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ARTICLE INFO ABSTRACT

Keywords: Systematic studies on long-term cumulative steel replacement in ships are virtually
absent, despite their importance for ship design, maintenance of ageing vessels, and
sustainable shipping. Extensive ultrasonic thickness measurement reports and steel
renewal records collected throughout the operational lives of 12 bulk carriers were

Bulk carriers

Steel replacement

Corrosion wastage resented and analysed to quantify cumulative steel replacement at both the ship and
p Y q y p p

Lightship their lightweight groups. By combining these data with benchmark shipyard

Ship hull information, the total lightweight mass of the ships is estimated. The findings indicate

that cumulative steel replacement may exceed 1000 t over a typical 25-year service life
in severely corrosion-affected Handymax bulk carriers. Steel renewal was dominated
by the inner bottom and hopper plating, while ships carrying iron, ore and coal
generally required substantially greater steel replacement than grain carriers. The main
contribution of this work is a complementary predictive framework that combines cell-
level machine-learning point estimation with stochastic renewal-based modelling. It
provides ship-level and structural-area forecasts, time-dependent replacement
schedules, and predictive intervals, and can be applied prospectively to technically
specified ships not included in the historical dataset. The proposed methodology
provides a practical framework for maintenance planning, structural assessment, ship
design, and life-cycle management of ageing vessels.

1. Introduction

During their operational service, which is commonly considered to be around 25 years in the industry,
steel ships are subjected to various conditions that impact the hull structure, particularly through corrosion-
related aging [1-3]. Corrosion in cargo ships is driven by a combination of factors, including loading and
unloading operations, ballast water, exposure to seawater, atmospheric conditions, and other environmental
and operational stresses [4]. This phenomenon is directly associated to ship aging [5] and has been repeatedly
identified as a contributing factor in structural failures [6-8]. Cargo ships are vulnerable in that context and
thus often experience a reduced service life of the hull and its structural elements.
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In the marine environment, various corrosion mechanisms can occur, including general, pitting,
intergranular, galvanic, fretting, stress, microbiological, fatigue, crevice, erosion, and cavitation corrosion [9].
Nevertheless, the most significant and evident consequence of corrosion in ships is the reduction of thickness
of structural elements [10, 11]. The rate of chemical and mechanical degradation, and thickness diminution,
is significantly influenced by corrosion protectives [12]. Consequently, corrosion influences the structural
reliability of ship structures, as shown by [13-15].

Most marine corrosion studies focus on test coupons rather than full-scale ship structures. For example,
corrosion has been investigated from a chemical perspective by examining the effects of various seawater
attributes on the degradation rate of test coupons [16, 17], and from a mechanical perspective in relation to
stainless steels used in ship applications [18, 19]. While these studies provide valuable insights into material
degradation relevant to shipbuilding, they remain limited to the scale of laboratory specimens.

Beyond studies of local effects, two broader levels are important from the perspective of ship hull
structures: the impact of corrosion on single ship structural member and on the ship hull. Regarding the first
level, most research have focused on corrosion wastage rates of specific structural members. Examples include
studies on the corrosion of fuel tanks [20-22], inner bottom plates [23], ballast tanks [24], and bottom
longitudinal members [25, 26].

With respect to the hull structure, research has largely directed towards the effect of corrosion
degradation on the ultimate strength of ships. This issue has been particularly examined in bulk carriers [27,
28], and more recently in [29, 30], where corrosion was shown to significantly reduce hull-girder strength.
Similar investigations have also been conducted for oil tankers, where methodologies for ultimate strength
assessment of corroded ships were developed, see [31]. A more systematic approach to evaluate the effects of
corrosion on hull structures has been given in several studies [32, 33].

In terms of rules and regulations, corrosion in ships is addressed in two principal ways. First, during
ship design, a corrosion addition is applied either to the calculated net scantlings [34, 35] or incorporated
directly within the scantling requirements [36]. The magnitude of this addition depends on the location and
function of the structural member. For bulk carriers, these procedures have been consolidated under the IACS
Common Structural Rules [37]. Secondly, corrosion is managed during maintenance through periodic
surveys [38], where the extent of wastage determines whether plating or structural elements must be renewed.
In general, depending on the structural member, steel renewal is required when corrosion wastage exceeds
prescribed limits, typically ranging from 10 % to 25 % of the original thickness [34, 35, 39].

Although corrosion wastage rates are well documented in the literature, the cumulative effects of
corrosion, and the resulting steel renewals over decades of service, have not been adequately addressed,
particularly for series of similar ships such as those examined in this study. Cumulative lifetime corrosion loss
directly affects ship design, particularly the lightship mass, which is a critical parameter in ship design process
[40, 41]. In addition, recent developments in the evaluation of lightweight mass for various ship types are
presented by [42]. It should be noted that the distribution of lightweight mass is also important for longitudinal
strength and stability calculations, and any change in this parameter directly influences the allowable
deadweight a ship can carry. Moreover, changes in lightship mass directly affect ship efficiency [43-45] and,
consequently, compliance with the energy efficiency regulatory framework [46, 47]. Nonetheless, from a
regulatory perspective, protective coatings must comply with standards issued by the International Maritime
Organization (IMO), see [48, 49]. In addition, steel renewal due to corrosion is also acknowledged by the IMO
in the context of ship recycling [50] and is expected to play an increasingly important role in sustainable
development [51].

Bulk carriers, which are the focus of this study, represent the backbone of maritime transport, accounting
for 43 % of the total deadweight tonnage and 30.7 % of the total number of merchant ships. Their share
continues to grow, with deadweight tonnage increasing by 3.1 % between 2023 and 2024, while bulk carriers
also represented the largest share of tonnage sold for demolition (40.7 %), see [52]. According to shipping
terminology issued by Clarkson, Handymax bulk carriers are defined as ranging from 35000 dwt to 50000
dwt [53], representing a smaller and more flexible segment of the fleet. This definition is adopted in the present
paper, although slight variations exist across sources. In light of recent energy efficiency measures that have
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slowed the fleet and increased regulatory scrutiny, as shown by [54], the impact of steel renewal and
cumulative corrosion on lightship mass becomes particularly relevant, as even marginal reductions in lightship
weight can improve ship efficiency, as found for bulk carriers in [55].

