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EXECUTIVE SUMMARYEXECUTIVE SUMMARYEXECUTIVE SUMMARYEXECUTIVE SUMMARY    

The main objective of WP4 is to develop project design guidelines for functional design for the 

three vessel concepts namely; container vessel, Ro-Pax vessel and a fishing research vessel. The 

methodology conceived to achieve the proposed goals starts with the development of the design 

of three representative vessels corresponding to each one of the targeted categories- and the 

assessment of the technical implications resulting from the fact that they are completely built in 

fibre-based materials. 

This WP analyses several basic alternative designs (arrangement, stability, seakeeping, etc.), as 

well as structural configurations and safety solutions to take advantage of the weight reduction 

that will quantify in terms of cost- benefit. A complete 3D hydro-structural coupled model for each 

vessel representative has been created using updated existing commercial software improved in 

WP3. 

The development of the project guidance notes is summarizing the experience gained in this WP. 

Those guidelines are intending to regulate, according to the classification society's criteria, all the 

required aspects of the engineering basic design, structural design and fire protection, for any 

vessel of the three targeted categories. These project guidelines are in line with the current 

discussion at IMO (SDC3) which defines different scopes of application for composites, from simple 

prescriptive regulations for simple applications to full quantitative risk-based design for complex 

applications, including simplified risk assessment for intermediate cases applications. This 

document is completing the set of project guidelines covering all the regulatory aspects: materials 

(WP2), engineering (WP4) and production (WP5 & WP6). 
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1.1.1.1. INTRODUCTIONINTRODUCTIONINTRODUCTIONINTRODUCTION    

This document defines the design guidelines for building of large length ships fabricated using FRP 

materials meeting its main objective and improving on its earlier version [1], starting with and 

covering the design areas highlighted in succeeding paragraphs.  

Identification of Regulatory Gaps 

Existing regulations/rule/codes relating to the use of FRP materials to construct large length ships 

were reviewed and identified as described in section 2 with the focus being on two aspects: 

• Structural design and material testing for Ships with Composite hulls where existing 

Classification societies rules follow the principle of “equivalent level of safety”, supported by 

a risk-based approach to consider novel design features or principles, to which the Rules are 

not directly applicable, based on experiments, calculations or other supporting information. 

• Fire safety of FRP/composite structures where SOLAS Convention (Regulation 5 Chapter 1-Part 

A) allowing provisions for “equivalents” as an alternative prescriptive rule. 

The Process 

A regulatory framework that may be set up to deal with large composite ships assumes a process 

that participants will go through to achieve some level of certification as described in section 3. 

Structural Design Assessment 

Looking at the overall process outlining the process path to achieve some level of certification and 

key activities that need to be undertaken for the construction of a large composite ship. And 

guidelines and performance criteria based on general arrangement, structural design and naval 

architecture calculations. More details can be found in section 4 of this document. 

Fire Safety Assessment   

Current criteria states “A” and “B” class fire divisions should be constructed of steel or other 

equivalent materials, or approved non-combustible materials, respectively. When considering FRP 

materials for such structures, these requirements cannot be met, as FRP materials are, unless 

explicitly demonstrated as per FTP Code, considered as combustible materials. Therefore, a new 

notation to qualify the fire rating of decks and bulkheads built in FRP materials, is proposed, 

together with new requirements regarding insulation of FRP structures as outlined in section 5. 

Materials Assessment 

Selection of potential candidate materials that could ultimately be used in the fabrciation of large 

length composite ships is addressed, detailing criteria for initial selection of laminating resins and 

fibre reinforcements and defines fabrication that should be adopted for the manufacture of test 

laminates, and mechanical tests for down selection of candiate resins and fibre reinforcements. 

Also addressed here is the fire performance of resins and laminates, which could be the basis of 

future selection criteria for resins and composite laminates as detailed in section 6. 

Production 

For guidance notes on FRP hull production refer to document 5.3 [7]. 
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2.2.2.2. REGULATORY GAPS IDENTIFICATIONREGULATORY GAPS IDENTIFICATIONREGULATORY GAPS IDENTIFICATIONREGULATORY GAPS IDENTIFICATION    

A review of the current regulatory framework and the applicable regulations/rules/guidelines/ 

codes and standards relevant to the use of Fibre-Reinforced Plastic (FRP) materials on large-length 

vessels [2] indicated that different national and international bodies, primarily focused on the fire 

safety and structural aspects of FRP vessels of any size (i.e. length and tonnage) as listed below. 

• Structural design and material testing for Ships with Composite hulls 

• Fire safety of FRP/composite structure 

The SOLAS Convention (The Regulation 5 of the Chapter I – Part A) offers exemptions and 

provisions for “equivalents”, as a strong alternative to prescriptive provisions, with the following 

underlying condition: 

• National authorities (e.g. flag Administrations) have the discretion to permit the use of 

alternative materials - including composites, based on experimental or other evidence, 

which must satisfy the general condition that the equivalence is “at least as effective as” 

SOLAS’ express provisions. 

Classification societies follow this principle of “equivalent level of safety”, supported by a risk-

based approach to consider novel design features or principles, to which the Rules are not directly 

applicable, on the basis of experiments, calculations or other supporting information.  

 

 STRUCTRAL DESIGN, MATERIAL CERTIFICATION AND TESTING 

Classification Society rules relevant to the structural design (static and dynamic), material 

certification and testing mainly refer to composite ships with limited length and/or gross tonnage. 

Some of these rules have the potential to be used for the structural analysis of large-length 

composite ships based on certain specific acceptance criteria related to 

 

• Design Loads and Global Strength 

• Hull scantling, 

• Dynamic effects, 

• The local strength, and 

• other design features on assessment of i) failure modes of load-bearing composite 

structures and materials, ii) composite behaviour in extreme temperature ranges 

(polar/tropical) , iii) Ageing of composite structures subject to fatigue loads, iv) Dynamically 

induced hull stresses, v) Crashworthiness of hulls, vi) Structural health monitoring in 

operation, vii) Use of hybrid composite/steel construction systems, viii) Chemical 

resistance of composites and hull coatings, ix) Structural failure due to fire. It is evident 

that these important aspects are regulated, being of primary importance for large ocean-

going ships with an expected operational life of several decades.  

• Further guidance on these two aspects related to structural design and material 

assessment are discussed in sections 4 and 6 respectively. 
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 FIRE SAFTEY OF FRP COMPOSITE STRUCTURE 

The requirements concerning fire safety issues for ship structures in composite materials are 

covered by  

• IMO SOLAS Chapter II – 2: principles related to fire protection, detection and extinction 

• IMO FTP (Fire Test Procedures) Code 

• IMO MSC.1/Circ. 1574 “Interim Guidelines for the use of Fibre Reinforced Plastic (FRP) 

elements within ships structures: fire safety issues 

• Other provisions: HSC and MCA Codes 

The different fire safety requirements are mainly related to Combustibility and fire protection (in 

the maritime sector) of composites to withstand fire at sea for a certain period of time, specific to 

marine transport.  The SOLAS regime offers some flexibility with the “equivalence” concept, in 

terms of materials that are demonstrably as “effective” (i.e. safe) as those expressly required.  

Further progress on fire safety of composite materials could be found in a new integrated 

performance-based methodology, following a fire safety engineering approach to meet SOLAS 

objectives and functional requirements (e.g. probability of ignition, risk by toxic product and 

smoke, smoke containment, structural integrity, etc.) starting with MSC.1/Circ.1574.  

Additional design guidance on Fire safety of composites including the performance criteria 

developed within this project are elaborated in section 5. 
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3.3.3.3. THETHETHETHE    PROCESS PROCESS PROCESS PROCESS     

3.1.1. Overview 

The FIBRESHIP project is a research project that served to investigate areas of attention for large 

ships that are constructed entirely or in part from composite materials. Composite materials in 

this context are fibre materials (e.g. glass, aramid, carbon) bonded in a resin (e.g. polyester, 

vinylester, epoxy) that may include a core (e.g. PVC, PU, end grain balsa).  

A regulatory framework that may be set up to deal with large composite ships assumes a process 

that participants will go through to achieve some level of certification.  The stages of this process 

are broadly outlined in the following subsection with reference to more in-depth guidance further 

in this document.  It is not the intention to describe each step in detail but to frame key activities 

in the distinct stages. 

Appended to this document are the results of assessment of three large vessels that serve as case 

studies. 

 

 STAGES 

A project can be split up in different stages which may or may not be very distinct from each other.  

Information flows through these stages and gets refined as the project proceeds. 

The subsections below show stages from a work point of view. A brief summary of key tasks is 

given with reference to sections in the remainder of this document. 

 

3.2.1. Preliminary work 

To prepare for the construction of a large composite ship, some basic tasks are to be completed. 

This work includes, but is not limited to, investigation of applicable national and international 

standards (see section on Fire safety).  Decisions have to be made on what material are to be used.  

These materials are to be certified (see section on Materials) and a workshop 

assessment/certification is to be carried out. 

 

3.2.2. Design and assessment 

During the design stage plans are to be submitted and it is to be verified that materials are used 

in line with their intrinsic properties (see sections on Structural assessment and Materials) and 

that calculated stresses use suitable margins to fall within a predefined range (see section on 

Structural assessment).  The layout of the ship is to be according to applicable standards (see 

section on Fire safety). 

 

3.2.3. Construction 

During this stage it is to be verified that the construction happens according to the design plans, 

guidance on reference documents is found in the section on Structural assessment.  The materials 

used are to have properties in line with those assumed during the design (see sections on 
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Structural assessment, Fire safety and Materials).  The work is to be carried out in a workshop with 

a controled environment.  See document 5.3 for guidance on production. 

 

3.2.4. Commisioning 

During this stage it may need to be verified that the construction quality achieves function that 

the structure is intended for. (See section on Structural assessment) 

 

3.2.5. Operation 

The aim of design and construction of a ship is to be able to operate it in a safe and environmentally 

friendly manner during its design life. To enable this, design assumptions are made about its 

operation. The operational parameters that were carried through in this guidance note cover 

studies on stability, wave loading and seakeeping that were undertaken as part of this project. 

Operational issues and procedures itself are not developed in the FIBRESHIP project and may need 

to be considered at a later stage. An example of such a procedure is the emergency protocol in 

case of collision which is likely to be different from an equivalent procedure on a steel ship because 

of the different material response. 
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4.4.4.4. STRUCTURAL DESIGNSTRUCTURAL DESIGNSTRUCTURAL DESIGNSTRUCTURAL DESIGN    

 GENERAL 

4.1.1. Applicability 

This guidance is applicable to displacement mono and multihull ships 

The structural design is to be documented to ensure clarity and transparency.  It is suggested to 

keep a single reference document or set of documents in which the construction is described, and 

values of scantlings and calculation results are logged.  The reference document is built up during 

design, construction, commissioning and operation. It includes assumptions, background 

references, results and conclusions. This document can form the basis for quality assurance, 

classification appraisal and resale value assessment, among others. 

A minimal reference document(s) may include: 

- Design brief 

- Operational envelope 

- Material specifications and certificates 

- Design methodology and assumptions 

- Structural assessment results 

- Hull girder flexibility results 

- Fatigue assessment results 

- Plans used for assessment 

A suitable method for scantling determination of composite vessels is to be used.  The suitability 

of the method is to be assessed in three areas: 

- Load determination 

- Calculation method 

- Acceptance criteria 

Information below provides details on one approach which may be used in the design process. 

As a rule of thumb, for large ships, scantlings of longitudinal structure are generally governed by 

global loads.  Therefore, monolithic structure may be the most appropriate option.  

For other structure, e.g. bulkheads and tank boundaries both monolithic and sandwich 

constructions may be appropriate as local loads have a greater contribution.  The designer is to 

select the most suitable layup type. 

