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Ship’s hull girder failure could result from maritime accident that can cause human life loss, environmental
disaster, and major economic impacts. In risk-based ship design paradigm, accounting for rare phenomena
(e.g. ship-ship collision or grounding) is important to provide safe and durable structure. In-service corrosion-
induced hull degradation should be considered at the design stage, as it can significantly affect structural
strength. The current study presents a novel framework to estimate the probability of ship hull girder failure,
accounting for novel corrosion modelling techniques and accidental damage. The associated uncertainties are
considered using statistical sampling from evidence-based distributions. A state-of-the-art deterministic model
for ultimate strength calculation is applied using Monte Carlo simulation approach, resulting in the probability
of hull failure through a reliability assessment. Wave and still-water bending moments are considered random
variables. Two case studies of tanker ships with varying sizes are executed to show the applicability of the
proposed framework. The results indicate that proper consideration of corrosion is of high importance, as
ageing can significantly increase the probability of failure if accidental damage happens. Therefore, whereas
future research and model refinement are discussed, the presented framework can serve for risk-based ship

design tool and assess existing structures’ safety.

1. Introduction

Many hazards can threaten the integrity of ships and offshore struc-
tures, necessitating a focus on the safety of ship designs. Risk-based ship
design aims to consider the influence of various hazards on the design
stage [1,2]. Ship collisions and groundings are widely recognized as
major accident types in maritime transportation [3]. Although the
frequency of serious ship accidents has significantly decreased over
the past decades, ship collision and grounding accidents still regularly
occur, and their potential for severe consequences is still consider-
able [4,5]. Those consequences can include high financial costs, loss of
life and significant ecological impacts [6,7]. Several frameworks and
risk analyses have been proposed to reduce the risks of those hazards.
Focusing on ship design and operation, mitigation measures can lower
the probability of accident occurrence [8] and/or reduce the severity of
consequences should an accident occur [9]. On a wider level, further
risk mitigation can be achieved through improved preparedness and
response risk management and related decision-support tools [10,11].

Significant work has been dedicated to develop real-time appro-
aches to estimate collision probability in ongoing operations, aimed
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at reducing the occurrence of accidents through improved decision-
making for ship officers or Vessel Traffic Service (VTS) operators, see
e.g. [12,13] for reviews. Closely related work has been dedicated to
proposing methods for analysing collision risks in sea and waterway ar-
eas, aimed at area-based management of marine spaces, see e.g. [14,15]
for reviews. Very recently, some works were dedicated to supporting
hazard identification of autonomous vessels [16-18]. The framework
for ship abnormal behaviour detection and classification based on AIS
data was proposed in [19]. Other risk analysis approaches have been
presented to support decisions on reducing the probability of ship
collision accident occurrence through improvements at the ship design
stage [20,21], or focus on managerial decision-making concerning
the reduction of human and organizational errors in collision avoid-
ance processes [22,23]. Similar work has been dedicated to grounding
accidents, for instance, to assess real-time operational risk of ground-
ing [24], to understand and mitigate human and organizational factors
in groundings [25], and to develop ship contingency plans in case a
grounding occurs [26]. However, for complex socio-technical systems,
there is a strong consensus that attaining a “zero-accident” state is
unrealistic. Hence, an important research area is to mitigate accident
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consequences, especially when the anticipated mitigation measures can
be shown to have a high certainty of being effective [27].

Significant research efforts have also been dedicated to estimating
the consequences of maritime accidents. Those includes loss of life
(e.g. due to flooding) [28-30], loss of ship (including cargo) [31],
and possible environmental pollution [32,33]. In [33], it was shown
that consequences could be considered in a wider sense, having short-
, medium- and long-term economic and socio-cultural impact. The
aforementioned are usually the final and most prominent indicators
of maritime accident outcomes, which could be useful from the per-
spective of insurance companies, stakeholders and society. However,
what is most important from the designer’s perspective should be
rather associated with transient physical phenomena, which are the
bridge between maritime accidents (e.g. collision) with consequences
indicators (e.g. loss of ship). As suggested in [34], the criteria for
risk-based ship design could be defined as the multiplication of the
probability of accident occurrence with a probability of hull structural
failure given the accident happened and consequences given structural
failure. The consequences could be further expressed by the number of
oil spills or the cost incurred by oil spills [35] for tanker ships. In the
current work, the focus is on the probability of hull structural failure,
given that an accident happened.

A comprehensive literature review regarding models to estimate
the influence of ship-ship collisions in view of ship structure per-
formance is given by [36]. Recently, advanced FE simulations were
employed to analyse the structural behaviour of ships under collision
or grounding [37,38]. However, the FE simulations of that scale are
time-consuming and require significant modelling effort, which can be
problematic in the design stage. A possible way to address this problem
is to use a so-called super-FE method as presented for ship collisions
by [39]. Some of the proposed models have also been applied in the
context of risk-based ship design frameworks and/or for optimization
of hull design, see, e.g. [35,40,41]. Depending on the ship type, damage
consequence models were further coupled with models for further
consequences of the collision or grounding, e.g., stability and flooding
for passenger’s vessels [29,42], and oil spill for cargo vessels and oil
tankers [43-45]. Models for ship collisions have accounted for several
important phenomena, including the deformability of the impacting
bow [46], structural design of the impacted hull [47], the influence
of hydrodynamic loads including sloshing on energy dissipation [48],
the influence of compressive ice on energy absorption in bow-aft col-
lisions [49], and recently configuration between struck and striking
ship [50]. A comprehensive review of the state-of-the-art in collision
and grounding modelling is provided in [3,36].

Despite the importance of ship age both as a contributing factor
for the occurrence of accidents [51], as well as a compounding factor
leading to lower structural strength [52], very little focus has been
given to the influence of ageing mechanisms on collision-induced hull
damage, with even less focus on the related probability of hull girder
failure. Some limited studies on that topic include an analysis of
structural crashworthiness of a corroded hull in stranding [53], and
ultimate strength of tanker ship given collision damage [37]. In the
latter, a simplified corrosion model was adopted, forming a good basis
for further studies on that topic. However, there is no systematic under-
standing of the significance of ageing effects on the ensuing probability
of hull girder failure. This will be especially dangerous for aged vessels.
As shown in [54,55], the number of sunk vessels in the Black Sea
alone is determined to be several per year, with the authors finding
a clear correlation between ship’s age and number of accidents. This
is also consistent with the report presented by [56], showing that for
older bulk carriers risk of serious consequences of accidents increases.
Thus, it is of great importance to properly consider ageing effects in
accidental limit states such as collision or grounding, and in estimating
the probability of hull failure. Structural reliability analysis has been
used for similar purposes [57-62].
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The aim of this article is to propose a novel framework for the
evaluation of the probability of hull girder failure, accounting for both
corrosion degradation effects and accidental damage, see Section 2.
This is considered as a probability of exceedance of the ultimate
strength of the hull girder in view of associated uncertainties. When the
ultimate strength is exceeded, the ship cross-section cannot carry more
load, which results in the failure of the entire hull girder, i.e. “breaking”
of the ship hull in two parts [63]. This could lead to major conse-
quences, associated with the loss of the entire ship and a major oil spill
from the cargo holds in an area where the collapse occurred (i.e. mid-
ship section). The main scientific advancement is the assessment of the
effect of corrosion degradation on this probability when non-uniform
thinning of structural elements on a local scale is considered as an
ageing mechanism, which is discussed in Section 2.2. Notably, such
an advanced approach for corrosion degradation modelling has to
date not been accounted for in assessing the reliability of the ship’s
hull girder. This is achieved by introducing a corrosion correction
factor to the progressive collapse modelling approach, accounting for
uncertainty about this factor (see Section 2.3) and for the spatially ran-
dom occurrence of thickness reduction within the ship’s cross-section.
The damage due to either collision or grounding is also considered a
random variable (see Section 2.1). The ultimate strength probability
distribution is determined with Monte Carlo simulations, to account for
the uncertainties about the input conditions, resulting in a probabilistic
ship design framework. Further, the probability of failure of the hull
girder failure is estimated using a reliability analysis approach (see
Section 2.4). Finally, the results are presented for two case studies
for tanker vessels in sagging and hogging conditions, see Section 3,
additionally presenting sensitivity analyses regarding how the damage
extent and corrosion degradation are modelled. A discussion is pro-
vided in Section 4, whereas conclusions from the presented work are
drawn in Section 5.

