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Abstract

Second-Generation Intact Stability Criteria (SGISC) assess excessive acceleration (EA)
through successive vulnerability levels, but the consistency between Level 1 and Level 2
under changes in ship-related parameters remains insufficiently understood. This study
investigates the effects of natural roll period, roll damping, and loading condition on both
levels. AMATLAB(R2022b)-based implementation was verified using the IMO C11 example
and subsequently applied to the ITTC A1, KCS, and DTC container ships. Three levels were
assigned to each investigated factor, producing 27 combinations per ship and 81 cases overall.
Responses were examined through case-wise comparisons, isolated and paired-factor trends,
and a sum-of-squares decomposition of response variability. A total of 72 cases failed EA1
(the remaining 9 were outside IMO applicability ), while 50 passed EA2 and 22 failed at both
levels; no Level 1 PASS-Level 2 FAIL outcome was obtained. Longer natural roll periods
generally lowered EA1 lateral acceleration while increasing the EA2 long-term probability
index, whereas increased damping reduced both measures. Loading-condition effects
varied markedly among ships, especially in EA2. Pooled contributions further showed
a change from natural roll period dominance in EA1 to roll damping dominance in EA2.
These results indicate that parameter sensitivity is both level- and ship-dependent. Since
none of the investigated cases passed EA1, the assessment of PASS/FAIL-based cross-level
consistency was necessarily limited; however, parameter-induced response trends were
examined in detail across both levels.

Keywords: excessive acceleration; natural roll period; roll damping; loading condition;
analysis of variance (ANOVA)

1. Introduction

The conventional stability criteria were substantially based on earlier casualty statistics
due to insufficient understanding of dynamic physics in waves [1]. They were structured
as deterministic assessment methods, comprising still-water calculations and static stability
concepts [2]. One of the most important reasons for International Maritime Organization
(IMO) to develop the Second-Generation Intact Stability Criteria (SGISC) was that although
the old criteria classified some newer, faster, higher-capacity, and innovatively designed
ships—emerging in response to the continuous growth in seaborne cargo volumes [3]—as
safe, accidents of such vessels could not be predicted or prevented [4]. On these grounds,
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a set of new-generation assessment methods that accounts for ship-wave interaction was
required; thus, the SGISC were formulated [5].

The SGISC framework consists of five stability failure modes: excessive acceleration
(EA), parametric rolling (PR), dead ship condition (DS), pure loss of stability (PL), and
surf-riding/broaching (SR). While the conventional criteria provide an overall stability
compliance judgment, the SGISC evaluate stability compliance at level of loading conditions
and failure modes. The assessment architecture follows a hierarchical structure. Relatively
simple Level 1 calculations produce a more conservative opinion on ship stability, whereas
progressing to Level 2 and then to direct stability assessment generally reduces this con-
servatism while increasing the complexity of the calculations and computational power
required. This sequence is not mandatory, and a higher-level assessment may be carried
out without first completing the lower-level calculations. Instead of merely focusing on the
final results of numerical simulations and direct stability assessments, the SGISC further
guides in detail how their methods and procedures are to be applied and how they are
to be validated. The conventional criteria present a deterministic approach, whereas the
SGISC bring probabilistic dimension to stability evaluation. Furthermore, ships that do
not meet stability requirements may still be operated maintaining their safety target by
following operational guidance and complying with operational limitations. This enables
considerable flexibility because a design that would otherwise be rejected on the basis of
its fixed characteristics may remain acceptable when loading conditions, environmental
conditions, and operational parameters are taken into account [1,5].

The physical background of excessive acceleration (EA), one of the failure modes
covered in the SGISC, has been described in the IMO Explanatory Notes [5]. Building on
this framework, subsequent studies have shown that the assessed vulnerability depends
on a combination of stability characteristics, loading condition, roll dynamics, assessment
location, ship geometry, operational state, environmental conditions, and modelling as-
sumptions rather than on a single parameter. Boccadamo and Rosano [6] examined EA
vulnerability for four naval hull forms over five displacement conditions. After failing
Level 1 (EA1), all investigated conditions required Level 2 (EA2) assessment, where the EA-
based lower bound on KG was found to exceed the upper bound imposed by conventional
naval intact-stability requirements, eliminating a common admissible stability range for
the ships considered. For the largest draught considered, the lower KG boundary obtained
from the EA assessment varied between 6.3 and 8.5 m, while naval stability regulations
restricted KG to values between 4.81 and 7.42 m. For a 13 K oil/chemical tanker, Shin and
Moon [7] examined how roll characteristics, onboard assessment position, and loading-
related stability enter the EA evaluation, while their Level 2 analysis also underscored
the role of roll damping. At a longitudinal assessment position located at 65% of the ship
length from the aft end, Level 1 began to produce failing cases at an assessment height of
approximately 50 m, whereas the corresponding Level 2 evaluation remained acceptable up
to about 100 m. This dependence on the representation of roll dynamics was also evident in
the independent SGISC implementations reported by Marlantes et al. [8], who compared
two separately developed computational frameworks and highlighted roll damping as an
important source of variability, particularly in EA2. For the C11 container ship case, the two
implementations predicted Level 1 lateral accelerations of 1.600 and 1.476 m/s?, respectively,
while both yielded the same PASS classification at EA1 and EA2. Turning to operational and
environmental effects, Begovi¢ et al. [9] adapted the EA Level 2 formulation for simplified
operational guidance so that ship speed and wave heading could be explicitly considered.
For the bulk-carrier case, the safe operating region contracted as significant wave height
(Hy) increased, while the most severe response among the examined conditions occurred at
a mean zero-crossing wave period (T,) of 8.5 s. The resulting weighted fraction of operating
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conditions to be avoided was 0.017, well below the acceptance limit of 0.20. The influence
of hydrodynamic modelling assumptions was investigated by Duan et al. [10] through five
alternative approaches applied to the same shallow-draft ship. Their nonlinear five-degree-
of-freedom formulation, incorporating modified restoring and diffraction effects, gave the
closest agreement with the experiments; the predicted maximum lateral acceleration was
0.837 times gravitational acceleration (g), compared with 0.875 g measured in the model
tests. Both values remained below 1 g, consistent with the non-vulnerable outcome obtained
from the Level 2 and direct stability assessments. Rosano et al. [11] quantified the influence
of damping estimation on EA2 for a stern trawler. When damping derived from roll-decay
tests was used, the long-term index was 8.24 x 10~*, whereas application of the Simplified
Ikeda method increased it to 2.26 x 1072, approximately 27 times larger. The corresponding
equivalent linear damping values were 0.0259 and 0.0108 s~!, respectively, demonstrating
how the adopted damping representation can substantially alter the predicted EA response.
Experimental evidence of the damping effect was also obtained by Paroka et al. [12] for an
Indonesian Ro-Ro ferry using roll-decay tests with and without bilge keels. At H; = 4.5 m,
the vessel without bilge keels satisfied EA2 only when the assessment height was below
approximately 55% of the ship breadth, whereas the configuration with bilge keels remained
acceptable beyond 80% of the breadth. These results illustrate the substantial enlargement
of the acceptable operating and assessment range produced by additional roll damping.
Taken together, these studies demonstrate that EA predictions can change appreciably with
both physical ship characteristics and the assumptions adopted in the assessment procedure,
providing a clear basis for more systematic parameter-sensitivity investigations.

Beyond identifying the factors that influence EA response, attention has also been
directed toward quantifying the sensitivity of the assessment to parameter variations. Previ-
ous studies have applied the criteria to representative ships and reported the corresponding
assessment results. However, the sensitivity of this failure mode to various parameters
and the consistency between its assessment levels remain active areas of research. EA
vulnerability is sensitive to GM, assessment height, and bilge keel area, since higher GM
shortens natural roll period, greater distance from roll axis amplifies lateral acceleration,
and weaker damping permits larger roll responses [12]. Kuroda [13] drew on EA Level 1
and EA Level 2 assessment results for 37 vessels previously presented in [14] to examine
how GM/B, natural roll period, and normalized assessment height, (h-d)/B, were related
to vulnerability. The analysis showed that vessels with GM/B above approximately 0.2 or
natural roll periods below 10 s were less likely to be assessed as non-vulnerable, whereas
normalized assessment height showed little correlation with the vulnerability outcome.
Kuroda subsequently investigated two container ships, referred to as Sample Ships A and B,
by varying GM, bilge-keel dimensions, and assessment location at both assessment levels.
A 10% reduction in GM, a 50% increase in bilge-keel area, and lowering the assessment
location by one deck reduced the Level 1 lateral acceleration by approximately 7%, 10%,
and 6%, respectively. At Level 2, the difference between Sample Ships A and B became
more pronounced. Sample Ship A satisfied the Level 2 criterion after an approximately
5% reduction in GM, whereas Sample Ship B required a reduction of 37%. Sample Ship
A could also satisfy EA2 by increasing the bilge-keel width by 40%, extending its length
by 13%, or lowering the assessment location by one deck. For Sample Ship B, increasing
the bilge-keel length within the applicable range of the damping method was insufficient;
the threshold for non-vulnerability was reached with a 260% increase in bilge-keel width
or by lowering the assessment location by four decks. Considering notable influence of
draught and vertical center of gravity (VCG) on EA assessment outcomes, Jiang et al. [15]
kept these parameters through the preprocessing stage and fed them to machine learning
models, while stating that higher assessment locations undergo larger transverse motion,
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thereby producing bigger accelerations and inertial forces. Within the £10% perturbation
range, increasing VCG reduced the EA probability C, whereas increasing draught produced
the opposite trend; moulded depth, in contrast, had only a marginal influence and was
excluded from the final EA input set. Qi et al. [16] examined icing-related changes in roll
dynamics, found a decrease in linear damping coefficient from 0.0311 to 0.0085 and an
increase in nonlinear damping coefficient from 0.1253 to 0.3422 after 24 h of icing, and noted
that small damping variations can rapidly alter roll amplitude within the bifurcation region.
After a 24-h icing period, the damping level at 0.2 rad/s rose to 1.489 x 108 N.m from an
ice-free value of 7.037 x 107 N.m, equivalent to a 111.5% increase. The available evidence
therefore indicates that the magnitude of parameter effects can differ substantially among
ships and assessment conditions. This raises a further question of whether such variations
produce consistent responses across EA1 and EA2.

Beyond parameter sensitivity, the relationship between EA1 and EA2 represents an-
other important aspect of the assessment framework. Since the two levels constitute succes-
sive screening stages for the same failure mode, their outcomes are expected to preserve
a coherent hierarchy, as intended in the SGISC assessment structure. A further question
is whether variations in governing parameters produce comparable response tendencies
across EA1 and EA2. Schroter et al. [17] examined this relationship in an SGISC robustness
and consistency study involving 17 vessels. For EA, both levels were evaluated from the
light service condition up to summer draught, considering the even-keel, forward, and
aft trim conditions, while GM was varied at each draught to identify the GM boundary
separating non-vulnerable and vulnerable outcomes at Level 1 and Level 2. Among the
14 vessels for which both EA levels could be compared, 11 showed the expected relationship
between the GM limits obtained from Level 1 and Level 2 under all three trim conditions,
whereas three did not follow this pattern in at least one trim; usable results were unavail-
able for the other three vessels. Across the loading conditions, EA1 showed an equal or
higher non-compliance rate than EA2 for 13 of the 14 vessels. Ship 13 was the only excep-
tion, with none of the examined conditions failing EA1, while 27% failed EA2. Petacco
et al. [18] provided a further cross-level comparison by applying both EA vulnerability
criteria to 19 loading conditions across seven motor yachts. Based on the reported Level
1 and Level 2 results, three conditions satisfied both levels, eight failed EA1 but satisfied
EA2, and eight failed at both levels; no case was accepted by EA1 and subsequently re-
jected by EA2. These outcomes therefore preserved the expected categorical relationship
between the two EA levels throughout the investigated set. Using Gaussian-distributed
parameter samples and variance decomposition, Yang [19] investigated the influence of
uncertainty in roll characteristics, wave excitation, and assessment location on both EA
vulnerability levels. The natural roll period dominated Level 1 (total sensitivity index: 0.80),
whereas the effective wave-slope coefficient ranked highest at Level 2 (0.50). The findings
further indicated that parameter uncertainty could alter the pass/fail classification for cases
approaching the assessment thresholds. A complementary perspective was provided by
Duan et al. [20], who investigated the influence of moonpool-related roll damping on
both EA assessment levels for an offshore support vessel. Accounting for the reduction
in effective roll damping increased the estimated lateral acceleration at Level 1 and the
long-term failure probability at Level 2, indicating the same response direction across the
two levels for this particular damping-related variation. Previous studies have explored
EA cross-level consistency through categorical comparisons of EA1 and EA2 vulnerability
classifications, while also documenting how selected parameters influence the assessment
results at both levels. However, the consistency of cross-level response trends under system-
atic, controlled parameter perturbations across vessels with different baseline characteristics
remains insufficiently investigated.
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Accordingly, this study investigates the sensitivity of EA vulnerability assessment
results under controlled variations in loading condition, natural roll period, and roll damp-
ing, with particular emphasis on their cross-level consistency. Following validation of the
implemented assessment procedures, a common baseline configuration is established and
each parameter is varied systematically while the remaining conditions are controlled. The
resulting changes in the vulnerability outcomes of both failure levels are then quantified and
compared to determine their sensitivity, stability, and relative susceptibility to the imposed
variations. This comparison is organized as a three-level full factorial analysis across three
benchmark container ships, combining direct adjustments to natural roll period, damping
changes applied consistently at both levels, and the hydrostatic consequences of displace-
ment variation. Within this framework, the relative contributions of individual factors and
their interactions are quantified for both levels, whereas Kuroda’s [13] investigation of GM,
bilge-keel dimensions, and assessment location centers on feasible design measures. Beyond
level-specific sensitivity assessment, the study examines whether EA1 and EA2 exhibit
consistent trends when subjected to the same changes in ship characteristics. In this way, the
work provides a unified basis for distinguishing parameter effects that are consistent across
the two assessment levels from those that produce level-dependent responses, thereby
contributing to a better understanding of trend-based cross-level consistency of SGISC
excessive acceleration assessments.

2. Methodology

This section presents the computational methodology adopted in the present study.
Section 2.1 describes the reference ship conditions, parameter variations, and sensitivity
analysis framework, while Section 2.2 provides the detailed EA2 computational procedure
and numerical settings used to determine the long-term probability index C.