The choice of construction method for individual elements is up to the designer. For worked 

examples see Annex. 
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4.1.2. Strength assessment 

Strength calculations are to include a global and local assessment.  The global assessment will 

consider the hull girder response while the local assessment will consider response to local and 

global loads. 

 

 Global strength assessment 

Modulus and inertia are to be calculated.  No criteria are set but assessment may be carried out 

on an equivalence basis with steel ships.   

Bending moments and shear forces induced by hull girder loads in still water and wave are to be 

determined.  See Classification Rules or IACS requirements for guidance for loads determination.  

The assessment consists out of a stress, fatigue and buckling check in structural members 

contributing to the longitudinal strength. 

See 4.1.5 for relevant performance criteria. 

 

 Combined global and local strength assessment 

Local strength may be assessed in one of two ways. 

Simplified ApproachSimplified ApproachSimplified ApproachSimplified Approach    

A simplified approach which combines loads from a global strength assessment with loads that 

are calculated at a local level 

A. The global bending moments and shear forces may be determined combining still water 

and wave loads.  Relevant loading conditions are to be identified and are to be investigated 

individually. Typically, these will, as a minimum, consist of a fully loaded departure 

condition and a ballasted condition.  

A simplified approach may be used to determine properties of the hull girder and individual 

elements.  For simplification an arbitrary overall Young’s modulus, Ecal, may feed into the 

calculation of the ship hull section.  In the calculation, the element thickness, tcal, is then 

represented by multiplying the actual thickness, tactual, with the ratio of specific element 

Young’s modulus, Eactual, by the overall Young’s modulus. 

���� � �������
�������

����
 

Each deck may not contribute fully to the hull girder strength and each deck’s efficiency 

may need to be set by applying a factor between 0 (does not contribute) and 1 (fully 

contributes). The contribution factor will depend on the ability of longitudinal bulkheads 

to take up shear. Longitudinal bulkheads with many openings will only have a limited ability 

to transfer load from one deck to the next. 

Tension and compression forces are to be applied to the panel to reach the state of strain 

of the element as calculated above induced by hull global strength by applying still water 

and wave hull girder loads.  
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B. Local loads may be obtained from classification rules. 

Bending moments and shear forces are calculated for each structural panel by considering 

local loads only. 

A combination of global in-plane loads determined from A) and local bending moment and 

interlamellar shear loads from B) enables to represent the loading of the panel. As a results, 

strains and stresses in each layer of the material are to be post-treated and compared to 

the criteria. 

For stiffeners submitted to global hull girder and local stresses, the same approach may be 

considered. 

The process is summarized in Figure 1: 

 
Figure 1 - Summary of combining global and local loads 

 

See 4.1.5 for relevant performance criteria. 

FFFFinite inite inite inite EEEElement lement lement lement approachapproachapproachapproach    

As an alternative or as a further refinement a finite element calculation may be done to apply 

global and local loads and determine stresses. Note that a finite element analysis may be required 

by class depending on ship type, length, and complexity. 

Modelling is to be done according to procedures set out in suitable documents for the applicable 

ship type. Such procedures are published by classification societies. 

A modelling procedure should include information about: 

o Mesh distribution 

o Mesh size 

o Boundary conditions 

o Application of loads 
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o A clear explanation of limitations of the procedure (e.g. primary structure only) 

Stress combinations are determined automatically if a suitable software package is used. 

First ply failure should be used, or a method satisfactorily demonstrated as equivalent. 

 

4.1.3. Hull girder flexibilty 

The hull girder flexibility is to be assessed at midships with still water and wave bending moments 

acting on the hull.  See 4.1.5 for the relevant performance criteria. 

 

4.1.4. Fatigue assessment 

A fatigue check may be needed.  Determining whether this assessment is required and what level 

of granularity is needed will depend on size of the ship, complexity of the structure and intended 

operational envelope. 

It is strongly recommended to carry out fatigue assessment on ships larger than 50m because of 

their greater flexibility. 

Fatigue properties are to be assessed for longitudinal secondary member end connections and 

areas prone to fatigue damage as witnessed in steel ships an areas identified by designer 

experience on composite ships as agreed with class society. 

The operational envelope will determine the loadings to be considered. The loading spectrum will 

cover wave size and frequency as well as heading. 

The material is to be characterised by SN curves which are obtained from reputable sources or 

from testing.  The SN curves are to be related to resin and resin to fibre (estimated by fatigue life 

at 90 degrees to the fibre) and fibre ( estimated by fatigue life at 0 degrees to the fibre). A 

combined evaluation joining damage in each direction is required.  Fatigue life in a joint that takes 

shear is to be specially considered.  

Fatigue life in the direction of the fibre and perpendicular to the fibre is to be determined.  For 

analysis a fine mesh FE calculation may be used to determine fatigue stresses.  A t x t mesh size 

detailed model may be required to perform such a calculation with sufficient reliability. 

Detailed investigation of construction details is to be done to identify and resolve any expected 

fatigue life issues.  The areas to be investigated may be similar to those of steel ships, i.e. midship 

region bottom, double bottom, main deck, strength deck and end connections of longitudinals.  

However, if the structural layout is very different from steel vessels, other areas may show signs 

of fatigue damage. 

The following diagram shows a possible route through the fatigue assessment: 
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Figure 2 - fatigue assessment process 

 

See 4.1.5 for notes on the performance criteria. 

 

4.1.5. Performance Criteria 

Strength performance criteriaStrength performance criteriaStrength performance criteriaStrength performance criteria    

Design margins to guide the design of composite ships can be related to the following load cases: 

- Hull girder loads acting along; 

- Combination of hull girder and local loads; and 

- Local loads acting alone 

Three types of stresses are to be considered during the design: 

- Stress parallel to the fibre and perpendicular to the fibre (main stresses) in each 

individual layer 

- Combined stress in each individual layer induced by the main stresses 

- Buckling stress in the whole laminate 

Evaluation during the design process may be done by comparing permissible stress with a 

calculated, corrected, design stress for each load case, i.e.  

- Main stress for each layer: 

permissible stress >= load case stress x Fd 

- Combined stress for each layer comparison of load factors: 

Fdcs_app >= Fdcs 

- Compression for the whole laminate:  
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permissible buckling stress >= load case compression x Fdb 

Each design margin has multiple contributing factors which can be attributed to: 

- Cv: the aging effect 

- Cf: the composite fabric process and reproducibility of the fabrication 

- Cr: the type and direction of the main stress applied to the fibre of the composite 

- Ci: the type of load 

- Ccs: the combined stress in the layers 

- Cbuck: the buckling margin of the laminate 

- Cref: load probability coefficient 

The load probability coefficient is based on the load definition that is used in the assessment.  It is 

related to the probability assumed in the load determination.  It should be considered on a case 

by case basis and may change depending on operational envelope and reliability of recorded loads.  

Initially this coefficient may be set to 1.0. 

For each of the three types of stresses the design margins may be set as: 

- Stress parallel to the fibre and perpendicular to the fibre (main stresses) 

Fd = Cv Cf Cr Ci 

- Combined stress in each individual layer induced by the main stresses 

Fdcs = Ccs Cf Ci 

The load factor Fdcs_app is the positive value of 
	
�√
���

��
 

Where: 

 � �
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 � , ��, " � is the calculated stress, in N/mm2, in the considered local ply axis 

induced by the load case considered  

 �
#� , �
#�� is the theoretical tensile breaking stress, in N/mm2, in the 

considered local ply axis 

 �
#� , �
#�� is the theoretical compressive breaking stress, in N/mm2, in the 

considered local ply axis 

 "
# � is the theoretical shear breaking stress, in N/mm2, in the considered 

local ply axis 

- Buckling stress in the whole laminate 

Fdb = Cbuck Cf Cv Ci 

The partial design margin may be taken as follows: 
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1. Aging margin Cv 

Cv = 1.2 for monolithic laminates or the faces of sandwich laminates 

Cv = 1.1 for sandwich core 

Cv = 1.2 when checking for element buckling  

2. Fabrication process margin Cf 

Cf =1.10 for prepreg construction 

Cf = 1.15 for infusion and vacuum construction 

Cf = 1.25 for hand layup construction 

Cf = 1.00 for core material of sandwich construction 

3. Type of load margin Ci 

Load typeLoad typeLoad typeLoad type    Element analysed underElement analysed underElement analysed underElement analysed under    CCCCiiii    

Local loads only Local external sea pressure 

Internal pressure 

Concentrated forces 

1.0 

Impact pressure on side shell and on platform bottom 

of multihull 

0.8 

Dynamic sea pressure (slamming loads and impact on 

flat bottom on forward area) and for test pressure and 

flooding loads 

0.6 

Global loads only Minimum stress criterion 1.4 

Buckling stress criterion 1.2 

Combined stress criterion 1.4 

Combination of local and 

global loads 

Minimum and combined stress criterion 0.8 

Buckling: in the specific case where local loads induce 

compressive in plane loading Nx, Ny, Nxy and when 

those loads are combined to global loads 

0.8 

Table 1: Type of load margin 

 

4. Combined stress margin Ccs 

Ccs = 1.7 for unidirectional tapes, double bias or triaxial stitched fabric 

Ccs = 2.1 for other types of fabric 

5. Buckling margin Cbuck 

Cbuck = 1.45 
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6. Stress type margin Cr 

Type of stressType of stressType of stressType of stress    
Orientation between Orientation between Orientation between Orientation between 

stress and fibrestress and fibrestress and fibrestress and fibre    

CCCCrrrr    

UD, double UD, double UD, double UD, double 

bias, triaxialbias, triaxialbias, triaxialbias, triaxial    

Woven Woven Woven Woven 

rovingrovingrovingroving    

Chopped Chopped Chopped Chopped 

strand Matstrand Matstrand Matstrand Mat    

Synthetic Synthetic Synthetic Synthetic 

corecorecorecore    

Balsa Balsa Balsa Balsa 

corecorecorecore    

Tensile or 

compressive 

Parallel 2.1 2.4 
2 2.1 

2.1 

Perpendicular 1.25 NA 1.2 

Shear stress 
Parallel to the fibre 

or interlaminar 
1.6 1.8 2.2 2.5 2.5 

Table 2: Type of stress margin 

 

Permissible stressPermissible stressPermissible stressPermissible stress    

The performance criteria are design margins that are to be applied on permissible stresses. 

Permissible stresses may be taken as per classification society rules or recognized standard. 

Alternatively, permissible stresses may be defined by characteristic failure stress approach (CFS).  

CFS is a material property determined through sample testing and using characteristic strength 

method as defined in the standards.   

It is a fairly straight forward process to define the permissible stress of a material. Tests samples 

are to be produced in a representative manner, and broken as per standards, prior to deduce a 

characteristic strength.  

Alternative design Alternative design Alternative design Alternative design marginsmarginsmarginsmargins    

When assessing new materials or when specific controls on environment or processes are in place, 

design margins relating to these specific areas may be reconsidered to take into account the 

reduced uncertainties.  

Hull girder flexibility criteriaHull girder flexibility criteriaHull girder flexibility criteriaHull girder flexibility criteria    

Design criteria for hull girder deflection may be set to 0.3 percent of the overall length of the ship.  

This additional design criteria may be reconsidered if strength and functional criteria are satisfied 

with a hull girder deflection larger than 0.3 percent. 

Fatigue criteriaFatigue criteriaFatigue criteriaFatigue criteria    

In this document no values for design margins for fatigue are given because there is insufficient 

data available.  Fatigue damage design factors are to be defined with additional service history or 

test data.  