2. Methodology

The framework’s very initial concept was presented in [64] where
one deterministic damage extent due to ship-ship collision was anal-
ysed, showing that simultaneous consideration of corrosion degradation
and accidental damage due to collision could result in a significantly
increased probability of hull girder failure. Compared to that stage,
there were several major improvements done in the current work,
including:

The additional case study of a grounding accident was consid-
ered in the framework, and damage extent was considered of a
probabilistic nature;

The algorithm to calculate the ultimate strength did not ini-
tially consider the rotation of the neutral axis, which should be
taken into consideration due to the asymmetry of a damaged
cross-section [65]. This was included in the current framework;
The uncertainty due to the material strength decrease and local
thickness non-uniformity due to corrosion degradation was ad-
ditionally considered since it is well-known that corrosion has a
negative effect on steel strength and brings additional uncertainty
in ultimate strength prediction [66,67];

The corrosion degradation level was considered non-uniformly
distributed within the cross-section of the ship’s hull in the cur-
rent framework and not uniformly distributed, since it could have
an impact on the structural response of the hull girder [68];

In the reliability analysis, still water loads were considered for
the damaged hull since several studies showed that there could
be differences with comparison to still water loads for the intact
hull [69,70], as considered in initial concept;

Additional case study for a Handysize tanker was considered
along with VLCC analysed previously to see the impact of ship
size on the results.
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The framework presented here for assessment of the probability
of failure of hull girder, considering accidental damage and corrosion
effects, presented in Fig. 1, aims to cover those improvements.

The presented framework could serve for risk-based ship design. The
risk (which will be our design parameter) could be defined similarly as
suggested in [34]:

R=Pa\enc'th|a'Chf €y

where P,,,, will the probability of accident (collision or grounding)
given an encounter, P/, will be the probability of hull girder failure
given an accident and C,, will be the consequences of hull girder
failure.

The current framework aims to quantify the P, ,, i.e., the prob-
ability of hull girder failure considering that collision or grounding
happened. In the case of the probability of an accident (P,,,.), as dis-
cussed in the Introduction, various tools have already been developed
to quantify that. In case of consequences (C,,;), some tools also have
been developed in our previous studies, including tankers [32,44,71].
Nevertheless, in the case of hull girder failure, which is the most
tremendous structural failure, we can consider the consequences of loss
of ship, cargo, and major oil outflow. Those tools could be integrated
with a proposed framework in future studies to propose a holistic
risk-based ship design methodology.

As shown in Fig. 1, first, multiple damage extent cases are generated
using Monte Carlo simulations based on the ship’s cross-section data.
Second, given the ship’s age, the degradation level is considered and
further distributed within the structural elements composing the cross-
section, accounting for variation in corrosion levels. Third, the ultimate
strength of the ship hull is calculated for all cases, accounting for the
damage due to collision or grounding and for corrosion degradation
using an iterative approach (i.e. ultimate strength is determined by
iterative increase of curvature and determination of neutral axis for
considered cases of damage or grounding), taking the neutral axis
rotation into account as well. This gives the probability distribution of
the hull girder’s ultimate strength. Fourth, this result is further used
in a reliability analysis approach, accounting for additional sources
of load uncertainties, in particular wave load and loading conditions.
Details about the methods applied in each of these steps in the over-
all framework are provided in the subsections below. To facilitate
computational analyses, the framework was implemented by in-house
developed Python code, leveraging existing code for the structural
reliability analysis, using UQ[py]lab framework [72].

2.1. Damage due to collision/grounding

In an earlier proposed approach to analyse the probability of hull
girder failure [64], the damage size due to collision was taken as a
single deterministic scenario, as given by the CSR [73], which takes a
conservative approach. Referring to Fig. 1, the first step in the proposed
framework here consists of randomly generating a large set of collision
and grounding damage cases. This is achieved using the probability
distributions introduced by IMO [74], which sets requirements for the
damage conditions to be considered for alternative design of tanker
ships.

2.1.1. Damage due to collision

According to [74], the collision-induced damage extent on a ship’s
cross-section is characterized using three independent random variables
with given probability distribution functions: transverse penetration,
vertical extent and vertical location (measured with respect to the
middle of the damaged area). These functions are shown in Fig. 2.

The transverse penetration z, is defined as the damage extent mea-
sured inwards from the ship side relative to the ship’s breadth. The
vertical extent z, is considered relative to the ship’s depth. Finally, the
vertical location z; is the location of the middle of the damage with
respect to the ship’s depth, where z; = 0 corresponds to the baseline
and z; = 1 denotes the position of the deck.
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2.1.2. Damage due to grounding

In the case of grounding, the damage extent is described similarly
as for collision, relying on information from [74] as well. Thus, the
damage extent is characterized using three independent random vari-
ables with given probability distribution functions: transverse extent,
transverse location, and vertical penetration, as shown in Fig. 3.

The transverse extent b is defined as the damage extent relative to
the ship’s breadth. The vertical penetration b, is the vertical damage
extent measured from the bottom of the ship upwards, relative to the
ship’s depth. The transverse location b, considers the middle position
of the damage extent, relative to the ship’s breadth.

2.1.3. Implementation of the damage cases in the proposed framework

In each damage scenario, three independent random variables char-
acterize the damage extent in collision or grounding. In the proposed
framework, 10,000 samples are generated as inputs for determining
the corrosion degradation in the hull elements and the calculation of
ultimate strength, see Fig. 1. To achieve a representative distribution
of each random variable within the design space, the Latin Hypercube
Sampling method is used [75]. For each sample, the respective corro-
sion scenario is simulated as described in detail in Section 2.2, and the
ultimate strength for the hull girder in the damage case is calculated as
described in Section 2.3.

2.2. Corrosion degradation modelling

Referring to Fig. 1, the second step in the proposed framework
is determining the corrosion degradation level in particular elements
of the damaged hull’s cross-section. The adopted corrosion model to
achieve this considers two effects:

« the mean thickness reduction of an element of the ship’s cross-
section, based on the considered degradation level;

in the calculation of the ultimate strength of a particular element
in the ship’s cross-section (see Section 2.3), the calculated value
of ultimate strength obtained with a mean thickness reduction
is corrected using a factor which accounts for the nonuniform
distribution of thickness within the element and the decrease of
mechanical properties caused by corrosion.

The proposed corrosion model uses recent scientific advancements,
which found that if corrosion is accounted for only as a uniform
thinning of elements, the structural strength characteristics may be
significantly overestimated [76]. Further, experimental and advanced
numerical studies found that taking into account nonuniform thickness
reduction and decrease in mechanical properties of steel, the ultimate
strength can be accurately predicted [77]. However, the straightfor-
ward adoption of this complex phenomenon in an iterative approach
(described in Section 2.3) for calculating the hull girder’s ultimate
strength is not possible since it relies on analytical formulations for the
determination of stress—strain curves for particular elements composing
ship’s cross-section where thickness is only one variable of particu-
lar value. Thus, another approach is adopted, which consists of first
calculating the ultimate strength considering only the mean thickness
reduction due to corrosion, which is then multiplied by a correction
factor. This Correction Factor (CF) is defined as follows:

RL Experiment

CF = ®))
RL Formula
RL = Fcorraded (3)
F,

non—corroded

where: RL is the relative loss of ultimate strength accounting for the
effect of corrosion, F,,,..4.q is the ultimate strength for the corroded
element, and F,,,_.,,roqeq 1S the ultimate strength for the non-corroded
element. Thus, RLg,yeimen 1S the relative loss of ultimate strength
obtained experimentally [78] accounting for the exact impact of cor-
rosion degradation, and RL g,,,.., is a relative loss of ultimate strength
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Fig. 1. Block scheme of the presented framework for hull girder failure probability assessment for accidental damage considering corrosion effects.
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Fig. 2. Probability functions to characterize the damage extent on a ship’s hull due to collision: transverse penetration, vertical extent, and vertical location.

calculated using an analytical formulation that is adopted in the it-
erative approach (see Section 2.3), which considers corrosion only as
uniform thickness reduction. The approach employing CF to capture
corrosion impact is described in detail in [52], where it was validated
with experiments of corroded box girders subjected to vertical bending,
showing very good accuracy.

Based further on the results presented in [52], the CF is applied in
the current framework, considering the uncertainty associated with its
prediction value (see Fig. 4). The CF is presented in function of the

Degree of Degradation (DoD), which is calculated as follows:
Ag = (b1, + A

p.corr S,corr)

Ap

DoD = ()]

where b is the width of the plating, #, ., is the mean thickness of the
plating after corrosion, A;_,,, is the stiffener cross-section area after
corrosion, and A is the initial cross-section area of the stiffened plate
(without corrosion). The stiffener cross-section after corrosion A,
is determined based on the mean thickness reduction of the web and
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Fig. 4. Correction factor to account for the reduction in ultimate strength of a structural element considering corrosion impact in relation to the Degree of Degradation, based

on [52].

flange, respectively. This is important since DoD captures the relative
loss of thickness in the element, regardless of the exploitation time.
Thus, although in reference work [52], the coating was not considered,
it allows the use of these results in real cases when the coating is
present, preventing corrosion degradation during the initial period
of exploitation time. In the case of pure plate-type or hard corner
elements, the factor in the equation related to the stiffener is neglected.

