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ABSTRACT 
This report describes the Master Thesis Project “Single Skin Versus Sandwich: Material Concept of a 

Patrol Boat in a Life Cycle Cost Perspective” performed at Kockums AB, Karlskrona, and reviewed and 

graded at the Royal Institute of Technology, Stockholm.  

There are both economic and environmental gains of developing fuel-efficient (light) vessels. Kockums 

have successfully produced ships in sandwich composite material, which is a light and stiff but expensive 

material concept. Building a vessel in single skin composite might result in a lower total life cycle cost due 

to several factors. Kockums wish to acquire more information of the affecting factors thus they have 

initiated this project. 

The project includes analyzing the accumulated cost of a concept patrol vessel while changing five 

variables: class notation (“Patrol” or “Passenger”), operational profile (10 or 35 knots), material concept 

(sandwich or single skin), material (carbon fiber reinforced polymer (CFRP) and glass fiber reinforced 

polymer (GFRP)) and choice of propulsion system (controllable pitch propeller (CPP), Inboard 

Performance System (IPS) or water jet) resulting in 48 versions of the vessel. First, the structural 

arrangement was adapted to the design loads of each version by iteratively seeking the maximal structural 

utilization of the elements. This was done by using a computational tool (RSTRUCT) that allows for 

effective scantling calculation. Then, the material, production and operational cost were determined for 

each version and the break-even points in terms of years of operation were found.  

The results gave insights concerning the characteristics of the different material concepts. The single skin 

versions were found to be both heavier (70 %) and more costly in terms of material and production cost 

(17 %) in relation to their sandwich equivalents. The break-even points between CFRP versions and 

GFRP versions were ranging between 4 and 14 years, depending on operational profile. For example, for a 

very low speed profile passenger vessel the break-even point was 40 years, implying that the GFRP 

version was the most beneficial choice. Regarding propulsion choices, the IPS system was the best choice 

for every version due to its high overall propulsive coefficient in a broad speed range.  
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1 INTRODUCTION 
In the shipping industry, as well as in all other markets, the awareness of a product’s environmental impact 

is increasing. The International Maritime Organization (IMO), an organ of the United Nations, states in 

their mission statement that they promote “environmentally sound, efficient and sustainable shipping” 

through “control of pollution of ships” (International Maritime Organization (IMO), 2011). A reduction 

in fuel consumption does not only fit the restriction of exhaust emissions, favoring the environment, it is 

also desirable for economical reasons. 

One factor that influences the fuel consumption of a ship is the structural weight. Lower structural weight 

means less required propulsive power and consequently reduced fuel consumption. However, sometimes 

the reduction in weight comes with a cost penalty, such as in the case when changing the material from for 

example aluminium to carbon fibre reinforced polymer (FRP). Therefore, the change of material should 

always be put in a bigger context – the total life cycle cost (including material, production, operational, 

maintenance and disposal cost) should be analyzed and compared.  

Kockums AB in Karlskrona is one of the leading shipyards within the development and construction of 

composite naval surface ships. Kockums have focused on vessels built out of sandwich material where 

two relatively thin laminates of FRP are bonded together with a light core material in between. For some 

types of vessels though, a stiffened single skin structure – a thicker but homogeneous FRP laminate 

supported by sandwich stiffeners – may be lighter than a sandwich structure due to class rules minimum 

requirements together with operational profile. Kockums have never built a vessel in single skin but 

believes that it may be an alternative for surface vessels in the future.  

This project aims at comparing structural weight of a concept vessel produced in FRP sandwich and single 

skin, respectively, and studies how the weight together with the speed and class notation affects the 

vessel’s life cycle cost. 
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2 SCOPE 
Below is the definition of the project; formulation of the existing problem, goals and purpose. 

2.1 PROBLEM FORMULATION 
Prior design studies have compared structural weight and total life cycle costs of different material 

concepts ((Borgh, 2000),(Burman, Lingg, Villiger, Enlund, Hedlund-Åström, & Hellbratt, 2006),(Goubalt 

& Mayes, 1996),(Gustavsson, 2009),(Hedenstierna, 2002),(Hughes, 1997),(Olofsson, Arnestad, Lönnö, 

Hedlund-Åström, Jansson, & Hjortberg, 2008),(Sielski, 2007),(Stenius, Rosén, & Kuttenkeuler, 2011)). 

However, the studies are few, the results contradictive and the studies tend to compare only two material 

concepts against each other. Furthermore, few of them include an analysis of the whole life cycle cost. 

Basically, there is no clear answer to the question: what is the optimal choice of material for a certain type 

of boat? 

2.2 PROJECT GOALS 
The purpose of this master thesis is to compare hull structural weight for a concept vessel of 22 m, built 

in sandwich and single skin, both in carbon FRP (CFRP) and glass FRP (GFRP); and determine how the 

material choice together with the operational profile and class notation affects the total life cycle cost. 

This involves 

- deciding suitable structural arrangements and scantlings for the different material concepts, where 

the structural parts are efficiently used 

- calculating the structural weight for all versions and determine the impact of weight reduction on 

operational cost 

- analyze propulsion alternatives and determine their effect on operational cost 

- estimate material, production, operational, maintenance and disposal cost of each material 

concept 

- find break-even points in terms of hours of operation that represent when one version becomes 

more feasible than another 

- perform a finite element analysis (FEA) to verify the required stiffness of the concept vessel and 

examine differences in structural strength of the different material concepts 

The vessel shall comply with Det Norske Veritas (DNV) Rules for High Speed, Light Craft and Naval 

Surface Craft. Only the hull will be investigated, meaning that other areas of interest such as interior, 

outfitting and superstructure will not be evaluated.  

2.3 PURPOSE 
The purpose and vision of the project is to collect and create knowledge about the choice of material and 

structure connected to structural weight and total life cycle cost. Knowledge that in the future can be used 

by Kockums as support for choosing a material concept for a certain type of boat. 
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3 LITERATURE STUDY 
This section summarizes some of the available literature on the topic. 

3.1 HISTORY 
For over 50 years, composite materials have been successfully used in smaller leisure boats as a lighter and 

cheaper alternative to steel and aluminium. GFRP has dominated this market due to its low cost, simple 

production and low maintenance (Åström, 2002). More advanced and high performance crafts such as 

competition power boats and sailing boats have been produced in CFRP – a more costly alternative but 

with outstanding mechanical properties in relation to its weight. In military applications the advantages of 

composites are many: ships made out of composites are non-magnetic thus avoid detonating mines that 

set off due to a change in the nearby magnetic field. Nevertheless, the core in a sandwich structure 

withstands well the impact of an underwater detonation (Åström, 2002). Moreover, composite panels have 

a flatness that help controlled reflection (i.e. not back to the emitter); Figure 1 shows the 72 meter long 

composite ship of the Visby class used by the Royal Swedish Navy, which radar cross section was reduced 

by 99 %. Further, they have lower thermal conductivity than metal leading to lower infra-red signature 

(Aksu, Cannon, Gardiner, & Gudze, 2002).  

 

Figure 1. The stealth surface attack ship of the Visby class corvette. Five units were built at Kockums AB shipyard 
during the years 2000-2006. Picture from (Kockums AB). 

3.2 PRIOR STUDIES 
Few studies have been conducted that thoroughly compare different material concepts (Stenius, Rosén, & 

Kuttenkeuler, 2011). The results contradict each other and there is still a lot of uncertainty of which 

material concept is the most beneficial. Obviously, different dimensions and operational profiles of the 

vessels affect the outcome and obstruct drawing a general conclusion that is valid for all ships. Table 1 

shows a summary of comparative studies regarding structural weight. As mentioned earlier the results are 

not intuitive – the composite concept, which is commonly regarded as the most weight-effective choice, is 

not always the lightest alternative (see study no. 2 and 4 in Table 1) and it is difficult to draw general 

conclusions of how great the weight reduction will be when switching from GFRP to CFRP. Moreover, a 

fair weight comparison requires that the structural arrangement and scantlings are adapted to each material 

concept so that the structural utilization is maximized (Stenius, Rosén, & Kuttenkeuler, 2011). In the 

studies no. 2, 6, 7 and 9 the same structural arrangement has been used for the different material concepts 

which could imply over- or under-dimensioned crafts. Only in the study no. 8 several scantlings have been 

calculated and the best has been chosen, ensuring best structural utilization possible. 
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Table 1. Weight comparison of different material concepts for different vessel types. Based on table originally from 
(Stenius, Rosén, & Kuttenkeuler, 2011). 
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1 Patrol 51.82 - 0.65 - - - 
Compared to steel 
(Goubalt & Mayes, 1996) 

2 Ferry 128 1 - 1.05 - - (Lingg & Villiger, 2002) 

3 Ferry 100 1 0.68 - - - (Hughes, 1997) 

4 Crew Boat 43 1 1.2 - - - (Sielski, 2007) 

5 Passenger 24 1 0.48 - - - 
(Olofsson, Arnestad, Lönnö, 
Hedlund-Åström, Jansson, 
& Hjortberg, 2008) 

6 Patrol 22 1 0.91 0.54 - - (Gustavsson, 2009) 

7 Patrol 31 1 0.65 - 0.72 - (Borgh, 2000) 

8 Patrol 23.85 1 0.79 0.51 0.89 0.53 
(Stenius, Rosén, & 
Kuttenkeuler, 2011) 

9 
Hull structure of 
corvette 

75 - 1 0.26 - - 
Compared to sandwich 
GFRP (Hedenstierna, 2002) 

 
In some studies in Table 1 cost analyses have been performed; a comparison of the results can be seen in 

Table 2. The cost comparison presents even more blanks: there are fewer studies and the analyzed costs 

differ from one study to another. The general conclusion when studying Table 2 is that the composite 

versions – in particular the CFRP versions – are less costly than their metal equivalents. However, the 

costs have to be put into a context to perform a fair comparison; for example, a higher material cost can 

be outweighed by a lower fuel cost after some years of operation. 

Table 2. Cost comparison of different material concepts for different vessel types. The type of cost is listed in the 
column furthest to the right. 
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Patrol 51.82 - 0.94 - -  
Life cycle cost, compared to steel 
(Goubalt & Mayes, 1996) 

Ferry 128 1 - 0.96 - - 
Life cycle cost (Burman, Lingg, 
Villiger, Enlund, Hedlund-
Åström, & Hellbratt, 2006) 

Ferry 100 1 0.88 - - - 
Fuel cost (conclusion by (Aksu, 
Cannon, Gardiner, & Gudze, 
2002) regarding (Hughes, 1997)) 

Patrol 31 1 0.74 - 0.67 - 
Material and production cost 
(Borgh, 2000) 

Patrol 23.85 1 - 0.80 - - 
Fuel cost  
(Stenius, Rosén, & Kuttenkeuler, 
2011) 

Hull structure 
of corvette 

75 - 1 2.16 - - 
Material cost, compared to 
sandwich GFRP (Hedenstierna, 
2002) 
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4 THEORY 
In this section the general theory of composite material – its constituents, composition, properties and the 

production methods used in marine application – will be described briefly.  

4.1 COMPOSITE MATERIALS 
Composite materials consist of two different materials with distinct mechanical properties – the matrix and 

the reinforcement – efficiently joined so that the resulting properties out-perform those of the constituent 

materials. The objective of the matrix is to fix the fibers in a certain position, distribute loads to the fibers 

and protect them from surrounding influence (for example water, heat and ultraviolet light). The fibers 

carry the loads thus providing the strength and the stiffness of the structure. 