2.1. General Methodology and Sensitivity Analysis

A computational program was developed using MATLAB R2022b to perform the EA1
and EA2 assessments in this study. For each ship, the program takes principal dimensions,
loading condition data, hull form offsets, and the vertical and longitudinal positions at
which the assessment is carried out as inputs. To investigate how EA1 and EA2 results vary
among different ships under changes in loading condition, natural roll period, and roll
damping, the original implementation was further modified so that these three quantities
could be varied directly through prescribed input values. For loading condition variation,
the full-load condition of each ship was first defined as the reference state. The ship’s
displacement volume was then reduced to 90% and 80% of its full-load value. Hydrostatic
calculations were repeated for these modified loading conditions, and the corresponding
updated input parameters were obtained. When the ship’s displacement volume was
changed, VCG and longitudinal center of gravity (LCG) were assumed to remain unchanged
for simplification. Since redistribution of weights onboard is a complex and case-specific
problem, incorporating such effects was considered beyond the scope of the present study
and could obscure its primary objective. A more detailed treatment that accounts explicitly
for weight redistribution may be considered in future work. For natural roll period (T,)
variation, only the EA1 procedure was modified because T, is calculated once in the EA1
assessment and the same value is subsequently used throughout the EA2 calculations.
Accordingly, a multiplicative natural roll period variation factor, k7, was introduced into
Equation (2) of [1] and added to the program inputs, allowing prescribed variations in
natural roll period to be imposed systematically.

¢ = 0.373 + 0.023(B/d) — 0.043(Lyy; /100) (1)
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2.c.B

VGM

Here, kr is a dimensionless perturbation factor introduced for the present sensitivity

Tr,var = kT .

(2)

analysis. For each ship and prescribed loading condition, the reference natural roll period is
obtained from Equation (2) with k; = 1.00, using the inputs corresponding to that loading
state. The values kr = 0.90 and ky = 1.10 impose periods 10% shorter and 10% longer than
this reference, respectively, providing symmetric perturbations around the reference value.
Within a given loading state, these period changes are imposed without modifying GM or
the geometric inputs used in the period calculation. The factor is applied once in calculating
the modified period, T, ,,,, and the resulting period is subsequently used in both EA1 and
EA2. The natural roll frequency in EA2 is derived from this modified period, without an
additional application of kr. EA1 and EAZ2 differ in the way roll damping is represented
in their respective assessment procedures. In Level 1, damping is introduced through
the non-dimensional logarithmic decrement of roll decay, ,, whereas Level 2 employs
an equivalent linear roll damping coefficient, B4, within the roll-response calculation. To
impose consistent roll damping variations at both assessment levels, a single damping
variation factor, kz, was introduced as a multiplier applied to the respective damping
quantities. For Level 1, using the logarithmic decrement relation given in [5], the modified
logarithmic decrement of roll decay (4, .,,) was defined as

5(p,var = kp.(0.57Rpg), (3)

whereas for Level 2, the modified roll damping coefficient (B, ,,,) was obtained from

B44,var = kB-B44- (4)

Thus, ky was applied to §, in Level 1 and to By, in Level 2, allowing the prescribed
damping variations to be implemented through a common input parameter.

The independent variations in natural roll period and roll damping were introduced
as controlled numerical perturbations rather than as representations of specific physical
modifications to the ships. Within a given loading condition, changing the natural roll
period while retaining GM and hull geometry can be interpreted as a change in the effective
total roll inertia, whereas the damping factor modifies the dissipative contribution to the
roll response. Although these characteristics may be physically coupled through changes in
loading, mass distribution, and hydrodynamic conditions, treating them separately enables
their individual and combined influences on the EA assessments to be distinguished.

The program was applied to four different container ships. One of these was the C11
container ship, which is presented in the IMO Explanatory Notes [5] as an example case
for demonstrating the calculation procedure of the excessive acceleration failure mode.
The purpose of including C11 was to validate the in-house MATLAB code by comparing
the results obtained for this ship with the corresponding IMO results. Further details are
provided in the Validation section of the manuscript. Following this validation, the code
was applied to three additional container ships considered in the present study. Three
benchmark container ships were selected for the present study because their hull forms and
principal particulars are publicly available, facilitating reproducibility and independent
comparison of the results. The main characteristics of these three ships and of the validation
ship C11 are provided in Table 1, while hull forms of the three benchmark ships that
constitute the subject of the present study are shown in Figure 1.

The original benchmark hull forms were retained, whereas their published reference
stability conditions were not treated as fixed constraints for the present EA assessment.
The reference conditions available for benchmark vessels are generally defined for spe-
cific validation purposes and do not necessarily represent conditions that are particularly
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informative for excessive acceleration. Since EA vulnerability is strongly influenced by
metacentric height and the associated natural roll period, the stability condition of each
hull was adjusted to establish a controlled reference state suitable for the present sensitivity
analysis. This approach is also consistent with the IMO example application in [5] for the
C11 container ship, in which the hull is assessed under a modified stability condition rather
than being restricted to its nominal reference values. The adjustment was therefore intended
to provide an EA-relevant baseline for systematic comparison, rather than to reproduce an
EA assessment for a particular loading condition.

Table 1. Main characteristics of the ITTC A1, KCS, and DTC benchmark container ships and of the
validation ship C11.

Particular ITTC A1 KCS DTC C11
Length (m) 150 230 355 262
Beam (m) 27.2 322 51 40
Depth (m) 13.5 19 30.15 24.45
GM (m) 6 7.71 12.92 8
VCG (m) 5.85 7.51 12.59 12.75
Full load draft (m) 8.5 10.8 14.5 11.5
Displacement volume (m3) 23,131.71 52,030 173,467 67,504
Block coefficient 0.667 0.651 0.661 0.56
Midship section coefficient at full load 0.984 0.985 0.987 0.962
Bilge keel length ratio (. /Lyy) 0.2500 0.2992 0.2092 0.2921
Bilge keel height ratio (hy, /B) 0.0201 0.0124 0.0078 0.0100
Vertical center of acceleration (VCA), (m) 26.9 37.86 60.08 48.72
Longitudinal center of acceleration (LCA), (m) 101.57 155.74 240.38 177.41
ITTC Al

Figure 1. Hull forms of ITTC A1, KCS, and DTC.

The reference stability conditions for the three benchmark ships were established
using the C11 data reported in Tables 1.2 and 3.1 of Reference [5] as a numerical basis.
The tabulated KG and GM values give KM = 18.976 + 1.40 = 20.376 m for the basic input
condition and KM = 12.75 + 8.00 = 20.750 m for the EA assessment condition. The ratio
20.750/20.376 = 1.018 was first applied to the original KM of each benchmark ship. A
provisional GM was then obtained by multiplying the transformed KM by the GM/KM
ratio of the C11 EA condition, 8.00/20.750 = 0.386.

For ITTC Al, the original KM of 11.635 m therefore yielded a transformed KM of
11.849 m and a provisional GM of 4.568 m. An additional common multiplier of 1.313 was
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selected to obtain an ITTC Al reference GM of approximately 6.00 m. The complete calcu-
lation for this ship was thus GM = 1.313 x (8.00/20.750) x (20.750/20.376) x 11.635 ~ 6 m.
Applying the same multiplier to KCS and DTC established a common final GM/KM ratio
of 1.313 x 0.386 = 0.506. The corresponding VCG values were determined by subtracting
the final GM from the transformed KM. The adjusted full-load stability conditions were
subsequently used as the reference for hydrostatic calculations at the reduced displacement
levels. The corresponding KM, VCG, and GM values for all three loading conditions of each
ship are presented in Appendix A (Table A1). The IMO Explanatory Notes [5] specify that
the basic C11 input accounts for the free-surface correction, whereas the EA assessment
condition reports GM without this correction. However, the document does not explicitly
explain the difference between the corresponding KM values; therefore, their ratio was
adopted as a numerical scaling reference for establishing the baseline stability conditions
rather than as a physically derived hydrostatic correction.

Once these reference conditions had been defined, displacement volume variations
were introduced independently for each ship. For each prescribed displacement volume
variation, hydrostatic properties were recalculated at corresponding equilibrium draught,
while both VCG and LCG were kept unchanged. Consequently, changes in hydrostatic
KM resulting from displacement volume variation were reflected directly in corresponding
GM through GM = KM — VCG. This procedure allowed hydrostatic influence of the dis-
placement volume variation to be examined without introducing additional assumptions
regarding redistribution of weight in either vertical or longitudinal direction.

To enable a meaningful comparison among the three ships, lateral acceleration assess-
ment location was transferred from the C11 reference case using non-dimensional geometric
ratios. The ratios /D and x/L [5] were first determined from the C11 reference case and
then used for the ships studied in the present work. Accordingly, the vertical (VCA) and
longitudinal (LCA) assessment locations for ITTC Al, KCS, and DTC were obtained by
applying these C11-based ratios to the depth and length of each ship, respectively.

Natural roll period and roll damping variations were introduced by applying variation
factors kr and kg, respectively, with values of 0.90, 1.00, and 1.10. Loading condition variation
was generated by reducing the full-load displacement volume of each ship to 90% and
80%. The variation ranges were selected to investigate controlled changes near the reference
conditions, while limiting the possibility of substantial shifts in the underlying roll-response
characteristics that larger variations might introduce. A common increment of 0.10 was
adopted for all three factors, with displacement progressively reduced from the full-load
condition, providing a consistent relative scale for examining parameter-induced changes.
Full factorial combination of these three variation sets yielded 27 analysis cases for each
ship. Accordingly, a total of 81 cases were evaluated for ITTC A1, KCS, and DTC. The
configuration of individual cases and complete set of resulting outputs are presented in
Appendix Figure A1.

To aid interpretation of the computed responses, the 27-case design for each vessel was
decomposed with respect to three prescribed factors: loading condition, natural roll period
variation factor kr, and roll damping variation factor kz. The decomposition considered the
individual contributions of the three factors, the three pairwise combinations, and the joint
three-factor combination. Since only one computed response was available at each point of
the 3 x 3 x 3 design, no residual degrees of freedom remained for conventional inferential
ANOVA,; therefore, F-ratios and p-values were not evaluated. Instead, the sum-of-squares
contribution of each component was normalized by total sum of squares and reported as
a percentage. This provided a descriptive measure of the contribution of each factor or
interaction to the variation in the calculated response across the 27 cases of each ship. The

procedure was carried out independently for Level 1 lateral acceleration 4, and Level 2
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long-term probability index C. The ANOVA-based variance decomposition adopted in
this study was formulated as follows (Equations (5)—(20)) [21]. Let y;4 denote calculated
response corresponding to the ith loading condition, the jth level of kr, and the kth level of
kg, where each of i, j, and k ranges from 1 to 3.

1 3 3 3
T=550.0. ) Yk (5)

Overall mean:

i=1 j=1k=1
Factor-level means: s
1
Y., = §ZZ]/i]’k (6)
j=1k=1
1 3
]7T,j = §Z Zyijk (7)
i=1 k=1
_ 1 3 3
yB,k - §Z Zyijk (8)
i=1 j=1
Two-factor combination means:
— 13
yLT,ij = §Z Yijk (9)
k=1
— 13
yLB,ik = 52 Yik (10)
j=1
— 13
Yr i = §Zyiﬂ< (11)
i=1
Main-effect sums of squares:
3. _2
§$.=9) (7., -7) (12)
i=1
3 2
s5r=9) (7r,~7) (13)
=1
3 \2
SS5=9) (Y5, —7) (14)
k=1
Two-way interaction sums of squares:
3 3 2
SSir = 3Z Z (yLT,ij ~ Y~ yT,j + ?) (15)
i=1 j=1
3.3 B _ 2
SS1p = 32 Z(yLB,ik Y Yt y) (16)
i=1 k=1
3 3 )
SS15=3) ) (Vrpsu—Vrj = Vnx+7) (17)
=1 k=1
Total sum of squares:
3 3
_\2
SSToml = Z Z(yijk _y) (18)
i=1 j=1 k=1

Three-way interaction sum of squares:

SS11p = SSpotar — SSL — SS1 = SSp = SSpr — S515 — SS13 (19)
Percentage contribution to total variation:
SS
P,, = ——— x 100 20
" SSTotul ( )

All figures presented in this study were generated in MATLAB using the actual data
obtained from the computations.
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2.2. EA2 Computational Procedure and Numerical Settings

The EA2 vulnerability assessment was implemented in accordance with Section 2.3.3 of
Reference [1], with the supplementary procedures for effective wave slope estimation and
roll damping based on Appendix 3 of Reference [5], particularly Sections 8.2 and 9.2-9.3.
For each investigated ship and loading condition, the calculation involved determining
the frequency-dependent roll response and lateral acceleration, evaluating the short-term
excessive acceleration failure index for each sea state, and combining these indices according
to their occurrence weights to obtain the long-term probability index characterizing vul-
nerability to excessive acceleration, C. The governing equations, environmental conditions,
numerical discretization, and modeling assumptions adopted in the present implementation
are detailed below to facilitate reproducibility.

The environmental conditions considered in the EA2 calculations were defined using
the North Atlantic-based standard wave scatter table for unrestricted service provided in
Section 2.7.2.1.2 of Reference [1]. The computational grid comprised 17 significant wave
heights (H, = 0.5-16.5 m) and 18 mean zero-crossing wave periods (T, = 1.5-18.5 s), both
with increments of 1.0 m and 1.0 s, respectively. The two additional wave-period columns
(T, = 1.5 and 2.5 s), which are omitted from the published scatter table, were retained
in the numerical implementation with zero occurrence weights. For each sea state, the
weighting factor W; was calculated by dividing the corresponding occurrence count by
100,000, ensuring that the sum of all weights equals unity. The wave elevation spectrum
associated with each sea state was represented using the Bretschneider formulation specified
in Section 2.7.2.1.1 of Reference [1].

For each sea state, the frequency-dependent spectral density of wave elevation was
calculated using the following expression [1]:

2 4 4
o (B e HF)] e
where S, (w) is the wave elevation spectral density (m?/(rad/s)), H, denotes the significant
wave height (m), T, represents the mean zero-crossing wave period (s), and w is the circular
wave frequency (rad/s).

The frequency integration range was determined separately for each investigated
case using its natural roll period, following Section 2.3.3.2.2 of Reference [1]. The lower
and upper frequency limits, frequency increment, and midpoint frequencies were defined

as follows:
wy = max(OTj,O.2>,

Wy = min(%—‘?, 2.0),

_ Wh—w
Aw =~

w

(22)

wj:w1+(j—%)Aw

where w; and w, are the lower and upper frequency limits (rad/s), respectively; Aw denotes
the frequency increment (rad/s); T, is the natural roll period (s); and w; represents the
midpoint frequency of the jth interval. The number of frequency intervals was set to
N, = 1000, with j ranging from 1 to N,,. This discretization was applied consistently to all
sea states, while the frequency limits were updated according to the natural roll period of
each case.

