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1 INTRODUCTION 
Since engineering and architecture are applied to 
build any kind of vessel, the design process has been 
kept for years always more or less the same, with a lot 
of estimations, complex analyses, iterations and data 
extrapolations, leading to a big number of 
compromises, where the objective was a satisfactory 
good model, and not the optimal model. For this 
reason, it has been decided to apply a computer-aided 
optimization on the same methodologies, with the 
result of an increase in speed and quantity of outputs 
for the design process, i.e. the time invested for the 
conceptual design has been reduced from few months 
to few days [1], giving as output an optimum design 
for the ship model. 

For this purpose, standard engineering principles 
have been applied with the objective to formulate a 
tool that can achieve an optimized design based on 
the costs, structural reliability and maintenance 
strategy, by considering constraints regarding the 
ship’s operation and ship’s integrity. 

The optimization has been performed developing a 
tool through the use of MATLAB, a multi-paradigm 
numerical computing environment that with an 
iterative method finds the optimum by changing the 
objective variables. The tool consists of three 
consecutive tasks, which are respectively the 
conceptual design, structural reliability assessment 

based on scantling modification and maintenance 
strategy policies. 

Conceptual design is the first stage of the ship’s 
design and its function is to define the initial data of 
the model based on relations between ship’s 
characteristics, weights, transportable cargo and 
costs, subdivided into capital costs (CAPEX) and 
operative costs (OPEX), in order to minimize the 
Required Freight Rate (RFR).  

While initially engineers were manually 
calculating the relation between the design variables 
and the objective value, Lyon [5] adapted this process 
to a computer aided optimization, by increasing the 
number of output models and choosing the most 
convenient between these, lowering drastically the 
time needed. In this way, it is possible to consider a 
wide range of interconnected models based on 
technical efficiency, costs, operation and priorities, 
with the objective to minimize the RFR. 

With initial values of the model, it is possible to 
shape the midship section using the software 
MARS2000 developed by Bureau Veritas in order to 
obtain midship section modulus and the ultimate 
bending moment, which are calculated based on 
stipulated methods based on the Classification 
Society. 

In the second task, the bending moments described 
by probabilistic distributions are calculated in the 
limit state function and the reliability index is 
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computed through the First Order Reliability Method 
(FORM). The reliability index is calculated for 
different scantlings and having as measure of merit 
the total cost, the most convenient scantlings is 
chosen [3]. 

As the bending moments acting on a vessel present 
many uncertainties, Mansour [6] proposed a model 
based on statistically distributed random values, as 
also the structure response follows a such pattern. In 
the model have been considered the extreme values 
of the wave-load bending moment, as its variance is 
not negligible and, thus, statistically distributed 
maxima have to be considered, while the still water 
bending moment is assumed to have a deterministic 
value.  

Faulkner and Sadden [7] apply on such problem the 
limit state function and propose a ship design policy 
based on partial safety factors approach and on the 
safety index (beta-index), analyzed with the First 
Order Reliability Model (FORM). The limit state 
function is design criteria that, applied on the ship’s 
bending moments, defines the limit between failure 
and safe region, where by an increase of wave-
induced and still water bending moments increases 
also the probability of failure, thus the probability to 
overcome the limit state represented by the ultimate 
bending moment in a defined period. 

More investigation has been done by Guedes 
Soares et al [8] on the models that describe the 
structural behavior of a vessel subjected to loads, 
leading to an efficient solution by allowing to 
consider in the limit state function different types of 
distribution for the variables. In this way, it is possible 
to consider the extreme values for the wave-load 
bending moment and to consider still water bending 
moment normal distributed. 

Zayed et al [9] consider the probability of failure 
being time-dependent, as the reliability of the 
structure decreases with the time. Also in this model, 
using random variables and stochastic random 
processes, the failure is described by the up crossing 
of the limit state represented by the ultimate bending 
moment. 

Garbatov and Soares [3] analyzed a model applied 
on a container ship, analyzing its typical midship 
section and taking into account loads in full, partial 
and harbor conditions. Moreover, the reliability index 
has been examined as dependent from the heeling 
angle. 

Besides the FORM, have been analyzed also 
Second Order Reliability Models (SORM), but their 
application to this problem is rather inconvenient, as 
it defines a more complex limit state function as it is 
actually needed by the problem [10]. 