4.1.1 Matrix: Types and Properties 
The matrix used in structural composite materials is often polymer. Polymer is an umbrella term for 

materials which molecules are long chains of smaller structural units. One way of grouping polymers is to 

divide them into thermoplastics and thermosets. Thermoplastics are characterized by their ability to 

solidify and re-melt, while thermosets cannot be re-melted upon solidification.  

Due to their superior mechanical properties, thermosets are often used in structural composites. 

Thermosets are also simple to process in terms of temperature and pressure. Some thermosets used in 

composite applications are listed in Table 3 together with their properties. In marine applications 

unsaturated polyester is seldom used due to its tendency to absorb water, instead vinylester (together with 

glass fiber) and epoxy (together with carbon fiber) are the most common matrices due to their good to 

excellent mechanical properties, adhering capacity and moisture resistance.  

Table 3. Properties of thermoset matrices used in composite applications. Prices from (Plastic News, 2012). 

Polymer Advantages Disadvantages Price Fiber 

Unsaturated 
polyester 

▪ Low price 
▪ Easy to process (high viscosity 
and simple crosslinking 
requirements) 
▪ Good mechanical properties 

▪ If untreated poor 
temperature and UV-light 
resistance 
▪ Unhealthy work 
environment 
▪ Shrinks when solidifying 
▪ High water absorption 

26.9 
SEK/kg 

E-glass, 
S-glass 

Epoxy ▪ Very good mechanical 
properties 
▪ Good adhering properties 
▪ Low shrinking 
▪ Moisture resistance 

▪ Costly 
▪ Toxicity 
▪ Complicated process 
environment 

37.6 
SEK/kg 

Carbon, 
aramid, 
glass 

Vinylester ▪ Performance in between UP 
and epoxy 
▪ Same processing as for UP 
▪ Moisture resistant 

▪ Performance in between UP 
and epoxy 
 

32.4 
SEK/kg 

E-glass, 
S-glass, 
carbon, 
aramid 

4.1.2 Fibers: Types and Properties 

There are mainly two types of fiber reinforcements used in marine application – glass and carbon fiber. 

Their properties are shown in Table 4. Carbon fibers have excellent mechanical properties but are limited 

by their cost; to obtain the same performance with glass fibers more fibers are needed thus increasing the 

weight. This project compares these two materials. 
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Table 4. Properties of fiber. Prices from (Håkansson, 2012). 

Reinforcement Advantages Disadvantages Price 

Glass ▪ High strength 
▪ Radar transparency 
▪ Low price 
▪ Corrosion resistance 

▪ Abrasive 
 

30 
SEK/kg 

Carbon ▪ Very high specific stiffness 
and strength 
▪ Corrosion and moisture 
resistance 

▪ Brittle 
▪ Costly 
 

200 
SEK/kg 

4.1.3 Analysis of Composites 

Composite materials are often present in products in the shape of thin sheets, so called laminae. The 

length, orientation and fraction of fiber in the lamina can differ thus providing the lamina with different 

mechanical properties. Several laminae build up laminates (Figure 2), making it possible to tailor the 

mechanical properties according to the use of the product.  

 

Figure 2. Definition of lamina and laminate. Picture from (Internet source 1). 

Layup 
The order of laminae in the laminate is called layup (Figure 3). 

 

Figure 3. Layup. The stack to the left is defined [0 90 ±45]S. Picture from (Internet source 1). 

A lamina with chopped and randomly placed pieces of fibers will have close to isotropic behavior, while 

continuous and aligned reinforcement within a lamina will result in different properties in different 

directions. For example, if traction is applied in line with the fibers the strength will be governed by the 

strength of the fibers. However, if the traction is applied perpendicular to the fiber direction, the strength 

will be governed by the strength of the matrix.  
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The fibers in a lamina are usually either woven together (woven rowing, WR) or stitched together by a thin 

polymer thread into a mat (non-crimp fabric, NCF). WR is more flexible in terms of drapability, but NCF 

offers having controlled lay-up and the fibers are not bent as they are when woven. Further, the NCF is 

made more compact meaning lower thickness. 

        

Figure 4. Woven roving (glass fiber) versus non-crimp fabric (carbon fiber). The blue polymer thread is holding the 
fiber bundles in place. 

Volume Fraction 
The volume fraction is a percentual measure of how much fibers and matrix (volume-wise) the composite 

contains. Intuitively, one can understand that the stiffness of the composite is somewhere in between that 

of the matrix and that of the fibers depending on volume fraction. Low volume fraction results in a soft 

but light composite and a composite with high volume fraction is stiff but heavy. In many cases the 

production method governs the resulting volume fraction.  

Mechanical Properties of the Composite 

To predict the mechanical properties of the laminate one uses laminate theories (Figure 5). Briefly, the 

strength and stiffness of the laminate is determined according to 

1. Micromechanics theories: using the Rule of Mixtures (ROM) on a small cut of the lamina (a 

representative volume element, RVE), the longitudinal and transverse elastic modulus, shear 

modulus and Poisson’s ratio can be found 

2. Macromechanics theories: the on-axis properties are translated to off-axis properties of the lamina  

3. Laminate theories: the laminae are stacked upon each other and the global stiffness matrix Q is 

found by superimposing the local stiffness matrices of the laminae 

4. Structural theories: the general global mechanical properties are used to make a prediction of the 

structure’s behavior (Zenkert & Battley, 2003) 

 

Figure 5. Schematic view of the determination of mechanical properties of the composite structure, going from level 1 
to 4. Further to the left is the representative volume element (RVE), second represent the translation from on-axis to 
off-axis properties, third is the assembly of several laminae to one laminate, last is the laminate with its homogenized 

properties. 

4.1.4 Single Skin versus Sandwich 

While single skin composite is a homogeneous laminate, a sandwich composite consists of two single skin 

laminates (referred to as faces) separated by a low density core. The main idea is that the physical separation 

of the stiff composite sheets increases the bending stiffness while maintaining a low weight. 
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Sandwich theory 

In order to understand the stress distribution in the sandwich one has to understand the concept of the 

flexural rigidity D and the sandwich effect.  

The flexural rigidity D is the product of the elastic modulus E and the moment of inertia I. However, 

since the modulus is not constant over the cross section it is integrated as follows 

                                                                            (1) 

For a general symmetric cross section of the type showed in Figure 6 the flexural rigidity becomes 

  
    

 

 
 

     
 

 
 

    
 

  
                                                  (2). 

Generally, the faces are thin (tf is small) and the elastic modulus of the core is small compared to that of 

the face resulting in that the middle term D0 (the parallel axis contribution) is the dominating term. The 

fact that the faces are fixed to the core and thus forced to bend around the neutral axis of the sandwich – 

creating this flexural rigidity – is called the sandwich effect. Using the approximation 

                                                                             (3) 

(valid if Ec << Ef and tf << tc) results in a simplified model of the stress distribution of the sandwich cross 

section: the bending stresses are carried by the faces (one in traction and the other one in compression) 

while the shear force is evenly distributed oven the core according to 

    
  

   
                                                                        (4) 

   
  

 
.                                                                          (5) 

 

Figure 6. A general sandwich cross section. 

Cores: Types and Properties 

As earlier mentioned the objective of the core is to support shear forces and separate the faces. The core 

most often used by Kockums is an expanded foam core consisting of PVC (polyvinyl chloride). PCV 

cores have good mechanical properties but are more costly than other types of foam cores. It is easy to cut 

and handle and is available in many densities and dimensions. The price of core material depends on 

density; the higher the density the higher the price. 

4.2 PRODUCTION 
Below is a brief description of the methods used to produce composite panels and stiffeners: vacuum 

assisted resin transfer molding and hand lay-up, and a short summary of the production of a composite 

hull. 
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4.2.1 Vacuum Assisted Resin Transfer Molding (VARTM) 

Vacuum assisted resin transfer molding (VARTM) is an effective way of producing large, continuous 

components in small series. The reinforcement is put into/onto a mold and is covered by a vacuum bag. 

Resin is then injected and impregnates the fibers due to the underpressure created by the vacuum (Figure 

7). This method can be used to produce both single skin and sandwich panels and large parts of the hull. 

The estimated fiber volume fraction is 50 %. 

 

Figure 7. The principle of VARTM. Re-drawn from (Åström, 2002). 

4.2.2 Hand Lay-Up 
For more detailed parts of the hull – for example joints between panel and stiffener, the top hat of the 

stiffeners and such – the fiber mats are applied by hand and the resin is worked into the reinforcement 

with the help of a roller (Figure 8). A fiber volume fraction of roughly 35 % can be achieved.  

 

Figure 8. Hand lay-up. 

4.2.3 Production of a Composite Hull 
The production of a hull in composite starts with constructing a male mold. The core material is then 

mounted onto the mould and the outer laminate is fixed upon it by vacuum infusion. The hull is then 

turned and the inner laminate is placed by using vacuum infusion.  
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5 METHOD 
The method of this project is described below. 

5.1 DESIGN ASPECTS 
When developing the concept vessel some design aspects have to be considered: the concept of 

classification, how the classification Rules affect the design and the impact of the choice of propulsion.  

5.1.1 Classification 

Originally classification was a way to assess ships’ technical construction and condition in order to determine 

their insurance value, developed by marine insurers in the 18th century. Nowadays, classification societies work 

together to ensure safe ships and clean seas by developing standards, generally called Rules, concerning 

structural strength of the entire hull and the reliability and function of all the integrated systems on the 

ship. The Rules are applied in several instances of the ship’s lifetime – during design development, 

construction and repair. The classification societies provides knowledge and technology based on 

experience and research; they offer service and assistance during projection and construction; 

nevertheless, the International Association of Classification Societies (IACS) stresses that the Rules are not 

to be taken as a general design code, but have to be accomplished in order to get the vessel classified 

(IACS, 2011). 

5.1.2 The Rules 

The concept vessel is to be classified in accordance with the Det Norske Veritas (DNV) Rules for 

Classification of High Speed, Light Craft and Naval Surface Craft. A summary of the basic guidelines 

regarding the structural arrangement provided by the Rules are given below. 

To begin with, the Rules define a single skin structure as FRP panels supported by a network of FRP 

stiffeners (Pt.3 Ch.4 Sec.1 A102) while a sandwich is panels consisting of two FRP laminates with a low 

density core in between. It is assumed that the laminates are thin in comparison to the core, hence the 

bending forces are carried by the laminates and the shear force is carried by the core (Pt.3 Ch.4 Sec.1 

A103).  

Regarding the structural arrangement the Rules stipulates that these panels are stiffened by longitudinal 

girders that in their turn are carried by transversal structural elements – web frames and bulkheads. The 

girders should be continuous throughout the vessel to maintain continuous load paths. The keel can be 

enforced with a center girder if needed (Pt.3 Ch.4 Sec.1 D300) while the girders carrying engines should 

be suitable reinforced (Pt.3 Ch.4 Sec.1 D400). The web frames should constitute structural rings that 

support the vessel transversally (Pt.3 Ch.4 Sec.1 D200). There should be at least three watertight 

bulkheads: two on each side of the engine room and one collision bulkhead (Pt.3 Ch.1 Sec.1 B200). 