The effective wave slope function, r(w), was evaluated at each discretized wave fre-
quency using the standard methodology presented in Section 8.2 of Appendix 3 in Ref-
erence [5]. This procedure represents the submerged hull geometry through equivalent
underwater sections, constructed from the sectional area, waterline breadth, and draught
obtained from the hull offset data. The resulting frequency-dependent effective wave slope
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function was then used to determine the wave-induced Froude—Krylov roll exciting moment.
The effective wave slope function was obtained by integrating the sectional contributions
along the ship length and normalizing the resulting integral by the equivalent displacement
volume and metacentric height [5]:

fx’fg C(x)dx

v,,GM @)

r(w) =

Here, C(x) represents the contribution of each equivalent section to the longitudinal
integration, while Veq denotes the underwater volume of the equivalent hull. These quanti-
ties were evaluated from the sectional geometry using the formulations provided in Section
8.2.2-8.2.3 of Reference [5]. For the laterally symmetric hulls considered in this study, the
cosine and sine components of the Froude-Krylov roll exciting moment were calculated
using the simplified relations given in Section 8.3.3 of Reference [5]:

a(w) =0

OVGMr(w)w?
1000

(24)
b(w) =

where a(w) and b(w) denote the cosine and sine components of the Froude-Krylov roll
exciting moment per unit wave amplitude (kN-m/m), respectively; p is the seawater den-
sity (kg/m?®); and V denotes the displacement volume (m?®). For the EA2 roll-response
calculations, the Simplified Ikeda method was employed to obtain the total roll damping
coefficient from its individual contributions [5]:

B44 = BF + BW + BE + BL + BBK (25)

where By, By, Bg, By, and By represent the contributions from skin friction, wave making,
eddy making, lift, and bilge keels, respectively. The damping coefficient was evaluated
across the wave-frequency range at a prescribed roll amplitude of 15°. This fixed amplitude
is permitted as an alternative to stochastic linearization under Section 9.3.8 of Appendix 3 in
Reference [5], and is also employed in the C11 validation example presented in Section 3.3.1
of Appendix 2 in Reference [5]. Since the EA2 calculations were performed at zero forward
speed under beam-sea conditions (waves incident perpendicular to the ship’s centerline),
the speed-dependent lift contribution was taken as zero (B; = 0). The calculations were
performed using a seawater density of 1025 kg/m?, a kinematic viscosity of 1.16 x 107¢ m?/s,
and a gravitational acceleration of 9.81 m/s?%.

For each ship and loading condition, the baseline EA2 roll damping was calculated
using the Simplified Ikeda method with the corresponding hull geometry, bilge-keel char-
acteristics, and hydrostatic inputs at kz = 1.00. The damping variation factors defined
in Section 2.1 were subsequently applied to these calculated coefficients, rather than to
experimentally measured damping values.

To maintain dimensional consistency with the roll-response equations, the modified
damping coefficient was converted from N-m-s to kN-m:s as follows:

B44,var(a])

Be(@) = =000

(26)

The total roll moment of inertia, including the added-inertia contribution, was deter-
mined from the natural roll period and hydrostatic restoring characteristics in accordance
with Section 2.3.3.2.2 of Reference [1]:

1 pgVGMT?

]T,mll = W 47_[2 (27)
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with J7 . expressed in t-m?, the frequency-dependent cosine and sine components of the roll
response, ¢, and ¢; (rad/m), were calculated according to Section 2.3.3.2.2 of Reference [1]:

_ pgVGM 2
QW) = Fg — Jr o,
a(w)Q(w)+b(w)B, (w)w
w) =
§r(w) = TR (28)
¢ (w) = b(w)Q(w)—a(w)B, (w)w
; =

QUwW)+[Bo(w)w]

The roll response amplitude per unit incident wave amplitude, ¢, (w) (rad/m), was
obtained by combining the two response components [1]:

Pa(W) = \P2(w) + ¢F(w) (29)

The lateral acceleration response per unit wave amplitude at the specified assessment
location was then calculated from the roll amplitude using the following relation [1]:

uy(w) = kL (g + hrwz)q)u(w) (30)

where k; accounts for the simultaneous effects of roll, yaw, and pitch motions, and , is the
vertical distance between the roll axis and the acceleration assessment location (m). The
resulting a, (w) is expressed in (m/s*)/m.

For each sea state, the variance of lateral acceleration was determined by integrating the
squared acceleration response over the corresponding wave spectrum, using the midpoint
discretization defined in Equation (22) [1]:

38
oty = ZZai(w]-)Szzri(w]-)Aw (31)
j=1
The factor 3/4 accounts for the influence of wave short-crestedness, while the resulting
standard deviation, ¢4 ;, is expressed in m/s?.
For the subsequent spectral comparison, the lateral-acceleration spectral density is
defined as 3
Sa,,i(wW) = Zﬂﬁ(w)szz,i(w) (32)

corresponding to the frequency-dependent integrand of Equation (31) for a specified
sea state.

For each sea state, the short-term excessive acceleration failure index was calculated as
follows [1]:

C -:exp(— Rs ) (33)
! ZUgA,i
where R, = 9.81 m/s? is the prescribed lateral acceleration threshold. The resulting Cs ;
is dimensionless and represents the probability of exceeding this threshold under the
corresponding sea state.
The long-term probability index C was subsequently obtained by summing the
weighted short-term failure indices across the entire sea-state grid [1]:

N,
C=) WCs; (34)
i=1
Here, N, = 306 corresponds to the 17 x 18 sea-state combinations considered in the
numerical implementation, including those assigned zero occurrence weights.
The resulting long-term probability index was evaluated against the EA2 acceptance
threshold of R4, = 3.9 x 107%, as specified in Section 2.3.3.1 of Reference [1]. A loading
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condition was classified as non-vulnerable at Level 2 when C < Rg,4,; otherwise, it was
classified as potentially vulnerable to excessive acceleration.

The principal numerical settings and computational assumptions adopted in the EA2
assessment are summarized in Table 2.

Table 2. Summary of numerical settings adopted in the EA2 calculations.

Parameter Adopted Setting

North Atlantic-based IMO wave scatter table
0.5-16.5 m; 17 values, 1 m increments

Environmental conditions
Significant wave height, H

Mean zero-crossing period, T,
Sea-state combinations
Zero-weight wave periods
Sea-state weighting, W;
Wave spectrum
Frequency integration limits
Number of transverse hull sections
Frequency discretization
Ship speed and wave direction

1.5-18.5 s; 18 values, 1 s increments
306 (17 x 18)
T,=15and25s
Occurrence count/100,000
Bretschneider, Equation (21)
Case-dependent, Equation (22)
39 per ship
1000 midpoint intervals
Zero forward speed; beam seas

Roll damping method Simplified Ikeda
Prescribed roll amplitude 15°
Short-crestedness factor 0.75
Seawater density 1025 kg/m?®
Kinematic viscosity 1.16 x 10~® m?/s
Gravitational acceleration 9.81 m/s?
Lateral acceleration threshold 9.81 m/s?
EA2 acceptance limit 39x10™*

The transverse hull sections used in the EA2 calculations were extracted from the three-
dimensional IGES hull models of ITTC A1, KCS, and DTC, obtained from the corresponding
benchmark data sources [22-24]. For each ship, 39 sections distributed along the hull length
were adopted as the reference discretization. The 39-section arrangement was selected
based on naval architectural judgment, incorporating half-stations near the bow and stern
to better capture the rapid changes in hull geometry in these regions.

To examine the numerical convergence of the EA2 calculations with respect to frequency
discretization, 14 cases were selected from the complete dataset based on their proximity
to the acceptance threshold, using a relative band of £15% (0.85 < C/Rg,4, < 1.15). This
subset comprised ITTC Al Cases 16, 22, and 26; KCS Cases 1, 5, 8, 11, 18, and 21; and DTC
Cases 4, 7,13, 16, and 22, with seven calculated EA2 indices below and seven above the
acceptance limit. Each case was recalculated using 500, 1000, 2000, and 4000 frequency
intervals, yielding 56 calculations while retaining the same 39 transverse hull sections
and all other prescribed input parameters. The relative percentage difference in the EA2
long-term probability index was determined by comparing each frequency discretization
with the corresponding result obtained using 4000 intervals, which served as the finest-
resolution numerical reference. Across the 14 cases, the maximum relative differences were
2.14 x 1078%, 5.10 x 107%, and 1.00 x 10~?% for 500, 1000, and 2000 intervals, respectively,
with all three maxima occurring for KCS Case 21. The deviations decreased systematically
with increasing frequency resolution. Furthermore, the results obtained using the origi-
nal 1000-interval discretization reproduced the reported C values, within their displayed
precision, and none of the investigated cases changed its EA2 vulnerability classification.
These results demonstrate that the adopted frequency discretization provides numerically
stable long-term probability estimates for the investigated cases near the EA2 acceptance
boundary, with negligible differences relative to the finest resolution examined.

Unlike the negligible changes observed when refining the frequency integration grid,
the number of transverse hull sections had a more discernible influence on the EA2 long-term
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probability index, reflecting the role of sectional geometry in the longitudinal integration of
the effective wave slope. The same 14 cases near the EA2 acceptance threshold were evalu-
ated using 20, 39, 77, and 153 sections, with the frequency discretization fixed at N = 1000
and all case-specific inputs unchanged. Relative to the original 39-section representation,
the mean absolute deviations in C were 1.76%, 0.57%, and 0.57% for 20, 77, and 153 sections,
respectively, while the largest deviation at 153 sections was 1.25%. The maximum difference
between the 77- and 153-section results was only 0.135%, indicating numerical stabilization
at finer sectional resolutions despite some non-monotonic differences relative to the original
representation. All 14 cases retained their original EA2 vulnerability classifications at both
finer resolutions. However, the 20-section representation produced a classification reversal
for DTC Case 13, increasing C by 5.62% relative to the 39-section result and shifting the
normalized index C/Rgy, from 0.9578 (PASS) to 1.0117 (FAIL). At 77 and 153 sections,
the corresponding ratios were 0.9696 and 0.9686, respectively, both remaining below the
acceptance limit. This isolated reversal highlights the sensitivity of threshold-adjacent EA2
assessments to coarse hull discretization, whereas the close agreement between the finer
representations supports the numerical stability of the results without implying strictly
monotonic convergence toward the original 39-section values.

3. Validation

This section presents validation of the MATLAB program developed and used in the
present study. For this purpose, the program was run for the C11 container ship, which
is used in IMO Explanatory Notes [5] as the example vessel for excessive acceleration
assessment. Results obtained from the present implementation were then compared with
the corresponding IMO results. The main characteristics of the C11 container ship are
summarized in Table 1.

A direct comparison between EA1 results obtained from the in-house code and those
reported in the corresponding IMO calculations is presented in Table 3.

Table 3. Percentage differences between calculated EA1 results and IMO results for C11 [5].

Parameter Calculated IMO Difference (%)
k. 1.0193 1.0190 0.0274
T, (s) 9.6263 9.6300 —0.0387
C 0.3403 0.3400 0.1000
r 0.6894 0.6890 0.0515
B 0.8686 0.8690 —0.0495
T 0.2797 0.2800 —0.1145
B 0.8789 0.8790 —0.0088
T 2.7032 2.6980 0.1923
F —0.7667 —0.7660 0.0933
Ky —2.3539 —2.3560 —0.0895
K, 14.5032 14.4790 0.1673
s 0.0816 0.0820 —0.4681
Rpg 0.4183 0.4140 1.0350
Sy 0.6570 0.6510 0.9279
@ (rad) 0.3075 0.3110 —1.1296
h, (m) 36.5950 36.5900 0.0137
a, (m/s?) 7.9610 8.0480 —1.0816

The wave frequency-dependent equivalent linear roll damping coefficient used to
represent roll damping in EA2 calculations is shown in Figure 2 for a roll amplitude of 15°.
The Figure presents both values obtained from the developed computational code and the
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corresponding results reported for the IMO example ship, allowing a direct comparison
between two implementations.

0.04 | | | ! ! ! ! ! 1 !
IMO result
In-house code
0.035 -
0.03 / L
0.025 -
& 0.02 -
0.015 -
0.01 -
0.005 -
0 T T T T T T T T T T
0 0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8 2

w [rad/s]
Figure 2. By, validation comparison at 15° degrees of roll [5].

The effective wave slope coefficient used in the Froude—Krylov roll moment calculation
is plotted against wavelength-to-ship-breadth ratio in Figure 3. For validation purposes,
both the in-house code and the corresponding IMO are plotted together in the same figure.
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Figure 3. Effective wave slope coefficient validation comparison [5].

Finally, Table A4 in Appendix B presents percentage differences between the standard
deviation of lateral acceleration values, 0 4;, obtained from the in-house MATLAB code, and
the corresponding IMO results [5]. The relatively large percentage differences in the first few
rows of the T, = 1.5 s column are mainly attributable to rounding of very small numerical
values. The systematic differences observed at T, = 2.5 and 3.5 s may be associated with
minor differences in the frequency-dependent lateral acceleration calculations, particularly
in the effective wave slope estimation at shorter wavelengths, where a slight discrepancy
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between the curves is visible in Figure 3. For the Bretschneider wave spectrum adopted in
the EA2 assessment, S, is proportional to Hy?, and consequently, ¢, , is proportional to
H; at a fixed T,, explaining why these relative differences remain nearly constant across
wave heights. Two underlying o7 4; tables, Tables A2 and A3, are provided in Appendix B
for direct inspection and comparison.

For EA2, the long-term probability index calculated for the C11 container ship was
C = 4.65949 x 107, compared with the IMO reference value of C = 4.70000 x 10~* [5],
corresponding to a relative difference of approximately 0.86%. Both values exceed the
acceptance limit of Rg4, = 3.9 x 107, yielding the same vulnerability classification.

Taken together, the results obtained by applying the in-house code to the C11 container
ship show close agreement with the corresponding IMO results.

Another important validation check of the program is presented in Figures 4—6. For
each ship and each individual case, frequencies corresponding to maximum roll angle
and maximum lateral acceleration are located in the vicinity of the natural roll frequency,
providing an additional consistency check on the calculated responses.
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Figure 4. Natural roll frequency and the frequencies corresponding to the maximum roll angle and
maximum lateral acceleration for each ITTC A1l case.
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Figure 5. Natural roll frequency and the frequencies corresponding to the maximum roll angle and
maximum lateral acceleration for each KCS case.
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Figure 6. Natural roll frequency and the frequencies corresponding to the maximum roll angle and
maximum lateral acceleration for each DTC case.