At last six different maintenance policies have been 
adopted, which have as an objective the costs, 
downtime and availability, in order to estimate the 
maintenance strategy that allows to optimize ship’s 
operation. Given that the corrosion presents a high 
number of uncertainties, Melchers [11] proposes a 
phenomenological model where the rate, extent, 
localization and variability of expected corrosion are 
analyzed, considering the loss of material due to 
corrosion as time-dependent.   

Yamamoto and Ikagaki [12] define the corrosion 
process based on three stages: degradation of the 
coating, generation of corrosion pits and propagation 
of the corrosion pits until the structural failure. A 
more detailed model with consideration of non-linear 
behavior and random protection coating duration is 
presented by Guedes Soares and Garbatov [13], 
which define the failure when the depth of corrosion 
wastage reaches the corrosion tolerance of the 
component. Garbatov [4] proposes six different 
maintenance policies: optimal replacement interval, 
optimal replacement age and optimal replacement age 
accounting for time required to perform replacement 
based on minimization of the total costs, optimal 
replacement interval and optimal replacement age 
based on minimization of downtime, and optimal 
replacement interval based on the availability of the 
system. Moreover, in this model are calculated also 
four different levels of corrosion tolerance and four 
of repair consequence, in order to consider the 
variations in the material strength and repair 
effectiveness. 

2 CONCEPTUAL DESIGN 
The conceptual design allows to define the initial 
dimensions of a model of a multi-purpose vessel, with 
an optimization algorithm that has as objective the 
minimization of the Required Freight Rate (RFR). 
This is achieved by changing the design variables 
chosen to be length between perpendiculars (Lpp), 
breadth (B), depth (D), draft (T), block coefficient 
(Cb) and service speed (Vs), which, through a 
sequence of formulas and estimations, determine 
required propulsive power, weights and costs. 

For the propulsive power estimation has been used 
the Holtrop and Mennen’s method [14], estimating 
the resistance on the hull (RTOT) and calculating the 
required Effective Horsepower (EHP) and Shaft 
Horsepower (SHP): 
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where R_TOT is the total resistance in N, R_F the 
frictional resistance in N, (1+k_1) is the form factor 
for viscous resistance, R_APP is the appendages 
resistance in N, R_W the wave resistance in N, R_B 
the pressure resistance on bulbous bow, R_TR the 
transom resistance in N, R_A, the correlation 
resistance from model to ship in N and V the service 
speed in m/sec. 

The total weight of a ship can be split into the 
proper ship’s weight, the lightweight W_light, and the 
consumables and cargo weight, the deadweight 
W_dead, for this reason while the lightweight will be 
calculated in order to get an estimation of the building 
costs, the deadweight is the determinant for operative 
costs of the ship. The lightweight is the sum of 
weights regarding the hull W_hull, which include the 
main hull structure, superstructure and bulkheads of 
the ship, the outfit and hull engineering W_oh, that 
takes into account hull insulation, joiner bulkheads, 
pipes, deck fittings, cargo booms, anchors, rudder, 
galley equipment and hatch covers, and the 
machinery W_m, which is the sum of the weights 
regarding the whole propulsion system, from 
propeller to funnel [24]. The deadweight is composed 
by the weight of the cargo W_con (containers in this 
case), the fuel weight W_fuel and the weight of fresh 
water, lubricating oil, stores and crew and other 
weight related to the machinery being idle W_misc.  

To estimate the number of containers (TEU) that 
can be shipped in one voyage has been used a formula 
based on regression analysis of existing ships [2]: 

 
	 >2?@_BCDEF = <@	(0.0196	HDE	I	J − 148.6129)	 (	4)	

	 >2?M_BCDEF = 0.050117	HDE	I	>NM − 82.6702	 (	5)	
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where TEU_(b_float) is the number of containers 
below deck, TEU_(d_float) the number of containers 
on deck, S_b stowage factor for TEU respectively 
below deck, L_oa the length overall and TN_d 
number of rows of TEU above deck. 

The total costs of a ship (Aac) derive from annual 
operating costs (OpEx) and annual capital costs 
(CapEx), where the first is the sum of salary of crew 
members, costs related to stores and supplies, 
insurances, port expenses and annual fuel cost, and 
the second takes into account the expenses for the 
owner to build the vessel. 