As shown in Fig. 4, apart from the mean value, also the upper and
lower confidence levels are provided, which correspond to 2.5% and
97.5% of the cumulative probability, respectively. Based on those data,
the assumption is made that the CF for a particular degradation level
DoD can be represented by a normal distribution, and the moments
of that distribution can be obtained. The upper confidence level cor-
responds to u + 1.960, whereas the lower confidence level corresponds
to u — 1.960, where u is the mean value of the distribution, and ¢ the
standard deviation. To account for uncertainty about the CF, firstly,
the DoD for each cross-section element is calculated, which varies

between elements. Then, the normalized random distribution (x4 = 0,
o = 1) is generated for the entire cross-section, which is taken to be
representative of the whole ship cross-section. To calculate the CF for a
particular element, it needs to account for the mean value and standard
deviation for the CF, which depends on DoD of the particular cross-
section element as shown in Fig. 4. Thus, the Correction Factor for a
particular element is given by the equation:

CF(DoD) = CF,,,,,(DoD) + Sample(N (0, 1)) - CFg,p,,(DoD) 5)

where Sample(N(0, 1)) is a sample from the normalized distribution,
where moments of this distribution (i.e. mean and standard deviation)
are satisfied within the cross-section; CF,,,,(DoD) and CFyg,p,,(DoD)
are mean value and standard deviation of CF depending on DoD,
defined as follows:

CF,,,n(DoD) =1—0.0085 - DoD ©)

CFg,pep(DoD) = 0.001097 - DoD o
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The degradation level of all elements composing the cross-section
must be known to calculate the CF. In an earlier deterministic ap-
proach to determine the hull girder probability [64], the method pro-
posed in CSR [73] was adopted to model the thickness loss in cross-
section elements. In this approach, the corrosion level within the
cross-section is taken as a deterministic value resulting in a thickness
reduction equal to half of the corrosion additions, which corresponds to
a 25 year ship exploitation duration, which includes that for some time
coating is active and no corrosion exists. Although this assumption is
reasonable as an initial method to consider corrosion, and leads to an
easily applied rule in the ship design stage, the corrosion level in actual
conditions usually varies significantly within the cross-section [79].
Therefore, in the framework presented here, a probabilistic approach
to account for the distribution of the corrosion degradation level across
the cross-section is proposed. To this effect, corrosion additions as
described in the CSR are also applied, but additional information
available in Technical Background for these rules will be accounted for
and implemented [80].

The corrosion additions (7,) in the CSR were determined based on
the almost 400,000 data points gathered from operating tanker ships,
considering the different locations of an element within the cross-
section. Thus, this approach considers different corrosion environments
depending on the location of the structural member. This results in
different corrosion losses depending on element position (e.g. higher
corrosion diminution near the deck area) in a deterministic sense.
Additional variability is introduced in the current framework through
probabilistic sampling. This results in consideration of both variability
in corrosion loss due to the position of an element in cross-section
and uncertainty of this value due to the randomness of the corrosion
process. The corrosion addition value was calculated based on the
assumption that after 25 years of exploitation, the value of thickness
reduction in a single element (plate or stiffener) will be lower than
the associated corrosion addition with a probability equal to 90%. In
other words, the local thickness reduction may possibly exceed the
corrosion addition value in 10% of cases. Furthermore, according to
information in the above-referenced CSR Technical Background, the
thickness reduction itself follows a log-normal probability distribution
(see Fig. 5). It was found that for the ultimate strength calculation,
which considers the entire ship hull cross-section and not a single
element, a degradation level equal to 50% of corrosion addition values
could be taken as thickness reduction achieved within the whole cross-
section. This corresponds to approx. mean thickness reduction within
the entire hull girder cross-section after 25 years of exploitation. This
deterministic approach is rational for rule requirements. However, by
considering the distribution of degradation level within the hull cross-
section as the percentage of corrosion addition, we can normalize the
distribution, regardless of the absolute value of particular corrosion
addition. Thus, it is justified to take 0.5, as the mean value and 7,
as the 90th percentile value of the log-normal distribution. Having
these two values, the moments of the log-normal distribution (mean
value and standard deviation) can be calculated easily, resulting in a
mean value of 0.5 and a standard deviation of 0.328. Those moments
define the log-normal distribution of degradation level considered as a
percentage of absolute values of corrosion additions in particular cross-
section elements. Then, by sampling this lognormal distribution using
the Monte Carlo method and multiplying this by corrosion additions in
particular elements, a more realistic thickness spread is obtained, con-
sidering that the moments of the normalized distribution correspond
to those of experimentally determined values, within the cross-section.
The thickness reduction 7,,, for a particular element can thus be written
as:

treq =t - Sample(Lognormal(0.5,0.328)) (€)]
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2.3. Calculation of ultimate strength

Referring to Fig. 1, the third step in the proposed framework is the
calculation of the ultimate strength of the hull girder. To achieve this,
the so-called “iterative” approach is used. This method was initially
developed by Smith [81] and further implemented in the Common
Structural Rules (CSR) for Tankers and Bulk Carriers [73]. In this
method, the ship’s cross-section is first divided into different types of
elements (plates, stiffened plates and hard corners). Then, the ultimate
strength of each individual element is calculated using appropriate
physics-based formulations (see [73]), resulting in a stress—strain re-
lationship for each element. Subsequently, the ultimate strength of the
entire cross-section is calculated iteratively, where in each iteration, the
bending curvature is incrementally increased. Based on this ultimate
strength analysis, the strains and the corresponding stresses in each
element are calculated. Finally, the position of the neutral axis is
determined, based on the requirement that the sum of all forces in the
elements should equal zero.

A drawback of the classical method is that it considers a symmetrical
cross-section, i.e. it does not account for the rotation of the neutral axis.
However, in damaged conditions, the cross-section would no longer be
symmetrical, necessitating consideration of the rotation of the neutral
axis. In the present framework, this is accounted for using an approach
suggested by [65], in which the following equation for pure vertical
bending is solved iteratively :

AMy, Dyy  Dyy| | A¢),

where AM,, is the increment of the vertical bending moment, Dy,
Dyy, Dyy, Dy are the flexural stiffnesses of the cross-section calcu-
lated according to the actual centroid and respective axes (horizontal,
vertical), A¢y is the increment of the horizontal curvature, and A¢‘I’/ is
the increment of the vertical curvature (which is considered as constant
value).

Considering a constant vertical curvature increment (Aqﬁ?,), the
Eq. (9) yields the following results [65]:

D
Ay =~ Ady, (10
HH
Dy ;D
AMy = <DVV - %) A, an

The hull girder’s ultimate strength is calculated as the peak value
from the M, — ¢, curve.

The iterative method, as implemented in the current framework,
was already validated with experiments of corroded box girders sub-
jected to pure vertical bending in [52], showing very good accuracy
and need for consideration of the Correction Factor. An additional
analysis was performed to show the applicability of this approach
to situations of severely damaged cross-sections and to check if the
method was properly implemented. Very recently, experimental results
of two steel box girders subjected to vertical bending were presented
in [82], having simulated damage due to collision as a hole and more
details about exact structural dimensions and material properties can
be found herein.

The comparison between the results obtained using an iterative
approach implemented in on-house software and the experiment [82]
is presented in Fig. 6, considering moment-curvature relationships. It
could be noted that there are no significant discrepancies between the
computations and experiments, considering both quantitative and qual-
itative assessments. Very good convergence was obtained, especially for
inclined conditions, where the moment—curvature curve and ultimate
capacity are very similar. The ultimate capacity, in this case, is equal to
609 kN m for the iterative method and 580 kN m for the experiment. A
more prominent difference is observed for the model in an upright con-
dition. In this case, the ultimate capacities are equal to 680 kN m and
609 kN m, for computational approach and experiment, respectively.
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Fig. 5. Corrosion diminution within the ship hull cross-section after 25 years of exploitation based on measurements modelled as log-normal distribution [80].
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Fig. 6. Comparison between iterative approach implemented in our framework with experimental results of damaged sections presented in [82].

In both cases, the computations slightly overestimated the ultimate
strength value. This bias could be due to some uncertainties typical
for such experiments, i.e. adopted boundary conditions, variation in
mechanical properties, initial plating imperfections, etc. Secondly, the
experiment considered two samples only, so we cannot draw more
general conclusions of a statistical nature. Nevertheless, the presented
results show that the iterative approach is a very good method for
ultimate strength evaluation, especially since more advanced compu-
tational methods (such as FEM) are, in many cases, subjected to bigger
uncertainty and very sensitive to adopted modelling assumptions, as
was demonstrated in recent ISSC benchmark study [83]. To account
for the epistemic uncertainty of the adopted method, the uncertainty
factor x;; is considered as described in Section 2.4.

2.4. Reliability analysis

Referring to Fig. 1, the fourth step in the proposed framework is the
calculation of the probability of hull girder failure. To achieve this, the
reliability analysis approach is applied, similarly as presented by [62]
for a similar problem. In the current study, the Monte Carlo sampling
method [84] is used to determine the probability of failure. In the
deterministic approach, very rare events are taken as design scenarios,
leading to a conservative approach to assessing ship design risk. Such
conservatism has been argued against in risk analysis [85], suggesting

that a more comprehensive consideration of uncertain quantities is
preferable. The reliability analysis allows for such a quantitative anal-
ysis of the failure probability. In this view, multiple probable damage
scenarios are accounted for, requiring the designer and/or regulator to
explicitly consider what probability of failure is acceptable, leading to
a more rational design [1].