To date, and to the best of the authors’ knowledge, only one investigation directly comparable in terms
of full-scale cumulative steel-replacement data has been conducted, namely the authors’ previous study on
four Handymax bulk carriers [56]. That work was primarily descriptive within a practical engineering context:
it quantified cumulative steel replacement, estimated the masses of lightweight groups, and evaluated
corrosion-induced material loss. Owing to the limited sample and considerable data scatter, the resulting
relationships were intended mainly for preliminary assessment and did not constitute a predictive framework
for ships outside the observed sample. Another relevant study, by [57], showed that reduced corrosion margins
for side shell plating, ballast tanks, and hold frames led to substantially higher repair demands after 15 years
of service, estimating that a Handymax bulk carrier would require approximately 1440 tons of steel renewal,
even under conservative assumptions and with proper maintenance.

Overall, existing research on corrosion in ships, including bulk carriers, focuses on predicting local
wastage, studying the chemical and mechanical mechanisms of material degradation, or assessing the
influence of corrosion on structural integrity. Systematic quantification of cumulative corrosion loss and steel
renewal across a ship’s lifetime has received almost no attention. This lack of data is understandable, since
long-term measurement records tracking series of ships throughout their entire service lives are rarely
collected or accessible. Furthermore, conventional ship weight estimation methods typically provide only a
single figure for total hull steel mass, without differentiating between structural regions, leaving the
distribution and accumulation of lifetime corrosion losses unexplored.

Therefore, with the support of a certified thickness measurement company (see Acknowledgements),
we obtained comprehensive ultrasonic thickness measurement reports and detailed records of steel renewal
due to corrosion for 71 Handymax bulk carriers. This study extends the authors’ previous work on four bulk
carriers, done in [56], providing a significantly broader dataset and assessment. The expanded scope enables
more accurate quantification of cumulative corrosion losses and the development of refined predictive
formulas.

Based on the expanded dataset, the present study extends the previous descriptive assessment into a
predictive modelling framework. The principal methodological advance is the reformulation of cumulative
steel replacement as a ship—structural-area prediction problem, supported by renewal-based deterioration
modelling, cell-level machine learning, ship-wise cross-validation, and stochastic uncertainty quantification.
This structure allows information from a small but highly heterogeneous fleet sample to be used more
efficiently, while preserving ship-level independence during validation and enabling prospective prediction
for technically specified ships outside the historical sample. The main contributions of this research are as
follows: (i) total amount of cumulative lifetime steel replaced is extracted from company reports for selected
ships and hull lightweight groups, (ii) based on these data, a total amount of cumulative lifetime material
wastage loss is calculated for ships, and (ii1) a mathematical framework for the cumulative steel replacement
is developed for similar ships (main contribution). Thus, this study addresses the main question: can
cumulative steel replacement be predicted for a ship whose technical characteristics are known, even when
the ship itself is not part of the historical sample used for model development? The paper answers this question
through two complementary model families. The first family is a renewal-based parametric framework for
cumulative steel replacement and maintenance scheduling. The second family is a cell-level machine-learning
framework for steel replacement prediction. For both model families, deterministic and stochastic variants
were implemented.

2. Materials

The data used in this study were extracted from reports provided by a certified thickness measurement
company (see Acknowledgements), approved by TACS classification societies. The company conducted
ultrasonic thickness measurements throughout the service lives of the ships. The available records covered 71
bulk carriers and were initially screened to identify vessels exhibiting more pronounced corrosion degradation
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and substantial cumulative steel replacement. Based on this initial screening, 12 Handymax bulk carriers were
selected for detailed data extraction and analysis. For these ships, the underlying thickness-measurement and
steel-renewal records were subsequently examined and systematically processed at both ship and structural-
area levels. Four of the selected vessels had already been analysed in our earlier study [56], while eight
additional ships were included in the present work. The purpose of this selection was not to obtain a
statistically representative sample of the overall Handymax bulk-carrier population, but to investigate
cumulative steel replacement in severely corrosion-affected vessels. Consequently, the analysed dataset
should be regarded as a deliberately restricted, corrosion-intensive subset of the available database. The
predictive models developed in this study are therefore intended primarily for ships with technical
characteristics and degradation severity comparable to those represented in the present sample. Application to
vessels experiencing low or moderate corrosion degradation requires additional validation. Within the
extracted series of bulk carriers, 7 were carrying iron, ore and coal (Table 1), and 5 were carrying grain
(Table 2). Original data for 4 bulk carriers (labelled as Si, Sz, S3 and S4, in Table 1) were presented in [56].
Steel replaced (SR) is expressed in tons as a cumulative value standardised to a 25-year-equivalent service
horizon. This does not imply that all ships were decommissioned or observed for exactly 25 years, but that the
data were transformed into a common temporal basis for comparison and prediction. All ships were in
Handymax range of deadweight (selected ships: 38110-48826 t dwt), as defined by Clarkson in [53] and given
a class by IACS classification societies. Their lengths vary between 173 m and 199 m.

Table 1 Bulk carriers carrying iron, ore and coal

Ship label Si S2 S3 S4 Ss Se S7
Length overall, Lo4 [m] 199 199 197.6 187 187 183 180
Breadth, B [m] 29 29 28.3 28.4 28 31 31
'Year built, YB 1982 1982 1983 1983 1978 1984 1984
Class BV BV LR LR BV DNV ABS
Gross tonnage, GT [/] 25056 | 25056 | 25742 | 22112 | 22372 | 24844 | 17599
Deadweight, DWT [t] 44504 | 44504 | 41427 | 38110 | 38972 | 42312 | 42390
Cargo group Iron/ore/coallron/ore/coalllron/ore/coallron/ore/coalllron/ore/coalllron/ore/coalllron/ore/coal
g;’;fleiltsfvlarlzfr’}gcemem’ SR IS | y00p | 1472 | 873 | 443 | 828 | 1072 | 59

Table 2 Bulk carriers carrying grain

Ship label Sg | So | Sio | Suu | Siz
Length overall, Lo4[m] 179 1175 | 173 | 173 | 173
Breadth, B [m] 27 | 26 | 26 | 26 | 26
Year built, YB 198419821984 1984|1980
Class BV | BV | BV | BV | LR
Gross tonnage, GT [/] 19045|17436/15220(15200[16591
Deadweight, DWT [t] 4882647871419204192042617
Cargo group grain | grain | grain | grain | grain
Total steel replacement, SR, [t] (25-year equivalent) 331 | 21 | 183 | 175 | 25

Additionally, cumulative 25-year steel replacement data were extracted from reports for 11 structural
areas (i.e., lightweight mass groups). The raw data on steel replacements are provided in Appendix A, which
also includes minimum thickness reduction criteria used for steel replacement and records of corrosion
wastage observed. These groups encompass all structural elements subject to corrosion monitoring and steel
replacement, as required by the classification society for each ship. The structure includes plating and internal
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components such as girders, webs, transverses, stiffeners, and brackets (see Table 3 for a detailed explanation
of the lightweight groups).