Furthermore, the Rules provide values of the loads and moments acting on the hull, to which the strength 

of the structural members should be matched. The design loads taken into considerations in this report 

consists of static and dynamic sea pressures (Pt.3 Ch.1 Sec.2 C100). Static pressure is for example sea 

pressure acting on the vessels bottom and side (Pt.3 Ch.1 Sec.2 C500). Dynamic sea pressure are for 

example slamming pressure on bottom, forebody side and bow impact pressure, based on the design 

acceleration and hull geometry (Pt.3 Ch.1 Sec.2 C200 & C300). These design loads are empirically 

determined, but are valid in strength calculations when satisfactory safety factors are used (Pt.3 Ch.1 Sec.1 

C100).  

After determining the design loads the scantlings can be determined. The sandwich panels are 

dimensioned according to 
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- Minimum thickness requirement based on minimum amount of reinforcement (Pt.3 Ch.4 Sec.5 

A106) 

- Maximum normal stress allowed in the laminates (Pt.3 Ch.4 Sec.5 B201) 

- Maximum shear stress allowed in core (Pt.3 Ch.4 Sec.5 B202) 

- Local skin buckling of laminates (Pt.3 Ch.4 Sec.5 B301) 

- Stiffness expressed as a maximum deflection (Pt.3 Ch.4 Sec.5 B401) 

- Buckling (Pt.3 Ch.4 Sec.10 C103) 

The single skin panels are dimensioned according to 

- Minimum thickness requirement based on minimum amount of reinforcement (Pt.3 Ch.4 Sec.6 

A202) 

- Maximum normal stress allowed in the laminates (Pt.3 Ch.4 Sec.6 B202) 

- Stiffness expressed as a maximum deflection (Pt.3 Ch.4 Sec.6 B201) 

- Buckling (Pt.3 Ch.4 Sec.10 B102) 

Stiffeners are dimensioned according to 

- Strength (Pt.3 Ch.4 Sec.7 B600) 

- Buckling (Pt.3 Ch.4 Sec.10 D102) 

In short, performing the scantling calculations basically gives the minimum thickness requirement while 

fulfilling all of the demands listed above of each structural element. 

5.1.3 Choice of propulsion 

The choice of propulsion has impact on the vessel in several ways; amongst others fuel consumption and 

engine room layout. When looking at vessels operating at different design speeds and with different 

purposes, the choice of propulsion is an important factor that has to be investigated. Table 5 demonstrates 

differences between the controllable pitch propeller (CPP), water jet and inboard performance system 

(IPS) (Figure 9). 

 

 

CPP: 
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Water jet: 

 

IPS: 

 

Figure 9. CPP, water jet and IPS. 
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Table 5. A comparison between the choices of propulsion - CPP, water jet and inboard performance system (IPS). 

 CPP Water jet IPS 

Structural 
arrangement 

▪ Engine, gearbox and 
propeller shaft must be 
placed in line (or use 
angular transmission 
gearbox) 

▪ Space needed aft of the 
engine to fit the water jet 
duct 
▪ Hull shape adopted to 
ensure efficiency  

▪ Engine room in stern 
▪ Two or three “pods” can be 
installed 
▪ Designed for flat hull 
surface 

Range ▪ High range ▪ Low range (due to low 
range efficiency) 

▪ Higher range than CPP 
system due to lower fuel 
consumption 
▪ Higher speeds possible 

Maneuverability 
 

▪ Good maneuverability 
(rudder needed) 

▪ Excellent low/high speed 
maneuverability 
▪ High acceleration 
▪ Very good maneuverability 
at very low speed (0.5-1 
knots, useful in towing) 
▪ No appendage to help 
steady-keeping when windy 

▪ Excellent low/high speed 
maneuverability 
▪ Improved acceleration 
▪ Several integrated 
maneuvering system available 
(e.g. Joystick Docking, 
Dynamic Positioning System)  
▪ Better maneuverability in 
rough weather 

Efficiency ▪ Relatively high efficiency 
at low speed 
▪ Possibility of cavitation 
(decrease of efficiency) 
▪ Part of thrust angled 
downwards 

▪ Poor efficiency at low speed ▪ Very high 
▪ Thrust parallel with hull, 
maximizing power use 
▪ Minimized risk of 
cavitation: low position of 
propellers (no air intake) 
▪ Minimized tip losses 

Price ▪ Acquaintance cost: Low 
▪ Operational cost: Medium 

▪ Acquaintance cost: High ▪ 
Operational cost: High for 
low speed, medium for high 
speed 

▪ Acquaintance cost: Medium 
▪ Operational cost: Low-
medium 

Noise ▪ High ▪ Relatively low ▪ Low 

Maintenance  ▪ Medium  
 

▪ Low ▪ Low (simpler – less parts – 
than CPP system, better 
accessibility, other material to 
lower corrosion)  
▪ Less marine growth due to 
low position of propellers (no 
contact with air) 

Installation ▪ Time-consuming 
installation (shaft 
alignment) 

▪ Simple ▪ Easy and quick installation 
– “plug and play” 
▪ The entire system from one 
supplier 

Draft, 
Hydrodynamics, 
Safety, 
Redundancy 

▪ Deep draft (propeller, 
appendages) 
 

▪ Shallow draft  
▪ Deep transom (large wake) 
 

▪ Deeper draft (propeller, 
appendages), but means 
taken to decrease impact of 
high-speed encounter with 
submerged object 
▪ Hydrodynamically 
optimized pod unit 
▪ Propellers work in 
undisturbed water 

Development ▪ Well known technique ▪ Well known technique ▪ Relatively new technique 
▪ Few systems available 
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Interviews with the crew on the Swedish Coast Guard patrol boat KBV 311 and Jan Guste, who has 

driven the KBV 312 (equipped with an IPS system), gave a good insight of the difference between water 

jet and IPS system. Information of the reference vessels are shown in Table 6.  

Table 6. Reference vessels in the discussion on the choice of propulsion system. 

 KBV311 KBV312 

LOA 20 m 26.5 m 

B 4.7 m 6.2 m 

T 1.2 m 1.5 m 

Δ 35 mt 50 mt 

Max speed 34 knots 32 knots 

Propulsion system Water jet IPS 

Hull material Aluminum Aluminum 

Interview 
reference 

(Söderberg, Hallerström, 
& Lennerberg, 2012) 

(Guste, 2012) 

 

The water jet is thought of as more robust (Söderberg, Hallerström, & Lennerberg, 2012); the shallow 

draft enables them to go into shallow (and unknown) water, which is very useful in the archipelago of 

Stockholm where this boat is operating. However, a depth of at least 0.5 m under the water intake in 

necessary to have steering capability. Although KBV 311 lacks a grid over the water intake thus getting 

gravel and sticks into the water jet system it is not seen as a problem; the water jet duct can be cleared 

manually or by leading the water jet stream from one nozzle backwards into the other. The IPS propeller, 

although means have been taken to decrease impact of high-speed encounter, is very exposed and 

sensitive when running aground.  

Regarding maneuverability the IPS system is perceived as very similar to the water jet system. It reacts well 

on rudder and behaves “undramatical” (Guste, 2012). In rough weather the water jet must be active even 

when running down the crest of the wave (not to lose steering capability) and the risk for broaching is 

higher. The KBV 312 is steadier since it does have a rudder and behaves very well in rough weather; the 

KBV 311 has a tendency to drift if it is windy. 

The reduction in fuel consumption is perceived to be around 20-25 % for the IPS system (Guste, 2012) 

and the noise level is reduced compared to CPP and water jet. The water jet system provides good 

maneuverability at very low speed (0.5-1 knots, typically for towing) and stepless acceleration; the IPS 

system has means to enable controlled low speed which works well (Guste, 2012).  

A general arrangement that supports both a water jet and an IPS system is not possible and in order to 

limit the magnitude of this study the general arrangement is adapted to an IPS system. However, both the 

CPP and water jet system have been included in the life cycle cost analysis to determine their effect on 

operational cost. 

The general arrangement of the start point vessel includes a relatively long engine room where a bigger 

engine could fit; one suitable for the longest version of the extendable hull (26 meters). This is not needed 

for the 22 meter concept vessel examined in this project hence the engine room was shortened. An 

analysis of engines used for a vessel of this size concluded that two engines of roughly 700 kW each 

should be fitted; each engine is supported by two engine girders. In summary, changes to the general 

arrangement involve: 
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- Moving the engine room aftwards 

- Shorten the engine room to 3.3 m 

- Fitting two engine girders in the engine room. Position and required load capability were 

estimated from drawings of a D11 of the IPS800-system (providing the vessel with 1190 kW) 

- The rest of the bulkheads (2) are evenly distributed between forward engine room bulkhead and 

fore bulkhead  

5.2 Concept Vessel 

The hull shape and the general arrangement are based on the work performed by (Hasselström, 2009) and 

(Gustavsson, 2009).  

5.2.1 Dimensions 

The main dimensions and characteristics of the concept vessel are shown in Table 7. 

Table 7. Main dimensions and characteristics of the vessel, from (Gustavsson, 2009). The class notation 'patrol' is the 
original class notation. 

Notation Characteristic Value Unit 

LOA Length over all 22 m 

LWL Length, waterline 20.145 m 

B Molded breadth 5.6 m 

T Fully loaded draught 1.1 m 

Δ Fully loaded displacement 48 metric tonnes 

CB Block coefficient 0.386 - 

β Deadrise angle 19.48 degrees 

- Service restriction R2 - 

- Class notation Patrol - 

 

A light craft is according to the definition in (Pt.1 Ch.1 Sec.2 A103) a vessel with lower fully loaded 

displacement than  

              [tonnes].                                                        (6) 

Consequently, the vessel carries the notation light craft since 

                                      .                                (7) 

Further, the vessel is a high speed craft since the design speed (35) exceeds  

                       . (Pt.1 Ch.1 Sec.2 A104)                                 (8) 

The original vessel has the service restriction R2 but is changed to R1, which increases the operational 

service area of the vessel: it is limited to 300 nautical miles during summer or in tropical waters and 100 

nautical miles during winter (Pt.1 Ch.1 Sec.2 B401). This change also affects the design acceleration.  

5.2.2 Hull shape and (initial) structural arrangement 

The hull shape of the concept vessel has been developed in Tribon by Hasselström, derived from the hull 

shape of an aluminum vessel of the Swedish Coast Guard, and developed in order to be extendable – a 

feature that required that the mid section had parallel lines (Hasselström, 2009). The hull shape is shown 

in Figure 10.  
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Figure 10. The concept vessel. Picture from (Hasselström, 2009). 

The original general arrangement is shown in Figure 11; watertight bulkheads are placed on both sides of 

the engine room, which is 5 meters long, and in the fore end according to Pt.3 Ch.1 Sec.1 of (DNV, 

2012).  

 

Figure 11. The original structural arrangement. Observe that this is the 26 meter version; the purple part is the 
extension. Picture from (Gustavsson, 2009). 

The stiffener spacing is set to 0.8 meter throughout the vessel’s length. The hull bottom is supported by a 

central girder according to Pt.5 Ch.6 Sec.2 of (DNV, 2012) and one side girder supporting the double 

bottom, arranged in accordance with Pt.5 Ch.6 Sec.2 of (DNV, 2012). In the afterpeak and in the engine 

room one additional girder is fitted to support the engine stands. 

5.2.3 Versions of the concept vessel to investigate 
The project goal stipulates that the impact of different class notations, patrol and passenger, of the vessel 

should be investigated. The difference in class notation affects greatly the design acceleration due to the 
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change in acceleration factor, fg, which is 5 for patrol and 1 for passenger (Pt.3 Ch.1 Sec.2 B200). This 

means that the design acceleration at the center of gravity is five times higher for a patrol boat than for a 

passenger vessel. Further, the notation patrol demands a double bottom arranged between forward engine 

bulkhead and collision bulkhead if the service speed exceeds 30 knots (Pt.5 Ch.6 Sec.2 A400).  