4. Results

EA1 and EA2 assessments were performed using the in-house MATLAB code for
the benchmark container ships ITTC Al, KCS, and DTC, whose principal characteristics
and three-dimensional hull forms are presented in Table 1 and Figure 1, respectively. The
corresponding results are presented in this section. The IMO applicability conditions
were considered separately from the numerical EA1 and EA2 assessments. According
to Section 2.3.1.1 of Reference [1], ITTC Al Cases 19-27, corresponding to the full-load
condition, fall outside the EA applicability range at the adopted assessment location, since
the height above the waterline (18.40 m) is below the required 70% of the ship breadth
(19.04 m), although the GM requirement is satisfied. Nevertheless, these nine cases were
retained in the numerical analysis to preserve the complete three-level factorial design.
Their exclusion would eliminate an entire loading level for ITTC A1, preventing consistent
evaluation of loading effects and their interactions with natural roll period and roll damping,
as well as direct comparison with the other two ships. Retaining these cases also allows the
calculated responses to be examined across the full prescribed displacement range without
truncation at the applicability boundary. Accordingly, all 81 cases were included in the
numerical sensitivity analyses and figures, whereas the applicability-based PASS/FAIL
statistics were restricted to the remaining 72 cases. For the nine excluded cases, the reported
EA1 and EA2 classifications represent numerical threshold comparisons rather than formal
IMO vulnerability assessments. As a first overview, Figure 7 shows EA1 lateral acceleration
response, 4, (m/s?), and EA2 long-term probability index, C, for the 27 cases defined
for each ship, giving a total of 81 cases. Case matrix comprises three loading conditions,
three natural roll period variations, and three roll damping variations, as described in
the Methodology section. The vulnerability limits Rp,; = 4.64 (m/s?) and Rg,, = 0.00039
are also indicated in Figure 7 to facilitate direct identification of the cases approaching or
exceeding the corresponding assessment thresholds.

Because case numbering follows a structured progression of the prescribed variations,
the sequence itself provides additional information that can be observed with Figure A1
in Appendix A. Figure 8 therefore presents EA1 lateral acceleration and EA2 long-term
probability index values from Case 1 to Case 81 as line plots for the three ships. Case 1
corresponds to a loading condition factor of 0.80, a natural roll period factor of 0.90, and a
roll damping factor of 0.90. Within each loading condition, the damping factor changes first
from 0.90 to 1.00 and 1.10. The natural roll period factor is then advanced from 0.90 to 1.00
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and 1.10, with the same damping sequence repeated at each level. After all combinations
for the 0.80 loading condition are completed, the procedure continues with the 0.90 loading
condition and then with the 1.00 loading condition following the same ordering. This case
structure is applied identically to ITTC A1, KCS, and DTC.
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Figure 7. Scatter plot of EA1 lateral acceleration and EA2 long-term probability index for all 81 cases,
with the corresponding Rg,; = 4.64 (m/s?) and Rp,, = 0.00039 vulnerability thresholds.
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Figure 8. Line graph of EA1 lateral acceleration and EA2 long-term probability index for all 81 cases.

Figure 9 presents isolated effects of variations in natural roll period, roll damping, and
loading condition on EA1 lateral acceleration and EA2 long-term probability index. For
each variation, one parameter is changed while the other two are held constant, allowing
the individual response associated with each parameter to be displayed separately. Each
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ship is represented by a different colored line, with EA1 results shown in the upper row
and EA2 results in the lower row.
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Figure 9. Isolated variation effects of natural roll period, roll damping, and loading condition on EA1
lateral acceleration and EA2 long-term probability index for the ITTC A1, KCS, and DTC benchmark
container ships.

The combined effects of two varying parameters are presented as response surfaces
in Figures 10 and 11. For each surface, one parameter is fixed at its reference value of 1.00,

while the cases corresponding to variations in other two parameters are used to construct
the plotted response. Figure 10 shows EA1 lateral acceleration, whereas Figure 11 presents
EAZ2 long-term probability index. These response patterns are discussed in detail in the
Discussion section.

(@ k. x ky (Load fixed at 1.00)
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Figure 10. Two-factor response surfaces of EA1 lateral acceleration for ITTC A1, KCS, and DTC, with
the third parameter fixed at its reference value of 1.00.
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Figure 11. Two-factor response surfaces of EA2 long-term probability index for ITTC Al, KCS, and
DTC, with the third parameter fixed at its reference value of 1.00.

Relative influence of the investigated parameters on computed EA responses is sum-
marized through the variance-decomposition results in Tables 4 and 5. Table 4 presents the
percentage contributions of the main effects of loading condition, the natural roll period
factor kr, and the roll damping factor kg, as well as the three pairwise interactions and the
three-factor interaction, to the variation in EA1 lateral acceleration, a,. Table 5 provides the
corresponding decomposition for EA2 long-term probability index, C. The contributions
are reported separately for ITTC A1, KCS, and DTC, together with pooled SS contribution
values calculated by combining the corresponding sums of squares across the three ships.

Table 4. Percentage contributions of the main and interaction effects to the variation in EA1 lateral
acceleration, a

4 y'
- o o o Pooled SS
Effect Source of Variation ITTC A1 (%) KCS (%) DTC (%) Contribution (%)
Loading condition V 7.314 16.535 44264 26.897
Main effect Natural roll period ky 69.448 49.597 20.324 41.134
Roll damping kg 22.542 31.271 32.924 29.887
V x kr 0.566 2.482 2.375 1.965
Two-factor V x kg 0.012 0.028 0.074 0.045
interaction
kr x kg 0.117 0.083 0.034 0.069
Three-factor V x kp x kg 0.001 0.004 0.004 0.003
interaction
Total Total 100.000 100.000 100.000 100.000

Tables A5-A7 in Appendix C present the case-wise safety assessment results for ITTC
Al, KCS, and DTC, respectively. For each of the 27 cases defined for a given ship, normal-
ized EA1 response, ay/ Rg41, and normalized EA2 response, C/Rg,,, are reported together
with their corresponding safety margins. Positive margin values indicate that calculated
response remains below the relevant vulnerability threshold, whereas negative values indi-
cate that threshold is exceeded. Resulting PASS/FAIL classification is also included for both
assessment levels, allowing variation in criterion-based safety state to be followed directly
across the complete case matrix.
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Table 5. Percentage contributions of the main and interaction effects to the variation in EA2 long-term
probability index, C.

L o o o Pooled SS
Effect Source of Variation ITTC A1 (%) KCS (%) DTC (%) Contribution (%)
Loading condition V 23.905 39.619 0.641 34.789
Main effect Natural roll period kr 23.932 14.077 12.335 14.956
Roll damping kp 44.658 38.614 84.518 43.009
V x ky 1.361 2.248 0.443 2.008
Two-factor V x kg 2,902 3.810 0.089 3.410
interaction
kr x kg 3.120 1.458 1.908 1.667
Three-factor V x ky x kg 0.122 0.175 0.067 0.160
interaction
Total Total 100.000 100.000 100.000 100.000

Finally, Table 6 summarizes the direction of change in safety associated with isolated
increases in loading condition, natural roll period factor kr, and roll damping factor kg. Clas-
sification is based on change in normalized EA1 and EA2 criterion values while remaining
two parameters are held at their reference value. A decreasing normalized response is iden-
tified as Improves, whereas an increasing response is identified as Worsens; non-monotonic
behavior is reported separately where applicable.

Table 6. Direction of change in safety based on the normalized EA1 and EA2 responses under isolated
increases in loading condition, natural roll period factor kr, and roll damping factor k.

. . EA1 Normalized EA2 Normalized
Increasing Factor Ship R

esponse Response

ITTC Al Improves Worsens

kr increase KCS Improves Worsens
DTC Non—mp notonic Worsens

(overall improves)

ITTC Al Improves Improves

kg increase KCS Improves Improves
DTC Improves Improves

ITTC Al Improves Worsens

V increase KCS Improves Worsens

DTC Improves Non-monotonic

(overall worsens)

The results presented in this section provide the quantitative basis for assessing how the
investigated variations influence EA response at both vulnerability levels. Case-wise trends,
isolated parameter effects, combined two-factor responses, variance contributions, and
threshold-based safety changes are examined in the following Discussion section to identify
main response patterns and to evaluate degree of consistency between EA1 and EA2.

5. Discussion

In this section, the study results presented in the previous section will be examined and
discussed. As an initial step in the discussion of the results, the scatter plot in Figure 7 can
be divided into four distinct regions. The two overlapping green regions in the lower-left
part of the figure represent the area classified as safe according to both the EA1 and EA2
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criteria. However, this region remains unoccupied because no case is classified as safe by
both EA1 and EA2. Likewise, no cases are located in the upper-left region beyond the Rg,,
threshold. This indicates that all cases fail the EA1 criterion. The overlapping red region in
the upper-right part of the figure contains the cases classified as FAIL at both assessment
levels. The green rectangular region in the lower-right part of the figure lies below the
R4, threshold and represents the cases classified as FAIL by EA1 but PASS by EA2. In
summary, 24 of the 81 cases exceed both numerical assessment thresholds, including 2 cases
for ITTC A1, 17 for KCS, and 5 for DTC. Accordingly, 25 ITTC A1 cases, 10 KCS cases, and 22
DTC cases exceed the EA1 threshold but satisfy the EA2 limit. Excluding the nine ITTC A1
cases outside IMO applicability, 22 of the 72 applicable cases fail at both levels, while 50 fail
EA1 but pass EA2. The observed classification pattern reflects the conservative screening
role of Level 1 within the hierarchical SGISC framework, whereas Level 2 provides a more
discriminating assessment, as illustrated by the cases that fail EA1 but pass EA2. However,
since all 72 cases fail EA1, the present results cannot determine whether an EA1 PASS-
EA2 FAIL outcome may occur; consequently, categorical cross-level consistency cannot be
established from the investigated cases. Beyond these categorical outcomes, the present
study examines trend-based cross-level consistency by comparing how both assessment
levels respond to the same controlled variations in natural roll period, roll damping, and
loading condition. This comparison enables the identification of parameter-induced trends
that are consistent across the two levels and those that exhibit level-dependent behavior.
Another notable feature of Figure 7 is that a higher EA1 lateral acceleration, a,, does not
necessarily correspond to a higher EA2 long-term probability index, C. No direct monotonic
relationship is observed between the two assessment levels. This is particularly evident for
DTC, which exhibits relatively high Level 1 lateral acceleration values, whereas the highest
Level 2 long-term probability indices are observed for KCS. This indicates that the two
assessment levels do not represent the excessive acceleration failure mode through the same
physical framework. Indeed, the probabilistic treatment incorporated in Level 2 is one of
the key factors contributing to this difference.

The approximately periodic sawtooth pattern observed in Figure 8 directly reflects
the structure of the experimental design. Figure Al in Appendix A illustrates how the
successive cases were constructed and the order in which the variations were applied.
This will facilitate the interpretation of Figure 8. The three successive points beginning
with Case 1 represent the damping variation. The natural roll period varies between each
successive group of three points. Each sequence of nine successive points represents a single
loading condition. As shown in Figure 8, EA1 lateral acceleration levels of the three ships are
clearly separated from one another. ITTC A1 exhibits the lowest lateral acceleration levels,
KCS occupies an intermediate range, and DTC shows the highest values. This indicates that
the EA1 response is strongly influenced by the ship characteristics. The effect of increasing kg
appears to be relatively consistent at both assessment levels. Within each three-case group,
both 4, and C generally decrease as the damping level increases. The downward trend of
the orange curve within each three-case block, particularly in EA2, clearly demonstrates the
influence of damping. The effect of damping is more evident in the EA2 response. Variations
in kg lead to substantial relative changes in C for the KCS cases, whereas the corresponding
EA1 response remains more regular and comparatively limited. This suggests that Level 2
can exhibit greater sensitivity to variations in roll response and damping. The effect of ky
may act in opposite directions in the EA1 and EA2 responses. In general, increasing the
natural roll period reduces EA1 lateral acceleration, while EA2 long-term probability index
increases in most cases. This represents an important cross-level finding, demonstrating
that the two assessment levels do not necessarily respond in the same direction to a given
parameter variation. The influence of loading condition appears to depend on the ship
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considered. In EA1, the lateral acceleration decreases with increasing loading condition
for all three ships. In EA2, increasing the loading condition tends to increase C for ITTC
Al and, more noticeably, for KCS, whereas the DTC response exhibits a more complex,
non-monotonic pattern. Accordingly, the effects of the investigated factors do not appear
to be purely additive. The magnitude of the reduction caused by a given change in kg
is not uniform across different kr values, loading conditions, and ships. This behavior is
consistent with the presence of interaction effects, which will be examined through the
variance-decomposition results presented in Tables 4 and 5.

In Figure 9, two of the three variation parameters are held constant while only one
parameter is varied at a time. This representation is particularly useful for evaluating
the isolated effects of the natural roll period, roll damping, and loading condition on the
EA1 and EA2 results. The influence of increasing k; on the EA1 results arises from the
combined contribution of several quantities that vary with the natural roll period T,. These
include the explicit 1/T? dependence in the lateral acceleration formulation, as well as the
wave steepness and effective wave slope function involved in determining the characteristic
roll amplitude. In EA2, by contrast, increasing ky reduces the natural roll frequency and
shifts the peak roll response toward lower wave frequencies, thereby altering its interaction
with the wave-energy distribution. Under full-load conditions and nominal roll damping
(kg = 1.00), increasing k; from 0.90 to 1.10 shifted the peak roll-response frequencies from
0.8147 to 0.6689 rad/s for ITTC A1, from 0.8687 to 0.7139 rad/s for KCS, and from 0.8021
to 0.6635 rad/s for DTC. The corresponding increases in the EA2 long-term probability
index C were 105.5%, 79.4%, and 60.8%, respectively. To identify the spectral conditions
responsible for these increases, the contributions to C were examined according to the mean
zero-crossing wave period (T,) of each sea state. At k; = 0.90, sea states with T, =85
contributed most to the total C, accounting for 35.7%, 34.1%, and 35.3% for ITTC A1, KCS,
and DTG, respectively. However, the largest positive contributions to the increase in C
occurred at T, = 9.5 s for all three ships, representing 38.2%, 35.4%, and 39.6% of the total
positive contributions, respectively. Moreover, sea states with T, between 8.5 and 10.5 s
collectively accounted for 89.0%, 85.7%, and 87.7% of these contributions. These findings
indicate that the shift in the dominant roll response toward lower frequencies modifies its
interaction with the weighted wave spectra, with the resulting increases in C concentrated
within a relatively narrow range of sea-state periods. Accordingly, a longer natural roll
period can reduce EA1 lateral acceleration while increasing the EA2 long-term probability
index under the investigated conditions.