Table 3 Structural areas (lightweight groups)

Lightweight . .
Lightweight .
group label| & & Structure included [Loads
(acronym) group full name
From aft end to fore end
1. UD Upper deck of ships. Plates|Exposed to conditions within ballast tanks and cargo holds, as well
) pp included; no stiffeners|as to the outdoor atmosphere from the upper side of the deck.
included.
Aft part of ships, above Exposed to the outdoor atmosphere, while the lower deck
Deck upper deck. Plates . . . .
2. DS . . structure is generally insulated and located in a closed atmospheric
superstructure included; no internal .
. environment.
structure included.
. Fromaft §nd to fore end Exposed to the atmosphere and seawater from the outside, as well
Bottom and side|of ships. Plates . .
3. BSSP : ) . as to the influences of ballast, cargo, and dry or wet air from the
shell platings included; no internal|. .
. inside.
structure included.
Along the length of
4. HCC Hatch cover and cargo holds. Plates and Exposed to atmospheric conditions.
coaming internal structure
included.
Exposed to ballast water or dry and humid air within the tank, and
Internal  structure Along the length of|to atmospheric conditions from the outside (lateral and upper
5.ISTST in top side tanks | CATEO holds. Internal|surfaces). Depending on the conditions inside the cargo holds, the
P structure included. tanks may also be influenced by either the ambient atmosphere or
the nature of the cargo loaded.
Careo holds In cargo holds. Flat|Exposed to cargo influences or, when empty, to atmospheric
& bulkheads with|conditions inside the hold. Bulkheads between holds are affected
6. CHTB transverse ) . . : : .
stiffeners or corrugated|on both sides, with cargo handling having a particularly strong
bulkheads . ) U .
bulkheads included.  |impact in this region.
Cargo holds main|In cargo holds. Main|Exposed to the medium, cargo, and enclosed atmospheric
7. CHMF frames (with|{frames with brackets|conditions within the holds, as well as to the effects of cargo
brackets) included. handling practices.
Exposed to cargo or atmospheric conditions within the cargo
Inner bottom and Along the length of|holds, and to the effects of handling equipment from above. From
8. IBHP hopper platings | CAE° holds.  Plates|below, the steel plates are subjected to conditions within ballast
PPEr P & included. tanks (i.e., ballast water and enclosed dry or humid air), fuel in
fuel tanks, and dry internal atmospheric conditions.
Internal  structure Alone  careo  holds Exposed to fuel, ballast, and dry or humid air may be present
9. ISDBT in double bottom & 8 ‘linside the tanks; while seawater, cargo, and atmospheric
Internal structure. o . .
tanks conditions (in empty cargo holds) act from the outside.
Aft end of ships. Plates|Exposed internally to media such as technical or drinking water,
and internal structure|ballast water, or dry and humid air. The outer side, i.e., shell
10. APS Aft peak tank included; outer shell is|plating, is subjected to seawater, atmospheric conditions, and
not included. closed or semi-closed ambient environments.
Fore “end of . ships. Exposed internally to media such as technical or drinking water,
Plates and internal Sy A
. ballast water, or dry and humid air. The outer side, i.e., shell
11. FPS Fore peak tank  |[structure included;| ;> . . ) .
. plating, is subjected to seawater, atmospheric conditions, and
outer shell is not . ) .
included. closed or semi-closed ambient environments.

For a reference bulk-carrier design maintained at one of the shipyards, the original steel mass of each
structural area was available as a percentage of the ship deadweight. The area-share coefficient is denoted by

W, = LWT, ef /DWTTeS  where LWT, °f is the original steel mass of area a and DWT™®/ is the deadweight
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of the reference ship. Table 4 reports 100w, in percent; consequently, the tabulated percentages are divided
by 100 before w, is used in Equation (1). These data were originally presented in [56]. The reference “similar”
ship has the following principal particulars: 29,850 GT, 52,000 dwt, 189.9 m length overall, and 32.24 m
breadth. These data are used to estimate the original weights of the lightweight groups.

Table 4 The amount of steel in tons and in relation to deadweight in each of 11 lightships subgroups - obtained for a “similar”
bulk carrier - from [56]

Structural area, ¢l100w, = 100 LWTZf/DWTTeS [%]
1. UD 0.81
2. DS 0.88
3. BSSP 2.99
4. HCC 1.35
5. ISTST 1.57
6. CHTB 1.20
7. CHMF 0.55
8. IBHP 1.62
9. ISDBT 2.68
10. APS 0.42
11. FPS 0.69
3. Methods

The analysis was performed on a ship dataset (Table 1 and 2) in which each ship was described by its
technical characteristics and each structural area was represented by a relative share of ship deadweight mass
(Table 4). For each ship s and structural area a (i.e., each of the Ny, = 11 lightweight groups), the steel mass
(1) represented by that area (i.e., lightweight group) is defined as:

My = w,DWT (1)
where M, ; is the modelled steel mass in area a of the ship s measured in tons, w, is the dimensionless area-
share coefficient defined from the reference ship in Table 4, and DW T is the deadweight tonnage of the ship
s measured in tons. The threshold mass (2) associated with replacement is then:

Hos = 0qsMg s (2
where H,, ¢ is the threshold mass in tons and 6, s is the threshold fraction, which is unitless. The observed
replaced fraction (3) is defined as:

SR%

Fobs — d 3
e = 3)

where F2PS is a unitless ratio and SR35S is the non-standardised observed replaced steel mass in tons.
Equation (4) allow us to compare the observed replacement directly with the threshold mass:
obs
obs _ SRavs
a,s
Ha,s
obs

where Q7% is unitless.