The RFR has been calculated dividing the annual 
average cost by the round trip number (NT), the 
number of containers and the cargo load percentage, 
estimated to be 80%. 
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In the model have been applied constraints on the 
design variables, proportions between main 
dimensions, rolling period, metacentric height (GM), 
freeboard (FB) and displacement (Δ), as shown in 
Table 1. 
Table 1: Constrained values 

 
Although optimal solutions have been calculated with 
the algorithm presented above, it has been decided to 
adopt a real ship model taken from of a multi-purpose 
ship already built and to apply the conceptual design 
over this, in order to get all data needed. Main 
dimensions of the model of vessel analyzed are 
presented in Table 2. 

 
Table 2: Dimensions used for the scantlings, risk-based and 

maintenance-based models 

3 SCANTLINGS 
As the risk-based model estimates the failure state of 
the structure through the limit state function, the 
ultimate bending moment is needed and is calculated 
using the program MARS2000 developed by Bureau 
Veritas. This is done by drawing the midship section 
of the multi-purpose vessel (Figure 1) taken into 
consideration and calculating the ultimate bending 
moment by modifying the scantling of the plates in 
the deck over 2mm in a range ± 10mm from the 
original thickness for both intact and corroded 
condition of the structure, shown in Table 3. 

 
 
Figure 1: Midship section as drawn in MARS2000 



Table 3: Ultimate bending moment obtained from MARS2000 

 
In order to have a dimensional factor that takes into 
account the change of thickness it has been 
introduced a Design Modification Factor (DMF)[15], 
that is the relation between the modified sectional 
area and the original one. It has to be noted that 
although the thickness modification shall have a ± 
10mm range from the original value, in this section 
has been calculated the scantling modification just 
from -6mm to +10mm, as with a lower thickness the 
used program MARS2000 does not deliver any value.  

4 RISK BASED STRUCTURAL ASSESSMENT 
The risk based model is based on the reliability of the 
structure, which has been estimated taking into 
account the asymmetrical bending moments that act 
on the hull (still water and wave-load induced 
bending moment) and comparing it with the ultimate 
bending moment of the structure itself, obtained by 
the program MARS2000. This has been aimed by 
calculating the limit state function of the problem 
with the First Order Reliability Method (FORM), 
which provided the probability of failure. In this way, 
it was possible to calculate the cost associated with 
the risk of failure and, summing it with the cost 
resulting by changing the thickness, it results in the 
total expected cost as function of the change in 
thickness, so that the lowest value of this function 
presents the optimal thickness based on costs related 
to the probability of failure. The FORM has been 
adopted to evaluate the variables that have influence 
on the failure of the structure and in this way to define 
a limit state function for the reliability G(X), that 
describes whether the ship is in the safe region 
(G(X)≥0). 
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where M_u is the ultimate bending moment of the 
structure in MN.m, M_sw the still water bending 
moment in MN.m, M_wv the wave-load induced 
bending moment in MN.m, χ_u,χ_sw,χ_wv are the 
model uncertainty factors for ultimate, still water and 
wave-load bending moment and χ_nl is the model 
uncertainty factor for non-linear effects.	

In order to get the limit state function, it was 
necessary to proceed through two steps: the definition 
of the mean value and standard deviation for the 
different variables (defined by the index 0), and the 

optimization of them in order to get the limit state 
function G(X)=0, so that the combination of the 
variables is the optimal one and obtain in this way the 
minimum probability of failure possible (defined by 
the index 1). The still water bending moment is 
assumed to be described by a Normal distribution [3, 
23] and typical values have been calculated following 
the rules of Classification Societies (Det Norske 
Veritas rules [17]). Mean and standard deviation of 
the still water bending moment are calculated based 
on the formulas (9) and (10) developed by Guedes 
Soares and Moan [42]. 
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where standard deviation (StdDev_(sw,max)) and 
mean (Mean_(sw,max)) depend from the ratio 
between deadweight and displacement of the ship W 
and the length of the ship L_pp [16, 23] and 
M_(sw,cs) is the still water bending moment as given 
by the Classification Society [17].	

For the vertical wave-induced bending moment 
have been taken into consideration the stochastic 
extreme values at a random time point over a 
reference time period T_r for a mean wave period 
T_w and for this reason it has been fitted to a Gumbel 
distribution [3], calculated as follows: 

	

	 W^QhYZ,a = ib,YZ + jb,YZ	kYZ	 (11) 

where α_(m,wv), β_(m,wv) and γ_wv are parameters 
of the Gumbel distribution based on the vertical 
wave-induced bending moment as given by the 
Classification Society Det Norske Veritas [17].	