In the reliability analysis, the limit state function g is defined as
follows:

g:%m_mm_ﬂ;%MWV (12)
where Mgy, , My, My, are the still water bending moment, the wave
bending moment, and the ultimate strength capacity of the damaged
hull girder subject to corrosion degradation, which are all consid-
ered as random variables. The variables X/, xg,/, X, and Xg express
further modelling uncertainties as a probabilistic adjustment factor
formulation, as conceptually explained in [86]. These are described
below.

The ultimate strength ﬁ/[\; is based on the computations as described
in Sections 2.1-2.3 (see Fig. 1). The probability distribution is ob-
tained by Monte Carlo simulations, considering uncertainties associated
with the accidental damage and the effects of corrosion degradation.
Thus, this variable JF\/I\; covers the aleatory uncertainty related to
the input variables. However, the epistemic uncertainty related to
the adopted computation method itself, i.e. the model uncertainty, is
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not considered in this expression. This model uncertainty is therefore
accounted for through the variable X;;, which accounts for the assump-
tions considered in the modelling, inadequacy of engineering models,
simplifications, etc. Recently, a robust quantification of uncertainty
of the iterative approach for determination of ultimate strength was
presented in [87], where it was concluded that it could be modelled
via a normal distribution. Thus, in the current framework, the model
uncertainty associated with the ultimate strength capacity calculation
for double-hull oil tankers is accounted for as follows:

55 ~ N{1,0.08} 13)
for sagging, and:
Xy ~ N{1,0.04} a4

for the hogging case.

Similarly, xgy, is a probabilistic adjustment factor variable ac-
counting for the model uncertainty concerning the still water bending
moment prediction; Xy, accounts for the model uncertainty of wave-
induced bending moment predictions due to the use of a linear method,
whereas xg takes into account nonlinearities in the determination of
loads in the sagging condition. In the case of hogging, the nonlinearities
do not need to be taken into account for wave loads determina-
tion [88]. The values for these probabilistic variables are determined
from previous studies [88,89] and follow normal distributions:

Xsw ~ N{1,0.1} (15)
Xy ~ N{1,0.1} (16)
X3 ~ N{1,0.1} a7

Finally, the random variables determining still-water and wave-
induced loads need to be determined. In the case of the still water
bending moment, it needs to be considered that this moment can signif-
icantly increase due to flooding of the damaged compartments [61,70].
This previous research has indicated that still water loads in damaged
conditions can reach a level of 2.5 times that of the water loads in intact
conditions. Therefore, this effect should be considered in reliability
analyses of damaged ship hulls. In the current framework, the results
of the analysis presented in [69] are applied, where the probability
distribution of the still water bending moment was calculated for tanker
ships accounting for the same damage distributions [74] as considered
in the current study, see Section 2.1. The probability distribution of still
water loads in damage conditions is given by the following equation:

Mgy = MSW—designKSW (18)

where Mgy, _ . ., 1S the deterministic value of the design still water
bending moment and Ky is the random variable considered as a
multiplication factor. This factor is given by a normal distribution:

Kgy ~ N{0.72,0.56} 19
for damage due to collision, and:
Kgy ~ N{0.56,0.88} (20)

for damage due to grounding.

In the case of intact conditions, Ky, equals 1.0 as a deterministic
value without distribution. Since water loads are determined by the
hydrostatic calculations as given in the loading manual, they are not
subject to high uncertainty levels. In this case, the uncertainty of the
determination of still water loads is considered by a factor X, , as
given in the limit state function (Eq. (12)). In the case of damaged
conditions, the mean value of K¢y, is lower than one, indicating that
due to flooding, in many cases, still water loads are lower than in
intact conditions. However, one needs to note that there is a very
high standard deviation. This leads to significantly increased still water
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bending moment in approx. 40% of cases, reaching the maximum level
of K¢y, = 1.9 in case of collisions and Ky, = 2.7 for grounding. Those
extreme cases are very important in view of reliability analysis.

Finally, the question is if this factor should be considered the same
in hogging (associated with ballast condition) and sagging (associated
with full load condition). The CSR considers the multiplication factor
of still water bending moment in damaged conditions equal to 1.1
regardless of the loading type [73], which seems to be too optimistic
from a risk-based perspective, given the previous discussion. On the
other hand, the values of Ky equal to 1.1 and 1.5 were proposed
in [90] for hogging and sagging, respectively. Other works focused
mainly on determination of this factor in sagging [61,70,91], with
values reaching level of 2.4. Since there is no consensus about the
discussed issue, in the current study, the aforementioned values of
Ky distribution are considered the same for both full-load and ballast
conditions. This is considered rational from a risk-based perspective,
allowing the drawing of a more conservative assessment of failure
probability.

In the case of the wave loads, the deterministic values given in the
CSR [73] are modelled by a Weibull distribution with a probability of
exceedance of 10~8. Based on that, the distribution of extreme values
of wave-induced bending moment over a specified time period can be
modelled as a Gumbel distribution with the following parameters [92]:

1= q(n(m)" 1)

q 1-h
B= E(/n(n)) k (22)

where u and p are the parameters of the Gumbel distribution, » repre-
sents the number of load cycles over the reference time period 7, for
a given mean period value of the wave T),,. Relying on information in
the above reference, it is considered that 7, = 1 yr, and T, = 8 s. The ¢
and h are parameters of the Weibull distribution and can be determined
depending on the ship length and rule wave bending moment as given
in the same Ref. [92].

As found in the HARDER project, only approx. 11% of collisions
happen in open seas, whereas 89% occur in the harbour and coastal
waters with significantly milder wave conditions [91]. Similar obser-
vations were reported very recently in [93] where only 651 of 8923
maritime accidents (of various types) took place in open sea areas
based on 40-years statistics of Norwegian coastal waters. In the case
of grounding, we can consider that 100% of accidents happen in the
harbour and coastal waters since a low draught is needed for grounding
to occur. This is supported by the data, where the maximum distance
from the shore of grounding accidents based on historical data was
found to be equal to approx. 10 nm for North America [94] and similar
observations were made for the Gulf of Finland [24]. Thus, the param-
eters of Weibull distribution (¢ and ) should be determined separately
for open seas and coastal/harbour waters. The coastal/harbour waters
could be associated with the harbour/sheltered water design load sce-
nario as defined in CSR [73]. Thus, the rule wave bending moment can
be calculated considering the reduced value by 60% compared to the
unrestricted area of service, as given in the Rules [73]. This will result
in milder wave conditions in that area.

Thus, the probability of failure will be considered for collision
accident as the sum of conditional probabilities, equal to:

Pcoll = 0'89Pharbour +0.1 1P0pen (23)

where Py, is the probability of failure in coastal/harbour waters,
and P,,, is the probability of failure in open seas. In the case of
grounding, the probability of failure is associated with Py,
Notably, both the still water loads and wave loads are dependent
on the loading condition. It is taken that 40% of the vessel’s lifetime, it
operates at a full-loading condition, with 40% of the time in ballast
condition, 10% of the time in a partial loading condition, with the
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Table 1
Summary of still water and wave loading parameters of probability distributions — VLCC tanker ship.
Accident type Loading condition Mg, [kN m] My, [kN m]
Mean St. Dev. Coastal/harbour Non-restricted area
u B H B
No accident (Intact) Full load 6158576 - - - 5403182 685991
Ballast 7551120 - - - 5403182 685991
Groundin Full load 3448803 5419547 2136368 277133 - -
8 Ballast 4228627 6644986 2136368 277133 - -
Collision Full load 4434175 3448803 2136 368 277133 5403182 685991
Ballast 5436 806 4228627 2136368 277133 5403182 685991
Table 2
Summary of still water and wave loading parameters of probability distributions — handysize tanker ship.
Accident type Loading condition Mgy, [kN m] My, [kN m]
Mean St. Dev. Coastal/harbour Non-restricted area
H B H p
No accident (Intact) Full load 301336 - - - 383882 26900
Ballast 347915 - - - 383882 26900
Groundin: Full load 168748 265176 153553 10760 - -
g Ballast 194832 306165 153553 10760 - -
Collision Full load 216962 168748 153553 10760 383882 26900
Ballast 250499 194832 153553 10760 383882 26900

remaining 10% is considered a port condition [95]. In the current
framework, two loading conditions are considered, i.e. full loading con-
dition and ballast condition, since in the first one, the still water sagging
bending moment is maximized and in the second, the hogging still
water bending moment. As shown in earlier work [64], partial loading
and port conditions have almost no impact on the final reliability index.
Thus, the resulting probability of failure (P) is taken as the sum of
probabilities of failure for full-load (P, /. 1,,4) and ballast conditions
(Py, paiias)> respectively, multiplied by the conditional probability of
each loading scenario, as explained above:

Pr=04P; 141 1900 + 0-4P¢ parias 24

The summary of still water and wave loading parameters of dis-
tributions for reliability analysis is given in Table 1 for VLCC tanker,
depending on the accident type and loading condition.