“4)

Because the available observation horizon was not identical for all ships, the cumulative observed
replacement was normalized to a common 25-year-equivalent scale:

SR, = SRO»S 2> (5)
a,s a,s T
S
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where SR, ¢ is the cumulative steel replacement in area a of ship s, expressed in tons and normalised to a 25-
year-equivalent horizon, and T is the actual observation horizon of ship s in years. In the present dataset,
eleven of the twelve ships already correspond to a 25-year observation horizon. Only ship S11 was observed
over 30 years and therefore required temporal standardization and its cumulative replacement values were
multiplied by 25/30. This transformation is used solely to place the observed response on a common exposure-
equivalent scale for model training and should not be interpreted as a linear corrosion or renewal law. The
temporal evolution of deterioration and the discrete nature of renewal events are represented separately in the
renewal-based modelling framework. From this point onward, SR, ; and its ship-level aggregate SR¢ denote
the 25-year-equivalent quantities; the superscript obs is retained only for non-standardised observations. For
the ship-level presentations in Figures 1 and 6 and Tables 1 and 2, SR = Zgﬁl SR, s, whereas Figures 2 and 7
and Appendix A retain the structural-area level, using SR ;.

The renewal-based parametric framework models deterioration and replacement on an inspection grid.
In its deterministic form, it provides a central renewal-based estimate, while in its stochastic form it provides
simulated replacement trajectories and predictive intervals. Time was discretized on an inspection grid with
a constant step of A = 2.5 years. In all deterministic and stochastic renewal simulations, the corrosion-
initiation delay was fixed at T},;; = 10 years. The parameter T;,; is distinct from the inspection-grid interval 4.
Following a replacement event, the age of the renewed element is reset to zero, and the same initiation delay
is applied before active deterioration resumes. The active corrosion age (6) is defined as:

Aa,s(t) = max(0, t — Tin;t) (6)
where A, 5(t) is the active corrosion age in years for area a of ship s at time t, and Tj,;, is corrosion-initiation
delay measured in years. Under a linear loss law, the fractional loss is written as:

LR () = 14,544,5(6) (7
where Lg’; (t) is the unitless fractional loss and 7, s is the linear deterioration rate measured in inverse years.
Equation (7) assumes proportional deterioration growth after corrosion initiation.

Under a nonlinear loss law, the deterioration is expressed as:

LZ,Osnlin(t) = ka,sAa,s(t)B )]
where LGWn(t) is the unitless nonlinear loss, k¢ is the scale parameter, and § is the shape parameter
controlling acceleration. Equation (8) allows deterioration to intensify nonlinearly with time.

In the replacement criterion, L, s(t) denotes the deterioration law selected for the considered model, i.e.,
either LN (¢) or LA%MIN(¢). Replacement is triggered (9) when the local loss reaches or exceeds the threshold
fraction:

1, Lgs(t) =6,
I = { “ ' 9
10, Las(®) < s )
where I, ;(t) is a binary replacement indicator.

For any requested horizon X, the deterministic cumulative replacement in one area is then:

K
Cas() = D Ros (6) 1t < 1) (10)
k=1

where C, ;(X) is the cumulative replaced steel mass in area a of ship s up to horizon X; R, (t;) is the steel
mass replaced at inspection time t;; K is the total number of inspection points considered; and 1(t;, < X) is
an indicator equal to 1 when the inspection time does not exceed the requested horizon. Equation (10) therefore
accumulates all renewal events up to X.

The total ship-level cumulative replacement (11) is obtained by aggregation over structural areas:

Ny
CX) = ) Cas D) (an
a=1
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where C,(X) is the cumulative replacement of ship s at horizon X measured in tons.

A one-at-a-time sensitivity analysis was performed to assess the dependence of the renewal-based
predictions on the principal modelling assumptions. Starting from the baseline specification, the inspection-
grid interval, deterioration-initiation delay Tj,;;, deterioration law, and replacement-threshold regime were
varied separately while all other model components were held fixed. The inspection interval was evaluated at
1.25, 2.5, and 5 years, and Tj,;¢ at 5, 10, and 15 years. Both the linear and nonlinear deterioration laws were
considered. Threshold sensitivity was evaluated by multiplying the baseline threshold values by factors of 0.8,
1.0, and 1.2; for area-specific threshold regimes, the same multiplier was applied to each area-specific value.
For each scenario, cumulative replacement at the 25-year horizon was recalculated and expressed both in tons
and as a relative change from the baseline prediction. The sensitivity analysis evaluates the numerical
robustness of the renewal-based predictions without altering or refitting the machine-learning component.

The cell-level machine-learning framework uses each ship-area combination as a separate predictive
observation. Its target is the 25-year-equivalent replaced fraction:

SR,
Fpy =2
a,s Ma's (12)

where F, ; 1s a unitless target variable. Equation (12) is important because it shifts the prediction problem from
absolute tons to a scale-adjusted fraction.

Three deterministic point-estimate predictors were evaluated: Gradient Boosting Regressor (GBR),
Ridge regression, and GBR with an additional log-total correction step. The fitted model f relates the cell-
level predictor vector X, ¢ to the target defined in Equation (12):

ﬁa,s = f(xa,s)- (13)

where ﬁa,s is the predicted replaced fraction. It is converted back to tons and aggregated to ship level as:

—

Ng
SRa,s = Fa,sMa,sr SPS = z §Ra,s- (14)
a=1

where SR, is the predicted 25-year-equivalent steel replacement in area a of ship s and SRy is the
corresponding predicted ship-level total, both expressed in tons.

Deterministic predictive performance of the cell-level machine-learning models was assessed by leave-
one-ship-out cross-validation (LOOCYV). In each split, all rows belonging to one ship were removed from the
training set, the candidate model was fitted on the remaining ships, and prediction was generated for the held-
out ship. This protocol was chosen because the practical deployment question is not interpolation within the
same ship, but generalization to a ship whose historical replacement profile is unknown. Model selection was
based primarily on ship-level root-mean-square error (RMSE) and mean absolute error (MAE), and the final
point-estimate model was selected from the compared GBR, GBR with log-total correction, and Ridge
regression alternatives.

To characterise the uncertainty of the aggregate LOOCV error estimates, the ship-level out-of-fold
prediction errors were additionally resampled with replacement. For each bootstrap replicate, RMSE and MAE
were recalculated from the resampled set of 12 held-out ship errors, and the 2.5™ and 97.5™ percentiles were
used to obtain empirical 95 % intervals. Because the LOOCV training sets overlap substantially, these
intervals are interpreted as descriptive measures of validation-error variability rather than as formal confidence
intervals based on independent test samples.