With the values of the ultimate bending moment 
(M_u) taken from MARS2000 it is possible to 
calculate for the different Design Modification 
Factors (DMF) mean value and standard deviation 
fitted to a Log-normal distribution [3] valid for both 
intact and corroded condition as follows: 
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where COV is the coefficient of variation, taken equal 
to 0.08 [3]. 

With the FORM has been calculated the reliability 
index for the respective DMF and computed the 
correspondent probability of failure as follows: 
 

	 4B(\) = O(−j(\))	 (16) 

where F(x) is the normal cumulative density function. 

The values are presented in Table 4 and Figure 2.	
Table 4: Beta-index and probability of failure for the different 

DMF for intact and corroded condition 

 
A sensitivity analysis has been performed to analyze 
the effect of variables on the limit state function 
(Figure 3).  

It can be seen that the variables regarding the 
ultimate bending moment have high positive values, 
which means that by an increase of them, the limit 

state function is positively affected, while it is the 
opposite for wave-induced and still water bending 
moments.  
    To evaluate the cost associated with the 
modification of the structure has been performed a 
cost benefit analysis [15]: 
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where C_t^β is the total expected cost in USD C_Tf^β 
the cost associated with the failure of the ship in USD 
and C_me^β the cost of implementing a structural 
safety measure in USD. The cost associated with the 
failure of the ship C_Tf^β is the sum of the cost of 
lost of the ship calculated in the year of life t, the loss 
of cargo, the accidental spill of fuel oil and the loss of 
human life, assuming that the operational life of the 
ship T is 25 years, while the cost of implementing a 
structural safety measure C_me takes into account the 
decreased or increased cost of the deck structure, if 
the DMF is taken respectively negative or positive.	

It has been observed that while the cost of 
implementing a structural safety measure is roughly 
proportional to the added material to the top part of 
the section, the cost associated with the structural 
failure of the ship highly depends on the probability 
of failure, which is almost negligible when 
DMF≥1.02, lowering this type of cost to a point 
where it has no influence more, as shown in Figure 4, 
where the points mark the values for every DMF from 
0.94 to 1.10. 

 

 
Figure 4: Total costs as function of the beta-index 

5 RISK-BASED MAINTENANCE 
The biggest issue for the metal components during the 
ship’s lifetime is corrosion, which is the cause for the 
material degradation and loss of strength [18]. The 
process of corrosion leads to a failure of the 
component when the plate thickness is less than a 
minimum safety level defined taking into 

Figure 2: Beta-index as function of the DMF 

Figure 3: Sensitivity analysis 



consideration structural safety levels. Indeed, the loss 
of material does not just cause loss of the thickness in 
the component and surface destruction, but it is also 
responsible for the loss of tensile strength and for 
non-linear reduction in yield strength. For these 
reasons, the most important consequences of 
corrosion on structural components are reduction of 
structural strength, unfavorable stress distribution 
(caused by corrosion pits) and reduced net sectional 
area [18, 19, 20, 4].  
 Consequently, the maintenance has been set as a 
central optimization objective, by minimizing the 
costs that derive from preventive and corrective 
maintenance, as these can be estimated with the help 
of stochastic models, basing the probability of a 
component to fail described by Weibull distribution 
[21, 22]. In this model have been considered both 
preventive and corrective maintenance, being the first 
the substitution of a component before it fails and the 
second the substitution of it after its structural failure. 
With the estimations about the consequences on the 
costs deriving from a failure and relating these with a 
risk level, it was possible to find the most convenient 
maintenance strategy regarding costs, downtime and 
availability, analyzed using different maintenance 
policies. 

This model is based on previous studies done by 
Garbatov [4], analyzes and implements in the main 
model the probability and severity of structural 
failures caused by corrosion, calculates costs deriving 
from preventive and corrective maintenance, with the 
objective to minimize costs, downtime or maximize 
the availability, optimizing the replacement interval, 
replacement age and replacement age with 
consideration of the time needed to replace the 
component, factor that can lead to a better model 
design. 

