave height probability for Zone 90.
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Figure A32: Wave scatter diagram and significant wave height probability for Bass Strait
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