 

4.1.6. Design details and structural continuity 

Misalignment is to be avoided.  Misaligned structure increases stress in localised areas.  These 

misalignments are usually not part of the design and areas of increased stress may therefore not 

show up in analysis results. 



   D4.7 - Project Guidance Notes 

 Page 22 of 74 

Internal hard spots, particularly in the bottom shell support structure are areas where fatigue 

cracking may be initiated.  Construction details in way of these areas are important to reduce the 

risk of crack initiation. 

Longitudinal stiffening and primary members within the midship are to be continuous through 

transverse members.  

Examples of design details and structural continuity include: 

• Chine reinforcements: in a sandwich construction hull, the chine around which the core is 

usually interrupted, is to have its own core fitted.  Risk of flooding failure due to grounding, 

docking or other impact will be mitigated by using this separate core section. 

• It is recommended that the hull is bonded to the deck as fibre mat layup is rarely sufficient 

to support the connection between hull and deck.  Hull to deck bonding material is to be 

covered with mat layup.  The bonding material or filler is to ensure a smooth transition 

that will be overlaid. 

• Hull to deck connection is to be efficient in transferring loads. 

• Bulkhead to hull connection is to be carefully considered.  It is recommended to support 

the bulkhead on top of a top-hat stiffener with a high density/structural foam core where 

the top of the stiffener matches the thickness of the bulkhead.  Where the top-has stiffener 

is not practicable a high density/structural foam core is to be used in the hull to support 

the bulkhead.  The bulkhead is to be bonded to its support before it is laminated to the 

structure. 

• It is recommended that machinery seating and other tapping plates are bonded/filled to 

the fibre layup to ensure smooth curves that will be covered with fibre mat.  Tapping plates 

are to be abraded and sharp edges are to be removed and all corners radiused before 

encapsulating.  In a composite construction a structural foam core is to be used for the 

structure under the tapping plate. 

• Top-hat stiffeners penetrating tank boundaries are to be filled with resin in way of the tank 

boundary. The tank boundary laminate is to be carried through inside the top-hat stiffener.  

The connection is to be over-laminated. 

Details of alignment and building tolerances are to be laid down in the reference document for 

the project. Particular attention is to be given to the accurate alignment of the following: 

• Girder abutting single skin bulkheads 

• Girder webs with tank sides 

• Frames with beams 

• Deck/bottom girders with bulkhead stiffeners 

• Tank baffles with floors 

• Longitudinal where broken at tank ends 

• Transverse stiffeners with bottom/deck girders 

It is recommended that the production plan identifies allowable tolerances for the alignment. 
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4.1.7. Joining of structural components  

Bonded joints should be avoided as much as possible but may be inevitable at times.   

Material should be the same as the surrounding structure or duly qualified. The qualification will 

depend on the following factors:  

• Consequence of failure of the joint,  

• Process control for manufacturing of the joint,  

• Exposure to environment (fluid, temperature, etc.)  

• Exposure to fatigue loadings, impacts, vibrations, etc.  

• Design of the joint minimizing the peel, the stress concentration towards main loads 

passing through the joint 

The joint surface should be well prepared according to manufacturer’s recommendations and 

suitable materials should be used. Joints should be appropriate to their location and application. 

 

4.1.8. Other considerations 

It should be noted that composite materials behave quite differently from metal materials in a 

variety of ways. In case of damage due to impact, the effects of the impact may travel further 

down the structure than the localised area where damage is visible.  This may be the case 

particularly where a stiff and inflexible fibre type is used.  In the assessment of the area that 

requires repair, the area of interest should be sufficiently large to ensure all internal damage to 

the layup is repaired. Careful consideration is required when designing repair patches. 

Related to the above issue is the question of residual strength after damage.  A number of damage 

scenarios may require investigation and residual strength should be investigated to ascertain 

survivability of the vessel.  These scenarios may include: fire in a compartment, collision with 

damage above waterline, collision with damage below waterline, deck damage due to impact with 

falling object, … In each of these cases, an assessment of extent of damage is to be made, residual 

strength of remaining structure is to be estimated with effects of heat, water ingress, ingress of 

chemicals included in the estimate.  It is to be noted that, unlike for metal structure, composite 

structures may have very different material properties after they have been exposed to unplanned 

influences. 

Manufacturing limits play an important part in the design of composite structure of large vessels.  

Panels of large dimensions or with great thickness require particular capability of the yard, e.g. 

temperature control during curing, mould size limit or vacuum table size limit.  These yard 

capabilities will impose design constraints. 

Material performance will vary with extreme temperature.  If Polar or Tropical operation is 

planned, then load cases and acceptance criteria are to be tailored to this operation.  At low 

temperatures, matrix materials tend to be more brittle compared to properties in usual 

temperature ranges.  Such phenomena should be catered for if/when anticipated. 

Age and other degradation sources are important factors in setting material properties. Similar to 

a net scantling approach the material properties should consider the worst condition in the design 

life of the ship. Testing of the material will serve to determine base properties which may need 
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correcting. The corrected material properties may not apply to the entire ship, for example water 

saturation will only affect a limited part of the structure. 

If hull shape and operational profile is such that dynamic response is to be considered, then 

springing and whipping due to slamming and impact may need to be considered when setting 

design margins. 

Springing occurs when the wave encounter frequency gets close to the natural frequency of the 

ship hull. It is a resonance effect on the hull girder. The hull response may be amplified, and loads 

may be larger than predicted with classical approaches.  The reduced stiffness of FRP material 

makes that this phenomenon may occur more easily. Therefore, the springing effect needs to be 

evaluated when the possibility of resonance of the hull as it passes through waves increases.  

Suitable design assessment procedures may be used to evaluate the hull girder.  The procedure 

consists of a hydro-structural coupling with the hull modes as motions. 

Whipping is a response to an impulse event which, again, may be exacerbated because of the 

potentially low rigidity of FRP material. Whipping may significantly increase the vertical bending 

moment on the hull.  It may impact extreme loads on the hull and the number of high load cycles 

to be considered for fatigue. Whipping assessment techniques exist and should be applied to the 

FRP hull. 

All performance criteria can only be deemed acceptable if strain rates of materials in mixed layups 

are compatible.  This is particularly the case with novel materials and material combinations. For 

these materials design margins may be specially considered and strain rates would need to be 

compatible. 

Large deflections are to be anticipated and these will have to be taken into account when looking 

at outfit items that may be of metallic material, etc. 

 

 NOTES ON ASSESSMENT 

4.2.1. Local Strength 

Local loads may be determined using published standards or classification rules. 

Direct calculation are a useful method for scantling determination.  Mesh and modelling guidance 

may be obtained from published standards however mesh size and boundary conditions are to be 

carefully considered.  

The hydrodynamics leading to local impact loads are dependent mainly on the underwater shape 

of the ship, but also influenced by the above water shape particularly in the bow region. The 

sources cited above for load determination based on design wave height, are reliable particularly 

for mono-hull vessels operating at lower speeds (meaning displacement, not semi-planning or 

planning) and are equally applicable to FRP structures as steel structures.    

Separate load cases or acceptance calculations are to be done for specialised cases such as: testing 

cases, impact cases and flooding cases. 

Fatigue load cases can be considered separately as outlined above or be incorporated by, for 

example, applying a knock-down factor to the acceptance criteria of the strength calculations.   
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Some corrections may be acceptable when assessing structure using a local scantlings approach.  

These include but may not be limited to: 

• Aspect ratio correction: panels may be assumed stiffer than classical theory predicts if the 

aspect ratio is outside the applicability of the range assumed for published formulae. 

• Convex curvature correction:  panels that are curved behave more stiff compared to a flat 

panel of the same size.  This effect can be modelled with a correction factor based on arc 

radius. 

• Slamming pressure correction: panels subject to impact pressure may have their loads 

adjusted to account for the short, sharp application of the load. 

Each correction is to be quantified and applied only after careful study. 

The clamping of structure is an important variable in assessment based on local loads.  The end 

fixity of stiffeners and panels as well as the determination of span points may give an allowance 

but should be based on model tests or detailed calculations. 

 

4.2.2. Special Features 

Local structure may be required to fit features or equipment to enable specific functions or to 

perform specific tasks.  Some examples may be: 

• Waterjet propulsion systems/inlet scoops: these systems funnel water through reasonably 

narrow pathways and very low-pressure patches may be created.  Ensure that these areas 

are identified and, if possible, avoided.  Low pressure areas may induce delamination and 

be areas where progressive damage initiates. 

• Foil supports: These supports may be of materials different from the hull.  It is important 

that the support structure is well embedded and secured.  high frequency and high load 

are also to be expected.  Ensure that the design is suitable to deal with fatigue loads. 

• Lifting appliances: Support of lifting appliances is to be specially considered and should 

take into account acceleration due to ship motions.  These will give rise to lower frequency 

effects.   Load may be high due to the large mass of the appliance.  The supports but may 

be prone to fatigue damage. 

• Roll stabilisers: Devices that reduce roll, whether they are internal or external, may 

generate large loads on the structure.  The loads are cyclic and fatigue is to be considered.  

The devices may require hull penetrations.  The composite structure is to integrate well 

and detailed design should ensure that loads are distributed to the rest of the structure in 

an efficient way. Loads are guided through the structure in directions that fibre and matrix 

can withstand. 

• Rudders: Rudder and rudder stock may be made from composite materials.  Specific 

construction techniques are suitable for these structures, e.g. filament winding.  See also 

notes on Roll stabilisers. 

• Decks carrying other loads (e.g. vehicle, helicopter):  Care is to be taken to determine deck 

loads that are designed to carry specific loads.  International standards are available to set 
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predefined loads.  When calculating deck (and supporting structure) scantlings these loads 

are to be transferred through the composite structure in directions that are appropriate 

to the fibre and matrix. 

• Ice strengthening:  When operation in ice is envisaged material properties are to be 

carefully considered with regard to environmental conditions.  First of all, the material 

properties are to be confirmed by the material manufacturer for the temperature range 

that ice operation causes.  These low temperatures will affect material properties when it 

comes to strength and impact properties.  Impact is a second important consideration.  

During navigation through ice, repeated small area loads will be exerted on the hull.  The 

hull is to be strengthened to be able to deal with these loads. 

 

4.2.3. Global Strength 

A suitable global strength assessment is to include analysis of: 

• Stress due to bending moments 

• Stress due to shear forces 

• Stress due to torsion 

Approaches given in IACS URs in addition to class rules or appropriate standards are acceptable to 

determine global loads as the ship shape drives the hydrodynamic response, not the material. 

Rules will require assessment in appropriate wave conditions; for global service, this means the 

North Atlantic as reported in IAC Recommendation 34. Note that IACS is reviewing 

Recommendation 34 and may issue an update in 2021. 

Cut-outs in the structure should be excluded in the contribution to the hull girder strength in a 

similar manner.  Cut-outs cast a structural shadow on either side where the structure contributes 

only partially.  This may be modelled as a lower measure of contribution at the width of the cut-

out or by applying 30 degree shadow lines from the edges of the cut-out. 

As large composite ships with multiple windows or other cut-outs will have deformed transverse 

sections when under load, the longitudinal structure in way will also have reduced effectiveness.  

Such effects should be included in the global strength assessment. 

It is recommended to exclude deckhouses and superstructures contribution to hull girder 

properties unless it is demonstrated that these have continuous longitudinal structure along the 

ship or that longitudinal structure is substantially bracketed.  For including, the superstructure to 

hull attachment is to be such that it can withstand the generated shear force in the joint 

Further loads from dynamic bending moments and shear forces may also have to be considered.  

The dynamic effects may be due to slamming, whipping and springing related behaviour. 