The design loads depend on the design acceleration which in turn depends on the factor  

 

  
 ,                                                                           (4) 

where v is the velocity in knots and L is the length between perpendiculars. The design acceleration of the 

concept vessel for a speed range between 10 and 40 knots is shown in Figure 12. As seen in Figure 12, the 

acceleration becomes constant for speeds over 15 knots which led to the conclusion that only two speeds 

should be investigated: 10 and 35 knots.  

Table 8 shows the design accelerations of Figure 12. 

 

Figure 12. Design acceleration of the concept vessel as a function of speed for notation patrol versus passenger. Note 

that the acceleration is constant after 15 knots as the 
 

  
-factor is not to be taken greater than 3. 

 

Table 8. Design acceleration for the chosen speeds and notations. 

Design accelerations [m/s2] Patrol Passenger 

10 knots 35.7 7.1 

35 knots 48.1 9.6 

 

In addition to the choice of notation and design speed, two more parameters will be changed: material 

concept and material. Material concept refers to sandwich or single skin while material refers to CFRP or 

GFRP. This sums up to four parameters that can be assigned one out of two options each, which results 

in            versions that will be evaluated. Their notations, which will be used throughout the 

report from here on, are shown in Table 9. These 16 versions will be subject to the improvement process 

of the structural design and associated costs described in sections 6.1-6.2 (page 28-32). The last parameter, 

choice of propulsion, is regarded in the operational cost analysis, presented in section 6.3 (page 34), and as 

this parameter can vary between three options (CPP, IPS and water jet) there will be a total of      

   versions compared in the final stage of the project.  
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Table 9. The definition and notation of the 16 versions (varying four out of five parameters) that are to be structurally 
improved. 

 Patrol Passenger 

 Sandwich Single skin Sandwich Single skin 

 Carbon 
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5.3 THE RSTRUCT PROGRAM 
The RSTRUCT program is used in this project to calculate scantlings and structural weight for each 

version of the concept vessel. 

5.3.1 About RSTRUCT 

The RSTRUCT program is a design tool that facilitates improvements in the structural design of a high 

speed light craft in compliance with the rules of DNV (Stenius, 2012). The program, which is written in 

Matlab and has a stand-alone interface (Figure 13), gives instant and graphical feedback of how well the 

structural elements are utilized, with respect to stiffness, strength and minimum criteria according to the 

DNV rules. This facilitates performing iterations in the design spiral resulting in a closer-to-optimal 

structural arrangement. 

 

Figure 13. RSTRUCT stand-alone interface. Version V_004 
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5.3.2 Input 

The program uses as input a hull shape in the form of a Britfair file, manipulated to have 6 offset points 

describing keel (point 1), chine (2 and 3), transition hull side – upper side (4), transition upper side – hull 

deck (5) and mid ship line on hull deck (6) (Figure 14).  

 

Figure 14. The hull shape is provided to the program with 6 offset points defining 5 structural parts: hull bottom (point 
1-2), chine (2-3), hull side (3-4), upper side (4-5) and hull deck (5-6). Picture from (Stenius, Hull Structural Design 

Report: Electric Commuter Ferry Carbon, Fiber Sandwich V.2-High, 2012) 

The main dimensions of the vessel, the general and structural arrangement is provided in a textfile, 

together with the dimensions and cross sections of the structural elements as well as material properties. 

The cross sections are defined in a cross section library and are chosen by the user. All stiffeners used in 

this project are of the kind “top-hat” and are idealized in RSTRUCT as shown in Figure 15. 

 

Figure 15. Idealization of top-hat stiffeners in RSTRUCT. 

5.3.3 Output 

As earlier mentioned, the user gets instant and graphical feedback when running the program. The 

scantlings are calculated according to the requirements of DNV’s rules for high speed light craft just like 

when performing rule based scantlings by hand; an optimization routine is carried out for the panels and 

the stiffeners to find the lowest requirement needed. Total structural weight of the compartment is 

provided, along with the weight for each part of the compartment (for example hull bottom and internal 

deck). By analyzing the graphs provided, one can determine which structural elements that are efficiently 

applied and change those that are not. For example, if a girder’s minimum thickness is ruled by the 

bending strength criterion, one can improve its ability to handle bending by increasing its height. An 

example of this procedure is described in chapter 6.2 (page 28). 
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5.4 LIFE CYCLE COST ANALYSIS (LCCA) 
After determining the scantlings and weight of all versions a life cycle cost analysis (LCCA) can be 

performed. Below the theory and methodology of the LCCA is described. 

5.4.1 Theory, scope and restrictions 

A LCCA includes all costs associated to a product during its life time – the cost “from-cradle-to-wound”. 

Every cost, from development and production for the producer and supplier; via maintenance and 

operational cost for the user; to disposal cost, is accumulated into a comparable value that can be of help 

when optimizing the cost efficiency of a product.  

The LCCA used in this project is based on the one carried out by (Burman, Lingg, Villiger, Enlund, 

Hedlund-Åström, & Hellbratt, 2006). In this LCCA the grouping of cost has been partly founded from 

the model of Woodward but adapted to fit the life cycle of a ship: 

- Planning, design and production cost 

o e.g. cost for detailed design, tests and production control, material (including waste), 

labor, tooling, energy 

- Operation and maintenance cost 

o e.g. cost for fuel, installation of engines, maintenance and service of hull and machinery  

- Disposal cost 

o e.g. cost for dismantling, cutting and crushing 

However, in that study the LCCA was carried out to compare an aluminum and a composite vessel; in this 

project many of the costs are regarded to be the same for all versions; for example planning, design, 

material waste, maintenance and disposal cost. The LCCA of this project is thus reduced to 

- Material cost 

- Production cost  

- Operational cost  

All prices have been collected at this instant and no considerations are taken to inflation rates and price 

fluctuations in the future, a valid simplification since this is a comparative study. 

5.4.2 Method 

The method of collecting the costs is described below. 

Material costs 

The thicknesses of the laminates and the core material are provided by RSTRUCT. Panels and the webs of 

the stiffeners, made through VARTM, have a volume fraction of 50 % while the flange and the extra 

tabbing is laid up by hand which results in a volume fraction of 35 %.  

The panel dimensions and length of the girders, longitudinals and web frames are retrieved from the hull 

geometry and the structural arrangement. The height, width and core thickness of the stiffeners are 

defined by the user. The volume of laminates and core material is calculated and consequently the total 

material weight can be determined since the densities of all parts are known. Material prices used are 

shown in Table 10. The price of core material Divinycell is a mean value of the cores used – in the hull 

bottom the density is 130 kg/m2; in hull deck, internal deck and bulkheads 100 kg/m3; in hull side and 

upper side 80 kg/m3. 
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Table 10. Material prices in SEK/kg. 

Material Price [SEK/kg] Reference 

Carbon fiber 200 (Håkansson, 2012) 

Glass fiber 30 (Håkansson, 2012) 

Vinylester 32.3 (Plastic News, 2012) 

Epoxy GP 37.6 (Plastic News, 2012) 

Divinycell 160 Kockums 

Production costs 

Panels and webs of stiffeners are produced through VARTM while the flanges and extra tabbing of the 

stiffeners are laid up by hand. To estimate the production cost of the structural parts of the hull the area 

for panels and stiffeners, respectively, is determined and the time for producing that area is calculated. 

This number is then multiplied by the labor cost.  

It is assumed that 2 m2 of panel can be produced per hour and it will take 6 hours to produce 1 square 

meter of stiffener. Consequently, the areas of panels and stiffeners are calculated and the production time 

is determined. The labor cost is set to 650 SEK/hour. 

The acquisition cost and the cost of installing the propulsion system is included in the analysis (Table 11) 

Table 11. Cost for the propulsion systems. Reference: Kockums. 

 Acquisition cost Installation cost Total cost 

CPP 4.3 MSEK 100 kSEK 4.4 MSEK 

IPS 2.7 MSEK 21 kSEK 2.721 MSEK 

Water jet 4.1 MSEK 70 kSEK 4.17 MSEK 

 

Operational costs 
The fuel consumption is closely linked to the choice of propulsion system but also dependent on the 

hydrodynamic resistance. The difference in fuel consumption between the propulsion alternatives is taken 

into consideration and the hydrodynamic resistance is determined as a mean value of the results of towing 

tank model tests of three similar hulls: the CG-26 and CG-34 of the Belknap-class and the CB90 (Strb90). 

The data is scaled to a vessel of LWL of 21.2 meters with varying displacement (40-50 tonnes); it is a part 

of a study of the expected fuel consumption of the Swedish Coast Guard vessel KBV 312 during its 

design development (Jansson, 2008). The mean value gives good estimations of the required effect even 

for low speed, where the Savitsky’s method is not applicable. 

The required propulsive effect for the heaviest version is assumed to be the same as for the KBV 312 hull 

with the displacement of 48 tonnes. The reduction in weight is then subtracted from this displacement 

and the required propulsive effect is then calculated for this version by interpolation of the results from 

(Jansson, 2008).  

The required installed engine effect is then calculated using the overall propulsive coefficient (OPC) for 

the three different alternatives of propulsion system. The OPC of the IPS system is estimated from a 

speed estimation from Volvo Penta (Adolfsson, 2012) for the same hull with (a) displacement 30, 

equipped with 2 IPS1050 and (b) displacement 40 tonnes, equipped with 3 IPS1050. The efficiency is 

derived from the provided crankshaft power and the propulsive resistance at different speeds. The 

derivation of the OPC for the IPS system is showed in Appendix 1. The OPC of the different propulsion 

alternatives are showed in Table 12.  
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Table 12. The overall propulsive coefficients; fuel consumption of the engine; fuel price. 

Speed [knots] CPP  
(estimated) 

Water jet  
(Jansson, 
2008) 

IPS 

10 0,52 0,38 0,67 

20 0,63 0,48 0,73 

35 0,63 0,61 0,76 

Fuel consumption  
(of a Volvo Penta D11  
(Volvo Penta, 2011)) 

Fuel price  
(Bunkerworld, 2012) 

209 g/kWh  6180 SEK/tonne 

 

In order to get a realistic result of the break-even points four vessels have been found that correspond to 

the combination of the two parameters class notation (patrol/passenger) and design speed (10 knots/35 

knots). That is, a “fast” and a “slow” patrol boat, and a “fast” and a “slow” passenger boat (Table 13). The 

operational profile of each vessel – that is the velocity range and the corresponding time share (presented 

in the small table of each profile in Table 13) – is used to calculate the fuel consumption per hour of 

operation, which affects the break-even points. 
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Table 13. Operational profiles used in the LCCA. *: Estimated by the author. 