The stochastic layer belongs to the renewal-based framework and is used to express uncertainty
explicitly. The stochastic renewal-based framework uses Monte Carlo simulation to generate repeated
cumulative replacement trajectories under uncertain deterioration rates and threshold-triggered replacement
events. For a given ship and horizon, the mean cumulative replacement over stochastic realizations (15) is:
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J
T =7 ¢ ) (15)
=1

where C,(X) is the mean cumulative replacement in tons and Cs(j ) (X) is the cumulative replacement from
Monte Carlo realization j. The predictive interval (16) is then defined through empirical quantiles:

PIE(X) = Qo2 (¢, ., €P0),  PIFX) = Quaye (60, P 0)  (16)

where PI°(X) and PI{(X) are the lower and upper predictive limits in tons, Q/, and Q_g/, are the
empirical lower and upper quantiles of the simulated cumulative replacements and a is the nominal tail

probability. The same mean and quantile definitions are applied at structural-area level by replacing C S(j ) X)
with €2 (X), yielding Cy s (X), PII%(X), and PIN,(X).

In addition to the validation performed on the observed ships, the workflow includes a prospective
inference protocol for a technically specified ship that is not part of the observed sample. This prospective
application is intended to demonstrate model deployment and should not be interpreted as independent
validation in the absence of observed steel-replacement data for that ship. The input vector of the new ship is
written as:

2" = [cargo, class, DWT"®Y, LOA™*"Y, B"*Y, GT"*",YB"*", X, 6-mode] (17)

where DWT"™€" is deadweight in tons, LOA™Y is length overall in metres, B"®" is breadth in metres, GT ™"
is gross tonnage, YB™Y is year built, X is the requested prediction horizon in years, and 8-mode denotes the
threshold regime, and it can be fixed for some usual value for all ship areas, or each area can have its specific
value. The prospective demonstration ship was transformed into the same eleven-area structural representation
as the observed fleet.

For the prospective demonstration ship, M3V and Hy®" are calculated analogously to Equations (1)
and (2). Its deterministic renewal-based total at horizon X is denoted by €™V (X), following Equation (11),

while the stochastic mean and predictive limits are denoted by c " (X), PI%,,(X), and PINL  (X), following
Equations (15) and (16).

4. Results and discussions

The cumulative steel replacement (SR) standardized to a 25-year-equivalent service period exhibits
considerable variability among the investigated bulk carriers. Within the analysed dataset, a clear difference
can be observed between ships carrying grain and those transporting iron ore and coal. In general, the
investigated vessels operating in the iron/ore/coal trade exhibited substantially higher cumulative steel renewal
than the grain carriers. This observation should, however, be interpreted as an association within the present
sample rather than as a direct causal effect of cargo type, since other vessel-specific and operational factors
may also contribute to the observed differences. Furthermore, the distribution of steel replacement among
structural regions is highly non-uniform. In particular, the inner bottom and hopper plating (IBHP) accounts
for approximately 47.6 % of the total 25-year-equivalent steel replacement recorded across the 12 analysed
ships, indicating that nearly one half of the cumulative renewal demand is concentrated in this structural
region, see Appendix A. From an engineering perspective, this pronounced concentration is relevant for
structural-area-specific inspection, thickness monitoring, corrosion-protection measures, and steel-renewal
planning. It also identifies the IBHP region as deserving particular attention in life-cycle structural assessment,
although the present dataset alone is not sufficient to prescribe changes to design corrosion margins.

Quantitatively, the 25-year-equivalent cumulative steel replacement ranges from 21 to 1472 t across the
12 analysed ships, with a mean of 609.3 t, a standard deviation of 495.9 t, and a coefficient of variation of
81.4 %. The variability is partly structured by cargo group: iron/ore/coal ships show a mean of 939.4 t and a
coefficient of variation of 39.0 %, whereas grain ships show a mean of 147.0 t and a coefficient of variation
of 87.8 %. These values confirm substantial heterogeneity within the analysed corrosion-intensive fleet and
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reinforce the need to interpret predictions within the empirical domain represented by the sample rather than
as population-wide estimates.

Figure 1 presents the cumulative steel replacements (SRy) extracted from the database for all considered
ships as a function of ship length and cargo type (grain or iron ore/coal). A clear positive correlation between
ship length and cumulative steel replacement can be observed. Within the analysed fleet, larger ships generally
required greater amounts of steel replacement throughout their service life, with the increase being
approximately proportional to ship length. In addition, the cumulative steel replacements and minimum
thickness reduction criteria for steel replacements (6,s) are given for each of Ny = 11 lightweight groups
(SR.s) and for the ship under consideration (SR;), see Figure 2. The data exhibit considerable scatter,
preventing the identification of a distinct trend or relationship.

In Figure 3, the steel mass of the lightweight groups (M.s) and of the ship under consideration (M) is
estimated using Equation (1) and the data presented in Table 4. Consequently, the corresponding threshold
masses of the lightweight groups (H.,s) and of the ship (Hj), representing the minimum estimated masses after
corrosion-induced wastage during service, were determined using Equation (2) and are presented in Figure 4.
Likewise, Equation (3) was used to determine the fraction of replaced steel relative to the lightweight group
mass (Fos) and to the total ship steel mass (Fy), as shown in Figure 5. The four data points from these diagrams
corresponding to the original ships listed in Tables 1 and 2 have previously been published in [56]. Although
some relationships exhibit approximately linear behaviour while others show considerable scatter, the primary
purpose of Figures 3-5 is to present the processed dataset that forms the basis for the mathematical framework
developed in Section 3. The results obtained using this methodology are presented and discussed in the
following section.

1800

1600
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| ©lIronfore/coal

X Grain

¢ [ron/ore/coal*

SR, [1] 1000
800 | ©
600 ©
400
200 F x x

0 1 L 1 1 1 1 1
170 174 178 182 186 190 194 198 202
Ship length [m]

Fig. 1 Ship-level cumulative steel replacement SR;, expressed on a 25-year-equivalent basis (* denotes data
published in [56])

The predictive models were evaluated using the assumptions and validation procedures defined in
Section 3. The deterministic cell-level models were assessed as point-estimate predictors, while the stochastic
renewal-based framework was used to represent replacement schedules and predictive uncertainty.