The summary of still water and wave loading parameters of prob-
ability distributions for reliability analysis is given in Table 2 for
the handysize tanker, depending on the accident type and loading
condition.

It needs to be noted that in the limit state function as presented
in Eq. (12), both still water and wave loads have the same sign.
However, considering the full load condition, the still water bending
moment is negative (in sagging). In the case of ballast condition, the
still bending moment is positive (in hogging). Thus, it is reflected in
the limit state function. If sagging is considered, the still water bending
moment in a full load scenario is superimposed with the sagging wave
bending moment. If hogging is considered, the still water bending
moment in ballast condition is superimposed with the hogging wave
bending moment. In the rest cases (hogging in full load condition and
sagging in ballast condition), the still water and wave bending moments
are of opposite signs.

2.5. Description of the tanker design cases

In the present study, the framework is applied to two case studies
of different tanker ships, aiming to show the applicability of the frame-
work and to obtain initial insights on the impact of ship size. Tanker
vessels are taken as case study examples since these are commonly con-
sidered as safety—critical ships, where in case of damage, catastrophic
consequences leading to ecological disaster may occur (see e.g. Prestige
catastrophe [96]). The tanker ships considered in the study are VLCC

Table 3
Main dimensions and key characteristics of the tanker vessels considered in the case
studies.

Dimension Symbol VLCC Handysize Unit
Length over all L 320 138 m
Moulded breadth B 58 225 m
Moulded depth D 31 12.8 m
Scantling draught T 22 8.7 m
Block coefficient Cb 0.83 0.78 -
Designed speed v 16.7 14.0 kn

and handysize tankers, with their main dimensions and characteristics
presented in Table 3.

In the case of the VLCC tanker, the cross-section is made partially
of normal-strength steel with a yield stress equal to 235 MPa and
partially of higher-strength steel with a yield stress of 315 MPa. The
design thickness of plating varies from 14 to 23 mm. The cross-section
stiffeners are dominated by pre-fabricated T-stiffeners with a web of
maximum of 600 mm height and a flange up to 220 mm width. The
stiffeners’ thicknesses are between 10 and 20 mm. The generic cross-
section, as applied in the proposed framework, shows the division into
particular cross-section elements, which is illustrated as an output from
developed software in Fig. 7. Since the cross-section is symmetrical, one
side of the ship is presented in Fig. 7.

The detailed cross-section data of the VLCC tanker regarding di-
mensions of structural elements is provided in Table 4. The numbers
of elements refer to the one presented in Fig. 7.

The plating design thicknesses for the Handysize tanker are between
9 and 14 mm. The majority of stiffeners are bulb profiles ranging
from 180 x 10 up to 300 x 11 types, and some minor stiffeners are
flat profiles with size 100 x 10. The entire cross-section is made of
normal-strength steel with yield stress equal to 235 MPa. The generic
cross-section, as applied in the proposed framework, shows the divi-
sion into particular cross-section elements, which is illustrated as an
output from developed software in Fig. 8. Since the cross-section is
symmetrical, one side of the ship is presented in Fig. 7.

The detailed cross-section data of the Handysize tanker regarding
dimensions of structural elements is provided in Table 5. The numbers
of elements refer to the one presented in Fig. 8.
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Fig. 8. Cross-section of Handysize tanker ship applied in the case study.

3. Results

In this Section, various results of analyses performed to show the
applicability of the framework are presented. First, considering the case
study of the VLCC tanker ship, two types of sensitivity analyses are
performed to show the impact of modelling approaches adopted in

10

the here proposed framework. The first sensitivity analysis, presented
in Section 3.1, compares the deterministic and probabilistic modelling
approaches of damage size, and the associated impacts on the resulting
ultimate strength. In this analysis, corrosion degradation is modelled
deterministically. The second sensitivity analysis, presented in Sec-
tion 3.2, compares different approaches to model corrosion degradation
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Table 4
Cross-section data of VLCC tanker ship.
Element numbers Structural Shell thickness [mm] Stiffener spacing [mm] Stiffener dimensions Steel type
element

1-2 23 910 T 580 x 12 + 200 x 20 AH32
3-6 22 910 T 580 x 12 + 200 x 20 AH32
7-10 Bottom shell 21 910 T 580 x 12 + 200 x 20 AH32
11-25 20 910 T 580 x 12 + 200 x 20 AH32
26-32 20 910 T 620 x 12 + 200 x 20 AH32
33-34 Bilge 20 - - AH32
35-38 20 950 T 620 x 12 + 200 x 20 AH32
39-41 22 950 T 670 x 13 + 220 x 20 A
42-45 20.5 920 T 630 x 12 + 180 x 20 A
46-49 20.5 920 T 580 x 12 + 180 x 20 A
50-54 Outer shell 20.5 920 T 520 x 12 + 170 x 20 A
55-58 20.5 920 T 500 x 12 + 150 x 18 A
59-61 20.5 920 T 420 x 12 + 130 x 18 A
62-64 20.5 920 T 390 x 12 + 130 x 15 A
65-67 19 920 L 350 x 150 x 12/17 AH32
68-69 Sheer strake 19 - - DH32
70-73 Upper deck 21 750 FB 330 x 20 AH32
74-103 21 910 T 630 x 12 + 200 x 20 AH32
104-128 Inner bottom 19.5 910 T 630 x 12 + 200 x 20 AH32
129-131 Hopper tank 19 895 T 600 x 12 + 200 x 20 AH32
132-133 top 19 895 T 580 x 12 + 200 x 20 AH32
134-137 19 895 T 580 x 12 + 180 x 20 AH32
138-141 20 920 T 620 x 12 + 180 x 20 A
142-145 19 920 T 570 x 12 + 180 x 20 A
146-150 17 920 T 510 x 12 + 180 x 20 A
151-154 Side 16 920 T 500 x 12 + 150 x 18 A
155-158 longitudinal 15 920 T 430 x 12 + 130 x 18 A
159-160 bulkhead 15 920 T 400 x 12 + 130 x 15 A
161 20 920 L 350 x 100 x 12/17 AH32
162 20 920 T 1020 x 12 + 150 x 16 AH32
163-165 20 755 L 350 x 100 x 12/17 AH32
166-168 19.5 920 T 610 x 12 + 200 x 20 AH32
169-171 21 920 T 580 x 12 + 200 x 20 AH32
172 21 920 T 1500 x 12 + 180 x 20 A
173-176 19.5 920 T 630 x 12 + 200 x 20 A
177-178 19.5 920 T 600 x 12 + 180 x 20 A
179 18 920 T 1400 x 12 + 180 x 20 A
180-182 Longitudinal 18 920 T 550 x 12 + 180 x 20 A
183-185 bulkhead 17 920 T 500 x 12 + 160 x 20 A
186 16.5 920 T 480 x 12 + 150 x 18 A
187 16.5 920 T 1020 x 12 + 150 x 16 A
188 16.5 920 T 480 x 12 + 150 x 18 A
189-191 16.5 920 T 430 x 12 + 150 x 15 A
192-193 16.5 920 T 400 x 12 + 150 x 15 A
194 18 865 T 1020 x 12 + 150 x 16 AH32
195-198 18 810 L 350 x 100 x 12/17 AH32
199-203 Double 17 750 L 350 x 100 x 12/17 AH32
204-213 Bottom girders 15 750 FB 150 x 13 AH32
214-223 Lower decks 15 880 L 150 x 90 x 12 A
224-228 14 880 L 150 x 90 x 12 A

in view of thickness and strength loss, and the associated impact on
the resulting ultimate strength. In this analysis, the undamaged cross-
section of the VLCC tanker is applied. Finally, the overall reliability
analyses are performed for both tanker design case studies, showing
the applicability of the proposed framework, see Section 3.3.

3.1. Sensitivity analysis: Influence of considered damage model on ultimate
strength

In this section, two approaches are compared to analyse how
accidental damage influences the ultimate strength: a deterministic
and probabilistic approach. The former deterministic approach is the
one taken in the CSR to estimate the residual strength at the design
stage [73]. In this approach, a rather conservative deterministic dam-
age size is applied to the ship hull due to either collision or grounding,
as shown in Fig. 9. The collision-induced damage has dimensions

11

breadth d = B/16 and height » = 0.6D, where B is the ship breadth
and D is the ship depth, respectively. The grounding-induced damage
has dimensions breadth » = 0.6B and height A = min(B/15,2 m).

In the probabilistic approach, outlined in Section 2, to compare the
influence of the accidental damage models, only a deterministic thick-
ness loss due to corrosion is applied (implemented as a reduction equal
to half of the corrosion additions), without further considering the CF
described in Section 2.2. Thanks to that, we can capture the impact
of damage modelling type on the resulting ultimate strength without
disturbances brought by the uncertainties due to corrosion degradation.
This is why the deterministic corrosion model is considered for the
purpose of this analysis.