To further examine the mechanisms underlying these level-dependent responses, DTC
Cases 20, 23, and 26 were selected, with loading and roll damping held constant while the
natural roll period factor increased from 0.90 to 1.10. As shown in Figure 12a,b, the peak roll
response progressively shifted toward lower frequencies (0.8021, 0.7265, and 0.6635 rad/s),
accompanied by a corresponding redistribution of the lateral-acceleration spectral den-
sity. Despite a non-monotonic variation in EA1 lateral acceleration (9.737, 9.783, and
9.302 m/s?), the EA2 long-term probability index increased successively from 1.6590 x 1074
to 2.3770 x 10~* and 2.6683 x 10~*. The sea-state contribution differences in Figure 12¢
identify the largest positive contribution at H; = 8.5 m and T, = 9.5 s, whereas certain
shorter-period sea states exhibit reduced contributions. This redistribution demonstrates
how the interaction between frequency-dependent ship response and wave energy affects
the long-term EA2 index, even when the simplified EA1 response follows a different trend.

As damping increases, both the EA1 lateral acceleration 4, and the EA2 long-term
probability index C decrease monotonically. In this respect, damping exhibits the highest
directional consistency between the two assessment levels. However, the ships do not
respond to damping variations with the same intensity. The slopes of the response curves
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differ noticeably, particularly in EA2, where KCS shows a much steeper damping-related
variation, while ITTC Al and DTC remain at lower and comparatively similar sensitivity
levels. This indicates that the influence of kz should be interpreted in conjunction with hull
geometry, hydrostatic characteristics, and the baseline roll dynamics of each ship. When the
loading-condition variation in Figure 9 is considered, EA1 exhibits a directionally consistent
response across the three ships, although the magnitude of this response remains ship-
dependent. In contrast, the influence of loading condition on EA2 does not appear to follow
a common trend. This behavior may be attributed to the fact that loading condition does
not represent a single physical variable; rather, the observed ship-specific response results
from the simultaneous variation in several hydrostatic and geometric quantities. These
include displacement, draft, hydrostatic stiffness, and VCA from the roll axis. Since VCG
and LCG were held fixed, the loading-dependent responses reflect changes in submerged
hull geometry and hydrostatic properties without accounting for additional effects arising
from the redistribution of onboard weights. Consequently, the observed loading sensitivity
applies to the prescribed displacement variations and may differ from that of actual loading
changes accompanied by shifts in the centers of gravity. One of the most important cross-
level findings is therefore that kr produces opposite directional sensitivity in EA1 and EA2,
kg exhibits the same directional sensitivity at both levels, whereas loading condition results
in a ship-dependent cross-level response.

The non-monotonic influence of loading on DTC was investigated separately us-
ing Cases 5, 14, and 23, with both the natural roll period and damping factors fixed at
1.00. Increasing the displacement from 80% to 90% of the full-load value reduced C from
2.31565 x 107 t0 2.16332 x 10~* (—6.58%), whereas a further increase to full load raised it
t0 2.37700 x 10~* (+9.88%). In contrast, EA1 lateral acceleration decreased continuously
across these conditions. For the representative sea state H, = 8.5 m and T, = 8.5 s, the corre-
sponding standard deviations of lateral acceleration exhibited a similar reversal (3.514, 3.487,
and 3.529 m/s?). The contribution maps in Figure 12d,e further show that the weighted
short-term failure contributions decreased from Case 5 to Case 14 and increased from
Case 14 to Case 23 across the contributing sea states. This behavior indicates that the
loading-dependent EA2 response cannot be characterized by displacement alone, but arises
from the combined effects of changes in hydrostatic and geometric characteristics, the
frequency-weighted acceleration response, and the nonlinear exceedance probability. The C
values for all three conditions nevertheless remained below the EA2 acceptance threshold.

Although all three benchmark vessels are container ships, their geometric proportions,
hull forms, and reference stability characteristics differ considerably. For example, ITTC
A1l has a higher beam-to-length ratio (0.181) than KCS (0.140) and DTC (0.144), while
differences are also present in sectional geometry, bilge-keel proportions, and reference
GM values (Table 1). These characteristics influence the EA assessment through several
interconnected mechanisms, including wave-induced roll excitation, hydrostatic restoring
properties, roll damping, and the position of the onboard acceleration assessment point
relative to the roll axis. Furthermore, the hydrostatic changes associated with displacement
variation are not identical among the three hulls, contributing to their different loading-
dependent responses. The higher EA1 lateral accelerations observed for DTC and the
greater EA2 probability indices obtained for KCS illustrate that the relative severity of
excessive acceleration does not follow a common ordering across the two assessment levels.
Consequently, the observed ship-dependent sensitivity reflects the combined influence of
geometric and dynamic characteristics, and the individual contribution of vessel size cannot
be isolated from the present comparisons.
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Figure 12. Frequency-dependent roll response, lateral-acceleration spectra, and individual sea-state
contribution changes for representative DTC cases. (a) Roll-response amplitude under natural roll
period variation (Cases 20, 23, and 26); (b) lateral-acceleration spectral density for H; = 8.5 m and
T, = 8.5 s under the same variations; (c) change in weighted sea-state contributions between Cases 26
and 20; (d) corresponding changes between Cases 14 and 5; and (e) between Cases 23 and 14 under
successive loading variations. The contribution differences are expressed as A(W,C; ;), with positive
values indicating increased contributions to C. Color scales are adjusted independently for each panel.
The contribution maps display the principal contributing sea-state region, whereas the full sea-state
grid is retained in calculating C.

Following the isolated-factor assessment presented in Figures 9-11 extend the analysis
to the combined variation in two parameters while the remaining factor is held at its reference
value. The EA1 response surfaces in Figure 10 are generally smooth and approximately
planar for all three ships, with no pronounced curvature or abrupt changes across the
kr x kg, ky x V,and kg x V combinations. This behavior suggests that, within the investigated
ranges, the EA1 response is governed predominantly by the main effects, while two-factor
interactions remain comparatively limited. In the kr x kg plane, lateral acceleration decreases
systematically as both factors increase, with the highest a, values occurring at low k; and
low kg. Moreover, the ship-wise ordering remains largely unchanged throughout the two-
factor space, with ITTC A1 exhibiting the lowest, KCS intermediate, and DTC the highest
lateral acceleration levels. A different response structure emerges in Figure 11 for EA2,
where the surfaces are presented on a logarithmic C-axis to accommodate the substantial
differences in the long-term probability index. KCS exhibits noticeably steeper surfaces and
a broader response range than the other two ships, confirming that its strong sensitivity
observed in the isolated-factor analysis persists under combined parameter variations. A
particularly elevated C region is also evident for KCS in the k; x V surface, indicating
that certain combinations of these factors can substantially amplify its EA2 response. In
contrast, although DTC consistently produces the highest EA1 lateral accelerations, it does
not generate the highest EA2 probability surfaces, further demonstrating that the relative
severity observed at Level 1 is not directly preserved at Level 2. Overall, the smoother and
more nearly additive EA1 surfaces contrast with the stronger slope variations and ship-
dependent geometry observed in EA2, providing a visual indication of greater interaction
sensitivity at Level 2 and a useful basis for interpreting the variance-decomposition results
in Tables 4 and 5.
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The variance decomposition in Tables 4 and 5 indicates that the transition from EA1
to EA2 involves more than a simple redistribution of parameter importance; it reflects a
change in the mechanisms governing the calculated response. In EA1, the natural roll
period factor kr provides the largest pooled contribution (41.134%), which is consistent
with the direct role of T, in the Level 1 lateral-acceleration formulation and in the estimation
of the characteristic roll amplitude. This dominance is particularly strong for ITTC Al
and KCS, whereas DTC departs from this pattern, with loading condition becoming the
principal source of variation. In EA2, however, roll damping becomes the dominant pooled
contributor (43.009%), followed by loading condition (34.789%), while the contribution
of kr decreases markedly to 14.956%. This shift is physically significant because EA2
evaluates the response through a frequency-dependent roll model and a probabilistically
weighted long-term formulation, in which damping directly controls the amplification of roll
response in the vicinity of resonance. The exceptionally large damping contribution for DTC
(84.518%) therefore suggests that its EA2 vulnerability is governed predominantly by the
suppression or amplification of resonant roll response rather than by period variation alone.
KCS exhibits a different balance, with loading and damping contributing almost equally,
indicating a more coupled sensitivity to hydrostatic state and roll-response characteristics.
Moreover, the combined interaction contribution increases from approximately 2.1% in EA1
to 7.2% in EA2. Although main effects remain dominant, this increase confirms that the
more detailed Level 2 formulation is more sensitive to the simultaneous variation in the
investigated parameters. Thus, the decomposition reveals a clear cross-level shift from a
primarily period-controlled EA1 response toward a more damping- and loading-controlled
EA2 response, with the extent of this shift remaining strongly ship-specific.

The large EA2 damping contribution, particularly the 84.518% obtained for DTC,
should be interpreted within the Simplified Ikeda-based damping model and the prescribed
parameter variation ranges. This percentage represents the relative contribution of roll
damping to the computed response variance, rather than a model-independent measure of
its influence. Since the reference damping was estimated at a fixed roll amplitude of 15°,
alternative damping predictions or experimentally derived damping coefficients could lead
to different EA2 probability indices and sensitivity contributions. Such alternatives were
not examined in the present study.

Table 6 condenses these differences into their directional safety consequences and
therefore provides a useful synthesis of the cross-level behavior. Increasing kg is the only
variation that produces a consistently favorable response for all three ships at both levels,
reinforcing the stabilizing role of increased roll damping within the excessive-acceleration
assessment. By contrast, increasing kr generally improves the normalized EA1 response
while worsening EA2, with DTC showing a non-monotonic but overall improving EA1 trend.
Loading condition exhibits a similarly divergent pattern: increased loading improves EA1
for all three ships, whereas the corresponding EA2 response worsens for ITTC Al and KCS
and becomes non-monotonic, with an overall worsening tendency, for DTC. This directional
inconsistency is important because it shows that parameter variations that appear beneficial
under the simplified Level 1 formulation cannot automatically be interpreted as benefi-
cial when the frequency-dependent and probabilistic treatment of Level 2 is considered.
Tables A5-A7 in Appendix C complement this interpretation by providing the complete
case-wise normalized responses, safety margins, and threshold classifications from which
these aggregate tendencies are obtained. They also preserve traceability between individual
factor combinations and the resulting EA1 and EAZ2 classifications. Taken together, the
variance decomposition, directional summary, and case-level results establish that SGISC
excessive acceleration sensitivity is not governed by a single universal parameter hierarchy;
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rather, it emerges from the combined effects of assessment level, ship-specific dynamics,
and the way each variation enters the underlying response formulation.

6. Conclusions

This study examined the sensitivity and cross-level consistency of the SGISC excessive
acceleration assessment under variations in natural roll period, roll damping, and loading
condition for three benchmark container ships. Of the 72 cases within the IMO applicability
range, all failed EA1, whereas 50 passed EA2 and 22 failed at both levels. The remaining nine
ITTC A1 cases were retained in the numerical sensitivity analyses but excluded from these
applicability-based statistics. Since none of the applicable cases passed EA1, the possibility
of an EA1 PASS-EA2 FAIL outcome could not be evaluated, limiting conclusions regarding
categorical cross-level consistency. Nevertheless, the systematic comparison of parameter-
induced responses at both assessment levels provides a quantitative basis for investigating
trend-based cross-level consistency, including the identification of consistent and level-
dependent response trends. The investigated parameters produced clearly different cross-
level responses. Increasing the natural roll period generally reduced EA1 lateral acceleration
while increasing the EA2 long-term probability index, whereas increasing roll damping
consistently reduced both responses. Loading condition exhibited a more ship-dependent
behavior, particularly at Level 2. The variance-decomposition results further showed that the
dominant source of variation changes between the two assessment levels: natural roll period
had the largest pooled contribution in EA1, while roll damping became dominant in EA2,
followed by loading condition. Interaction effects remained secondary to the main effects
but were more evident in EA2, reflecting the greater sensitivity of the Level 2 formulation to
combined parameter variations. The results therefore indicate that trends inferred from EA1
cannot be transferred directly to EA2 and that excessive acceleration sensitivity depends
strongly on both assessment level and ship-specific characteristics.

The present study has two limitations that should be considered when interpreting its
findings. First, the relatively high reference GM values adopted for ITTC A1 (6.000 m), KCS
(7.705m), and DTC (12.918 m) were established for a controlled EA sensitivity investigation
and do not represent the full range of stability conditions encountered in service. Second,
the variations in natural roll period and roll damping were restricted to a relatively narrow
range (kr and kp = 0.90-1.10). Consequently, the identified sensitivity trends and cross-level
relationships should not be assumed to remain unchanged under substantially different
reference stability conditions or broader parameter variations.

Future work should extend the analysis to additional ship types and wider operational
conditions. More realistic loading variations incorporating changes in weight distribution,
centers of gravity, and related hydrostatic properties should also be considered. Further
investigation of alternative damping models, environmental spectra, and higher-fidelity
numerical or experimental approaches would help assess the robustness and broader
applicability of the cross-level relationships identified here.
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Abbreviations

The following abbreviations are used in this manuscript:
IMO International Maritime Organization
SGISC Second-generation intact stability criteria
EA Excessive acceleration

PR Parametric rolling

DS Dead ship condition

PL Pure loss of stability

SR Surf-riding /broaching

EA1l Excessive acceleration Level 1

EA2 Excessive acceleration Level 2

GM Metacentric height

VCG Vertical Center of Gravity

LCG Longitudinal Center of Gravity

VCA Vertical Center of Acceleration

LCA Longitudinal Center of Acceleration
ANOVA  Analysis of Variance

SS Sum of Squares

List of Symbols

The following symbols are used in this manuscript:
KG Height of the center of gravity above the keel
H, Significant wave height

T, Mean zero-crossing wave period
g Gravitational acceleration

GM Metacentric height

B Ship breadth

h Height of the acceleration assessment location
d Mean draught

C Long-term probability index in EA2
T, Natural roll period

kr Natural roll period variation factor
c

(Equation (1))

L WL

Empirical coefficient for natural roll period estimation

Waterline length

Modified natural roll period

Logarithmic decrement of roll decay

Equivalent linear roll damping coefficient

Roll damping variation factor

Modified logarithmic decrement of roll decay

Roll damping parameter used in EA1

Modified equivalent linear roll damping coefficient
Bilge keel length

Bilge keel height

Length between perpendiculars

Height of the transverse metacenter above the keel
Vertical height of the acceleration assessment location
above the keel

Molded depth

Longitudinal position of the acceleration assessment
location

Ship length

Lateral acceleration

Calculated response for a specified combination of
the three factors

8

m/s

'8 8838

2]

m/s?

variable
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ik Indices of loading condition, natural roll period factor, B
7 and roll damping factor

v Overall mean response variable

7y Mean response at loading condition level i variable

Yr, Mean response at natural roll period factor level j variable

Yy Mean response at roll damping factor level k variable

Yir Mean response for the loading—period factor combination variable

Vg Mean response for the loading-damping factor combination  variable

Yrp e Mean response for the period—damping factor combination  variable

55,,557,55; Main-effect sums of squares variable?