The deterministic validation results and stochastic diagnostic summaries are shown together in Table 5.
The deterministic cell-level point-estimate models were evaluated using leave-one-ship-out cross-validation.
Among these models, the cell-level GBR model achieved the lowest RMSE and MAE. The renewal-based
and stochastic outputs were evaluated separately as diagnostic and schedule-based summaries. Therefore, their
RMSE and MAE values should be interpreted as observed-fleet diagnostic errors rather than as directly
comparable LOOCYV validation errors. The term hybrid refers to the combination of the renewal-based
deterioration-and-replacement mechanism with empirical ship-level and area-level calibration terms,
introduced to improve agreement with the observed replacement data.
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Fig. 2 Cumulative steel replacements (SR, s) and minimum thickness reduction criteria for steel replacements (6, ¢) by a
lightweight group (* denotes data published in [56]): a) 1. UD, b) 2. DS, c) 3. BSSP, d) 4. HCC, e) 5. ISTST, f) 6. CHTB g) 7.
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Fig. 3 Steel mass of the lightweight groups (M,) and the steel mass of ship under consideration (M)
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Fig. 5 Share (fraction) between the replaced steel mass and the mass for the lightweight groups (F,s) and the same share
on the level of a whole ship (F)

Table 5 Deterministic validation results and stochastic diagnostic summaries

Deterministic  point{RMSE [MAE [0Pserved-fleet  fitted  and RMSE [MAE
. stochastic diagnostic[Type

estimate models [t] [t] . [t] [t]
summaries

Cell-level GBR 227.78 |178.87 [Renewal-based hybrid - pointfitted  diagnosticy 3 45 ;g5 59
estimate summary

Cell-level GBR +23 6.43 1180.23 Ce}l-leve} machme-learnmglr}-samplg ﬁtted38'00 9 61

logTotalCorr oint estimate diagnostic summary

Cell-level Ridge ~ [430.51 [275.66 [Schedule mean Monte Carlolse) 97 1495.93

schedule summary

Note: The left part of the table reports leave-one-ship-out cross-validation errors for deterministic cell-level point-estimate models.
The right part reports observed-fleet diagnostic summaries, including renewal-based and stochastic schedule outputs. These values
are useful for comparing fitted and schedule-based behaviour, but they should not be interpreted as directly equivalent to the LOOCV
errors reported for the deterministic point-estimate models.

As a robustness check, the leave-one-ship-out analysis was repeated without applying the 25-year
standardization to S11. The selected GBR model remained unchanged, while ship-level RMSE changed by
approximately 2 % and MAE by less than 1 %. Thus, the normalization of the single 30-year observation did
not materially affect model selection or predictive performance. The uncertainty of these aggregate LOOCV
metrics was also examined across the 12 held-out ships. For the selected cell-level GBR model, the absolute
ship-level errors had a standard deviation of 147.30 t, a median of 143.23 t, and an interquartile range of 81.40-
223.78 t. Ship-level bootstrap resampling of the out-of-fold errors yielded empirical 95 % intervals of 104.77-
262.99 t for MAE and 130.77-305.95 t for RMSE. These relatively broad intervals reflect the limited number
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of independent ships and indicate that the reported validation metrics should be interpreted as sample-specific
performance estimates rather than precise population-level quantities.

A separate sensitivity analysis of the renewal-based model assumptions showed that the renewal-based
predictions were most strongly affected by the deterioration-initiation delay. Relative to the baseline Tj;; =
10 years, reducing Tj,;; to 5 years increased the median 25-year cumulative replacement across the analysed
ships by 75.6 %, whereas increasing it to 15 years reduced it by 66.0 %. Threshold perturbations produced
smaller but still substantial effects, with median changes of +28.1 % and —20.0 % for 0.8 and 1.2 times the
baseline thresholds, respectively. Substitution of the baseline nonlinear deterioration law by the
correspondingly calibrated linear formulation resulted in a median change of 7.7 %. Variations in the
inspection-grid interval from 2.5 years to 1.25 or 5 years did not change the cumulative 25-year replacement
total in the analysed cases, although the coarser 5-year grid delayed the median first predicted replacement
from 12.5 to 15.0 years.

Figure 6 compares the observed ship-level cumulative replacement totals with the main fitted and
renewal-based summaries. The cell-level machine-learning point estimate follows the observed totals closely
in the fitted diagnostic comparison, while the renewal-based hybrid estimate and the stochastic schedule mean
show larger deviations for several ships. This figure should therefore be interpreted as a diagnostic comparison
within the analysed dataset, whereas the LOOCYV results in Table 5 provide the validation-based assessment
of deterministic point-estimate performance.

Observed totals versus key deterministic and stochastic summaries

1400 1 —8— Observed
Renewal-based hybrid point estimate

1200 A —o— Cell-level machine-learning point estimate
_ —e— Schedule mean
© 1000 A
8
‘c 8001
(]
€
8 600
©
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< 400 -

200 A

O 4

A S L O S AN N
Fig. 6 Observed-fleet prediction overview across main approaches
A diagnostic comparison between observed and predicted steel replacement was also performed at the

level of structural areas, as shown in Figure 7.

Pred vs Obs (stochastic area totals, all groups, linear scale) Pred vs Obs (stochastic area totals, all groups, log scale)
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Fig. 7 Observed versus predicted area-level steel replacement totals for grain and iron/ore/coal ships: a) linear scale; b)
logarithmic scale
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Figure 7 compares the observed and predicted 25-year-equivalent steel replacement totals for the two
cargo groups, grain and iron/ore/coal. The colours indicate structural areas, while the marker shapes
distinguish the cargo groups. The dashed diagonal represents perfect agreement between observed and
predicted values. Figure 7a presents the results on the original linear scale, allowing the absolute magnitude
of prediction deviations to be assessed directly in tons. Figure 7b presents the same data on logarithmic axes,
which improves the visibility of structural areas with substantially smaller replacement totals. The two
representations are therefore complementary: the linear scale emphasizes absolute prediction error, whereas
the logarithmic scale facilitates comparison across the full range of observed replacement magnitudes.