Loads due to torsion are particularly important in open hull types or ships of unusual design or 

proportions. in hydrodynamic calculations wave heading is an important factor in determining 

these torsion loads. 

Results of the analysis should be careful considered, particularly with a view on local effects.  

Deformation of the transverse section may result in an increased interlaminar shear which can 
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only be determined by advanced calculation tools or by careful scrutiny of the results.  Effects such 

as these make analysis of composite, as opposed to metal, structures more challenging. 

Additional to the above, for multi-hulls, further analysis is required. 

This analysis will include: 

• Bending moments and shear force in cross deck structure 

• Torsion in cross deck structures 

• Dynamic effects due to particular hull shapes and their interaction 

Due to material properties, the overall deflection of the hull may be considerably larger compared 

to conventional material designs.  These larger deflections are to be expected but may need to be 

part of the design and construction procedures particularly with regards to fittings and allowances 

for other structure and materials. 
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5.5.5.5. FIRE SAFETY FIRE SAFETY FIRE SAFETY FIRE SAFETY     

 INTRODUCTION 

Regarding the fire safety, SOLAS requirements and other fire regulations have been mainly issued 

from lessons learnt from accidents, in order to make them “not happen again”. After the Morro 

Castle fire in 1934, a jump was made regarding the place of the fire prevention and fire safety in 

the ship building. SOLAS 1948 introduced the definitions of “A” and “B” class divisions. 

“A” class fire divisions and “B” class fire divisions should be constructed of steel or other equivalent 

materials, or approved non-combustible materials, respectively. When considering FRP materials 

for such structures, these requirements cannot be met, as FRP materials are, unless explicitly 

demonstrated as per FTP Code, considered as combustible materials. 

FRP materials have thermal properties completely different from steel. Indeed, they are 

considered as very good insulators compared to steel. However, they lose their mechanical 

properties at temperatures lower than the insulation criterion of “A” or “B” class fire divisions, 

between 50°C and 100°C in general. That means that the purpose of the insulation for steel 

structures is completely different from FRP structures. In the case of steel, the insulation is needed 

not to reach the temperature rise criteria on the unexposed face; in case of FRP structures, 

insulation is needed not to reach a temperature rise leading to the loss of mechanical properties 

of the material, and this is available not only for the unexposed face of the structure, but also for 

the exposed face. 

Consequently, the fire rating “A” or “B” for steel structures cannot apply to FRP structures, as the 

expectations behind the requirements are different. Therefore, it is needed to consider a new 

notation to qualify the fire rating of decks and bulkheads built in FRP materials, the “REI” notation, 

where R stands for load bearing capacity, E stands for structural integrity and I for insulation. 

Thanks to this new fire rating notation for FRP structures may be considered. New requirements 

regarding the insulation of FRP structures are proposed in this document as well as in the other 

deliverables in FIBRESHIP project (e.g. Work Package 4, deliverable 4.5 [6]). 

The risk to life during evacuation due to smoke and toxic gases is also considered in this document, 

where threshold values for numerous toxic gases, as well as a methodology to assess this risk is 

proposed. 

 

 PERFORMANCE CRITERIA 

5.2.1. Acceptance criteria for fire resistance 

The proposed and analysed in FIBRESHIP project approach, named “local equivalence”, is dealing 

with the fire safety at a local level, i.e. a space level. It is mainly based on the fire ratings of the fire 

divisions. 

‒ The fire rating “A” or “B” for steel structures cannot apply to FRP structures, as the 

expectations behind the requirements are different. Therefore, it is needed to consider 

a new notation to qualify the fire rating of decks and bulkheads built in FRP materials. If 

a new notation is needed for FRP structures, it does not mean that the requirements are 

different. Indeed, it is still expected for FRP structures to:  
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‒ Keep their load-bearing capacities after a standard fire test duration; 

‒ Keep their structural integrity to avoid passage of flame and/or smoke after a standard 

fire test duration; and 

‒ Provide a sufficient level of insulation to avoid the propagation of fire by heat transfer 

after a standard fire test duration.  

Then, to qualify such fire divisions for FRP structures, it is recommended to refer to the European 

Fire Classification system -REI-, regarding the fire resistance. The qualification criteria used are the 

following one: 

‒ R: load bearing capacity; 

‒ E: integrity; and 

‒ I:  insulation. 

R R R R is related to the capacity of the FRP structure to keep its mechanical properties and load bearing 

capacities, for the expected duration of a standard fire test (60 min or 30 min for example in 

current FTP requirements).  

E E E E is related to the capacity of the FRP structure to keep its structural integrity in order to avoid the 

propagation of flame and smoke on the unexposed side of the fire for the expected duration of a 

standard fire test.  

And  

I I I I is related to the capacity of the FRP structure to avoid the propagation of the fire by heat transfer 

on the unexposed side of the fire, for the expected duration of a standard fire test. 

Finally, when considering a FRP structure, the proposed “REI” notation (suggested to be 

considered as a new Class notation) is to be used to qualify a FRP fire division. 

 

5.2.2. Standards for fire protection effectiveness (local 

equivalence) 

This section aims at developing new requirements for decks and bulkheads regarding the fire 

safety objective of SOLAS Reg. 2.1.1 “Contain, control and suppress fire and explosion in the 

compartment of origin”, and the related functional requirements “Division of the ship into main 

vertical and horizontal zones by thermal and structural boundaries”, “separation of 

accommodation spaces from the remainder of the ship by thermal and structural boundaries”, 

“containment and extinction of any fire in the space of origin”, and “protection of means of escape 

and access for firefighting”. The local equivalence is related to containment. 

 

 Classification of space use 

The spaces are classified according to their fire risk, but also with regards to their vulnerability in 

case of emergency (to be protected or to be evacuated). 

With regards to FRP structures, a similar classification should be taken into account and is 

proposed below for all types of spaces encountered on board SOLAS vessels. This classification will 
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be used to determine the appropriate fire integrity standards to be applied to boundaries between 

adjacent spaces. Such spaces are classified firstly regarding their vulnerability in case of 

emergency, and secondly according to their fire risk. 

(A) Control stations(A) Control stations(A) Control stations(A) Control stations    

• Spaces containing emergency sources of power and lighting  

• Wheelhouse and chartroom 

• Spaces containing the ship’s radio equipment  

• Fire control stations 

• Control room for propulsion machinery when located outside the propulsion machinery 

space  

• Spaces containing centralized fire alarm equipment 

• Spaces containing centralized emergency public address system stations and equipment 

(B) Stairways(B) Stairways(B) Stairways(B) Stairways    

• Interior stairways,  

• lifts,  

• totally enclosed emergency escape trunks, and escalators (other than those wholly 

contained within the machinery spaces) for passengers and crew and enclosures thereto 

(C) Corridors(C) Corridors(C) Corridors(C) Corridors    

• Passengers and/or crew corridors and lobbies  

(D) Evacuation(D) Evacuation(D) Evacuation(D) Evacuation    stations and external escape routes stations and external escape routes stations and external escape routes stations and external escape routes     

• Survival craft stowage area 

• Open deck spaces and enclosed promenades forming lifeboat and liferaft embarkation and 

lowering stations 

• Assembly stations, internal and external 

• External stairs and open decks used for escape routes 

• The ship’s side to the waterline in the lightest seagoing condition, superstructure and 

deckhouse sides situated below and adjacent to the liferaft and evacuation slide 

embarkation areas 

    (E) Open decks(E) Open decks(E) Open decks(E) Open decks    

• Open deck spaces and enclosed promenades clear of lifeboat and liferaft embarkation and 

lowering stations. To be considered in this category, enclosed promenades shall have no 

significant fire risk, meaning that furnishings shall be restricted to deck furniture. In 

addition, such spaces shall be naturally ventilated by permanent openings. 

•  Air spaces (outside superstructures and deckhouse) 

(F) Sanitary and similar spaces(F) Sanitary and similar spaces(F) Sanitary and similar spaces(F) Sanitary and similar spaces    

• Communal sanitary facilities, showers, baths, water closets, etc. Small laundry rooms 

• Indoor swimming pool area 

• Isolated pantries containing no cooking appliances in accommodation spaces 
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• Private sanitary facilities shall be considered a portion of the space in which they are 

located 

(G)    Tanks or voids(G)    Tanks or voids(G)    Tanks or voids(G)    Tanks or voids    

• Water tanks forming part of the ship’s structure Voids and cofferdams 

(H)    Areas of minor fire risk (i.e. accommodation and service spaces of minor fire risk, including (H)    Areas of minor fire risk (i.e. accommodation and service spaces of minor fire risk, including (H)    Areas of minor fire risk (i.e. accommodation and service spaces of minor fire risk, including (H)    Areas of minor fire risk (i.e. accommodation and service spaces of minor fire risk, including 

machinery spaces having little fire risk)machinery spaces having little fire risk)machinery spaces having little fire risk)machinery spaces having little fire risk)    

• Service spaces of minor fire risk 

• Lockers and storerooms not having provisions for the storage of flammable liquids and 

having areas less than 4 m² and small drying rooms and laundries 

• Auxiliary machinery spaces which do not contain machinery having a pressure 

blurbification system and where storage of flammable combustible is prohibited 

• Closed trunk serving the spaces listed above Other closed trunks such as pipe and cable 

trunks Accommodation spaces of minor fire risk 

• Cabins containing furniture and furnishings of restricted fire risk 

• Offices and dispensaries containing furniture and furnishings of restricted fire risk 

• Public spaces containing furniture and furnishings of restricted fire risk and having a deck 

area of less than 50 m²  

(I)  Areas of moderate fire risk (i.e. accommodation and service spaces of moderate fire risk)(I)  Areas of moderate fire risk (i.e. accommodation and service spaces of moderate fire risk)(I)  Areas of moderate fire risk (i.e. accommodation and service spaces of moderate fire risk)(I)  Areas of moderate fire risk (i.e. accommodation and service spaces of moderate fire risk)    

• Service spaces of moderate fire risk 

o Main pantries not annexed to galleys  

o Main laundry 

• Large drying rooms (having a deck area of more than 4 m²) 

• Miscellaneous stores  

• Mail and baggage rooms  

• Garbage rooms 

• Workshops (not part of machinery spaces, galleys, etc.) 

• Lockers and storerooms having areas greater than 4 m², other than those spaces that have 

provisions for the storage of flammable liquids and listed in category (J) 

• Accommodation spaces of moderate fire risk 

• Spaces as in category (H) above but containing furniture and furnishings if other than 

restricted fire risk 

• Public spaces containing furniture and furnishings of restricted fire risk and having a deck 

area of 50 m² or more 

• Isolated lockers and small storerooms in accommodation spaces having areas less than 4 

m² (in which flammable liquids are not stowed) 

• Motion picture projection and film stowage rooms.  