An example of the Moment-Curvature relationships for collision-
induced damage in the sagging condition of the VLCC tanker case is
presented in Fig. 10. This shows the bending moment calculated in
10,000 simulation runs, with damage sizes sampled, as explained in
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Table 5
Cross-section data of Handysize tanker ship.
Element numbers Structural Shell thickness [mm] Stiffener spacing [mm] Stiffener dimensions Steel type
element
1 14 - - A
2-6 Bottom shell 12 750 HP 280 x 11 A
7-16 11.5 750 HP 280 x 11 A
17-19 Bilge 11.5 870 HP 260 x 10 A
20-22 8 11.5 750 HP 260 x 10 A
23-33 Outer shell 11.5 750 HP 260 x 10 A
34-37 13 700 HP 180 x 10 A
39-41 Upper deck 13 625 HP 180 x 10 A
42-54 PP 1 750 HP 220 x 10 A
55 Inner bottom 12 - - A
56-70 12 750 HP 300 x 11 A
71-74 Hopper tank 11 505 HP 260 x 10 A
top
75-78 Side 11 750 HP 280 x 11 A
79-82 longitudinal 10 750 HP 280 x 11 A
83-85 bulihea 4 9 750 HP 280 x 11 A
86-89 10 720 HP 260 x 10 A
90-92 14 - - A
93-95 Egi::f} 12 - - A
96-103 irders 9 545 FB 100 x 10 A
104-107 § 9 620 FB 100 x 10 A
108-115 Lower decks 10 420 HP 140 x 9 A

|-€

Fig. 9. Accidental damage extent due to collision (left) and grounding (right) [73].

Section 2.1. Quite a significant spread is observed in the results due
to uncertainty in the determination of collision-induced damage. The
peak value (in this case, minimum in sagging condition) of each curve
is considered as the hull girder’s ultimate strength capacity.

In Fig. 11, the histogram and probability distribution (estimated
using Kernel Density Estimation (KDE) [97]) of ultimate strength is
presented for the same case (collision-induced damage, sagging con-
dition, VLCC tanker case). The bars represent the histogram, whereas
the darker blue line represents the PDF estimated using KDE (a similar
approach is considered for further Figs. 12-14). It is seen that the
histogram does not follow any known probability distribution, with
three local maxima observed. The majority of cases yield an ultimate
strength capacity close to the one for a non-damaged cross-section,
which indicates that in most cases, the collision-induced damage is not
so severe. In addition to the histogram resulting from the probabilistic
analysis, the ultimate capacity value obtained via the deterministic
approach is presented as well in the figure. Overall, in the presented
case, only a few simulated samples (3.3% of the total number)lead to a
lower ultimate strength capacity value, showing that the deterministic
approach given in the CSR is rather conservative.

The histogram of ultimate strength capacity for the grounding-
induced damage in the sagging condition for the VLCC tanker case is
presented in Fig. 12. Similarly to the collision case, the majority of the
simulation results are concentrated around the ultimate strength capac-
ity for a non-damaged hull, indicating that many simulated grounding

12

damages are not very extensive. However, compared to the collision
case, many more samples (16% of the total number) result in a lower
ultimate strength capacity compared to the deterministically obtained
value. Therefore, the CSR approach is not as conservative as in the case
of collision damage. In addition, the difference between the maximum
and minimum values of ultimate strength capacity is significantly
higher in case of damage due to grounding, indicating that grounding
accidents could be a more dangerous scenario. However, the minimum
ultimate strength capacity is obtained for extremely rare events.

The histograms for the ultimate capacity for collision- and
grounding-induced damage in the hogging conditions for the VLCC
tanker case are presented in Figs. 13 and 14, respectively. Overall,
similar trends can be observed as in the sagging case: most simulation
results are concentrated around the ultimate strength capacity value
associated with that of a non-damaged cross-section. This concentration
is, however, higher in the collision accident case than for groundings,
where a larger spread in ultimate strength capacity is observed. Similar
as for the sagging condition, the deterministic value corresponds to
extremely rare situations for collision, indicating that the CSR take
a very conservative approach to collision damage. For the grounding
case, a larger share of accident scenarios leads to a lower ultimate
strength than the accident scenario in the deterministic approach,
indicating a less conservative approach.

A summary of the results obtained via the two approaches to
account for the accidental damage is given in Table 6, where the
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Fig. 10. Moment-Curvature relationships for probabilistic simulations considering collision-induced damage, sagging condition, VLCC tanker case.
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Fig. 11. Comparison of ultimate strength capacity: deterministic and probabilistic approach, collision-induced damage, sagging condition, VLCC tanker case.

Table 6
Summary of ultimate strength capacity calculations for the deterministic and probabilistic approaches to account for accidental damage, VLCC tanker case.

Dam. type Loading CSR [MN m] Prob. Mean [MN m] Prob. St. Dev. [MN m]

Percentile value Prob. Min [MN m]

Collision Sagging 16362 96.7% 19012 997 12775
Hogging 22217 96.7% 24721 944 17900
Groundin Sagging 17870 84.6% 18879 1306 8986
g Hogging 21063 84.0% 23287 2539 8015

Dam. type — damage type; CSR — Value from the deterministic approach as given in CSR; Prob. Mean — Mean value from probabilistic approach; Prob. St. Dev. — Standard
Deviation from probabilistic approach; Prob. Min — Minimum value from probabilistic approach.

ultimate strength capacities are given as absolute values. In the case of
the deterministic approach (denoted as CSR in the table), the obtained
values are generally lower than the mean values obtained using the
probabilistic approach. However, significant differences between the
collision and grounding damage types are observed as follows:

mean plus approx. two standard deviations of the distribution)
as a conservative assumption [98].

In the case of grounding, the deterministic value corresponds
to approximately the 84 percentile value of the probabilistic
distribution and the standard deviation is much higher than in the
case of collision. The latter is important in view of the reliability
analysis, which heavily depends on the distribution shape.

The minimum values are much lower in case of grounding dam-

+ In case of collision, the deterministically obtained value corre-
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sponds to the 96.7 percentile value of the probabilistic distribu-
tion. This is very close to the engineering approach, which usually
considers the 97.5 percentile value (which corresponds to the

age than for collisions, which suggests that grounding scenarios
can be far more dangerous than collision scenarios, even though
the mean values of capacity are rather close to each other. This
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Fig. 12. Comparison of ultimate strength capacity: deterministic and probabilistic approach, grounding-induced damage, sagging condition, VLCC tanker case.
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Fig. 13. Comparison of ultimate strength capacity: deterministic and probabilistic approach, collision-induced damage, hogging condition, VLCC tanker case.

information cannot be revealed using only a deterministic ap-
proach, where the values of ultimate capacity for both grounding
and collision are quite similar.

3.2. Sensitivity analysis: Influence of considered corrosion model on ulti-
mate strength

To obtain insights in the influence of the corrosion degradation
model on the ultimate strength, five cases are considered, as follows:

+ deterministic model, where corrosion is considered only as a
deduction in thickness equal to half of the corrosion additions
(current industry approach) f,,,, = t4,, — 0.5, (model 1);

 deterministic model, where corrosion is considered as a deduction
in thickness of half of the corrosion additions (similar as above),
with further consideration of the mean CF for each cross-section
element to account for the loss of material and structural strength,
deduced from Fig. 4 (model 2);

14

» semi-probabilistic model, where corrosion is randomly distributed
within a cross-section, accounting for the mean CF for each
cross-section element, deduced from Fig. 4 (model 3);
semi-probabilistic model, where corrosion is considered as a de-
duction in thickness of half of the corrosion additions with ran-
domly distributed CFs within cross-section elements, sampled
from Fig. 4 (model 4);

fully probabilistic model (as described in Section 2.2) with ran-
domly distributed corrosion deduction levels within cross-section
with randomly distributed CFs considering uncertainty in its
prediction (see Section 2.2) (model 5).

For these sensitivity studies regarding the adopted corrosion model,
the cross-section is considered to be undamaged. This allows to see the
impact of different corrosion modelling approaches on the resulting
ultimate strength without disturbance caused by the uncertainty that
damage brings. An example of a histogram of the ultimate strength
capacity of the VLCC tanker case considering the fully probabilistic
model 5 for hogging conditions is presented in Fig. 15. It is noted that
probability distribution follows normal probability distribution.
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Fig. 15. Histogram of ultimate strength capacity, fully probabilistic corrosion model (model 5), hogging condition, VLCC tanker case.