 
Patrol, 35 knots 

 
KBV 312 

Swedish Coast Guard fast patrol vessel 
 
L 26.5 m 
B 6.2 m 
T 1.5 m 
Δ 50 tonnes 
V 32 knots 
650 operational hours per year* 
 

Vel. range 10 knots 20 knots 35 knots 

Time share 30% 50% 20% 

 
Reference: (Jansson, 2008) 

 
Passenger, 35 knots 

 
High speed ferry 

Concept vessel 
 
L 128 m 
B 19 m 
T 3.33 
Δ 2404 tonnes 
V 42 knots 
4440 operational hours per year 
 

Vel. range 7 knots 33 knots 35 knots 

Time share 3 % 7 % 90 % 

 
Reference: (Burman, Lingg, Villiger, Enlund, 
Hedlund-Åström, & Hellbratt, 2006) 

 
Patrol, 10 knots 

 
KBV 311 

Swedish Coast Guard surveillance vessel 
 
L 20 m 
B 4.7 m 
T 1.2 m 
Δ 35 tonnes 
V 20 knots (max 34 knots) 
650 operational hours per year 
 

Vel. range 12 knots 24 knots 30 knots 

Time share 50% 45% 5% 

  
Reference: (Olofsson, Arnestad, Lönnö, Hedlund-
Åström, Jansson, & Hjortberg, 2008) 

 
Passenger, 10 knots 

 
M/S Wittskär 

Passenger boat for charter fishing trips 
 
L 24 m 
B 6.5 m 
T 3.5 m 
Δ 150 tonnes 
V 11 knots 
1000 operational hours per year* 
 

Vel. range 10 knots 20 knots 35 knots 

Time share 90% 10% 0% 

 
Reference: (Bursöheim, 2012) 
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6 RESULTS 
Below follows the result of the weight optimization and the life cycle cost analysis. 

6.1 EVALUATION AND IMPROVEMENTS OF THE STRUCTURAL ARRANGEMENT 
The versions of the concept vessel that will undergo this evaluation are the 16 versions presented in Table 

9 on page 22. The structural arrangement of the concept vessel is evaluated in RSTRUCT, compartment 

by compartment. By analyzing the output graphs from RSTRUCT, weaknesses in the structural 

arrangement can be identified and improved in order to maximize the structural utilization. As an example 

the iterations of the hull deck of compartment 3 of Patr_35_SWC are presented. The initial structural 

arrangement for Patr_35_SWC is that of (Gustavsson, 2009). 

 

Figure 16. Thickness requirements on structural elements of the hull deck (HD) in compartment 3. Pl - plating; PL - 
primary longitudinal; PT - primary transverse. 

Figure 16 shows the governing thickness requirements for the structural elements of the hull deck (HD) in 

compartment 3. The top graph in Figure 16 shows plating (Pl), the second primary longitudinals (PL; 

girders) and the graph at the bottom shows primary transversals (PT; web frames). The numbers on the x-

axis represent the number of elements; for example, the hull deck is divided into 12 sub-panels and there 

is only one primary longitudinal. The symbols of every element marks how thick the laminate of the 

element would be if it was dimensioned after that constraint (min: minimum amount of reinforcement; 

bstr: bending strength; sstr: shear strength; sti: stiffness). Hence, maximum values represent which 

constraint that is active and consequently governs the resulting thickness.  

Looking at the panels (graph at the top) one can see that they are governed by the minimum thickness 

requirement stipulated by the rules (the symbol is a black box that stands for tmin2: minimum required 

thickness in lamina number 2 – the outer face of the sandwich). One improvement of the element 

utilization would be to increase the load area, since the sub-panels obviously can carry more loads.  

Another observation (graph in the middle) is that the primary longitudinal (girder) is governed by the 

bending strength and stiffness constraints (symbols: circle and cross) and seems highly strained; the flange 

laminate is almost 20 mm thick in order to carry the bending moment. A solution to this is to increase the 

height of this girder, thus improving its bending stiffness.  



Master Thesis in Naval Architecture Ebba Djurberg 
Kungliga Tekniska Högskolan/Kockums AB 2012 

29 
 

The primary transversals (web frames; graph at the bottom) are strongly ruled by the stiffness criteria 

(symbol: cross) thus the flange thickness is 9 mm. Increasing the web height or decreasing the span would 

unburden the web frames. One should here note that the load hierarchy is discretized (as the algorithms in 

RSTRUCT are based on the Rules): the panels are carried by the web frames, which in their turn are 

carried by the girder. Changing the load hierarchy would change the span of the girders and web frames, 

respectively, hence affect the required element thicknesses. In reality, the load is distributed from the panel 

to the grid of stiffeners in a more complex manner which is best modeled by a finite element software. In 

Appendix 2 a FEA is presented showing how the load affects the displacement field along with a 

discussion on load paths. 

Being the first iteration, emphasis is put on removing structural elements (if possible). This may not only 

decrease weight but will surely simplify production. The measures taken are listed below: 

- Adding one girder at the center line, thus decreasing the span of the beams 
- Decreasing number of web frames from 5 to 3, thus improve the utilization of the panels  

- Increasing the web height of the web frames, thus improving their bending stiffness 

The resulting required thicknesses of the improved structural arrangement can be seen in Figure 17.  

 

Figure 17. requirements of the structural elements of the hull deck in compartment 3 for the improved structural 
arrangement. 

The structural utilization has been improved for the girders and web frames. The flange thickness of the 

girder has been halved and that of the web frames is now governed by the minimum thickness 

requirement. The weight of the hull deck has been decreased from 153 kg to 109 kg, a reduction of 29 %, 

along with a enhancement in production since the number of web frames has decreased. 

The final structural arrangement of the whole vessel, obtained after several iterations, can be seen in 

Figure 18. The fore compartment has not been analyzed. In total the weight of this version 

(Patr_35_SWC) was reduced from 6 tonnes to 4.5 tonnes, a decrease of 24 %. However, it is important to 

point out that the reduction is relative and subjective; if the structural arrangement is poorly designed 

from the beginning there is great room for improvements, and the success of the process is dependent on 

the skill, judgment and time used of the user. Further, depending on the initial structural arrangement the 

iterations can lead to one close-to-optimal structural arrangement; whereas starting off from another 
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structural arrangement might end up in another close-to-optimal solution (compare an optimization 

problem where the initial guess leads to finding a local minimum instead of the global minimum).  

 

 

Figure 18. The initial and improved structural arrangement for Patr_35_SWC. 

The iterative procedure described for Patr_35_SWC was performed for all 16 versions. For the single skin 

versions the starting point for the structural arrangement was an interpretation of the single skin structural 

arrangement of (Stenius, Rosén, & Kuttenkeuler, 2011). The initial and final weights of the in total 8 

concept vessels with notation patrol can be seen in Figure 19. The single skin 10 knots versions (the two 

bars to the right in Figure 19) emanate from the structural arrangements of the 35 knots-versions (already 

“optimized” structural arrangements); hence the reduction of weight was only a few percents. The data of 

Figure 19 is shown in Table 14. 

 

Figure 19. The initial and final structural weight of all patrol versions. 
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Table 14. Initial and final structural weight and the percentual reduction. 

Notation Start weight 
[kg] 

Final weight 
[kg] 

Percentual reduction 

Patr_35_SWC 5956 4525 24 % 

Patr_35_SWG 9310 5891 37 % 

Patr_35_SSC 8838 7393 16 % 

Patr_35_SSG 13562 10258 24 % 

Patr_10_SWC 5498 4214 23 % 

Patr_10_SWG 8570 5585 35 % 

Patr_10_SSC 7013 6986 0,4% (from structural 
arrangement of 
Patr_35_SSC) 

Patr_10_SSG 10153 9742 4,0% (from structural 
arrangement of 
Patr_35_SSG) 

6.2 STRUCTURAL WEIGHT 
Results of the reduction of structural weight of the passenger versions can be found in Appendix 3. The 

collected weights of all versions can be seen in Figure 20. Generally, the CFRP sandwich versions are the 

lightest ones, followed by GFRP sandwich, CFRP single skin and GFRP single skin. The passenger 

versions are on average 17.8 % lighter than the patrol versions due to lower design acceleration; the 10 

knots-versions are on average 3.9 % lighter than the 35 knots-versions for the same reason.  

 

Figure 20. Final structural weight of all versions. 
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6.3 MATERIAL AND PRODUCTION COSTS 
The total material and production cost for the versions with notation patrol can be seen in Figure 21.  

 

Figure 21. Material and production cost for the patrol versions. 

Single skin is more costly to produce than sandwich. Analyzing the differences in cost between 

Patr_35_SWC and Patr_35_SSC (bar number 1 and 3 in Figure 21) gives insight of the general trends. 

- The core cost is lower in the single skin vessel due to the fact that there is only core material in 

the stiffeners. For example, the core cost for Patr_35_SSC is 28 % of that of the sandwich 

version. 

- The laminate cost (cost for fiber and resin) of single skin is roughly twice as much as for the 

corresponding sandwich version due to the increase of laminate volume (thicker solid panels and 

more stiffeners). This has a big impact on total cost for the CFRP versions since the price of 

carbon fiber is high. For example, the fiber cost is 43 % of the total cost for Patr_35_SSC. 

- The production cost for the plating is the same for both versions. This is because it is assumed 

that there is no difference in production time for a sandwich panel than a single skin panel (using 

VARTM). 

- The production cost of stiffeners is higher for single skin versions due to the increased number of 

stiffeners. Moreover, GFRP versions have higher stiffeners than those of the CFRP versions 

resulting in larger total stiffener area thus higher production and core material cost. For example, 

Patr_35_SSG has 1.43 times larger stiffener volume than Patr_35_SSC resulting in equal increase 

of production cost since all stiffeners roughly have the same breadth.  

For none of the single skin versions the reduction of core cost can compensate for the rise in material and 

production cost for the stiffeners. The high fiber cost is prevailing in the CFRP versions; for GFRP 

sandwich the core cost and production cost of stiffeners are the largest contributors to the total cost while 

for GFRP single skin it is the production cost of stiffeners that is the greatest sub-cost (in all cases almost 

60 % of total cost). Worth noticing regarding the sandwich versions is that even if the cost for carbon 

fiber is about 7 times the cost for glass fiber the total cost for the CFRP vessel is only 10 % higher than 

the GFRP vessel. The trends mentioned are the same for the passenger versions; the material and 
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production cost of these can be seen in Figure 22. Data of the graphs in Figure 21 and Figure 22 is 

presented in Table 15. 

 

Figure 22. Material and production cost for the passenger versions. 
 

Table 15. Material and production cost of all 16 versions. Cost in 1000 SEK and percent of total cost. 

 Cost core Cost fiber Cost resin Production: 
plating 

Production: 
stiffeners 

Total 

Patr_35_SWC 258 26 % 280 28 % 46 5 % 129 13 % 286 29 % 1000 

Patr_35_SWG 282 31 % 77 9 % 43 5 % 129 14 % 371 41 % 903 

Patr_35_SSC 71 5 % 590 43 % 121 9 % 129 9 % 451 33 % 1363 

Patr_35_SSG 101 9 % 155 14 % 109 10 % 129 11 % 644 57 % 1138 

Patr_10_SWC 222 23 % 288 29 % 49 5 % 129 13 % 292 30 % 981 

Patr_10_SWG 262 29 % 74 8 % 42 5 % 129 14 % 393 44 % 900 

Patr_10_SSC 66 5 % 549 43 % 112 9 % 129 10 % 419 33 % 1275 

Patr_10_SSG 105 9 % 151 13 % 108 9 % 129 11 % 651 57 % 1143 

Pass_35_SWC 190 23 % 229 28 % 38 5 % 129 16 % 226 28 % 812 

Pass_35_SWG 229 28 % 73 9 % 41 5 % 129 16 % 336 42 % 809 

Pass_35_SSC 59 5 % 454 41 % 93 8 % 129 12 % 379 34 % 1116 

Pass_35_SSG 86 9 % 132 14 % 94 10 % 129 13 % 532 55 % 973 

Pass_10_SWC 197 22 % 243 27 % 41 5 % 129 14 % 288 32 % 899 

Pass_10_SWG 210 34 % 0 0 % 34 6 % 129 21 % 236 39 % 610 

Pass_10_SSC 62 6 % 446 39 % 92 8 % 129 11 % 400 35 % 1129 

Pass_10_SSG 103 9 % 132 12 % 96 9 % 129 12 % 651 59 % 1112 
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6.4 OPERATIONAL AND TOTAL COST 
Having decided the weight of each version (16 in total), the reduction in weight is subtracted from the 

displacement 48 tonnes. In other words, the heaviest version (single skin GFRP for all four operational 

profiles) will have the design displacement of the concept vessel and a change in material concept, 

meaning a decrease in structural weight, will result in lower fuel consumption. This allows comparing the 

different material concepts for each operational profile (notation and design speed) and thereby being able 

to determine which material concept is most suitable for which vessel. Table 16 shows each version’s total 

displacements and the required propulsive effect for the corresponding operational profile. From these 

figures the hourly propulsive effect can be calculated, and by including the last parameter – choice of 

propulsion (CPP, IPS and water jet) – the operational cost is determined for all 48 versions (       ) 

and added to the acquisition cost.  