• Diet kitchens (containing no open flame)  

• Cleaning gear lockers (in which flammable liquids are not stowed) 
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• Laboratories (in which flammable liquids are not stowed) Pharmacies 

• Small drying rooms (having a deck area of 4 m² or less)  

• Specie rooms 

• Operating rooms 

(J)  Areas of high fire risk (i.e. accommodation and service spaces of high fire risk) (J)  Areas of high fire risk (i.e. accommodation and service spaces of high fire risk) (J)  Areas of high fire risk (i.e. accommodation and service spaces of high fire risk) (J)  Areas of high fire risk (i.e. accommodation and service spaces of high fire risk)     

• Service spaces 

o Paint lockers 

o Storerooms containing flammable liquids (including dyes, medicines, etc.)  

o Laboratories (in which flammable liquids are stowed) 

• Pantries containing cooking appliances, lockers and store-rooms having areas of 4 m² or 

more  

• Main galleys and annexes 

• Trunks and casings to the spaces listed above  

• Accommodation spaces 

• Public spaces containing furniture and furnishing of other than restricted fire risk and 

having a deck area of 50 m² and more 

• Barber shops and beauty parlours  

• Saunas 

• Sale shops 

(K) Machinery space(K) Machinery space(K) Machinery space(K) Machinery spacessss    

• Main propulsion machinery rooms (other than electric propulsion motor rooms) and boiler 

rooms 

• Auxiliary machinery spaces other than those in categories (H) and (L), which contain 

internal combustion machinery or other oil-burning, heating or pumping units 

• Trunks and casings to the spaces listed above 

(L) Auxiliary machinery spaces(L) Auxiliary machinery spaces(L) Auxiliary machinery spaces(L) Auxiliary machinery spaces    

• Oil fuel tanks (where installed in a separate space with no machinery)  

• Shaft alleys and pipe tunnels allowing storage of combustible 

• Auxiliary machinery spaces as in category (H) which contain machinery having a pressure 

lubrication system or where storage of combustible is permitted 

• Oil fuel stations 

• Spaces containing oil-filled electrical transformers (above 10 kVA) 

• Spaces containing turbine and reciprocating steam engine driven auxiliary generators and 

small internal combustion engines of power output up to 100 kW driving generators, 

sprinkler, drencher or fire pumps, bilge pumps, etc. 

• Closed trunks serving the spaces listed above Electrical equipment rooms 

• Electrical equipment rooms 

(M) Special category and ro(M) Special category and ro(M) Special category and ro(M) Special category and ro----ro spacesro spacesro spacesro spaces    

• Spaces as defined in SOLAS Chapter II-2, Regulation 3.41 and 3.46 
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(N) Cargo spaces(N) Cargo spaces(N) Cargo spaces(N) Cargo spaces    

• Cargo oil tanks 

• Cargo holds, trunkways and hatchways  

• Refrigerated chambers 

• All spaces used for cargo other than spaces of category (M) 

 

 Structural fire protection times / REI requirements 

Figure 3 shall apply to bulkheads not bounding either main vertical zones or horizontal zones. 

In Figure 3 

• “60” stands for “REI-60” class division; 

• “30” stands for “REI-30” class division; and 

• “FRM” means that the division between the space on fire and the corresponding adjacent 

space shall be constructed of Fire Restricting Materials, as per FTP Code Part 10, annex 1 

(installed on fire side). 

It should be noted that any REI division should satisfy FRM requirements in internal spaces. 

It should also be noted that spaces in which the risk of fire originating is negligible (for example 

void spaces, cofferdam, etc.) may be treated separately, through local risk analysis, e.g. as per 

instrument used for Safe Return to Port vessels (IMO MSC.1/Circ. 1369, Interpretation 8).  

 

 
Figure 3: Bulkheads not bounding either main vertical zones or horizontal zones 

 

Figure 3 should be read as follows: 

Considering a fire in a space of Category A (i.e. control station), adjacent to a space of Category J 

(i.e. area of high fire risk), on the fire side, the bulkhead should be “REI-30”. However, if the fire is 
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in the space of Category J and the adjacent space is of Category A, then on the fire side, the 

bulkhead should be “REI-60”. 

The hull, superstructure and deckhouses shall be subdivided into main vertical zones by « REI- 180 

» class divisions. Structures participating to the longitudinal strength of the ship and to its 

floatability shall also satisfy “REI-180” class requirements. This is to be in line with Safe Return to 

Port requirements. 

Decks should satisfy “REI-60” requirements, with the insulation material located on the lower side 

of the FRP structure and: 

• FRM requirements on the upper side of the deck if it is internal deck; or 

• LFS (Low Flame Spread, as per FTP Code Part 5) requirement on the upper side of the deck 

if it is external deck. 

In addition to the above requirements, any load-bearing structure, such as, but not limited to, 

pillars, must be subjected to a fire risk analysis in order to determine their appropriate REI class, 

otherwise “REI-180” is required. 

It should be noted that REI requirements may be achieved by considering passive fire protection, 

but also possibly active fire protection. This should however be explicitly demonstrated. 

 

 Fire tests 

• General requirements for REI fire tests 

General provisions as recommended in FTP Code Part 11. In addition, the worst-case configuration 

should be considered. Therefore, during REI fire tests, the FRP structure should be insulated on 

both sides (i.e. fire side and unexposed side), symmetrically. 

• Performance criteria for REI fire tests 

As recommended in other regulations (HSC Code, BV NR 500, BV NR 566, etc.), the Heat Deflection 

Temperature (HDT) should be identified as the temperature performance criteria to pass REI fire 

tests. To pass the REI fire test, none of the thermocouples installed on the division should reach 

the FRP HDT. 

Cracks and gaps should also be looked at in order to satisfy FTP Code Part 3 requirements. 

Performance criteria for load bearing ability should be in accordance with FTP Code Part 11. 

• Loading conditions for REI fire tests 

When performing REI fire tests, the structure (deck or bulkhead) should be loaded in accordance 

to its design load. 

• Measurements during REI fire tests 

In addition to general provisions as recommended in FTP Code Part 11, thermocouples should be 

installed at the interfaces between the FRP division and the insulation, on the exposed side of the 

fire as well as on the unexposed side. These thermocouples should satisfy the performance criteria 

listed above in order to pass the test. 

• Other requirements for REI fire tests 

General provisions as recommended in FTP Code Part 11. Duration of the test should be 30 

minutes, 60 minutes or 180 minutes, respectively to satisfy respectively “REI-30, “REI-60” or “REI- 

180” requirements. 
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Attention should be paid on the thermal insulation fixations, to avoid thermal bridges that could 

deteriorate the FRP material, or that could lead to the loss of the fixation itself, leading to a 

collapse of the thermal insulation material. 

 

5.2.3. Life safety criteria for fire safety 

When evaluating the safety of life in case of fire involving FRP materials, smoke and toxic gases 

produced should be looked at with care. 

As recommended by MSC.1/Circ. 1574, section D.6, smoke and toxicology measurements should 

be evaluated as per FTP Code Annex 1 Part 2 on “Smoke and toxicity test”. In this test, the following 

gas concentrations are evaluated: 

• Carbon monoxide CO; 

• Hydrogen cyanide HCN; 

• Hydrogen chloride HCl; 

• Hydrogen bromide HBr; 

• Hydrogen fluoride HF; 

• Sulphur dioxide SO2; and 

• Nitrogen oxides NOx (especially nitric oxide NO and nitrogen dioxide NO2). 

Additionally, the following one should also be considered: 

• Acrolein C3H4O; and 

• Formaldehyde CH2O. 

CO and HCN are the main asphyxiant gases encountered during fires, whereas HCl, HBr, HF, SO2, 

NOx, acrolein and formaldehyde are part of irritant gases. 

These toxic gases represent the minimum to be evaluated when characterizing the toxicity of FRP 

materials. This list is non-exhaustive and should be reconsidered whenever necessary. 

Due to the complexity of the effects of irritant gases notably on persons when evacuating, when 

assessing the safety of life in case of fire involving FRP materials, a Fractional Effective Dose (FED) 

calculation should be performed in accordance with ISO 13571:2012. As a consequence, relevant 

and approved numerical tools for such assessment should be used. 
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6.6.6.6. MATERIALS ASSESSMENTMATERIALS ASSESSMENTMATERIALS ASSESSMENTMATERIALS ASSESSMENT    

 INTRODUCTION 

Selection of potential candidate materials that could ultimately be used in the fabrication of large 

length composite ships should be addressed at the onset of any project. However, there are 

numerous resin systems and fibre reinforcement currently available. Large number of these 

materials are approved by the major classification societies; therefore; in order to down-select 

potential candidate materials (laminating resin and fibre reinforcements). 

Standardisation bodies such as ISO, DIN, ASTM, etc. have standards for assessment of resins, fibre 

reinforcements and core materials. However, all Classification Societies have rule sets for 

certification of resin, fibre reinforcements, core materials and associated materials, and these 

were used as basis for establishing relevant screening tests for potential candidate materials. 

As part of the guidelines, the following sections gives an overview screening and selection of resins 

and fibre reinforcements that could be used in the construction of large length composite vessels. 

 

 RAW MATERIAL SELECTION 

All major Class Societies have rule requirements governing approval and certification of materials 

used in constructions built under Survey. Each Classification Society has their own unique rule set 

for approving materials, but essentially the approval is a two-step process: 

1) Audit of the site where the materials are manufactured to verify QA (quality assurance) 

and QC (quality control) procedures for the material in question 

2) Sampling of relevant material from a batch manufactured in production for approval 

testing. The testing would be conducted as per relevant Class rule requirements and would 

be undertaken by: 

a) The client provided they have suitable test facilities and qualified personnel to 

undertake the testing or any suitable independent test laboratory, but in both case the 

testing may need to be Surveyor witnessed 

b) Testing can be undertaken by a test laboratory that has accreditation from a national 

body for the specified tests, in this case the testing would not need to be Surveyor 

witnessed 

However, before any material evaluation, there needs to be some rationale for selecting materials, 

in-particular laminating resins and fibre reinforcements for further evaluation. 

 

 SELECTION CRITERIA FOR LAMINATING RESINS 

Only off-the-shelf candidate laminating resin shall be considered for selection. Resins systems that 

are still in the development stage or not fully productionised are excluded. The suggested criteria 

applied for the initial selection of laminating resin for further evalutaion is as follows: 

- TRL level of materials (TRL 7 is targeted by FIBRESHIP) 

- compatibility of materials with current and future shipyard manufacturing techniques 



   D4.7 - Project Guidance Notes 

 Page 37 of 74 

- density 

- fire resistance 

- mechanical performance 

- durability 

- resistance to local environment (e.g. moisture) 

- recyclability 

- availability and cost 

- Strain at break 

Although the above selection criteria are aimed at resins suited to liquid resin infusion processing; 

the criteria could also apply to other materials types such as those used in automated tape 

placement and vacuum forming prepregs. However; in addition to the above criteria, the following 

should also be considered when considering selection of a laminating resin: 

a) Manufacturer’s current trade literature referring to the resin is to be forwarded for review  

b) Quality control/quality assurance procedures put in place by the resin manufacture and 

verification of adherence to the measures put in place i.e. quality control testing, control 

of raw, procedures for quarantining materials, calibration certification for test machines, 

personal training records etc. 

 

 SELECTION CRITERIA FOR FIBRE REINFORCEMENTS  

Due to lower cost, storage life and drapability dry fibre reinforcements are prefered to prepreg 

materials. The reinforcements are supplied in many different dry fibre architectures (woven, 

braided, NCF, knitted). However, proposed fibre reinforcement of choice is non-crimped fabric 

(NCF). The reason for selecting NCF over other traditional fibre reinforcement such as woven 

rovings is: 

- High in-plane structural performance 

- Architecture is relevant to current composite manufacturing processes used in the 

shipyards 

- NCF allows high deposition rate 

- Manual or automated handling is possible 

- Numerous suppliers on the market  

 

 RESIN CHARCACTERISATION 

In order to characteise baseline mechcanical properties of the seleceted resin a composite panel 

needs to be fabricated. The test panel shall be fabricated using  selected resin and suitable 

(baseline) glass fibre reinforcement. 

As part of the fabrication process manufactures recommendation regarding 

resin/catalyst/accelerator and hardener mix ratios must be followed 
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Test panels should be manufactured using vacuum infusion technique using a suitable moulding 

tool .i.e. glass or aluminium to allow infusion process to be conducted at room or elevated 

temperature. 