For reasons of brevity, histograms showing the results of ultimate
strength as per the other corrosion models are not provided here.
Instead, a summary of the ultimate strength capacity results obtained
for the different models is presented in Table 7. First, it is noted that
there is a significant difference between deterministic models 1 and 2.
This indicates that the ultimate capacity is significantly lower when the
CF is considered, i.e. when the actual local effects of corrosion on the
loss of material and structural strength are accounted for. Second, it is
observed that when the uncertainty associated with the determination
of the CF is considered, this has almost no impact on the resulting
ultimate strength (see model 4), leading to a narrow standard deviation.
Third, accounting for a random distribution of corrosion degradation
levels within the cross-section (model 3) leads to a much higher effect
on the uncertainty about the resulting ultimate strength. In this case,
although the mean value is slightly higher compared to deterministic
model 2, the minimum value is considerably lower compared to that
model. Nevertheless, even in that case, the Standard Deviation is equal
to 155 MN m in sagging (Coefficient of Variation is lower than 1%). Fi-
nally, when the fully probabilistic model is considered (model 5), which

15

employs a superposition of uncertainties associated with corrosion loss
in the cross-section elements and CF, the resulting ultimate strength
distribution is similar to that obtained using model 3. In conclusion,
it is found that the uncertainty about the ultimate strength capacity
is dominated by the uncertainty associated with uneven corrosion
levels within the cross-section. Nevertheless, the superposition of these
two uncertainties (model 5, which corresponds to one described in
Section 2.2) leads to obtaining the lowest minimum value within all
considered models in the case of the hogging condition.

3.3. Framework application: Reliability analysis results for considered
tanker design cases

The reliability analysis was performed as described in detail in
Section 2.4. The degradation level was considered non-uniformly dis-
tributed within the cross-section as described in Section 2.2, corre-
sponding to the corrosion level after 25 years of exploitation. The
histograms of ultimate strength capacity for the fully probabilistic
model accounting for damage extent (described in detail Section 2)
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Fig. 16. Histogram of ultimate strength capacity, VLCC tanker, hogging condition, collision damage.

Table 7
Summary of ultimate strength calculated according to various corrosion models 1 to 5,
VLCC tanker case.

Loading Model no Ultimate strength
Mean [MN m] St. Dev. [MN m] Min [MN m]
1 19800 - -
2 18023 - -
Sagging 3 18164 155 17555
4 18023 12.7 17968
5 18161 156 17569
1 25416 - -
2 23206 - -
Hogging 3 23341 118 22901
4 23206 11.3 23160
5 23341 119 22857

in hogging condition with damage due to collision are presented in
Figs. 16 and 17 for VLCC and Handysize tanker, respectively.

The spread in ultimate strength capacity is higher in the case of a
Handysize tanker compared to VLCC: for the former, the Coefficient of
Variation (i.e. Standard Deviation divided by Mean value) is around
6%, whereas for the latter, this is around 4%. A plausible explanation
for this observation is the different impact of the corrosion degradation
between these cases. It is noted that although the mean thickness loss
due to corrosion does not vary with the ship’s length, the plating
thickness and stiffener dimensions are much higher for VLCC. Thus,
the plates for Handysize are relatively thinner, leading to higher DoD
values, so the corrosion effect will be more severe, which leads to more
severe effects on the strength reduction per structural element and on
the overall ultimate hull girder strength.

It is observed that while the numerical values differ by an order of
magnitude, both histograms have a similar shape, and do not follow
any known probability distribution. Since in reliability analysis, a
mathematical description of a probability distribution is required to
enable calculating the ultimate capacity, the Kernel Density Estimation
(KDE) method [97] is used to describe the probability density function
(PDF). The PDFs estimated using KDE are shown in Figs. 16 and
17 as well. This is important since reliability analyses are generally
sensitive to the so-called “tail-effect” [84]. If the most extreme values
of the distribution (which are the ones mainly associated with failure,
and in this case, correspond to the lowest ultimate strength capacity
values) are modelled very roughly through the PDF, this can lead to
significant uncertainty in the prediction of the probability of failure.

16

In this view, KDE could show local extrema even in lower values of
ultimate strength, whereas classical distributions are rather smooth
in that region. The other random variables, i.e. those describing the
still water bending moment, the wave bending moment, and their
associated uncertainties, are accounted for as described in 2.4.

The method to calculate the probability of failure and corresponding
reliability index applied in the current framework is chosen as Monte
Carlo Simulations, as implemented in the UQ[pyllab toolbox [72].
The reason for this choice is that the ultimate capacity is estimated
using KDE, given that the PDF does not follow any known shape
associated with a closed-form mathematical expression. Thus, the sam-
pling method is considered to be most appropriate. The number of
generated samples for each reliability analysis calculation is taken as
1 million, based on convergence studies as shown in Fig. 18 for one
of the analysed cases (Handysize tanker, grounding in hogging, ballast
condition). In this figure, both the probability of failure (Pf) and the
associated reliability index (f) are given in function of the number
of samples, together with their respective confidence intervals. It is
observed that from approx. 0.6 million samples, the values of P, and
B stabilize, and their confidence intervals are minimal.

The results of the reliability analysis for the two considered tanker
design cases are presented in Table 8 for a range of scenarios, including
intact (non-damaged hull) conditions. The probabilities of failure for
both full load and ballast conditions are calculated based on the reli-
ability analysis. The resulting P, is calculated according to Eq. (24).
The resulting reliability index f shown in the right column is calcu-
lated based on the resulting probability of failure using a well-known
relationship [84]:

p=—¢""(P) (25)

It is observed that the most dangerous scenario for both ships is
grounding in sagging conditions, where particularly full load condi-
tions have the highest impact on the resulting reliability index. This
is reasonable since, in the most serious grounding scenarios, a large
cross-section area of the double bottom is reduced so that the deck
region, which usually has weaker structural strength, will be subjected
to high compression loads, which then lead to premature buckling
and failure of the entire hull girder. In addition, the still water loads
can, in this scenario, be significantly increased due to the flooding
of ballast tanks, which are typically empty in full loading conditions.
The obtained reliability indices in sagging conditions are lower for
Handysize tankers, which can be explained by the effects of corrosion
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Table 8 In contrast, the safest scenario for both tanker cases is the collision
Results of the reliability analysis for the VLCC and Handysize tanker cases, hogging in hogging conditions. This is also a reasonable result since in such

and sagging, full load, ballast, and total lifetime conditions.

accidents, structural elements closer to the deck region are damaged,

Ship Scenario Probability of failure [-] pL-l whereas the hull structure near the bottom remains intact. In hogging
Full load  Ballast Resulting conditions, the bottom area carries high compression loads and, if

Intact in sagg. 258-10°  820-107° 1.03-10°  3.08 intact, could resist buckling much longer. Finally, it is observed that the
Intact in hogg. 2.90-107%  4.00-107°  1.60-10°  4.66 Handysize tanker hull girder is generally more prone to fail in sagging
Grounding in sagg. 2.42-1072  3.06-107° 1.09-1072  2.29 L . i

VLCC o L = 4 conditions, regardless of the damage type (even in intact conditions). In
Grounding in hogg.  3.10- 10 2.18-1072 8.85-107°  2.37 k . h
Collision in sagg. 8.16-10-°  2.86-10-5  327.10 272 the VLCC tanker case, groun@mg damages are much more dangerous,
Collision in hogg.  1.11-107  170-10  6.81-10*  3.20 regardless of the type of loading.
Intact in sagg. 195-102  131-10°  781-102° 2.42 In the case of the VLCC tanker, the 1nFact FOIldlthIlS are safer
Intact in hogg. 204.10-%  885-106  3.54.10°6 4.49 compared to damaged ones, even though significantly higher wave

Handysize Grounding in sagg. ~ 2.57-1072  241-10°  112-102 228 loads are considered. However, in the case of a Handysize tanker in
Grounding in hogg.  1.20-107 ~ 3.49-107  140-107  2.99 sagging, the reliability index in intact conditions is very close to that

Collision in sagg.
Collision in hogg.

2.09-1072 2.51-1073 837107 239

in damaged conditions.
224107 263-100*  1.05-10%  3.71

degradation, which brings higher variation in the ultimate strength

4. Discussion

As shown by [65], not considering the rotation of the neutral axis

capacity, as discussed at the beginning of this Section. could result in an overestimation of the hull girder ultimate strength

17
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of up to 8%. Furthermore, it is emphasized that the iterative approach
to predict the ultimate strength of ship hull girder is well-recognized
as being accurate, as verified, for instance, in a benchmark study by
ISSC (International Ships and Offshore Structures Committee) [99].
This study suggests that the iterative approach, in some cases, even
outperforms advanced FE simulations. Although the latter approach
seems to be the most advanced currently, it is still subjected to high
uncertainty for the problems of ultimate strength, which showed a very
recent study also done by ISSC [83]. There was a big spread in the
participants’ results because the FE simulations are sensitive to adopted
modelling techniques, parameter settings and FE solvers. In the case
of the iterative approach, the basic stress-strain curves of elements
are calculated using pre-defined analytical equations, and only the
division of cross-section into particular element types gives room for
some uncertainties. Finally, FE analysis is highly time-consuming both
in modelling and computational time, especially for large-scale objects
such as ship sections. On the contrary, the iterative approach provides
fast and reliable data and seems to be perfectly suited for probabilistic
analysis, where multiple runs of computations are performed. Finally,
in the presented study, only the Vertical Bending Moment was consid-
ered as an acting load. It is known that the Ultimate Limit State could
consider both Vertical and Horizontal Bending moments (e.g. due to
hull inclination during flooding). However, as was shown in [37], the
most unfavourable loading conditions are where only Vertical Bending
Moment is acting. Thus, from a safety perspective, considering only
Vertical Bending Moment is sufficient.