55,7,55.5,5573 Two-factor interaction sums of squares variable?

SS1otal Total sum of squares variable?

SS;1 Three-factor interaction sum of squares variable?

P, Percentage contribution of component m to total variation Y%

SS,, Sum of squares associated with component m variable?

Ky Longitudinal assessment position correction factor -

r Effective wave slope coefficient in EA1 -

B Non-dimensional breadth parameter -

T Non-dimensional draught parameter -
Auxiliary coefficient in the EA1 effective wave slope

p calculation -
Auxiliary coefficient in the EA1 effective wave slope

§ calculation -

F Auxiliary dimensionless term in the EA1 effective wave B
slope calculation

KK, Auxiliary terms in the EA1 effective wave slope calculation =~ m

s Wave steepness -

@ Roll angle rad

I Effective vertical distance used in the lateral acceleration m

' calculation

B, Non-dimensional equivalent linear roll damping coefficient -

w Circular frequency rad/s

r(w) Frequency-dependent effective wave slope coefficient -

A Wavelength m

Orai Standard deviation of lateral acceleration for sea state i m/s?

S, Wave elevation spectral density m?/(rad/s)

Ora Standard deviation of lateral acceleration m/s?

Rean EA2 acceptance threshold -

w, Natural roll frequency rad/s

W max Frequency corresponding to maximum roll amplitude rad/s

Way max Frequency corresponding to maximum lateral acceleration rad/s

Reaq EA1 acceptance threshold m/s?

\Y% Displacement volume m®

C(x) . . o .

. Equivalent-section contribution function m®

(Equation (23))

Wy, W, Lower and upper frequency limits rad/s

Aw Frequency increment rad/s

w; Midpoint frequency of interval j rad/s

W, Occurrence weight of sea state i -

C,, Short-term excessive acceleration failure index -

R, Lateral acceleration threshold in EA2 m/s?

@, (w) Roll-response amplitude per unit wave amplitude rad/m

a,(w) Lateral acceleration response per unit wave amplitude (m/s?)/m
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Suy,,v (w) Lateral-acceleration spectral density (m/s?)?/(rad/s)
Ve Equivalent underwater hull volume m®
o Seawater density kg/m?
Br,Bw,Bg,B;,Bgx  Individual roll-damping contributions N-m-s
I7 101 Total roll moment of inertia, including added inertia t-m?
¢, (w), ¢;(w) Cosine and sine roll-response components rad/m
Appendix A

The excessive acceleration (EA) provisions are applicable to ships and loading condi-
tions satisfying the applicability requirements specified by IMO [1], including the limits
related to the vertical location of occupied spaces and metacentric height. These conditions
may be regarded as defining the intended applicability range of the EA formulation, while
also identifying ship configurations for which the geometric and stability characteristics may
increase susceptibility to excessive lateral accelerations. Satisfaction of these applicability
conditions, however, does not by itself imply vulnerability; the vulnerability assessment is
determined through the subsequent Level 1 and Level 2 criteria.

Figure A1 presents the spreadsheet in which the outputs of the in-house MATLAB
code, which forms the computational basis of the calculations and figures presented in this
study, were organized. The progression of the prescribed variations over the 27 cases can
be followed separately for each ship. The color coding used in the kg variation columns
indicates whether each case satisfies the two IMO applicability conditions [1] for the EA
assessment. Red denotes cases satisfying both applicability conditions, whereas green
denotes cases for which at least one of these conditions is not satisfied.

The PASS/FAIL column associated with Level 1 was assigned according to the lateral-
acceleration criterion. Cases exceeding the critical lateral-acceleration threshold were clas-
sified as FAIL and highlighted in red, whereas cases below the threshold were classified
as PASS and highlighted in green. The same visual convention was applied to the Level 2
results: cases for which the long-term probability index C exceeded its acceptance limit
were classified as FAIL and shown in red, while the remaining cases were classified as PASS
and shown in green.

Table A1. Displacement volume, equilibrium draught, KM, VCG, and GM for the investigated loading
conditions of ITTC A1, KCS, and DTC.

Ship  Load Blﬁﬂﬁie?fﬁ?; Dr(am“§ht KM (m) ‘(],(f,(); GM (m)
ITTCAL 1.0 23,131.71 85 11.85 5.85 6.0
ITTCAL 090 20,818.54 7.76 11.94 5.85 6.1
ITICAL  0.80 18,505.37 7.0 12.19 5.85 6.34

KCS 1.00 52,030 10.8 1521 7,51 7.71

KCS 0.90 46,827 9.91 15.24 751 7.74

KCS 0.80 41,624 8.99 15.34 751 7.83

DIC 1.00 173,467 145 2551 12,59 12.92

DTC 0.90 156,120.30 13.32 25.95 12,59 13.35

DTC 0.80 138,773.60 1212 26.61 12,59 14.02

https://doi.org/10.3390 /jmse14212080


https://doi.org/10.3390/jmse14212080

J. Mar. Sci. Eng. 2026, 14, 2080 31 of 35

ship | case| 10ad 0.80 | load 0.90 | load 1.00 |kT 0.90|kT 1.00 kT 1.10 kB 0.90|kB1.00|kB1.10| Tr | r | s |deltaphi| RPR |phi(rad) | lateralacc. | hr |PASS/FAIL| max Phi_a fre. | Phi_a (rad/m) | maxayfre. | ay (m/s?)/m)|  Cindex |PASs/FAIL
ITCAL| 1 | 080 090 17.7366/0.6781/0.0940 08337 [0.5898| 0.3092 | 7.3484 | 204740 0.8003 0168097 | 08147 | 3.967825 | 0.000151637000
imcALl 2 | 080 [ 090 7.7366/0.6781]0.0940] 0.9264 [0.5898] 0.2934 | 69713 |20.4740 07985 0151535 | 08147 | 3.571274 | 0.000085755600
ITTCAL| 3 | 080 090 | 7.7366/0.6781/0.0940| 1.0190 0.5898 | 0.2797 | 66469 |20.4740 0.7949 0138009 | 08147 | 3.246769 | 0.000049512000
ITCAL| 4 | 080 | 100 8:5963]0.7391/0.0890] 0.8337 [0.5898] 03191 | 67492 |20.4740 07229 0187814 | 07301 | 3947459 | 0000233430000
ITTCAL| 5 | 080 | 1.00 8.5963/0.7391/0.0890 0.9264 0.5898 | 0.3028 | 6.4028 |20.4740 07211 0169278 | 07301 | 3.552759 | 0.000135350000
mcall 6 | 080 | 1.00 8.5963/0.7391/0.0890] 1.0190 [0.5898| 0.2887 | 6.1049 [20.4740 0.7193 0154137 | 07301 | 3.229811 |0.000080019200
ITTCAL| 7 | 080 110 9.4559/0.784810.0830 | 0.8337 05898 | 0.3160 | 6.0717 |20.4740 06599 0211297 | 06635 | 4.040088 | 0.000330583000
mcAll 8 | 080 | 110 9.4559/0.7848|0.0830] 0.9264 [0.5898] 0.2998 | 57601 |20.4740 06581 0190416 | 06617 | 3636224 | 0.000196481000
ITTCAL| 9 | 080 110 9.4559/0.78480.0830| 1.0190 |0.5898 | 0.2858 | 5.4921 |20.4740 06563 06617 | 3.306355 | 0.000118953000
mcAL] 10 | 090 | 090 7.7163/0.6551]0.0940] 0.8337 [0.5898] 0.2987 | 7.0444 |20.0947 08057 . . 4.183288 | 0,000172836000
ITCAL| 11 0.90 090 7.7163/0.6551/0.0940 | 0.9264 0.5898 | 0.2834 | 6.6829 |20.0947 0.8039 3.765175 | 0.000099014000
L] 12 | 090 | 090 7.7163/0,6551]0.0940] 1.0190 [0.5898] 0.2702 | 63719 |20.0947 08003 3423354 | 0,000057903100
ITTCAL| 13 0.90 | 1.00 8.57360.7190/0.0890 | 0.8337 |0.5898 0.3105 6.5197 |20.0947 0.7265 4.129814 | 0.000259730000
ImcAL| 14 | 090 | 1.00 8.5736/0.7190/0.0890] 0.9264 [0.5898] 0.2945 | 6.1851 |20.0947 07247 . 3.716906 | 0.000152227000
ITCAL| 15 0.90 100 8.5736/0.7190/0.0890| 1.0190 0.5898 | 0.2808 | 5.8973 |20.0947 0.7229 . 5 3379054 0.000090971000
IcAL| 16 | 090 | 1.10 9.4310(0.7673|0.0830] 0.8337 |0.5898] 0.3090 | 5.8984 |20.0947 06617 20607 4.195069 | 0.000358518000
ITTCAL| 17 0.90 1.10 9.4310/0.7673/0.0830 0.9264 0.5898 | 0.2931 | 55957 |20.0947 0.6617 . ! 3.775695 | 0.000214881000
ImcAL] 18 | 090 | 1.10 9.4310/0.7673/0.0830] 1.0190 |0.5898] 0.2795 | 53353 |20.0947 06599 . ! 3432539 | 0.000131204000
ITTCAL| 19 100 | 090 7.6374/0.629310.0950 0.8337 0.5898 | 0.2900 | 6.8468 |19.7260 0.8165 . . 4.798553 | 0,000293290000
ITCAL| 20 | 100 | 090 7.6374]0,6293(0.0950] 0.9264 0.5898| 02751 | 6.4954 |19.7260 08147 . . 4319214 | 0,000174534000
ITTCAL| 21 100 | 090 | 7.6374/0.629310.0950 1.0190 |0.5898 | 0.2623 19.7260 0.8129 . . 3.926905 | 0.000105938000
meaL| 22 | 100 | 1.00 8.4859 0.0900| 0.8337 [0.5898| 03041 38 [19.7260 4718813 | 0,000433778000
ITCAL| 23 1.00 1.00 | 8.4859 00900/ 0.9264 |0.5898| 0.2885 | 6.0656 |19.7260 . . 4.246958 | 0.000263662000
ImcAL| 24 | 100 | 1.00 84859 0.0900] 1.0190 [0.5898] 02751 | 5. 19.7260 . . 3.860889 | 0.000163282000
ITTCAL| 25 1.00 110 93345 0.0840| 0.8337 |0.5898| 03047 | 58233 |19.7260 ] . . 4.752672_| 0.000578577000
ImcAL| 26 | 100 | 110 93345 0.0840] 0.9264 [0.5898| 02891 | 55245 [19.7260 X . X 4.277486 | 0.000358601000
ITTCAL| 27 100 | 110 9.3345/0.7478|0.0840| 1.0190 0.5898 | 0.2757 | 5.2674 |19.7260 ] 0204299 | 06725 | 3.888679 | 0.000226278000
Kes | 1| 080 ["0%0 7.3819/0.5740/0.0960] 0.6792 [0.4804] 0.2962 | 9.4383 |29.6086 X . . 4.764954 | 0,000415422000
KCS | 2 | 080 090 7.3819/0.5740|0.0960 | 0.7547 0.4804 0.2810 | 8 296086 . . 4.290469 | 0.000247516000
Kes | 3| 080 |09 7.3819]0,5740|0.0960] 0.8301 |0.4804] 0.2679 | 8. 29,6086 X 3.902468 | 0.000150159000
Kes 4 0.80 1.00 8.20210.6515/0.0920  0.6792 |0.4804 0.3222 . 29.6086 .. . 4.546745 | 0.000568711000
Kes | 5 | 080 ] 1.00 8.2021[0,6515]0.0920] 0.7547 |0.4804] 0.3057 | 8. 29.6086 : . ; 4.092846 | 0.000344669000
KCS | 6 | 080 100 8.2021/0,6515 00920 0.8301 [0.4804 02914 | 8. 29.6086 0135161 | 07715 | 3721363 | 0000212492000
Kes | 7 | 080 | 110 9.0224[0.7108[0.0860] 0.6792 |0.4804] 0.3286 | 8 29,6086 X 0181266 | 06977 | 4.445042 | 0.000704892000
KCS | 8 | 080 110 9.0224/0.7108/0.0860  0.7547 0.4804 0.3117 | 7.6799 |29.6086 . 0163310 | 06977 | 4.000706 | 0.000434160000
kes | 9 | 080 | 110 9.0224/0.7108|0.0860] 0.8301 |0.4804] 0.2972 | 7. 29,6086 0148635 | 0. 3637118 | 0,000271861000
KCs | 10 0.90 090 7.2697/0.5371/0.0970 0.6792 |0.4804 0.2800 | 9. 29.1512 . 0165451 | 0. 5312864 | 0.000574155000
Kes | 11| 090 [ 090 7.2697/0.5371]0.0970] 0.7547 |0.4804] 0.2657 | 8. 201512 X 0149061 | 08723 | 4783494 |0.000350968000
KCs | 12 0.90 090 7.2697/0.5371/0.0970| 0.8301 0.4804. 0.2533 | 8. 29.1512 . 0135666 | 0.8723 | 4.350692 | 0.000218336000
Kes | 13| 090 | 1.00 8.0774/0,6186/0.0920] 0.6792 [0.4804] 0.3059 | 8. 201512 : 0180450 | 0. 5036071 | 0.000779140000
KCS | 14 0.90 | 1.00 8.0774 0.61860.0920| 0.7547 |0.4804 0.2902 .. 29.1512 0.162530 2 4.533562 | 0.000483703000
Kes | 15| 090 | 1.00 | 8.0774/0.6186/0.0920] 0.8301 |0.4804] 0.2767 201512 : 0147881 | 0. 4122411 0,000305338000
KCS | 16 090 [ 110 8.8851/0.6818 0.0870 0.6792 |0.4804 03189 | 7. 291512 . 4.871332_| 0.000942698000
Kes |17 090 ] 1.10 8.8851(0.6818/0.0870] 0.7547 [0.4804] 0.3025 | 7. 201512 : ; 4.384423 | 0,000593365000
KCs | 18 0.90 110 | | 8.8851/0.6818 0.0870| 0.8301 [0.4804  0.2884 | 7. 291512 3.985989 | 0.000379571000
Kes |19 | 100 [ 090 7.1552[0,5024]0.0970] 0.6792 [0.4804] 0.2619 | 8. 28.7055 ¥ 189379 6.143293 | 0.000926369000
KCs | 20 100 | 090 7.1552/0.5024/0.0970 | 0.7547 0.4804 0.2485 | 81 287055 X 0170617 | 0. 5529693 | 0