Table 16. The required propulsive effect [kW] for the 16 versions subjected to the structural design improvement 
process. 

Material concept 

Patr_10 Pass_10 

Δ [mt] 
12 kn 24 kn 30 kn 

Δ [mt] 
10 kn 20 kn 35 kn 

50 % 45 % 5 % 90 % 10 % 0 % 

SWC 42.5 132 590 868 43.2 95 448 1103 

SWG 43.8 137 612 895 44.1 97 460 1121 

SSC 45.2 141 635 922 45.4 99 477 1148 

SSG 48 150 682 976 48 105 513 1204 

Material concept 

Patr_35 Pass_35 

Δ [mt] 
10 kn 20 kn 35 kn 

Δ [mt] 
7 kn 33.25 kn 35 kn 

30 % 50 % 20 % 3 % 7 % 90 % 

SWC 42.3 93 436 1083 43.2 26 974 1103 

SWG 43.6 96 454 1112 44.3 27 997 1126 

SSC 45.1 99 474 1143 45.6 27 1024 1152 

SSG 48 105 513 1204 48 29 1078 1204 

 

Summing up hitherto, for each operational profile there are 12 versions – four different material concepts 

(SWC, SWG, SSC and SSG) times three different propulsion systems (CPP, IPS and water jet) – that 

should be compared to each other. In order to grasp this amount of data the break-even points are 

presented in a comparative table, one for each operational profile. As an example on how to read the 

tables, Table 17 is presented; it shows the breakeven points for Patr_35.  

A cell that contains a number indicates the breakeven point in operational hours (years in parenthesis1) 

between the versions in corresponding row and column. The arrow points to the version that will be more 

cost-effective after that amount of operational hours. For example (see the cell in bold in Table 17), SSC 

(Prop) will be more costly than SWC (WJ) up until 3800 (almost 6 years) hours in use. The cells containing 

only one arrow indicates that there is no breakeven point within the tested time horizon2; the arrow points 

to the cheaper version. 

                                                      
1 650 operational hours per year for Patr_35; see Table 13 on page 29. 
2 28 years of operation for Patr_35. 
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Table 17. Comparative table of break-even points for Patr_35. Years in parenthesis. 
Example of break-even point (3800 hs = 5.8 years of operation) between SSC (Prop) and SWC (WJ) in graph provided. 

SWC (Prop) - 
     

 

  

SWC (IPS) ← - 
    

 

SWC (WJ) 
↓1100 

(1,7) 
↓ - 

    

SWG (Prop) 
↓3100 

(4,8) 
↓ 

←700 
(1,1) 

- 
   

SWG (IPS) ← 
↓3600 

(5,5) 
← ← - 

  

SWG (WJ) 
↓1300 

(2,0) 
↓ 

↓2400 
(3,7) 

↓1000 
(1,5) 

↓ - 
      

SSC (Prop) ↓ ↓ 
←3800 

(5,8) 
↓ ↓ 

←3500 
(5,4) 

- 
     

SSC (IPS) ← ↓ ← ← ↓ ← ← - 
    

SSC (WJ) ↓ ↓ ↓ ↓ ↓ ↓ 
↓1000 

(1,5) 
↓ - 

   

SSG (Prop) ↓ ↓ 
←4100 

(6,3) 
↓ ↓ 

←3600 
(5,5) 

↓3300 
(5,1) 

↓ 
←100 
(0,2) 

- 
  

SSG (IPS) ← ↓ ← ← ↓ ← ← 
↓3900 

(6,0) 
← ← - 
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In Table 17, one can see three trends: 

1. Sandwich is to prefer against single skin in 2/3 of the cases. Exceptions are  

a. if the single skin version is equipped with IPS and the sandwich version is not.   

b. if the sandwich version is equipped with water jet and the single skin version is not. A 

single skin version equipped with IPS is then always the better choice; if equipped with 

CPP it takes around 5 years to the single skin version to “catch up” and become more 

economically feasible than sandwich. This is the case of the highlighted example in Table 

17 (the cell in bold, showed in the graph); if one assume that the vessel is to be in use 

during more than 5.8 years it is better to produce a single skin vessel equipped with CPP. 

Hence, the break-even points are very much dependent on the choice of propulsion. IPS is always 

to prefer and out-plays the other alternatives – especially water jet, which is the least effective 

alternative in terms of OPC. 

2. Sandwich in CFRP becomes more feasible than sandwich in GFRP after 3.7-5.5 years. The 

transition comes earlier the less effective the propulsion alternative is. For example, with water jet, 

more energy (meaning cost) is lost per operational hour thus increasing the speed of which the 

costs accumulate resulting in an earlier break-even point. 

3. Single skin in CFRP becomes more feasible than single skin in GFRP after 4-6 years. The same 

argument of differences in more or less effective propulsion alternative still holds; the break-even 

points are later than for the sandwich comparison due to larger difference in weight in 

combination with the high-speed operational profile.  
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The three trends noted above are the same for the other operational profiles but the break-even point 

differ because of changes in time share of different speeds and expected yearly use. The corresponding 

break-even table for each operational profile is presented in Appendix 4 but the break-even points 

between CFRP and GFRP versions (trend 2 and 3) are presented in Table 18. Generally, the slower the 

ship is the lower is the impact of difference in weight which is noted as a break-even point later in time. 

For example for the Pass_10, the small difference in weight delays the break-even point to 20-35 years of 

operation. In comparison, the CFRP versions pay off after less than one year of operation for the high 

speed ferry (Pass_35). 

Table 18. Break-even points between SWC and SWG versus SSC and SSG for the four operational profiles. 

  Patr_35 
(High 
speed 

operational 
profile) 

Patr_10 
(Medium 

speed 
operational 

profile) 

Pass_35 
(Very high speed 

operational 
profile) 

Pass_10 
(Very low speed 

operational 
profile) 

Years before 
pay-off:  
SWC and SWG 

“Small” 
difference 
in weight 

3.7-5.5 7.1-11.2 0.2-0.6 20.7-35.5 

Years before 
pay-off: SSC 
and SSG 

“Big” 
difference 
in weight 

4-6 6.5-10.2 0.5-0.7 9.2-15.8 
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7 CONCLUSION 
The life cycle cost of a concept patrol vessel of 22 meter in length has been investigated. Variables that 

have been changed are type of ship (class notation: “Patrol” or “Passenger”), operational profile (design 

speed: 10 or 35 knots), material concept (sandwich or single skin), material (CFRP or GFRP) and 

propulsion system (CPP, IPS or water jet). This sums up to 16 different versions driven by three different 

propulsion system each, resulting in 48 versions in total. The structural arrangement of the 16 versions 

have been adapted and improved to fit the corresponding design loads. This has been done by using the 

software RSTRUCT that calculates scantlings according to DNV’s High Speed, Light Craft code and gives 

feedback on the structural utilization of each structural element. 

Knowing the scantlings made it possible to calculate the material and production cost of each version; and 

the structural weight was used as input to calculate the operational cost for each version equipped with 

CPP, IPS and water jet, respectively. The accumulated cost over time was compared, resulting in break-

even points in terms of years of operation. Analyzing the results revealed several trends: 

- Optimization of structural arrangement 

o In order to make a fair comparison between different material concepts the structural 

arrangement has to be adopted to each concept 

o It is rewarding to iterate several times in the design spiral and try to maximize the 

structural utilization of the components 

o It is advisable to use a computational tool (for example RSTRUCT) to iterate scantling 

calculations, but the user must be aware of the limitations of the tool (problems regarding 

robustness and production)  

o However, the grade of weight reduction of the vessel depends on the quality of the initial 

structural arrangement and the skill and judgment of and time spent by the user 

- Structural weight 

o The single skin vessels are 71 % heavier than the sandwich vessels (due to thicker and 

thus heavier panel laminates) 

o The patrol vessels are 20 % heavier than the passenger vessels (due to higher design 

loads) 

- Material cost 

o The single skin vessels are 40 % more expensive than the sandwich vessels. Although the 

core volume decreases by almost half for the single skin versions, the laminate volume 

increases by 2-3 times resulting in a 76 % increase of laminate cost (mean value of both 

CFRP and GFRP – the impact is even higher for the CFRP versions due to the high fiber 

price) 

- Production cost 

o The single skin vessels have a higher production cost than the sandwich vessels due to 

increased number of stiffeners. The stiffener volume is increased by 44 % resulting in a 

23 % increase of production cost. However, the model of determining the stiffener 

production cost is quite simple and should be verified as it has a great impact on the total 

cost 

- Break-even points 

o Sandwich is economically the better choice; it is more cost effective in 2/3 of the cases 

o The break-even points are very sensitive to the choice of propulsion; IPS is always the 

better choice whereas water jet is the least efficient. However, the operational cost 

depends greatly on the estimated OPCs; the OPC of the IPS system can be seen as too 

optimistic since it is derived from the figures of the supplier 
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o CFRP versions pay off (in comparison to GFRP) in less than 1 year for the very high 

speed profile vessels and around 10 years for the slower vessels. For very low speed 

vessels the break-even point is very delayed (it is not feasible to choose CFRP) 

In short, the single skin versions are heavier and more expensive than their sandwich equivalents. 

Regarding the choice of material, CFRP has a higher acquisition cost but the cost breaks even after a few 

years of operation due to lower weight resulting in lower operational cost.   
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8 FURTHER WORK 
A very comprehensive study has been carried out including two different class notations, two operational 

profiles, two material concepts, two materials and three propulsion alternatives. However, this is just for 

one particular concept vessel – a patrol boat of 22 meter. Neither the hull shape nor the general 

arrangement has been changed to further adapt to the particular use of the vessel. Further work should 

include 

- vessels of different dimensions. How would the result differ for another hull shape or for a larger 

ship? 

- a more extensive qualitative FEA of the material concepts in order to determine the differences in 

structural behavior between sandwich and single skin and the idealization of load hierarchy 

- improvements of the life cycle cost analysis – in particular the production cost model – to verify 

the results of this study. 
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APPENDIX 1 
In this Appendix the derivation of the OPC for the IPS system is showed. The OPC of the IPS system is 

estimated from a speed estimation from Volvo Penta (Adolfsson, 2012) for the same hull with (a) 

displacement 30, equipped with 2 IPS1050 and (b) displacement 40 tonnes, equipped with 3 IPS1050. The 

efficiency is derived from the propulsive resistance (Figure 23) and the provided crankshaft power (Figure 

24) at different speeds. 