The first maintenance policy that has been analyzed 
is based on finding the optimal interval between 
preventive maintenance operations, which only target 
is the optimum moment when the component shall be 
replaced, without taking into consideration the 
corrective maintenance, performed whenever needed. 
This optimization is calculated by minimizing the 
cost to replace one component summing the cost of 
preventive maintenance C_p and the cost of 
corrective maintenance C_f times the probability of 
failure before time (H(tp)), divided by the length of 
the chosen interval tp: 
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Also for the optimal replacement age with 
minimization of total costs it has been aimed the 
minimization of the total costs resulting from both 
preventive and corrective replacement, but instead of 

the interval, it has been taken into consideration the 
age of the analyzed component [4], so that also the 
corrective maintenance is taken into account. This is 
obtained by summing the cost of preventive 
maintenance times the reliability, summed with the 
cost of corrective maintenance times the probability 
of having a failure, everything divided by the unit 
time, which is the maintenance interval tp plus the 
time after which a corrective replacement would have 
to be performed, as follows: 
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As the time to perform preventive and corrective 
maintenance could have effects on the costs, it has 
been considered a policy that calculates the optimal 
replacement age taking into account the time required 
to perform the replacement [4]. This has been 
achieved by minimizing the total costs per unit time 
deriving from maintenance, as, if it would have been 
minimized the downtime, it would have optimized 
not only the replacement age, but also the time 
required for the maintenance, leading to incorrect 
results. The total costs result by implementing in the 
formula the time to perform the preventive and 
corrective maintenance, as shown in the following 
formula: 
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where T_p is time required to perform preventive 
maintenance, T_f the time required to perform 
corrective maintenance and M(t_p) the mean time to 
failure after a replacement done at moment tp. 

Another way to consider the problem is analyzing 
and minimizing, instead of the total costs, the 
downtime per unit time, as this can give a measure of 
the time needed to replace a component [4]. It has 
been minimized the downtime D(tp) by summing the 
time required to perform a corrective replacement 
times the hazard rate and the time required for the 
preventive maintenance, divided by the unit time 
t_p+T_p, as follows: 
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A similar approach has been applied to find out the 
optimal replacement age tp by minimizing the 
downtime per unit time [4]. This results by dividing 
the downtime in a cycle by the cycle length, where 
the downtime in a cycle is the multiplication of the 
time needed for a preventive replacement time the 



 

	

reliability of the component, plus the multiplication 
of the time needed for a corrective replacement times 
the probability of failure of the same component, as 
shown in the following formula: 
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Another optimization policy is to maximize the 
availability of the structure, by considering the 
intervals between inspections. As the corrosion 
development with a component delivers just 
estimations based on stochastic data and does not 
provide the actual state of it, it is necessary to plan 
inspections to measure the state of the structure. On 
this concept is based the optimal policy described in 
this chapter, considering the component after the 
inspection in as-new condition, as either the 
inspection reveals a failure, and the component has to 
be replaced, or shows that there are no major failures, 
hence no replacement is needed [4], so that the main 
goal is to identify the optimal interval between two 
inspections by maximizing the availability, calculated 
as follows: 
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where ti is the interval between inspections (i.e. the 
moment when the inspection is performed), T_i is the 
time needed for the inspection and T_r is the time to 
repair or replace the component.	

6 CONCLUSIONS 
The developed tool has fulfilled the objectives of the 
work, delivering a functionality that in an easy and 
fast way can estimate optimal main dimensions, 
scantlings and maintenance strategy for a multi-
purpose vessel. While the risk-based and the 
maintenance-based models are based on scientific 
papers, the conceptual design model is based also on 
estimations and regression analysis, so that more 
work can be done for this algorithm to improve it. The 
constraints and results from formulas linked to the 
design values shall be compared to existing multi-
purpose vessels, to validate the model and in case to 
correct some estimations done. Also, the code can be 
implemented with the insertion of more data by the 
user, in order to consider more requirements imposed 
by the ship owner regarding operational life of the 
ship. Another improvement to the suggested tool is to 
consider different computational formulas to estimate 

and analyze the proposed main dimensions, as e.g. to 
estimate the structural weight there have been 
developed a wide number of models, based on 
regression analysis, midship section modulus and 
more. By the results it has been noted the number of 
TEU that can be loaded on the ship model is bigger 
than the amount that a multi-purpose ship normally 
carries, as this type of vessel is loaded also with other 
type of cargo. 
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