Kes |21 | 100 | 090 7.1552[0,5024]0.0970] 0.8301 |0.4804] 0.2369 | 7. 28.7055 X 0155281 | 04 5028184 | 0,000378305000
KCs | 22 1.00 1.00 7.9503/0.5874/0.0930 0.6792 |0.4804 0.2936 | 83022 |28.7055 ) 0208384 | 0. 5878675 | 0.001315350000
Kes |23 ] 100 | 1.00 | 7.9503/0.5874]0.0930] 0.7547 |0.4804] 0.2786 | 7.8761 |28.7055 0187674 | 0. 5291689 | 0.000847729000
KCs | 24 1.00 1.00 7.9503/0.5874/0.0930 | 0.8301 |0.4804 | 0.2656 | 7.5096 |28.7055 . 0170729 | 0. 4811219 | 0,00055083000
Kes |25 | 100 | 110 8.7453/0.6541|0.0880] 0.6792 |0.4804] 0.3094 | 7.7665 |28.7055 X 0227100 | 0. 5689444 | 0,001611350000
KCS | 26 1.00 1.10 8.7453/0.6541/0.0880 0.7547 0.4804 0.2935 | 73679 |28.7055 . 0204509 | 0. 5120628 | 0.001052810000
Kes |27 | 100 | 110 8.7453/0,6541/0.0880| 0.8301 |0.4804] 0.2799 28.7055 : 0186023 | 0. 4.655203 | 0,000698490000
DIC | 1 | 080 090 7.7752/0.4480(0.0940 | 0.4340 (03070 0.2832 | 118272 |47.7215 . 0102387 | 0. 4.254273 | 0,000312925000
orc | 2 | 080 | 090 7.7752/0.4480|0.0940] 0.4822 |0.3070] 0.2687 | 112203 |47.7215 : 0092303 | 0. 3.830879 | 0.000179173000
DTC 3 0.80 | 0.90 7.77520.4480|0.0940  0.5304 |0.3070 0.2562 10,6981 |47.7215 0.084063 3.484583 | 0.000104247000
oc | 4 | 080 | 1.00 8.6392/0,5438(0.0890| 0.4340 |03070] 03255 47.1215 % 0111167 3.972705 | 0.000400624000
oic | 5 | 080 [ 100 8:6392/0.5438 0.0890 0.4822 |0.3070| 03088 | 11.0321 47.7215 0100131 | 0. 3578520 | 0.000231565000
oc | 6 | 080 | 1.00 8.6392/0.5438/0.0890] 0.5304 [0.3070] 0.2944 | 105187 |47.7215 : 0091107 3.256266 | 0.000135918000
oic | 7 | o080 110 9.5031/0,6196 0.0820| 0.4340 |0.3070 03417 | 10,6814 |47.7215 0.118366 3.701993 | 0.000413869000
oc | 8 | 080 | 1.10 9.5031/0.6196|0.0820] 0.4822 |0.3070] 03241 | 101333 |47.7215 X 0106582 | 0. 3.334056 | 0.000240665000
pic | 9 | 080 110 | 9.5031/0.6196/0.0820| 0.5304 (03070 0.3090 | 96617 |47.7215 X 0.096957 3.033316 | 0.000142116000
otc | 10 | 090 | 0% 7.74730.41720.0940] 0.4340 [0.3070] 02637 | 10.9691 [47.1200 : 0103043 | 0. 4.253947_| 0.000269455000
orc | 11 0.90 090 7.7473/0.417210.0940 | 0.4822 (03070 0.2502 | 10.4062 |47.1200 . 0092919 | 0. 3.829645 | 0.000154230000
orc [12] 090 [ 090 7.7473/0.4172[0.0940] 0.5304 0.3070] 0.2386 | 9.9219 0084649 | 0. 3.482623 | 0.000089785000
orc | 13 0.90 1.00 8.6081/0.5141/0.0890 0.4340 03070 0.3077 | 109488 |47. . 0113240 | 0. 4.022477_| 0.000373542000
orc |14 ] 090 | 1.00 | 8.6081/0.5141]0.0890] 0.4822 0.3070] 0.2919 | 103869 |47. 0.102015 3.622137 | 0.000216332000
DiC | 15 0.90 1.00 | 8.6081/0.5141/0.0890 0.5304 [0.3070| 0.2783 | 9.9036 0092839 | 07391 | 3.294746 | 0.000127304000
otc |16 | 090 | 110 9.4689/0.5919/0.0830] 0.4340 03070] 0.3303 | 10.2890 0121870 | 06671 | 3.791430 | 0.000412622000
oic | 17 090 | 110 9.46890.5919 0.0830 0.4822 [0.3070 03134 | 97610 0100755 | 06689 | 3.413727 | 0000241042000
orc |18 | 090 | 110 9.4689/0,5919/0.0830] 0.5304 [0.3070] 0.2988 | 93068 |47. X 0099857 | 06689 | 3.104790 | 0.000143051000
oic | 19 100 | 090 7.6943/0.3860/0.0950 | 0.4340 03070  0.2466 | 102641 |46. 0107379 | 08201 | 4.439425 0,

orc | 20 | 100 | 090 7.6943[0.3860/0.0950] 0.4822 0.3070] 0.2339 | 97374 |46 ¥ 096812 3.996473 | 0,000165900000
pic | 21 100 | 090 7.6943/0.3860/0.0950 0.5304 (03070 0.2230 | 9.2842 |46 X 088178 | 0. 3633971 | 0.000097657700
oic |22 | 100 | 1.00 |8.5492/0.4838/0.0890] 04340 [0.3070] 0.2895 | 103123 0.118048 4.198324 | 0.000406130000
oic | 23 1.00 1.00 8.5492/0.4838|0.0890 0.4822 (03070 0.2747 | 97831 |46. . 0106329 | 0. 0.000237700000
orc |24 | 100 | 1.00 8.5492(0.4838(0.0890] 0.5304 [0.3070] 0.2619 | 93278 [46. 096750 0.000141383000
piC | 25 100 | 110 9.4041/0.56360.0830| 0.4340 [0.3070 03146 | 9.8055 | 46. 0126787 | 0, X 0.000452259000
orc | 26 | 100 | 110 9.4041[0.5636|0.0830] 0.4822 [0.3070] 0.2984 | 9.3023 0114168 | 0. ; 0.000266828000
oic | 27 1.00 110 | 9.4041/0.5636/0.0830 0.5304 [0.3070 0.2845 | 8.8694 0103860 | 0. ; 0.000159950000

Figure A1. Complete case design and corresponding EA1 and EA2 results for ITTC A1, KCS, and DTC.

Appendix B

Appendix B presents the validation of the in-house MATLAB code by comparison
with the corresponding IMO results for the C11 example ship. Three tables are provided:
the IMO values for the standard deviation of lateral acceleration, o7 4;, the corresponding
values calculated using the in-house MATLAB code, and percentage differences between
the two datasets.

Table A2. Standard deviation of lateral acceleration values, o4 ;, of the IMO example.

T.(s)
H;(m) 1.5 2.5 3.5 4.5 5.5 6.5 7.5 8.5 9.5 10.5 11.5 12.5 13.5 14.5 15.5 16.5 17.5 18.5

0.5 0.0005 0.0145 0.0528 0.1081 0.1851 0.2333 0.2395 0.2229 0.1987 0.1742 0.1520 0.1327 0.1164 0.1026 0.0910 0.0811 0.0726  0.0654
15 0.0016  0.0434 0.1585 0.3243 0.5553 0.6999 0.7184 0.6686 0.5961 0.5225 0.4559 0.3982 0.3493 0.3078 0.2729 0.2432 0.2179 0.1962
2.5 0.0027 0.0724 0.2642 0.5406 0.9255 1.1666 1.1975 1.1145 0.9935 0.8709 0.7598 0.6637 0.5821 0.5130 0.4548 0.4053 0.3632 0.3270
3.5 0.0038 0.1013 03699 0.7569 1.2958 1.6331 1.6763 15601 1.3910 1.2194 1.0640 0.9292 0.8149 0.7183 0.6366 0.5674 0.5083 0.4578
4.5 0.0049 0.1303 0.4756 0.9731 1.6658 2.0998 21552 2.0057 1.7883 15675 1.3678 1.1946 1.0479 09235 0.8185 0.7295 0.6536 0.5886
55 0.0060 0.1592 0.5812 1.1895 2.0362 25663 2.6342 24515 21856 19160 1.6715 14601 1.2806 1.1287 1.0005 0.8916 0.7989 0.7194

https://doi.org/10.3390/jmse14212080


https://doi.org/10.3390/jmse14212080

J. Mar. Sci. Eng. 2026, 14, 2080 32 of 35
Table A2. Cont.
T.(s)

H,(m) 15 25 3.5 45 5.5 6.5 7.5 8.5 95 105 115 125 135 145 155 165 175 185
6.5 0.0071 0.1882 0.6869 1.4057 2.4062 3.0330 3.1130 2.8972 25830 22643 19756 1.7257 15133 1.3338 1.1824 1.0536 0.9441 0.8501
7.5 0.0082 02171 0.7926 1.6217 2.7765 3.5000 3.5917 3.3437 29804 26127 22795 19912 1.7461 15392 13642 1.2157 1.0895 0.9809
85  0.0093 02461 0.8983 18382 3.1467 39661 4.0706 3.7881 33779 29609 25834 22568 19791 17444 1.5463 13780 1.2345 1.1118
95 00104 02750 1.0040 2.0543 3.5171 44328 45497 42344 37749 33091 28874 25221 22118 19496 17280 15401 1.3799 1.2426
105 00115 03040 11095 22707 3.8872 48990 5.0289 4.6797 4.1725 3.6579 3.1906 27877 24446 21548 19100 17021 15251 13733
11.5 0.0126 0.3330 1.2153 24870 4.2568 5.3656 55082 5.1254 4.5706 4.0062 3.4957 3.0532 2.6775 23601 2.0919 1.8644 1.6703 1.5040
12.5 0.0137 03619 1.3210 2.7031 4.6271 5.8327 59867 55714 49679 43543 3.7987 3.3181 29103 25653 22738 2.0263 1.8155 1.6349
135 00148 03909 14265 29194 49980 6.2992 64653 60175 53647 47032 41007 35847 31431 27706 24556 2.1886 1.9609 17658
14.5 0.0159 0.4198 1.5323 3.1356 5.3675 6.7654 6.9448 6.4630 5.7619 5.0507 4.4068 3.8497 3.3764 29757 2.6374 23505 21062 1.8966
155 00170 0.4488 16380 3.3526 57385 7.2326 74236 69087 6.1595 53991 47106 4.1146 3.6083 3.1812 2.8194 25128 22514 2.0273
16.5 0.0181 04777 1.7438 3.5679 6.1082 7.6987 7.9025 7.3546 6.5574 57480 5.0150 4.3806 3.8419 3.3867 3.0013 2.6749 2.3967 2.1580

Table A3. Standard deviation of lateral acceleration values, o, 4 ;, of the in-house MATLAB code.
T.(s)

H,(m) 15 25 3.5 45 5.5 6.5 7.5 8.5 95 105 115 125 135 145 155 165 175 185
0.5 0.0006 0.0142 0.0522 0.1078 0.1849 0.2331 0.2392 0.2226 0.1984 0.1739 0.1517 0.1325 0.1162 0.1025 0.0908 0.0809 0.0725 0.0653
15 00017 00427 01566 03234 05548 06992 07175 0.6677 05953 05218 04552 03976 03487 03074 02724 02428 02175 0.1959
25 00028 00711 02611 05390 09247 11653 11959 1.1128 09921 0.8696 07587 0.6627 05812 05123 04541 04047 03626 0.3265
3.5 0.0039 0.0995 0.3655 0.7546 1.2946 1.6315 1.6743 1.5580 1.3890 1.2175 1.0622 0.9278 0.8137 0.7172 0.6357 0.5665 0.5076 0.4571
45 0.0050 0.1280 0.4699 09702 1.6645 2.0976 2.1526 2.0031 1.7858 1.5653 1.3657 1.1929 1.0461 0.9221 0.8173 0.7284 0.6526 0.5877
55 0.0061 0.1564 0.5743 1.1858 2.0344 25638 2.6310 24483 21826 19132 1.6692 14580 1.2786 1.1270 0.9989 0.8903 0.7976 0.7183
65 00072 0.1848 0.6787 14014 24043 3.0299 3.1093 28934 25795 22610 19727 17231 15111 13319 1.1805 1.0521 09427 0.8488
75 00083 02133 07832 16170 27742 3.4960 3.5877 33385 29763 2.6089 22761 19882 17436 15369 1.3622 12140 1.0877 0.9794
85  0.0094 02417 0.8876 18326 3.1441 39622 40660 3.7837 33732 29567 25796 22533 19760 17418 1.5438 13759 1.2327 1.1100
9.5 0.0105 0.2701 0.9920 2.0482 3.5140 4.4283 45444 4.2288 3.7700 3.3046 2.8831 2.5184 22085 1.9467 1.7254 1.5377 1.3777 1.2406
105 00117 02986 1.0964 22638 3.8839 4.8944 5.0228 4.6739 4.1669 3.6524 3.1866 27835 24410 2.1516 19070 16996 1.5228 13712
115 00128 03270 12009 24794 42538 53606 55011 51191 45637 4.0003 34901 3.0486 26735 23565 2.0886 18614 1.6678 15018
12.5 0.0139 0.3554 1.3053 2.6950 4.6237 5.8267 59795 5.5642 4.9605 43481 3.7936 3.3137 29059 25614 22703 2.0233 1.8128 1.6324
13.5 0.0150 0.3839 1.4097 29106 4.9936 6.2928 6.4578 6.0094 5.3574 4.6960 4.0971 3.5788 3.1384 2.7663 2.4519 2.1852 1.9579 1.7630
14.5 0.0161 0.4123 15141 3.1262 53635 6.7590 6.9362 6.4545 57542 50438 4.4005 3.8439 33709 29713 26335 23470 21029 1.8936
155 00172 04407 16185 3.3418 57334 7.2251 74146 68996 6.1511 53917 47040 41090 3.6034 3.1762 28151 25089 2.2479 2.0242
165 00183 04692 17230 3.5574 61033 7.6913 7.8929 7.3448 6.5479 57395 50075 43741 3.8358 3.3811 29967 2.6708 23929 2.1548