The obtained hull girder failure probabilities presented in Table 8
can be considered very high, with a maximum value reaching approx.
1.1-1072 for both VLCC and Handysize tankers, which corresponds to a
reliability index of 2.3. Nevertheless, those probabilities are associated
with corrosion corresponding to 25 years of exploitation period. The
probability of failure at the beginning of ship exploitation with no cor-
rosion or very little corrosion will obviously be much smaller. However,
it is also worth noting that even in intact condition, the reliability
indices are quite low (especially for handysize tankers), showing the
significant impact of corrosion degradation since no damage is consid-
ered in those cases. In the case of the handysize tanker, the reliability
index for the intact condition was quite close to the damaged one due
to much higher wave loads acting in the former. However, for the VLCC
tanker, the intact conditions were much more favourable. Thus, the
Handyszie tanker is designed in a more Risk-based manner.

There are no strict guidelines on what reliability index may be
considered acceptable, but according to [100], the target failure prob-
ability level is equal to 10~* for serious consequences and 10~3 for less
serious consequences of failure. These probability values correspond to
reliability indices f = 3.71 and g = 3.09, respectively. In the presented
case studies, the possible consequences should be associated with the
loss of the ship and a major oil spill, i.e. ecological catastrophe. Thus,
there should be considered serious consequences and could be quanti-
fied in future studies with more sophisticated tools (e.g. [6,32,44,711).
In this view, the obtained reliability indices in current study appear
to be much lower. It is noted that in a similar recently published
study [62], in which an Aframax tanker ship was analysed (i.e. of
medium size between VLCC and Handysize considered in the present
work), a similar order of magnitude of P, equal to 4- 1072 for collision
and 5 - 1072 for grounding were obtained, even with a simplified
deterministic corrosion model adopted and having in mind that also
several assumptions were made in that study. Thus, with consideration
of CF and non-uniform corrosion spread, those values could be even
higher. Based on this, the presented results seem to be rational but also
concerning, if not alarming.

Some limitations of the current work should be highlighted. First,
future work to account more accurately for the wave conditions and
associated loads in the harbour and coastal areas should be considered
to estimate the failure probability more accurately. Similarly, the un-
certainties considered in ultimate strength computations, such as the
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assumption about the normal distribution of CF, should be revisited in
further research.

Second, the presented study adopted the collision and grounding
damage distributions as given in [74]. Although these statistics them-
selves can be considered rather reliable, there are some shortcomings
to how the accidental damages are accounted for, which can have an
effect on the accuracy of the findings of the current study. One such
shortcoming is that the ship’s age is not considered as a variable in the
damage statistics. Since corrosion has an impact on structural crash-
worthiness, it is likely that in the same collision or grounding scenario,
the damage extent will be more extensive for older ships compared to
new ones. Thus, it could result in an even higher probability of failure
for aged ships, whereas current statistics do not distinguish different
ship ages. Another issue is that the statistics do not link the damage
extent with the prevailing loading conditions during the accident. For
example, it is plausibly more likely that a grounding is suffered during
a voyage in full load condition than in ballast since, in the latter case,
the draught of the ship is significantly smaller. A further limitation
of the accident scenarios, which has also been highlighted in [41],
is that these do not account for the impact conditions, such as the
vessel speed or impact angle, whereas these factors have a significant
impact on the energy dissipation and damage extent. As in harbour
and coastal areas, the vessel speeds when collision and grounding
impacts occur are lower than in open water areas [101]. Understanding
this relation to accident statistics better can also improve the esti-
mation of the hull girder failure probability. A final limiting aspect
of how the accidental damage is accounted for in the current work
is that these do not account for different structural configurations or
crashworthiness optimization, whereas it is known that these can have
significant effects on the damage sustained by the ship hull [35,47].
Therefore, more research is needed to better understand the accident
conditions, linking hull damages with loading scenarios, ship age, and
hull configuration. Future work can be directed to using more explicit
methods for collision and grounding damage assessment, along with
advanced statistical methods, to improve the accuracy of this damage
modelling and estimation [36].

Apart from the above described limitations, some directions for
future research can be suggested. For instance, in the current state-of-
art of risk-based ship design for ice-classed vessels [2], some attention
has been given to the effects of corrosion on the ultimate and accidental
strength [102,103]. A more detailed consideration of advanced corro-
sion degradation models in relation to local ice loads on the ship hull,
and on the associated risk of subsequent consequences such as flooding,
hull girder failure and/or environmental damage, can improve the cur-
rent understanding of the safety level of vessels operating in Arctic and
ice-covered waters. Another avenue for future work concerns the use of
advanced models for accidental damage and hull girder failure consid-
ering corrosion degradation, as presented in this article, for analysing
the risk of the maritime transportation system in specific geographical
areas, extending frameworks such as [28,32]. Such work can advance
waterway risk management, for instance, related to improved marine
pollution preparedness and response planning and risk management
decision making [11,33] and improved maritime Search and Rescue
preparedness planning, e.g. extending methods such as [104].

Finally, although the presented method focuses to serve for risk-
based ship design, it has the potential to be used for condition as-
sessment of existing structures. This can be especially useful since
the commonly adopted 25-year exploitation period can be extended,
especially in lucrative shipping markets and as a response to new
regulation [105]. Thus, the impact of corrosion on the probability of
hull girder failure for significantly aged ships is an important issue, but
the associated risk is not accurately understood for older vessels. Earlier
presented deterministic analysis results for a 50-year old hull [52]
indicate that the rule criteria are not satisfied anymore, indicating that
ageing significantly increases the probability of hull failure. Therefore,
feeding the proposed framework with inspection data, accounting for
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relevant uncertainties, can be useful to quantify the risk level and
associated safety margins of an existing ship structure. This can be a
fruitful direction for future research and development, possibly linked
with other contemporary developments such as digital twinning of ship
structures [106].

5. Conclusions

This article proposes a novel probabilistic framework to analyse
the probability of ship hull girder failure, accounting for advanced
corrosion degradation modelling and accidental damage. This frame-
work presents a meaningful step forward in developing methods and
tools to advance the risk-based ship design paradigm into practical
application. In this paradigm, ship structures are designed based on
an explicit consideration of the probability of all possible loads and
associated risks to which a vessel is exposed over the whole target
exploitation period, including accidents in maritime traffic. For this
purpose, the effects of ship ageing, in which corrosion is among the
most prominent factors, cannot be excluded. Hence, state-of-the-art
methods and approaches from corrosion degradation modelling should
be incorporated in risk-based ship design frameworks.

The major contributions of the proposed framework and the exe-
cuted case studies can be summarized as follows:

» The iterative approach for calculating the ultimate strength,
which is a fast and reliable method as confirmed by validation
with available experiments, is incorporated in the framework;

A novel approach for corrosion degradation modelling is adopted,
which consists of random sampling from a distribution of degra-
dation levels within the ship’s cross-section and accounts for the
decrease in strength caused by the non-uniform distribution of
thickness in the structural elements composing the cross-section.
This is calculated by introducing a Correction Factor and the
associated uncertainties.

Sensitivity studies for a VLCC tanker case and results of a reli-
ability analysis for tanker cases show that incorporating such a
method to account for the local effects of corrosion degradation
on ultimate strength analysis and risk-based design is of high
importance;

The extent of accidental damage is considered probabilistically,
and when superimposed with corrosion effects, the associated
uncertainty about damage size can lead to a significant failure
probability. While some assumptions in the case studies may con-
tribute to finding such probabilities of hull failure, these results
raise concern, especially considering that other recent studies lead
to similar conclusions. The consequences of failure should be
associated with the loss of the ship and a major oil spill. This is
found regardless of the ship size, with an even higher probability
obtained for the Handysize tanker case;

The importance of considering proper corrosion degradation mod-
elling is also presented by calculating the failure probability for
intact (i.e. non-damaged conditions), where for both case studies,
resulting reliability was lower than the target reliability index for
serious consequences of failure;

The developed framework is implemented using Python software,
including reliability analysis using UQ[py]lab project consist-
ing of state-of-the-art methods in uncertainty quantification and
structural risk engineering. Correspondingly, there is no need to
build an interface between different software, including commer-
cial ones, so that further development of the framework can be
easily pursued, which in turn can further advance risk-based ship
design practices.

Notwithstanding the above-listed achievements, the presented
framework still has some limitations and drawbacks, as discussed in
Section 4. These mainly relate to the modelling of still water and
wave loads, and improving the understanding of the conditions under
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which accidents occur, in terms of the ship age, loading conditions,
prevailing wave conditions, the ship’s corrosion degradation condition,
hull configuration and crashworthiness, and impact speeds and angles.
Along with some other avenues for future work, these limitations can be
fruitful areas for future research and development. Those are planned
to be overcomed by integrating the presented tool with accident
probability models and consequence models, heading towards a full
physics-based, risk-based ship design framework.
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