 

Figure 23. Propulsive resistance (drag, continuous line) for the concept vessel version (a) (red) and (b) (blue). Graph 
from (Adolfsson, 2012). 

 

Figure 24. Crankshaft power for the concept vessel version (a) (red) and (b) (blue). Graph from (Adolfsson, 2012). 

The propulsive resistance [N] is translated to kW and the OPC is then calculated as the mean value of (a) 

and (b) for the different speeds (Table 19). 
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Table 19. The derivation of the OPC of the IPS system. (* Value is not on graph – estimated.) 

(a) Δ=30 tonnes, 2 x IPS1050 

Speed 
[knots] 

Crankshaft 
power/engine [kW] 

Total crankshaft 
power [kW] 

Propulsive resistance 
(drag) [kW] 

OVC 

10 ~60* 120 81.2* 0.676 

20 215 430 308.4 0.717 

32.9 590 1180 892 0.7559 

(b) Δ=40 tonnes, 3 x IPS1050 

Speed 
[knots] 

Crankshaft 
power/engine [kW] 

Total crankshaft 
power [kW] 

Propulsive resistance 
(drag) [kW] 

OVC 

10 ~60* 180 119.0* 0.661 

20 190 570 422.1 0.74 

36.1 590 1770 1355.6 0.766 
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APPENDIX 2 
A finite element analysis (FEA) is carried out on compartment 4 of the versions SWC_Patr35 and 

SSC_Patr35. The aim of this study is to analyze the scantling results in a global perspective, understand 

how the load paths differ from the assumptions in the scantling calculations and draw conclusion 

regarding the stiffness of the two material concepts through comparing deflections.  

THEORY 
The finite element method is a numerical way of solving partial differential equation problems that are too 

intricate to solve analytically. Greatly simplified the structural system is divided into small elements 

defined by nodes and the continuous function of the field variable (for example displacement in a stress 

analysis) is piecewise discretized between the nodes. Depending on the level of discretization the accuracy 

of the result will differ. A finer discretization – called mesh – will give a more accurate result but will 

demand more in terms of computational effort. Then, known physical principles, boundary and load 

conditions are applied to the nodes, which results in a system of algebraic equations that is simple to solve. 

Consequently, the sought field variable can be found.  

The deflection of the panels is constrained by the Rules. The deflection for sandwich panels is not to be 

greater than 2 % of the length of the shortest side according to Pt.3 Ch.4 Sec.5 B500: 

 

 
                                                                           (A1) 

(where w is the deflection and b is the length of the shortest side). For single skin panels the deflection is 

not to be greater than 2 times the thickness of the laminate according to Pt.3 Ch.4 Sec.6 B300: 

 

 
                                                                           (A2) 

(where t is the thickness). The thicknesses determined from the scantling calculations will be employed in 

the FEA model; the corresponding load is applied and the deflection will then be controlled according to 

equation (A1) and (A2). 

METHODOLOGY 
Compartment 4 is chosen because it is at the middle of the ship thus giving a representative picture of the 

hull girder strength and stiffness. The bulkheads and the internal deck are not modeled. The method is as 

follows: 

1. Modeling of the geometry 

Only one half of the compartment is modeled due to symmetry. The model is composed by shell 

and beam elements whose extensions are defined by keypoints retrieved from the hull shape and 

structural arrangement. Panels and webs of stiffeners are represented by the element type 

SHELL281, a quadratic 8-node shell element with 6 degrees of freedom (translation in and 

rotation about x-, y- and z-axes). This element allows layering; hence it is suitable for both 

sandwich and single skin modeling. The flanges of the stiffeners are modeled by adding a beam 

on the edge of the web (the same line defining the area of the web). The element type used was 

BEAM189, a two-dimensional, quadratic element, also with 6 degrees of freedom at each node. 

However, the connection between shell and beam element is not fully consistent. Even if both 

shell and beam elements have 6 degrees of freedom, incompability rises since one rotational 

degree of freedom of the shell element is fictitious (not derived from mathematical calculations). 

This method of modeling the stiffeners, earlier used by Kockums, will be verified in a section 

below.  
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2. Meshing 

After assuring that the element connectivity is intact the automatic mesh generator with free 

meshing in ANSYS is used. 

3. Specification of material properties 

Each element is given its particular material and dimension. The dimensions (thicknesses) are 

given by the scantling results from RSTRUCT.  

4. Appliance of boundary conditions and loads 

Symmetry boundary is applied along the centerline of the compartment (at the hull bottom and 

hull deck). The structure is assumed to be fixed at the connection with the (not modeled) 

watertight bulkheads. Firstly, the row of panels closest to the keel is subjected to their 

corresponding design slamming pressure (load step 1). That pressure is then released and the 

corresponding slamming pressure will be applied to the next row of panels (load step 2). This 

procedure will continue until the pressure reaches the chine. This process is a rough simplification 

of a slamming pressure propagating over the hull bottom as the vessel rashly enters the water.  

5. Solve 

The deflection is found for each load case. 

6. Post-processing and comparison of results 

The true and relative displacement field is plotted and the maximum displacement of each panel 

is compared to the allowed displacement stipulated by the Rules.  

VERIFICATION 
In order to verify its validity, the FEA model has to be compared against analytical or experimental values. 

The verification aims to determine how much the mentioned incompability in the connection between 

shell and beam elements affects the result – basically if it is possible to model the stiffeners as described 

above. The verification model is a cantilever sandwich beam subject to a point load at its end (Figure 25).  

 

Figure 25. Description of the verification model. 

The deflection, normal and shear stress distribution is retrieved and analyzed. Three beam models are 

modeled in Ansys (Figure 26) out of which number 2 is the method used to model the stiffeners of the 

hull: 

1. The beam consists of layered shell elements 

2. The web of the beam is a shell element and the flanges are beam elements 

3. Both web and flanges are shell elements (put together as a I-beam) 
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Figure 26. Three beam models are analyzed in Ansys. 

In order to evaluate the method used (beam 2) the results are not only compared to analytical results but 

to other methods of modeling (beam 1 and 3). Analytically, the solution is found through sandwich 

theory. Note that the analytical solution is for the 2D case and has to be divided with the width of the 

beam if going from 2D to 3D. The bending stiffness of the beam is  

  
    

 

 
 

     
 

 
 

    
 

  
            [Nm2]                                (A3) 

and the shear stiffness is  

  
   

 

  
 [N].                                                               (A4) 

The deflection of a cantilever sandwich beam is the sum of the deflection due to pure bending 

   
   

  
 [m2]                                                                (A5) 

and that of pure shear 

   
  

 
 [m2],                                                               (A6) 

 

that is, 

        [m2]                                                          (A7) 

The normal and shear stress is as mentioned earlier (assuming that the faces carry all the normal stress and 

the core all the shear stress) 

    
  

   
  [N/m]                                                        (A8) 
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and 

   
  

 
 [N/m]                                                             (A9) 

where Mx = -P(L-x) and Tx=-P. The differences in deflection and stress distribution are presented in Table 

20. 

Table 20. Differences in deflection and stress distribution for the FEA beam models. Percental deviation in parenthesis.  

 Deflection [mm] Normal stress in faces [MPa] Shear stress in core [MPa] 

Analytical 77.3 129.45 0.192 

Beam 1 87.15 (13%) 163 (26%) - 

Beam 2 77.75 (0.6%) 173 (34%) 0.195 (1.6%) 

Beam 3 82.51 (6.7%) 191 (58%) 0.201 (4.7%) 

 

In general the normal stresses are higher for the FE solutions; they represent the maximum value and not 

the average, which is assumed in the analytical solution. Further, they are retrieved from the fixed end 

where the stresses peak due to the maximum moment. Apart from that, the differences for beam 2 are not 

disturbingly high; it is approximately equally stiff as the analytical beam and the shear stress differs by less 

than 2 %. The normal stress is concentrated to the faces (Figure 27), where the shear stress is close to zero 

(approximately 2·10-4 Pa).  

 

Figure 27. Normal stress distribution at x=0 for beam 2 (method used in the global model). 

The core carries the shear stress as can be seen in Figure 28: 
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Figure 28. Shear stress distribution in the core at x=L/2. 

The conclusion of the verification is that the method used to model the stiffeners is reasonable. 

RESULTS 
Each load case will be presented by an image capture of the displacement field in z-direction and the 

corresponding displacement paths: one in the middle of the panels and two at the boundaries of the 

panels. See Figure 29 for guidance on how to read the graph. This graph will show how the local 

displacement is related to the global displacement (the relative displacement) for each panel thus giving 

information on how the panels and stiffeners deform in relation to each other.  

 

Figure 29. Explanation on how to read the provided graphs in the results. To the left an image capture of the 
displacement field (z-direction) and to the right the plotted displacement paths. 

Single Skin 

Table 21 shows the 6 load steps and corresponding results for Patr_35_SSC: the slamming pressure p, the 

thickness of the panel t, the real and relative displacement w and the deflection factor w/t for both the 

relative displacement and the real displacement. The relative deflection is calculated as the difference 

between the deflection in the middle of the panel and the deflection of the boundary that has deformed 

the least. If the deflection is greater than the allowed figure (2) it is marked in bold text. For all the load 

cases the relative displacement is within the allowed figure stipulated by the Rules. The rows closer to the 

boundaries (center line and chine) show more local displacement than those in the middle; panels and 

stiffeners deflects together.  
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Table 21. The result of load step 1-6 for Patr_35_SSC. Deflection above the allowed figure is marked in bold text. 

 

Load step 1 Panel 1 Panel 2 Panel 3 Panel 4 Panel 5 

p [kPa] 202 196 184 172 159 

t [m] 0.0145 0.0145 0.0145 0.0145 0.0145 

w [m] 0.0231 0.0282 0.0211 0.0177 0.0141 

Rel.defl. [m] 0.0231 0.0240 0.0186 0.0162 0.0141 

w/t [-] (rel) 1.5916 1.6581 1.2803 1.1140 0.9719 

w/t [-] (real) 1.5916 1.9447 1.4539 1.2210 0.9719 

 

Load step 2 Panel 1 Panel 2 Panel 3 Panel 4 Panel 5 

p [kPa] 202 196 184 172 159 

t [m] 0.0145 0.0145 0.0145 0.0145 0.0145 

w [m] 0.0129 0.0254 0.0230 0.0170 0.0072 

Rel.defl. [m] 0.0129 0.0099 0.0086 0.0077 0.0072 

w/t [-] (rel) 0.8930 0.6815 0.5910 0.5339 0.4954 

w/t [-] (real) 0.8930 1.7490 1.5839 1.1730 0.4954 
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Load step 3 Panel 1 Panel 2 Panel 3 Panel 4 Panel 5 

p [kPa] 202 196 184 172 159 

t [m] 0.0145 0.0145 0.0145 0.0145 0.0145 

w [m] 0.0193 0.0483 0.0474 0.0344 0.0111 

Rel.defl. [m] 0.0193 0.0161 0.0113 0.0136 0.0111 

w/t [-] (rel) 1.3303 1.1072 0.7765 0.9378 0.7675 

w/t [-] (real) 1.3303 3.3340 3.2719 2.3706 0.7675 

 