Typically, the test laminate should consist of four (4) plies of seleceted glass fibre reinforcement 

(approximately 350 mm x 500 mm) layed up in a UD / symmetric tacking sequence to achieve a 

nominal (cured) target laminate thickness of 3 mm 

After the laminate is fully cured, the relevant test coupouns are to be extratced using either a 

water cooled diamond coated rotating disc cutter or by water jet cutting 

Proposed characterisation tests are given below in Table 3. In all cases, a minimum of five samples 

should be taken for each test. 

 

TESTTESTTESTTEST    STANDARDSTANDARDSTANDARDSTANDARD    PROPERTIESPROPERTIESPROPERTIESPROPERTIES    
SAMPLE SIZESAMPLE SIZESAMPLE SIZESAMPLE SIZE    

(nominal)(nominal)(nominal)(nominal)    
LAYLAYLAYLAY----UPUPUPUP    

NO. OF SAMPLESNO. OF SAMPLESNO. OF SAMPLESNO. OF SAMPLES    

DRYDRYDRYDRY    WETWETWETWET    

Short beam shear ISO 14130 
Apparent interlaminar 

shear strength 

30 mm X 

15 mm X 3 mm 
[0o]2S 5 5 

Flexure 

3 point bend 
ISO 14125 

Flexural strength flexural 

modulus 

80 mm X 

15 mm X 3 mm 
[0o]2S 5 5 

Fibre volume 

fraction 

ISO 14127 

astm d3171 
Constituent content 

20 mm X 

20 mm X 3 mm 
[0o]2S 5 N/A 

Specific gravity by 

displacement 
ASTM d792-08 Density 

25 mm X 

12 mm X 3 mm 
[0o]2S 5 N/A 

Table 3: Mechanical and physical tests evaluation of laminating resin 

 

Short beam shear test 

Short-span three-point bend tests should be conducted under quasi-static loading conditions with 

a nominal span length of 15 mm and testing speed of 1 mm/min. The upper roller diameter should 

be 10 mm and the lower roller diameter should be 4mm. The apparent interlaminar shear strength 

in the longitudinal direction (0o) to be reported for sample tested dry (ambient condition) and 

after ageing in distilled water at 35oC for 28 days 

Flexure test 

Three-point bend tests to be performed under quasi-static loading conditions. Samples should be 

dried for 4 hours at 45 °C prior to testing. Nominal span length of 60 mm  shall be used. Proposed 

diameters of upper and lower roller shall be 10mm and 4mm respectievly and samples tested at  

1 mm/min. Sample dimensions are given in Table 4. Flexural strength and flexural stiffness shall 

be determined in the longitudinal direction (0°) to be reported for sample tested dry (ambient 

condition) and after ageing in distilled water at 35oC for 28 days   

Fibre Content 

Fibre content shall be determined using a resin burn-off method. The mass of the test sample shall 

be recorded before and after placing in a crucible in a furnace at 550°C for two hours. This method 

removes the matrix and leaves behind only the dry fibres. However, if this method is found to be 

not suitable .e.g in the case of charring, thickness measurements could be used as an alternative 

to determine the fibre volume fraction. 
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Density 

Density should be determined using the water displacement method. The specimen shall be hung 

from a support and its apparent mass, when immersed in de-ionised water at 23°±2°C, recorded. 

Knowing the dry mass of the specimen and the apparent mass of the support, the density of the 

specimen can be calculated. However, if this method is found to be not suitable, e.g. the specimen 

is too light, mass and volume measurements could be used to calculate the apparent density value. 

 

 FIBRE REINFORCEMENT CHARACTERISATION 

Fibre reinforcement characterisation and down-selection is a two stage process. 

 

6.6.1. Stage 1: fibre reinforcement characterisation 

Laminate panel shall be fabricated using the selected fibre reinforcement and down-selected resin 

from section 4.3 and also following the same laminate fabrication process. The screening tests to 

determine mechanical properties of cast laminate panel are are given in table 2 below. 

TESTTESTTESTTEST    STANDARDSTANDARDSTANDARDSTANDARD    PROPERTIESPROPERTIESPROPERTIESPROPERTIES    
SAMPLE SIZESAMPLE SIZESAMPLE SIZESAMPLE SIZE    

(Nominal)(Nominal)(Nominal)(Nominal)    
LayLayLayLay----upupupup    

NO. OF SAMPLESNO. OF SAMPLESNO. OF SAMPLESNO. OF SAMPLES    

DryDryDryDry    WetWetWetWet    

Short beam shear ISO 14130 
Apparent interlaminar 

shear strength 

30 mm X 

15 mm X 3 mm 
[0o]2S 5 5 

Flexure 

3 point bend 
ISO 14125 

Flexural strength flexural 

modulus 

80 mm X 

15 mm X 3 mm 
[0o]2S 5 5 

Fibre volume 

fraction 

ISO 14127 

ASTM D 3171 

Constituent 

Content 

20 mm X 

20 mm X 3 mm 
[0o]2S 5 5 

Specific gravity by 

displacement 
ASTM D 792-08 Density 

25 mm X 

12 mm X 3 mm 
[0o]2S 5 5 

Table 4: Mechanical and physical evaluation for fibre reinforcement screening 

 

6.6.2. Stage 2:  fibre reinforcement charaterisation 

Fibre reinforcements meeting minimum requirements are further evaluated under stage 2 for 

further down selection based on the tests outlined in table 3 below. 

PANELPANELPANELPANEL    TEST STANDARDSTEST STANDARDSTEST STANDARDSTEST STANDARDS    LAYLAYLAYLAY----UPUPUPUP    TARGETTARGETTARGETTARGET    THICKNESSTHICKNESSTHICKNESSTHICKNESS    ORIENTATIONORIENTATIONORIENTATIONORIENTATION    

Monolithic 

Tensile test: ISO 527 [0o]2S 3 mm Longitudinal (0°), Transverse (90°) 

Flexure test: ISO14125 

 
[0o]2S 3 mm Longitudinal (0°), Transverse (90°) 

Fatigue test: ADTM 3479 [0o]2S 
300mm x 25mm x 3 

mm 
Longitudinal (0o) 

Table 5: Mechanical tests on down-selected fibre reinforcement 

    

Tensile test Tensile test Tensile test Tensile test     

a) The test samples should be dried for 4 hours at 45oC prior to testing. 

b) Nominal test sample dimension typically 300mm x 25mm x 3mm, and tested at 6mm/min 
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c) Tensile modulus shall be determined by loading samples to 60% of failure, and longitudinal 

deformation shall be measured using an extensometer with a 50mm gauge length.  

d) Sample should then be unloaded, extensometer removed, and loading continued until 

sample failure. Tensile stiffness and strength shall be measured in both the longitudinal 

and traverse fibre direction 

 

Flexure testFlexure testFlexure testFlexure test    

a) Test shall be performed under quasi-static loading conditions 

b) Test samples should be dried for 4 hours at 45oC prior to testing 

c) Nominal span length 80mm shall be used. Proposed diameters of upper and lower roller 

shall be 10mm and 4mm respectively  

d) Nominal test sample dimension 200mm x 35 mm and a target thickness of 3mm.  

e) A pre-load of 20N to be applied initially and sample tested at 1mm/min. 

f) Flexural strength and stiffness in both the longitudinal and traverse direction shall be 

reported  

 

Fatigue testFatigue testFatigue testFatigue test    

The following should be considered when fatigue analysis is required by Class:  

a) Fatigue assessment to be undertaken in accordance with ASTM D3479 

b) At least 3 R-Ratio’s are to be tested to characterise the material sensitivity to loading ratio, 

the following R ratio’s are recommended: 

R= 0.1 

R= -1 

R= 10 

c) Test frequency of 4Hz can be used for general case 

d) Minimum number of 6 samples to be tested to generate on S-N curve at one R ratio, on 

preliminary/exploratory approach  

e) Three stress ranges should be investigated. The stress range to be calculated by taking the 

cyclic maximum load (Pmax) to be either 60%, 50%, and 40% (as a recommendation) of the 

ultimate failure load. In any case the level of cycling should not exceed the linear elastic 

limit of the material 

f) All tests to be performed under ambient conditions (room temperature approximately 

20oC, atmospheric pressure and relative humidity of 55%) 

Fatigue SN curves are to be considered for longitudinal and traverse fibre direction. Care is to be 

taken to characterise the matrix failure or fibre-matrix interface failure rather than characterising 

the failure of the sample. In the case of traverse fibre direction, once the matrix has failed, the 

stitched plies can still withstand load with reduced stiffness and enable the test to run for a much 

greater number of cycles prior to failure. Acoustic emission assessment could be adopted to locate 

matrix failure during the testing.  
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 MATERIAL SELECTION – PHASE 2: SANDWICH PANEL EVALUATION 

The fabrication of test sandwich panels is outlined in Fibreship deliverable D21 and the following 

testing shall be undertaken: 

a) Static 3-point flexure strength and modulus in accordance with ISO 14125 

b) Fatigue assessment to be undertaken in accordance with ASTM D3479 

c) R-Ratio of 0.5 selected for all tests, and test frequency of 4 Hz 

d) Two stress ranges should be investigated. The stress range to be calculated by taking the 

cyclic maximum load (Pmax) to be either 60% or 40% of the ultimate failure load 

e) Minimum number of 6 samples to be tested to generate an S-N curve 

f) All tests to be performed under ambient conditions (room temperature approximately 

20oC, atmospheric pressure and relative humidity of 55%) 

 

 FIRE PERFORMANCE CHARACTERISATION OF RESINS 

A two phased approach shall be taken to characterize the fire performance of fibre reinforced 

polymer materials. Under phase 1 screening tests to select potential candidate material shall be 

undertaken, while under phase 2 the fire performance characteristic of the down-selected 

material shall be further evaluated   

Full details regarding sample preparation and conditioning is outlined in deliverable D2.4 - Report 

and database on the results of the fore performance experiments 

Proposed test methods for characterising fire performance of neat resin and cast laminate is given 

in Table 6 below: 

 

TESTTESTTESTTEST    METHODMETHODMETHODMETHOD    PHASEPHASEPHASEPHASE    OUTCOMEOUTCOMEOUTCOMEOUTCOME    

Cone calorimeter 1 & 2 
time to ignition, heat release and smoke production data per unit area, 

mass loss 

TGA 1 mass loss as a function of temperature 

MCC 2 heat release as a function of temperature 

DMTA 2 
temperature dependency of key mechanical properties (storage modulus, 

loss modulus), glass transition temperature 

DSC 2 specific heat capacity 

TPS 2 thermal conductivity 

Table 6: Test methods and their outcome 
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 FABRICATION TECHNIQUES 

6.9.1. Vacuum infusion 

Also termed liquid resin injection, resin transfer moulding etc is a closed mould process, 

typically utilising only atmospheric pressure/vacuum to infuse and consolidate dry fibre 

reinforcement stack contained with the closed mould. The mould can be single sided with a 

bagging film acting as the second mould face or a solid two side mould. There are only three 

variables affecting the resin flow during the infusion: 

‒ Permeability of the laminate 

‒ Viscosity of the resin 

‒ Pressure differential in the cavity in relation to atmospheric pressure 

Provide all three variables remain unchanged then the infusion process will proceed in the same 

manner with every injection for a given component, with very low void content 

Main considerations 

a) Any damage to the mould surface should be rectified 

b) Suitable release agent/covering should be applied to the mould  

c) Geltime tests should be conducted on the resin to gauge working of the resin mix used 

for infusion 

d) Ensure resin in-let and out-let are positioned correctly to ensure the resin does not lock-

off during infusion 

e) A vacuum drop testing should be carried out once the dry fibre stack has been layed up 

in the mould and place under vacuum. Typically, an acceptable level of drop would be 

below 0.1 bar over a 15-minute period, but this will vary depending on the size of the 

mould. 