The predictive performance reported above is based on ship-wise leave-one-ship-out validation. The
following new-ship case is presented as a prospective application of the calibrated framework and should not
be interpreted as independent external validation, because no observed steel-replacement outcome is available
for this generated ship. The selected cell-level machine-learning point-estimate model was then applied
prospectively to a technically specified demonstration ship, NEW_GRAIN 01, whose input characteristics
are presented in Table 6. The purpose of this example is to illustrate inference for a ship outside the observed
sample rather than to provide independent validation, since no measured steel-replacement outcome is
available for this case. The stochastic renewal-based framework was subsequently used to obtain the
replacement schedule and predictive intervals for the same ship.

Table 6 Input specification for the prospective demonstration ship

ship name cargolclassDWT ™Y [t]ILOA™Y [m]|B™®" [m]|GT™*" [/]
NEW_ GRAIN Oljgrain BV 42617.0 173.0 26.0 16591.0

The specification of NEW_GRAIN 01 follows Equation (17) and is summarised in Table 6. Cargo
group and class are categorical descriptors, whereas DWT™Y, LOA™Y, B"W, GT™®", and YB™®" describe
the ship geometry and age. The requested horizon is X = 20 years. For the grain-cargo example, 8-mode is
fixed at 63°" = 0.20 for all structural areas, in accordance with the calibration results for this cargo group.
For iron/ore/coal ships, area-specific threshold values provided better agreement and should therefore be used
instead of the fixed regime. The tail probability is a = 0.05, corresponding to a constructed 95 % predictive
interval.

For NEW_GRAIN 01, the total stochastic steel replacement was estimated by Monte Carlo simulation.
Table 7 reports the quantities defined in Equations (15) and (16) using ] = 300 realisations. The stochastic

mean Enew(ZO) = 55.84 t, while PI%,,,(20) = 43.68 tand PIlL, (20) = 68.21 t were obtained as empirical
quantiles for o = 0.05. The selected deterioration law was nonlinear, as defined in Equation (8), with
parameters calibrated from the observed ship dataset for the relevant cargo group and threshold regime.

Table 7 Stochastic total replacement at the requested horizon

ship cargoly [years]ic (X) [£][P1w (X) [EPIAL, (X) [t]
NEW GRAIN 0ljgrain 20.0 55.84 43.68 68.21

Table 8 is not obtained by proportionally splitting the ship-level total. Each structural-area quantity is

produced directly by the same stochastic renewal simulation. The table reports EZeW(X), PI ew (X), and
Plgfnew (X), using the area-level extension of Equations (15) and (16). Equation (11) is then used to aggregate

the area-level stochastic means to the ship-level value reported in Table 7. The sum of EZeW(ZO) over all
structural areas is 55.84 t, consistent with EneW(Z 0).
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Table 8 Stochastic area-level replacement at the requested horizon for NEW_GRAIN 01

Area, a | 62V [-] | MESW[t] | To (%) [t] | PIionew (XD [t] | PIBL o (X) [t]
IBHP 0.2 690.395 | 33.901 24.164 44.013
CHTB | 0.2 511.404 | 9.642 5418 14.064
FPS 0.2 294.057 | 5.338 2.941 8.454
UD 0.2 345.198 | 3.399 1.294 6.267
ISTST | 0.2 669.087 | 2.138 0.000 5.018
CHMF | 0.2 234.394 | 0.573 0.000 1.465
HCC 0.2 575.330 | 0.489 0.000 1.438
DS 0.2 375.030 | 0.322 0.000 1.406
ISDBT | 0.2 1142.136 | 0.033 0.000 1.000
APS 0.2 178.991 | 0.005 0.000 0.000
BSSP 0.2 1274.248 | 0.003 0.000 0.000

Figure 8a shows the stochastic cumulative schedule for the NEW_GRAIN 01 ship, i.e., the cumulative
replacement of steel over time, up to the selected horizon of 20 years. In that panel, the solid line represents
the mean cumulative replacement over time, while the shaded band represents the predictive interval. The
values are shown at discrete inspection points, i.e., every 2.5 years.

Figure 8b shows the contribution of each structural area to the cumulative replacement at the selected

horizon. The bar height represents the stochastic mean EZeW(ZO), while the error bars indicate the
corresponding predictive interval from PI}2; ¢, (20) to PI%L .., (20).

5. Conclusions

The results of the conducted analysis show that cumulative steel replacement can be estimated based on
ship characteristics and information at the level of structural areas, i.e., ship lightweight groups. The best
leave-one-ship-out predictive performance was achieved by the deterministic cell-level GBR point-estimate
model. In addition, the stochastic renewal-based formulation provided schedule-based outputs, predictive
intervals, and insight into the temporal evolution and structural-area distribution of cumulative steel
replacement.

The workflow was also applied prospectively to a demonstration ship whose technical characteristics
remained within the range represented by the analysed fleet. This application demonstrates prospective use of
the framework within the observed empirical domain and does not constitute independent external validation,
since no observed steel-replacement outcome is available for direct comparison. For such a ship, the
deterministic point-estimate model can estimate cumulative steel replacement at a specified service horizon,
while the stochastic renewal-based framework provides replacement schedules, area-level decomposition, and
predictive intervals. Independent validation on additional ships with measured steel-replacement histories
would be required to assess the broader predictive generalizability of the framework.

15



S. Ivosevié et al. Brodogradnja Volume 78 Number 1 (2027) 78106

a) Stochastic cumulative schedule | NEW_GRAIN_01 | horizon=20y
70 4

= 60

§

E 50

1]

v

s

@ 40

©

£ 301

w

v

2

= 204

E

3 10

0
2.'5 5.0 7.5 10.0 12.5 15.0 17.5 20.0
Time [years]

b) Stochastic steel replacement by area at 20 years | NEW_GRAIN_01

8
—

w
=3

N
o

Steel replacement at horizon [t]

1 |
L T
0 - y : = . .
2 \ el Q A \ G 2] S el Q
& & &L s & & d EN 4
¢ ¢ < g & % g v @

Fig. 8 Stochastic generated ship outputs: a) stochastic cumulative schedule with predictive interval; b) stochastic area-
level replacement with predictive intervals

From an engineering perspective, the results demonstrate that cumulative steel replacement over a
typical 25-year service life can exceed 1000 t in severely corrosion-affected Handymax bulk carriers,
highlighting the significant maintenance demands associated with long-term corrosion. Steel renewal was
found to be highly non-uniformly distributed among structural areas, with the inner bottom and hopper plating
accounting for approximately 47.6 % of the total 25-year-equivalent replacement recorded across the analysed
ships. This concentration of renewal demand has practical implications for structural-area-specific inspection
and maintenance planning, particularly for prioritizing thickness monitoring, corrosion protection and steel
renewal in the most affected regions. Furthermore, within the analysed sample, ships carrying iron ore and
coal generally exhibited substantially greater steel renewal than grain carriers. This difference should not be
attributed to cargo type alone, since other factors such as vessel characteristics, coating condition, maintenance
history, trading pattern, classification requirements, and loading/unloading practices may also contribute to
long-term structural deterioration.