Load step 4 Panel 1 Panel 2 Panel 3 Panel 4 Panel 5 

p [kPa] 202 196 184 172 159 

t [m] 0.0145 0.0145 0.0145 0.0145 0.0145 

w [m] 0.0213 0.0579 0.0609 0.0435 0.0126 

Rel.defl. [m] 0.0213 0.0191 0.0117 0.0173 0.0126 

w/t [-] (rel) 1.4716 1.3189 0.8081 1.1931 0.8681 

w/t [-] (real) 1.4716 3.9945 4.2006 3.0032 0.8681 
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Load step 5 Panel 1 Panel 2 Panel 3 Panel 4 Panel 5 

p [kPa] 202 196 184 172 159 

t [m] 0.0145 0.0145 0.0145 0.0145 0.0145 

w [m] 0.0203 0.0537 0.0559 0.0409 0.0122 

Rel.defl. [m] 0.0203 0.0179 0.0100 0.0165 0.0122 

w/t [-] (rel) 1.3991 1.2337 0.6882 1.1347 0.8414 

w/t [-] (real) 1.3991 3.7019 3.8546 2.8230 0.8414 

 

Load step 6 Panel 1 Panel 2 Panel 3 Panel 4 Panel 5 

p [kPa] 202 196 184 172 159 

t [m] 0.0145 0.0145 0.0145 0.0145 0.0145 

w [m] 0.0175 0.0348 0.0361 0.0276 0.0093 

Rel.defl. [m] 0.0175 0.0137 0.0092 0.0128 0.0093 

w/t [-] (rel) 1.2079 0.9428 0.6368 0.8843 0.6430 

w/t [-] (real) 1.2079 2.4014 2.4872 1.9012 0.6430 

Sandwich 

Table 22 shows the results of the load steps for Patr_35_SWC. Looking at the displacement graphs one 

can hardly see where one panel ends and another starts: the sandwich structure behaves more as one 

single panel than a conjunction of several locally deformed panels (as in the single skin case). The web 

frames thus deflect as much as the sandwich panels. The deflection is above the allowed for the majority 

of the panels – the mid deflection of the panels are on average 53 % higher than for the single skin panels. 
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Table 22. The result of load steps 1-2 for Patr_35_SWC. Deflection above the allowed figure is marked in bold text. 

 

Load step 1 Panel 1 Panel 2 Panel 3 Panel 4 

p [kPa] 325 301 272 245 

b [m] 0.939 0.819 0.700 0.585 

w [m] 0.0255 0.0488 0.0356 0.0106 

Rel.defl. [m] 0.0255 0.0171 0.0090 0.0023 

b/w [-] (rel) 0.0272 0.0208 0.0128 0.0040 

b/w [-] (real) 0.0272 0.0596 0.0508 0.0181 

 

 

Load step 2 Panel 1 Panel 2 Panel 3 Panel 4 

p [kPa] 142 144 141 131 

b [m] 1.256 1.256 1.256 1.256 

w [m] 0.0342 0.0855 0.0804 0.0272 

Rel.defl. [m] 0.0342 0.0561 0.0492 0.0164 

b/w [-] (rel) 0.0272 0.0447 0.0392 0.0130 

b/w [-] (real) 0.0272 0.0681 0.0640 0.0216 
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DISCUSSION AND CONCLUSION 
The FEA was carried out in order to evaluate the scantling results in a global perspective, analyze the load 

hierarchy, and highlight assumptions in the scantling calculation and the FEA, respectively, in addition to 

compare stiffness of the two material concepts. The main conclusions are listed below. 

- The thicknesses derived from the scantling calculations were sufficient for the single skin in the 

majority of all cases. The thicknesses of the sandwich panels were not sufficient in most cases. 

- The maximum deflection of the single skin structure is 2.9 cm while the maximum deflection for 

sandwich is 8.9 cm. 

- The deformation is not locally limited to the panel as is assumed in the scantling calculation; the 

adjacent panels and the grid of stiffeners are also deflecting. The deflection, and hence the 

stresses, propagates towards the weak areas of the structure – in this case it is the middle of the 

hull bottom. This can be seen in the deflection graphs where in some cases the delfection of the 

boundary (the stiffener) deforms more than the panel. Consequently, the load is carried not only 

by the panel itself, but by the whole adjacent structure.  

- The load hierarchy is more complex than what is assumed in the scantling calculations. Girders 

and web frames share the load as can be seen in Figure 30; it is not distinctly distributed from one 

structural element to another. 

 

Figure 30. The stress intensity of the sandwich structure when applying the panel’s local slamming load. 

- The FEA model has more “loose” boundary conditions since the adjacent panels are allowed to 

deform freely, which explains the increased deformation. This is however a model more close to 

reality.  

One should remember that several simplifications have been done in the FEA. Firstly, the slamming 

pressure is not a constant pressure but a model of a complicated load process when the ship enters the 

water with high relative velocity. Secondly, the boundary conditions for the compartment are not 

completely fixed at the ends (where the bulkheads should be); the bulkheads should in reality be able to 

move and rotate to some extent (for example in the case of global bending). The compartment model 

should in the FE software be mounted on springs in order to more correctly model the interaction 

between hull and water. Thirdly, the internal deck is not modeled in order to keep the model simple. A 

refined FEA should be carried out in order to better understand the load paths and the model should be 

extended to include several compartments. 
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APPENDIX 3 
The reduction of structural weight is shown in Figure 31. 

 

Figure 31. Reduction of structural weight of the passenger versions. 

The percentual reduction is lower than for Patr_35 and Patr_10 due to the fact that the original structural 

arrangement is based on an already “optimized” structural arrangement. Still, the structural weight is 

reduced by almost 3 % in some cases. The data of Figure 31 is presented in Table 23. 

Table 23. Figures of the reduction in structural weight of the passenger versions. 

Notation Start 
weight 
[kg] 

Final 
weight 
[kg] 

Percentual 
reduction 

Pass_35_SWC 3741 3639 2,7% 

Pass_35_SWG 4762 4697 1,4% 

Pass_35_SSC 5979 5976 0,1% 

Pass_35_SSG 8577 8407 2,0% 

Pass_10_SWC 3767 3463 8,1% 

Pass_10_SWG 4711 4605 2,3% 

Pass_10_SSC 5904 5890 0,2% 

Pass_10_SSG 8512 8353 1,9% 
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APPENDIX 4 
The break-even points of Patr_10, Pass_35 and Pass_10 are showed in Table 24, Table 25 and Table 26. 

Table 24. Comparative table of the break-even point of Patr_10. Years in parenthesis. 

SWC (Prop) 
- 

        

SWC (IPS) 
← - 

    
 

 

 

 

SWC (WJ) 
↓800 
(1,2) 

↓ - 
    

SWG (Prop) 
↓6400 

(9,8) 
↓ 

←300 
(0,5) 

- 
   

SWG (IPS) ← 
↓7300 
(11,2) 

← ← - 
  

SWG (WJ) 
↓1300 

(2,0) 

↓ ↓4600 

(7,1) 

↓800 

(1,2) 

↓ - 

      

SSC (Prop) 
↓ ↓ ←2100 

(3,2) 

↓ ↓ ←2400 

(3,7) 

- 

     

SSC (IPS) 
← ↓ ← ← ↓ ← ← - 

    

SSC (WJ) 
↓ ↓ ↓ ↓ ↓ ↓ ↓800 

(1,2) 

↓ - 

   

SSG (Prop) 
↓900 

(1,4) 

↓ ←800 

(1,2) 

↓ ↓ ←1500 

(2,3) 

↓5700 

(8,8) 

↓ ← - 

  

SSG (IPS) 
← ↓1000 

(1,5) 

← ← ↓ ← ← ↓6600 

(10,2) 

← ← - 

 

SSG (WJ) 
↓800 

(1,2) 

↓ ↓600 

(0,9) 

↓400 

(0,6= 

↓ ↓ ↓1500 

(2,3) 

↓ ↓4200 

(6,5) 

↓700 

(1,1) 

↓ - 
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The same trends noted for Patr_35 are valid for this version, however, the break-even points between 

CFRP and GFRP sandwich ranges between 7.1 and 11.2 years (650 operational hours per year) while the 

same time span for single skin is 6.5-10.2 years.  
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Table 25. Comparative table of the break-even point of Pass_35. Years in parenthesis. 

SWC (Prop) 
-                 

SWC (IPS) 
← -         

  

  

  

  

SWC (WJ) ↓1800 
(0,4) ↓ -         

SWG (Prop) ↓2300 
(0,5) ↓ 

1600 
(0,4) -       

SWG (IPS) 
← 

↓2700 
(0,6) ← ← -     

SWG (WJ) 
↓1500 

(0,3) 

↓ ↓1100 

(0,2) 

↓1400 

(0,3) 

↓ -             

SSC (Prop) 
↓ ↓ ←1450

0 (3,3) 

↓ ↓ ←4600 

(1,0) 

-           

SSC (IPS) 
← ↓ ← ← ↓ ← ← -         

SSC (WJ) 
↓100 

(0) 

↓ ↓ ↓ ↓ ↓ ↓1300 

(0,3) 

↓ -       

SSG (Prop) 
↓200 

(0) 

↓ ↓ ↓ ↓ ←1560

0 (3,5) 

↓2600 

(0,6) 

↓ ← -     

SSG (IPS) 
← ↓300 

(0,1) 

← ← ↓ ← ← ↓3100 

(0,7) 

← ← -   

SSG (WJ) 
↓700 

(0,2) 

↓ ↓200 

(0) 

↓500 

(0,1) 

↓ ↓ ↓1700 

(0,4) 

↓ ↓2400 

(0,5) 

↓1300 

(0,3) 

↓ - 
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For Pass_35 (Table 25) the break-even points are less than one year for both sandwich and single skin. 

This is mainly due to the high speed profile (90 % of the time the vessel operates at 35 knots) causing a 

rapid accumulation of operational cost. 

  



Master Thesis in Naval Architecture Ebba Djurberg 
Kungliga Tekniska Högskolan/Kockums AB 2012 

60 
 

Table 26. Comparative table of the break-even point of Pass_10. Years in parenthesis. 

SWC (Prop) - 
        

SWC (IPS) ← - 
    

 
 

SWC (WJ) 
↓1700 

(1,7) 
↓ - 

    

SWG (Prop) 
↓3080
0 (30,8) 

↓ ← - 
   

SWG (IPS) ← 
↓3550
0 (35,5) 

← ← - 
  

SWG (WJ) 
↓3000 

(3,0) 
↓ 

↓2070
0 (20,7) 

↓1600 
(1,6) 

↓ - 
      

SSC (Prop) ↓ ↓ 
←3400 

(3,4) 
↓ ↓ 

←4800 
(4,8) 

- 
     

SSC (IPS) ← ↓ ← ← ↓ ← ← - 
    

SSC (WJ) 
↓200 
(0,2) 

↓ ↓ ↓ ↓ ↓ 
↓1600 

(1,6) 
↓ - 

   

SSG (Prop) 
↓1100 

(1,1) 
↓ 

←1800 
(1,8) 

↓ ↓ 
←3600 

(3,6) 
↓1380
0 (13,8) 

↓ ← - 
  

SSG (IPS) ← 
↓1200 

(1,2) 
← ← ↓ ← ← 

↓1580
0 (15,8) 

← ← - 
 

SSG (WJ) 
↓1400 

(1,4) 
↓ 

↓700 
(0,7) 

↓200 
(0,2) 

↓ ↓ 
↓2700 

(2,7) 
↓ 

↓9200 
(9,2) 

↓1500 
(1,5) 

↓ - 
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Here one notice extremely delayed break-even points between the sandwich versions. This is due to the 

fact that this vessel operates at low speed 90 % of the time where the difference in weight (especially 

“low” between sandwich CFRP and GFRP; lower than their single skin equivalents) has a low impact on 

the operational cost.  

 