 

6.9.2. Hand lay-up 

This method is typically applied to open mould and suitable for fabricating very small to very 

large parts; however, production rate is low and much higher void content, which makes 

ultrasonic inspection problematic. Also, since this is an open mould, the operator may be 

exposed to resin volatile organic compounds hence potential health and safety issues. Main 

advantage over techniques such as vacuum infusion is that this is a simple process with low 

tooling costs; however skilled operators need to be employed. 

 

6.9.3. Pultrusion 

Essentially continuous fibre reinforcement fibres, mat, or cloth is impregnated with resin and 

pulled through a steel die, which consolidates the resin saturated reinforcement, sets the shape 

of the final component and also controls the fibre/resin ratio.  

Although tooling cost are high, the fabricated parts are produced to a high tolerance with little 

or no post machining being required. 
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7.7.7.7. CONCONCONCONCLUSIONSCLUSIONSCLUSIONSCLUSIONS    

This document presents project guidance notes, primarily covering; structural design, fire safety 

and raw material selection and assessment for use in fabrication of large length composite vessels. 

For structural assessment a design flow has been drawn up which will assist designers and yards 

to design, assess and build structure of large composite ships. Information is used from existing 

sources such as IACS and classification societies and new procedures are developed based on test 

data and sample calculations from the FIBRESHIP project. 

The structural analysis looks at material properties to be used in design, global assessment of the 

hull girder and local assessment of elements.  Load descriptions have been drawn up which draw 

existing information.  New factors are devised to ensure the design is carried out with suitable 

margins.  

Further investigation on fatigue acceptance criteria is to be done based on test data and through 

analysis of damage cases of existing large composite structures. 

In the design spiral, design and construction details will become important as the design is 

refined.  Further guidance is to be developed for designers to ensure the design details are fulfilling 

the requirements of large length vessels in composite with a 25 year design life. 

Equipment fittings and provisions are also to be looked at to see what changes are to be expected 

when compared to steel ships 

Operational procedures are to be investigated in so far as they are likely to be different from 

operational procedures for steel ships. 

Regarding the fire safety, a comprehensive understanding of the current expectations on steel 

structures has led to the definition of a new fire rating notation for FRP divisions, as the expectations 

regarding the fire safety are different for FRP structures from steel structures. In parallel, there was a 

need to define a new classification of space use for FRP vessels, to avoid any misunderstanding with 

current steel rules. Thanks to this, a proposal of new structural fire protection requirements for FRP 

structures has been presented. This local equivalence provides stringent requirements regarding the 

classification of bulkheads and decks entirely built in FRP materials but is also at the same time quite 

close from what is expected in steel ships. It should be followed as much as possible when building 

FRP vessels. However, in order for a vessel to present level of safety at least “as safe as” an equivalent 

steel vessel, philosophy of global equivalence needs to be assessed as well as the influence of all safety 

systems on overall fire safety. 

Criteria for selection of potential candidate raw materials that could ultimately be used in the 

fabrciation of large length composite ships has been addressed in this document, detailing criteria 

for initial selection of laminating resins and fibre reinforcements and fabrication that should be 

adopted for when manufacturing test laminates and mechanical tests for down selection of 

candiate resins and fibre reinforcements. Also addressed here is the fire performance of resins 

and laminates, which could be the basis of future selection criteria for resins and composite 

laminates. 
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ANNEXANNEXANNEXANNEX    ----    CCCCASE STUDIESASE STUDIESASE STUDIESASE STUDIES        

Development of representative large length vessels using Composite materialsDevelopment of representative large length vessels using Composite materialsDevelopment of representative large length vessels using Composite materialsDevelopment of representative large length vessels using Composite materials    

Task 4.1 of FIBRESHIP is aimed at demonstrating the feasibility of building a variety of large length 

vessels using exclusively composite materials. 

Composite materials are lighter and more flexible than steel and may have critical performances 

in fire conditions; therefore, the design process is to include the structural and fire behaviour. 

The composite material properties (both structural and thermal) analysed in FIBRESHIP WP2, the 

new numerical tools developed in WP3 and the joining techniques studied in WP5 are the basis in 

the FRP design process.  

Deliverables D4.1, D4.2 and D4.3 in Task 4.1 present the results of the design assessment of three 

representative large length vessels, in compliance with the design guidelines developed in WP4 

for the certification and approval of the FRP design. 

 

Sub-Task 4.1.1 - design of a container ship [3] 

Sub-Task 4.1.2 - design of a ro-pax [4] 

Sub-Task 4.1.3 - design of a fishing research vessel [5]. 
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CATEGORY I- LIGHTWEIGHT COMMERCIAL VESSEL (CONTAINERSHIP)   

Introduction 

One of the main objectives of the FIBRESHIP project is the reduction of the structural weight, by a widespread use of 

composite materials. 

In the case of the container ship, such a weight reduction can be used either to increase the cargo capacity or to 

decrease GHG emissions by reducing its drag. 

Due to the increasing demand for the transport of goods, the fleet, the size of the vessels and their cargo capacity has 

grown continuously over the past decades, therefore FRP container vessels clearly become an interesting target for 

the maritime industry. Nevertheless, structural weight reduction may have an important impact in the structural 

behaviour and stability of such vessels, which are usually already at the limit of stability under certain loading 

conditions, even for steel ships. Hence, after assessing the new design and the new cargo distribution and capacity, 

an in-depth analysis of all loading conditions of the FRP ship is necessary. One of the main challenges of the FRP design 

is to assess the longitudinal deformation. Detailed finite element model (FEM) simulations were developed to obtain 

an accurate prediction of the actual deformation of the new design. 

As a representative example of this category, the Zim Luanda containership, owned by Danaos, is taken as parent 

vessel for the design of the corresponding FRP ship. This vessel is a 244.8 m length, 4253 TEUs, and is part of a 

relatively large series of optimized container ships. The design of the FRP ship retains the hull shape of the parent 

vessel, optimizing the FRP structure, minimizing the flexibility of the ship while maximizing the structural weight 

reduction (Deliverable D4.1) [3]. 

 

Considerations on the Design Assessment 

General overviewGeneral overviewGeneral overviewGeneral overview    

Deliverable D4.1 reports the design of a container vessel using fibre reinforced polymer (FRP) materials, based on the 

requirements specified by the FIBRESHIP’s partner Danaos. 

The focus of the work is the structural design of the FRP ship and the comparison of the structural performance of 

the new design against that of its parent steel ship. To this aim, extensive direct finite element simulations of both 

ships subjected to the action of real wave loads are addressed. 

The behaviour of the ships under fire conditions is of utmost importance. Consequently, the fire performance of both 

FRP and steel vessels was also analysed in various hypothetical fire scenarios. 

D4.1 has different parts; 

Part I - structural design and stability of the FRP ship, 

Part II - detail of the finite element analysis of the selected loading conditions 

Part III - numerical analysis of several fire scenarios and their comparison between the new FRP design and 

its corresponding steel parent vessel. 

 

The main challenge in the design of large vessels using reinforced polymer materials (the selected container ship is 

exceeding 250 m LOA) is to properly assess the longitudinal deformation of the vessel caused by a true sea state. A 

very detailed finite element model takes into account the dynamic wave pressure load corresponding to true sea 

states. The most unfavourable loading conditions of the container ship are analysed, modelling also the mass and 

inertia of the structures, ship equipment, and tanks. The results of these detailed finite element simulations give an 

accurate prediction of the longitudinal hull girder deformation and of the stress levels in the structure, with their time 

evolution during the dynamic process. 

The design of container vessels requires special attention to large angle of stability due to the high centre of gravity 

and their restricted beam (the reference ship has the restrictions of the old Panama Canal). The cargo, i.e. the 

containers, is modular which implies discrete increases in beam, depth or length. These aspects constrain the possible 

ship design options when adapting the maximum dimensions compared to the maximum container capacity. 

The structural weight of the FIBRESHIP container vessel represents only 16% of its displacement at maximum load 

condition, and the centre of gravity of the structure is lower than the centre of gravity of the vessel at maximum 

loading condition. Existing container vessels are highly optimized , so any innovation will be limited in any case. 

For all the above, restrained improvements are expected in the performance of the FIBRESHIP container vessel, 

whether it is greater container capacity, lower consumption, or higher speed. 
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The re-design of the container vessel in FIBRESHIP is focused on the definition of an FRP structure suitable for the 

actual container vessel market. The analysis included all calculations related to the usual design of a vessel, such as 

hull lines, general arrangement, structural drawings, weight booklet, container loading conditions, upright 

hydrostatics analysis, tank calibrations analysis, KN values analysis, limiting KG analysis, longitudinal strength analysis, 

large angle stability analysis, etc. 

A very detailed finite element model was used for the comparison between the FRP and the steel container vessels, 

in a true sea state. A significant result of this analysis is the demonstration that the stresses reached in the FRP-based 

design are much smaller than the stresses in the parent steel vessel, and in compliance with the admissible stresses 

set by the classification rules. The finite element analyses demonstrate that the failure index of the composite 

materials remains well within the safety limits even in the most critical conditions analysed in this work. Because of 

that, the comparison of the longitudinal deformation between steel and fibre polymeric reinforced material shows 

that the global flexibility of the ship may be the most limiting design factor. 

Main dimensionsMain dimensionsMain dimensionsMain dimensions    
- Length between perpendiculars 244.800 m 

- Beam (moulded) 32.250 m 

- Depth (moulded) 19.300 m 

- Design draft (moulded) 12.600 m 

- Scantling draft (moulded) 12.600 m 

Structural design and Structural design and Structural design and Structural design and stabilitystabilitystabilitystability    

Key aspects of a containership designKey aspects of a containership designKey aspects of a containership designKey aspects of a containership design    
In FIBRESHIP, the design of the FRP ship follows a conservative 

approach and retains the hull shape of the parent vessel. Although different arrangements may be considered, this 

decision is based upon key assumptions, valid for both FRP and steel containerships. 

• The most important feature of this type of vessels is the modular loads, affecting the initial dimensioning, with 

discrete values depending on the dimension of the containers, stowed in bays and rows under and above the 

main deck. The stability of the vessel and its hydrodynamic drag depend largely on them. The ballast is in the 

double side-shell and its width depends on the difference between the beam of containers in holds and those on 

deck. 

• After many years of research and much experience in real operation, a standard configuration for a container 

vessel is a hold composed by two intermediate holds with two 20-foot containers (TEU) in each. This can reduce 

the versatility of cargo, since longer holds would offer better options for loading, but the great advantage is a 

higher level of subdivision, necessary for damage stability. 

• The main dimensions of the vessel are selected considering the total carrying capacity, the limitation of the 

navigation channels, the length limitation for the minimum OPEX, the draft of the vessel in the ports of call, ship 

stability, etc. 

• The study of stability, both in large angle and static, is the second most relevant consideration in such designs. A 

container vessel, in maximum load condition, has only 25% lightweight. In addition, the centre of gravity of the 

containers is many meters above the total centre of gravity of the ship. Ballast tanks with enough volume are 

needed, as versatile as possible, to adjust the stability. 

• These vessels make long voyages and the high lateral tanks of the central double hull as well as the cofferdams 

between holds provide the fuel capacity. The fuel consumed during the voyage is to be compensated by ballast, 

which affects the load cases. A reduction of the volume of the ballast tanks in the hold area would probably 

require fully loaded ballast tanks in the aft peak and forepeak to get the proper immersion of the propeller, 

increasing the bending moment (hogging). 

• The visibility from the navigating bridge determines the maximum height of containers on deck, having to limit 

this or raise the deckhouse. The position of the superstructure along the length (fore, aft ends, amidships) is 

another basic design issue, determined not only by the visibility of the navigating bridge but also by the location 

of the main engine room, usually located under the deckhouse. Due to the current trend of electrification of 

propulsion systems, the position of the main engine room is not as relevant as the position of the main engine. 