The results presented in this study should be interpreted within the limits of the analysed dataset. Since
the investigated vessels represent a corrosion-intensive subset of Handymax bulk carriers, the proposed
prediction framework is presently applicable only within a comparable range of ship particulars and
degradation severity. Broader application to the general Handymax population or to vessels with less
pronounced corrosion degradation would require further validation using additional data.

The presented methodology also enables estimation of cumulative corrosion-induced material loss and
lightweight group masses, providing information relevant for maintenance planning, ship design, structural
assessment, and life-cycle management of aging vessels. In addition, the quantified amounts of replaced steel
contribute to understanding the material flows associated with ship maintenance and recycling.
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APPENDIX A

Table A1 Data on cumulative steel replacement (SR, s and SR;), minimum thickness reduction criteria for steel replacements (8.,s)
and corrosion wastage recorded in the 25" year of service after cumulative 25-year period steel is already replaced (Corr25), for
11 lightweight groups and ships: Si-S4

Ship label Si Ss S3 S4

Ship SR s O s Corr25 SR, s Ous Corr25 SR s Ous Corr25 SR s O s Corr25
region [t] [%0] [Yo] [t] [Y%0] [%] [t] [%] [Yo] [t] [%] [Yo]

1.UD 10 20 10-15 165 20 10-15 22 20 5-10 7 20 5-10
2.DS 5 20 10-15 22 20 5-10 6 20 5-10 6 20 5-10
3. BSSP 25 20 0-5 60 20 0-5 65 20 0-5 5 20 0-5

4. HCC 35 20 5-10 40 20 5-10 15 20 0-5 32 20 0-5
5.ISTST 120 20 5-10 160 20 0-5 9 25 0-5 75 25 0-5
6. CHTB 220 20 5-10 145 20 0-5 65 20 0-5 45 20 0-5
7. CHMF 110 20 5-10 85 20 5-10 45 20 5-10 32 20 0-5
8. IBHP 585 20 5-10 650 20 5-10 550 25 5-10 150 25 0-5
9. ISDBT 45 20 0-5 55 20 5-10 50 20 5-10 45 20 0-5
10. APS 12 20 0-5 30 20 5-10 40 20 5-10 14 20 0-5
11. FPS 55 20 0-5 60 20 5-10 6 20 5-10 32 20 0-5
Total (SR,) | 1292 1472 873 443

Table A2 Data on cumulative steel replacement (SR, s and SR;), minimum thickness reduction criteria for steel replacements (6,,5)
and corrosion wastage recorded in the 25" year of service after cumulative 25-year period steel is already replaced (Corr25), for
11 lightweight groups and ships: Ss-Sg

Ship label Si S> S3 S4

Ship SR, s Ous Corr25 SR s Ous Corr25 SR, s Ous Corr25 SR, s O s Corr25
region [t] [%0] [%o] [t] [“%0] [%] [t] [%o] [%] [t] [%] [%]

1.UD 150 20 5-10 30 20 0-5 12 20 10-15 36 20 0-5
2.DS 4 20 5-10 2 20 0-5 5 20 0-5 2 20 0-5
3. BSSP 10 20 0-5 45 20 0-5 33 30 5-10 21 20 0-5
4. HCC 35 20 5-10 15 20 0-5 18 30 10-15 14 20 0-5
5.ISTST 45 20 0-5 30 20 0-5 187 25 5-10 16 20 0-5
6. CHTB 32 20 0-5 170 20 5-10 16 25 5-10 84 20 5-10
7. CHMF 22 20 0-5 85 20 5-10 7 25 0-5 25 20 5-10
8. IBHP 440 20 5-10 650 20 5-10 270 30 10-15 110 20 5-10
9. ISDBT 40 20 0-5 35 20 0-5 44 25 0-5 2 20 0-5
10. APS 30 20 0-5 5 20 0-5 3 25 0-5 2 20 0-5
11. FPS 20 20 0-5 5 20 0-5 1 25 0-5 19 20 0-5
Total

(SR,) 828 1072 596 331
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Table A3 Data on cumulative steel replacement (SR, s and SR;), minimum thickness reduction criteria for steel replacements (6,,s)
and corrosion wastage recorded in the 25" year of service after cumulative 25-year period steel is already replaced (Corr25), for
11 lightweight groups and ships: So-Si»

Ship label So Sio Sii Siz
Ship SR Ous Corr25 SR Ous Corr25 SR O Corr25 SR Ous Corr25
region [t] [%] [%0] [t] [%] [%] [t] [%] [%] [t] [%] [%]
1.UD 1 20 0-5 12 20 5-10 14 20 5-10 3 20 0-5
2. DS 0 20 0-5 14 20 10-15 11 20 5-10 2 20 0-5
3. BSSP 0 20 0-5 20 0-5 0 20 0-5 1 20 0-5
4. HCC 10 20 0-5 20 0-5 22 20 0-5 3 20 0-5
5. ISTST 5 20 0-5 14 20 0-5 35 20 0-5 10 20 0-5
6. CHTB 3 20 0-5 13 20 0-5 17 20 0-5 1 20 0-5
7. CHMF 0 20 0-5 3 20 5-10 0 20 0-5 4 20 0-5
8. IBHP 0 20 0-5 38 20 10-15 35 20 5-10 0 20 0-5
9. ISDBT 0 20 0-5 48 20 0-5 24 20 0-5 0 20 0-5
10. APS 0 20 0-5 5 20 0-5 2 20 0-5 0 20 0-5
11. FPS 2 20 0-5 26 20 0-5 15 20 0-5 1 20 0-5
(T;;a)l 21 183 175 25
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