Table A4. Percentage differences in the standard deviation of lateral acceleration, o, ;,, between the
in-house MATLAB results and the corresponding IMO values.
T.(s)

H,(m) 15 25 3.5 45 5.5 6.5 7.5 8.5 95 105 115 125 135 145 155 165 175 185
05 10961 -1948 -1.116 —0278 —0.081 —0.099 —0.134 -0.149 —-0.140 —0.158 —0.169 —0.114 -0.139 —0.139 —0.208 -0.206 —0.120 —0.160
15 4026 1722 -1178 —0278 —0.081 —0.099 —0120 -0.134 —0.140 —0.139 —0.147 —0.139 -0.168 —0.139 —0.172 —0.165 —0.166 —0.160
25 2742 -1812 1191 —0297 —0.081 —0.108 —0.134 —0.149 —0.140 —0.147 —0.143 —0.144 —0.157 —0.139 —0.164 —0.157 —0.175 —0.160
3.5 2.201 -1.754 -1.196 -0.305 -0.089 -0.099 -0.122 -0.136 -0.147 -0.158 -0.169 -0.147 -0.152 -0.153 -0.146 -0.154 -0.139 -0.160
45 1903 -1797 -1199 -0299 -0.075 -0.104 -0.120 -0.129 -0.140 -0.139 -0.155 -0.139 -0.168 -0.150 -0.147 —0.152 —-0.150 -0.160
55 1714 -1763 -1.184 -0312 —0086 -0.099 —0.123 -0.132 —0.135 —0.148 —0.139 —0.142 -0.155 —0.148 —0.158 —0.151 —0.157 —0.160
65 1584 —1792 -1.188 -0307 —0077 -0.103 —0.118 -0.131 —0.136 —0.145 —0.149 —0.149 —0.146 —0.139 —0.158 —0.140 —0.152 —0.148
75 1489 -1767 —1.191 —0291 —0081 —0.114 —0.112 —0.155 —0.137 —0.147 —0.147 —0.149 —0.145 —0.152 —0.150 —0.141 —0.166 —0.150
8.5 1416 -1.789 -1.193 -0.305 -0.081 -0.099 -0.112 -0.117 -0.140 -0.142 -0.146 -0.154 -0.155 -0.150 -0.163 —-0.156 -0.144 —0.160
9.5 1359 -1761 -1.195 -0.298 -0.087 -0.102 -0.116 -0.132 -0.129 -0.137 -0.149 -0.146 —0.148 -0.149 -0.151 -0.155 -0.156 —0.160
105 1312 -1781 -1178 —0305 -0.084 —0.093 -0.122 —0123 —0.135 -0.150 —0.125 -0.150 —0.148 —0.148 —0.156 —0.148 -0.153 —0.153
115 1274 -1.801 -1189 —0306 -0.069 —0.094 —0.129 —0123 —0.151 -0.148 —0.61 —0.150 —0.151 —0.152 —0.157 —0.158 —0.150 —0.147
125 1242 -1785 —1191 —0300 -0.073 —0.03 —0.121 —0.129 —0.148 —0.142 —0.35 —0.132 —0.150 —0.151 —0.156 —0.147 —0.147 —0.154
13.5 1215 -1.797 -1.178 -0.302 -0.087 -0.101 -0.115 -0.135 -0.136 -0.154 -0.162 -0.165 -0.149 -0.153 -0.151 -0.156 -0.155 -0.160
145 1191 -1784 -1187 -0301 -0.074 —0.095 -0.124 -0132 -0.133 -0137 —0.142 -0.151 —-0.163 —0.149 -0.148 —0.147 -0.158 —0.160
155 1171 -1795 -1188 -0323 -0.088 —0.04 -0.122 —0131 —0.137 -0.138 —0.140 -0.136 —-0.137 —0.158 -0.152 —0.155 -0.155 —0.155
165 1152 1784 —1195 —0295 —0.080 —0.097 —0.121 —0.134 —0.145 —0.148 —0.149 —0.149 —-0.158 —0.166 —0.152 —0.154 —0.157 —0.151

Appendix C

Appendix C presents the complete 27-case datasets for ITTC A1, KCS, and DTC in
Tables A5-A7, respectively. For each case, the prescribed loading condition, natural roll

period factor kg, and roll damping factor kj are listed together with the normalized EA1

lateral acceleration a,/Rg,;, the corresponding Level 1 safety margin and classification, the

normalized EA2 long-term probability index C/Rg,,, and the corresponding Level 2 safety

margin and classification. The tables therefore provide the case-by-case numerical values

underlying the Level 1 and Level 2 comparisons discussed in the main text.
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Table A5. Case-wise normalized EA1 and EA2 vulnerability measures, safety margins, and threshold-
based classifications for ITTC Al.

Case \ ky kg a,/Rgs;  EA1Safety Margin (%)  EAl C/Rgp, EA2 Safety Margin (%)  EA2

1 080 090 0.90 1.5837 —58.37% FAIL 0.3888 +61.12% PASS
2 0.80 090 1.00 1.5024 —-50.24% FAIL 0.2199 +78.01% PASS
3 080 090 1.10 1.4325 —43.25% FAIL 0.1270 +87.30% PASS
4 0.80 1.00 0.90 1.4546 —45.46% FAIL 0.5985 +40.15% PASS
5 0.80 1.00 1.00 1.3799 —37.99% FAIL 0.3471 +65.29% PASS
6 080 1.00 1.10 1.3157 —31.57% FAIL 0.2052 +79.48% PASS
7 0.80 110 0.90 1.3086 —30.86% FAIL 0.8476 +15.24% PASS
8 080 110 1.00 1.2414 —24.14% FAIL 0.5038 +49.62% PASS
9 080 110 1.10 1.1836 —18.36% FAIL 0.3050 +69.50% PASS
10 090 090 0.90 1.5182 —51.82% FAIL 0.4432 +55.68% PASS
11 090 090 1.00 1.4403 —44.03% FAIL 0.2539 +74.61% PASS
12 090 090 1.10 1.3733 —37.33% FAIL 0.1485 +85.15% PASS
13 090 1.00 090 1.4051 —40.51% FAIL 0.6660 +33.40% PASS
14 090 100 1.00 1.3330 —33.30% FAIL 0.3903 +60.97% PASS
15 090 1.00 1.10 1.2710 —27.10% FAIL 0.2333 +76.67% PASS
16 090 110 0.90 1.2712 —27.12% FAIL 0.9193 +8.07% PASS
17 090 110 1.00 1.2060 —20.60% FAIL 0.5510 +44.90% PASS
18 090 110 1.10 1.1498 —14.98% FAIL 0.3364 +66.36% PASS
19 1.00 090 0.90 1.4756 —47.56% N/A 0.7520 +24.80% N/A
20 1.00 090 1.00 1.3999 —39.99% N/A 0.4475 +55.25% N/A
21 1.00 090 1.10 1.3347 —33.47% N/A 0.2716 +72.84% N/A
22 1.00 1.00 0.90 1.3780 —37.80% N/A 1.1123 —11.23% N/A
23 1.00 1.00 1.00 1.3072 -30.72% N/A 0.6761 +32.39% N/A
24 1.00 1.00 1.10 1.2464 —24.64% N/A 0.4187 +58.13% N/A
25 1.00 110 0.90 1.2550 —25.50% N/A 1.4835 —48.35% N/A
26 1.00 110 1.00 1.1906 —19.06% N/A 0.9195 +8.05% N/A
27 1.00 110 1.10 1.1352 —13.52% N/A 0.5802 +41.98% N/A

Table A6. Case-wise normalized EA1 and EA2 vulnerability measures, safety margins, and threshold-
based classifications for KCS.

Case \% ky kg a,/Rps;  EA1Safety Margin (%)  EA1 C/Rgp, EA2 Safety Margin (%)  EA2

1 0.80 090 0.90 2.0341 —103.41% FAIL 1.0652 —6.52% FAIL
2 0.80 090 1.00 1.9297 —92.97% FAIL 0.6347 +36.53% PASS
3 0.80 090 1.10 1.8399 —83.99% FAIL 0.3850 +61.50% PASS
4 0.80 1.00 0.90 1.9241 —92.41% FAIL 1.4582 —45.82% FAIL
5 0.80 1.00 1.00 1.8254 —82.54% FAIL 0.8838 +11.62% PASS
6 0.80 1.00 1.10 1.7404 —74.04% FAIL 0.5449 +45.51% PASS
7 080 110 0.90 1.7447 —74.47% FAIL 1.8074 —80.74% FAIL
8 080 1.10 1.00 1.6552 —65.52% FAIL 1.1132 —11.32% FAIL
9 080 110 1.10 1.5781 —57.81% FAIL 0.6971 +30.29% PASS
10 090 090 090 1.9431 —94.31% FAIL 1.4722 —47.22% FAIL
11 090 090 1.00 1.8434 —84.34% FAIL 0.8999 +10.01% PASS
12 090 090 1.10 1.7577 —75.77% FAIL 0.5598 +44.02% PASS
13 090 1.00 0.0 1.8447 —84.47% FAIL 1.9978 —99.78% FAIL
14 090 1.00 1.00 1.7500 —75.00% FAIL 1.2403 —24.03% FAIL
15 090 100 1.10 1.6686 —66.86% FAIL 0.7829 +21.71% PASS
16 090 110 090 1.7082 —70.82% FAIL 24172 —141.72% FAIL
17 090 110 1.00 1.6205 —62.05% FAIL 1.5214 —52.14% FAIL
18 090 110 1.10 1.5451 —54.51% FAIL 0.9733 +2.67% PASS
19 1.00 090 0.90 1.8381 —83.81% FAIL 2.3753 —137.53% FAIL
20 1.00 090 1.00 1.7437 —74.37% FAIL 1.5051 —50.51% FAIL
21 1.00 090 1.10 1.6626 —66.26% FAIL 0.9700 +3.00% PASS
22 1.00 1.00 0.90 1.7893 —78.93% FAIL 3.3727 —237.27% FAIL
23 1.00 1.00 1.00 1.6974 —69.74% FAIL 2.1737 —117.37% FAIL
24 1.00 1.00 1.10 1.6184 —61.84% FAIL 1.4233 —42.33% FAIL

https://doi.org/10.3390 /jmse14212080


https://doi.org/10.3390/jmse14212080

J. Mar. Sci. Eng. 2026, 14, 2080 34 of 35

Table A6. Cont.

Case \% ky kg a,/Rps;  EA1Safety Margin (%)  EAl C/Rgp, EA2 Safety Margin (%)  EA2

25 1.00 110 0.90 1.6738 —67.38% FAIL 4.1317 —313.17% FAIL
26 1.00 1.10 1.00 1.5879 —58.79% FAIL 2.6995 —169.95% FAIL
27 1.00 110 1.10 1.5140 —51.40% FAIL 1.7910 —79.10% FAIL

Table A7. Case-wise normalized EA1 and EA2 vulnerability measures, safety margins, and threshold-
based classifications for DTC.

Case \ kr kg a,/Rps;  EA1 Safety Margin (%) EA1 C/Rgy4, EA2 Safety Margin (%) EA2

1 0.80 090 0.90 2.5490 —154.90% FAIL 0.8024 +19.76% PASS
2 0.80 090 1.00 2.4182 —141.82% FAIL 0.4594 +54.06% PASS
3 0.80 090 1.10 2.3056 —130.56% FAIL 0.2673 +73.27% PASS
4 0.80 1.00 0.90 2.5062 —150.62% FAIL 1.0272 —2.72% FAIL
5 0.80 1.00 1.00 2.3776 —137.76% FAIL 0.5938 +40.62% PASS
6 0.80 1.00 1.10 2.2670 —126.70% FAIL 0.3485 +65.15% PASS
7 0.80 1.10 0.90 2.3020 —130.20% FAIL 1.0612 —6.12% FAIL
8 0.80 1.10 1.00 2.1839 —118.39% FAIL 0.6171 +38.29% PASS
9 080 1.10 1.10 2.0823 —108.23% FAIL 0.3644 +63.56% PASS
10 090 090 0.90 2.3640 —136.40% FAIL 0.6909 +30.91% PASS
11 090 090 1.00 2.2427 —124.27% FAIL 0.3955 +60.45% PASS
12 090 090 1.10 2.1383 —113.83% FAIL 0.2302 +76.98% PASS
13 090 1.00 0.90 2.3597 —135.97% FAIL 0.9578 +4.22% PASS
14 090 1.00 1.00 2.2386 —123.86% FAIL 0.5547 +44.53% PASS
15 090 1.00 1.10 2.1344 —113.44% FAIL 0.3264 +67.36% PASS
16 090 1.10 0.90 2.2175 —-121.75% FAIL 1.0580 —5.80% FAIL
17 0.90 1.10 1.00 2.1037 —110.37% FAIL 0.6181 +38.19% PASS
18 090 1.10 1.10 2.0058 —100.58% FAIL 0.3668 +63.32% PASS
19 1.00 090 0.90 2.2121 —-121.21% FAIL 0.7351 +26.49% PASS
20 1.00 090 1.00 2.0986 —109.86% FAIL 0.4254 +57.46% PASS
21 1.00 090 1.10 2.0009 —100.09% FAIL 0.2504 +74.96% PASS
22 1.00 1.00 0.90 2.2225 —122.25% FAIL 1.0414 —4.14% FAIL
23 1.00 1.00 1.00 2.1084 —110.84% FAIL 0.6095 +39.05% PASS
24 1.00 1.00 1.10 2.0103 —101.03% FAIL 0.3625 +63.75% PASS
25 1.00 110 0.90 2.1133 —-111.33% FAIL 1.1596 —15.96% FAIL
26 1.00 110 1.00 2.0048 —100.48% FAIL 0.6842 +31.58% PASS
27 1.00 1.10 1.10 1.9115 -91.15% FAIL 0.4101 +58.99% PASS
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