These factors also influence the longitudinal load distribution. 
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• Usually, the two most critical load cases are full loaded and ballast conditions. Even in a fully loaded vessel, it may 

be necessary to have ballast to compensate the trim, without exceeding the maximum bending moment. The 

ballast load case is to consider other factors, such as the required immersion of the propeller, the minimum draft 

in the bow for seakeeping, the maximum bending moment for hogging. 

• The U-shaped structure of these vessels is a consequence of the large hold openings and small side tanks in the 

double hull. In the structural design, special attention is to be given to the scantling of the “torsion box” and the 

double bottom. 

• Modern container ships use high-strength steel in many structural components. Its torsion box is made of EH36 

steel plates and profiles (with a yield stress about 355 MPa); the bottom, double bottom and hopper box are 

made of AH32 steel plates and profiles (with a yield stress of about 315 MPa); the remaining structural 

components are made of A-grade steel (with a yield stress of about 235 MPa). 

• Container vessels may have different hatch cover systems or be coverless, depending on ship operations. Hatch 

covers may be manipulated by the vessel own equipment or using the terminal cranes. There is a large variety of 

hatch cover types: longitudinally foldable, sliding, single / multiple per hold, etc. selected by the ship owner. 

• Hatch coamings and/or their supporting structures have very high local static and dynamic loads, because of the 

stacks of containers on top and their lashing system. Such high loads are worsened by the deflections, bending 

and torsional deformations of the hull structure on the main deck, leading to critical fatigue situations. 

• The stress/strain performance of FRP components is to be generally considered in the detailed FEM analysis, but 

further specific assessment in way of the hatch covers and the “torsion box” are necessary.  

• From the hydrodynamic point of view, container vessels are fast, 20-27 knots in sea trials, with hull forms slender 

enough to facilitate this contractual requirement. In recent years, due to the increase in the fuel price and the 

stricter environmental regulations, these ships are also designed for slow steaming, with additional trim 

requirements for energy saving. 

• Regarding marine equipment and other ship services, there are no major differences with other types of vessels. 

When using FRP materials, the local static / dynamic loads related to mooring systems, towing systems, machinery 

foundations etc. are to be properly considered. 

• Mechanical and piping system are to be designed and supported considering the expected hull deflections. 

• All other Class and Statutory requirements are to be complied with, as per applicable classification rules and 

international regulations. 

Design process methodologyDesign process methodologyDesign process methodologyDesign process methodology    

The design process of FRP container ships is basically the same one uses in other cases, with its conceptual / 

preliminary / functional / detailed phases following the specified contractual requirements. 

A key aspect is the initial estimation of the lightweight and centre of gravity, which can be facilitated using databases 

of parent vessels, to be developed in due course as more experience in FRP properties – lighter and more flexible - is 

achieved. Such database may include: 

• lightweight breakdown versus length, 

• breakdown of the structural weight - longitudinal and vertical distribution, 

• vertical and longitudinal position of the centre of gravity. 

The structural strength of the vessel is to be analysed, in accordance with applicable class rules, which specify the 

maximum shear forces and maximum bending moments. Then, the full list of load cases and the intact / damage 

stability are to be analysed. 

• Whenever starting from a parent vessel made of steel, the FRP scantlings are to be properly adapted to the 

actual structural requirements of the corresponding area. Notwithstanding the already mentioned very high 

properties of the steel, in some areas the thickness may exceed 55 mm (steel grade EH, 350 MPa Yield Stress). 

• In order to design the amidships sections of the vessel, it is necessary to know the maximum bending 

moment (hogging, sagging) and the maximum shear stress on the vessel, applying the rules of the 

classification societies (Bureau Veritas, Lloyd’s Register, RINA, etc.). 

• The whole structure is to be checked for both global and local loads (e.g. hatch covers, bottom and side shell, 

etc.). 
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In the FIBRESHIP study, the longitudinal elements of the ship were designed using monolithic FRP to maximize the 

inertia of the ordinary section. Sandwich panels were considered as an alternative for transversal elements 

(bulkheads) to minimise buckling. However, during this specific design process, additional ballast tanks within the free 

space of the bulkheads were introduced. Consequently, all bulkheads within the central holds of the ship are finally 

double bulkheads, 1500 mm apart and connected by longitudinal reinforced elements. With such structural 

modification, the occurrence of buckling problems is minimal and the use of sandwich panels is no longer necessary. 

Hence, monolithic FRP panels were finally considered optimal as well for the construction of the bulkheads. 

The next step is the realistic design of the monolithic panels, to be based on previous experience in the design of such 

elements, minimising the reinforcements. In this work, a couple of reference layouts with different percentage of plies 

oriented in the various directions (i.e. 0º, 45º and 90º) were devised. 

The first one is more oriented at 0º while the second one is a bit more equilibrated in the 0º/90º direction (being the 

0º orientation always in the direction of the length of the ship). Nevertheless, having many plies oriented in the 0º 

direction may cause interlaminar tension and shear problems, and a few layers ware introduced at 45º orientation. 

The two final layouts are an EGlass / Vynilester system, with the following percentages of plies oriented in each 

direction: 

LAYOUT A – 0º - 72% / 90º - 15% / 45º - 13% 

LAYOUT B – 0º - 67% / 90º - 22% / 45º - 11% 

In each position within the ship, the number of plies along each direction is increased or decreased to achieve the 

desired thickness, while keeping the percentages established for each of the two layouts.  

To define the scantlings of the FIBRESHIP Container Vessel, the rules of the classification societies were used to 

calculate the bending moment values, the shear forces and pressures for steel container vessel, but the requirements 

for minimum thicknesses or maximum deformation have no actual applicability on FRP. 

Hence, to transform the steel structure into an equivalent FRP structure, two strategies are devised: 

A - using the local loads on the plates, with the following equivalence: 

$ℎ&'.  )�&&� � $ℎ*+, -
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The deformation is further calculated, and such a deformation is translated into loads in the plane of the plate or 

reinforcement. Finally, a FRP layout is designed to support these plane loads. 

B - using the global loads on the structure, compute the area, the inertia and the horizontal neutral axis of the ordinary 

section, with the following equivalence: 

 

Strategy B allows to define in a very precise way the ordinary section and check the global deformation of the ship 

and the tensions in the critical areas of the ordinary section. 

Finally, it is necessary to verify that the local loads do not induce local tensions exceeding the maximum allowed 

values. 

Both strategies were tested in the scantling of the FRP ship. When the A-strategy is applied to the FIBRESHIP Container 

Vessel, the FRP thicknesses in many areas exceed 300mm, which makes the manufacturing unfeasible. Therefore, the 

B-strategy is finally preferred. Following this B-strategy, the ordinary section was parametrized. All values of structural 

elements - plate thickness, web stiffener height, web stiffener thickness, flange stiffener wide and web stiffener 

thickness - were parametrized. While these parameters are affected by several coefficients, the Inertia axis YY and 
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Shear Area can be computed automatically, facilitating the optimization. The Global Loads - moment and shear force 

- are calculated using Class rules. 

An equivalent Young Modulus for the FRP material is used, its feasible values ranging from 18 GPa to 27 GPa. The 

permissible stress remained between feasible values (200 MPa to 250 MPa) for a laminate E Glass (80% unidirectional) 

on Hatch Coaming and Bottom plates. 

Based on this analysis, the stresses are below permissible values and global deflection is 4 times bigger than in the 

steel container vessel structure (0.583m). 

The theoretical 60% weight reduction initially obtained would be probably not feasible because a minimum thickness 

on side shells and inner hull will be requested, and aft and fore ends will not have a similar reduction. However, this 

can be taken as a first useful estimation of the weight reduction for the structure of the FRP Container Vessel. 

Note that this weight reduction does not actually affect significantly the design, since it represents just 5% of the 

displacement, at most. Instead, this weight reduction is susceptible to be used to increase the container weights (ship 

payload) using new maximum loading conditions. 

A challenge to be faced on FRP structural design is the restriction from a manufacturing limits in the shipyards, e.g. 

not to exceed 100 mm maximum plate thickness. Such manufacturing limitations will force to redesign the torsion 

box and the most stressed areas of the container ship. 

From this point onward, the rules and procedures of Lloyd’s Register (LR) for the structural design were followed. 

Such procedures are based upon a full FEM model of the container ship. It combines the stress analyses specified in 

PART A (Global Model of Complete Ship) and PART B (Verification of Structural Components and Details) and analyses 

the structural performance of the vessel in oblique sea conditions, thus taking into account equivalent design waves. 

In this way, the hydrodynamic torque and vertical and horizontal bending moments can be assessed using non-linear 

ship motion analysis. 

To perform the complex and detailed FEM analysis involved in the LR’s procedure, the Tdyn-RamSeries software was 

used. RamSeries is a complete finite element (FEM) environment for structural analysis that includes advanced utilities 

to analyse structures made of beam and/or shell laminated composites. It also incorporates a solver that allows both 

one-way and two-way coupling between structural and seakeeping problems. The seakeeping solver integrated in 

Tdyn-RamSeries suite (SeaFEM) allows to perform potential flow seakeeping simulations of 3D multi-body systems to 

solve the radiation and diffraction problems within the time domain, thus easing further coupling with the structural 

solver. 

Stability analysisStability analysisStability analysisStability analysis    
The stability of a container ship is one of the critical design points, as they have large variations in displacements, 

depending on the load case, and large variations in the vertical position of their centre of gravity. For this reason, 

container vessels need a large capacity of ballast tanks to compensate these variations. 

To perform preliminary stability analysis, it is necessary to estimate the lightship displacement and the corresponding 

centre of gravity. In the FIBRESHIP container vessel, according to the previous section, 60% reduction of the structural 

weight was anticipated. Nevertheless, it was assumed that the centre of gravity of the structure remains unchanged 

with respect to the steel parent vessel. The validity of this assumption is to be corroborated using the FEM simulations 

at the end of the new design. 

Based on previous experience and the information available, the weight of the structure of the steel parent container 

vessel was estimated as two thirds of the lightship weight. Besides, the data below is calculated/estimated: 

• Lightship weight of the steel parent container vessel = 16.535 t 

• Steel structure weight = 10.913 t 

• Displacement in Ballast Arrival Condition = 28283 t, with LCG at 111.035m and VCG at 9.895m. 

• Displacement corresponding to the 4253 TEU Departure Condition = 67244 t, with LCG at 114.448m and VCG 

at 14.142m. 

• Based on the above, the weight of the preliminary FRP structure = 6548 t 

• Displacement in Preliminary Ballast Arrival Condition = 24618 t with LCG at 111,035m and VCG at 9.895m. 

• Displacement in Preliminary 4253 TEU Departure Condition = 63599 t, with LCG at 114.448m and VCG at 

14.142m. 
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The centre of gravity positions are kept constant, compared to the parent steel vessel. The hull forms, down flooding 

point, and lateral windage area are also assumed to remain the same in this preliminary analysis. 

Although this condition fulfilled the stability criteria, it did not exactly fulfil two other requirements:  

• Total immersion of the upper tip of the propeller 

• Minimum fore perpendicular draft condition (4m). 

The conclusion of this study is that the container vessel has the necessary stability, but ballast tanks were added 

between the bulkheads in the holds (a common design feature) to fulfil these additional draft requirements. 

Power predictionPower predictionPower predictionPower prediction    
Based upon the parent steel container vessel speed (24.5Kn at 85% MCR in sea state 1 with a 49680 BHP main engine.  

A preliminary reduction of resistance between sea state 1 and still water was assumed to be 10% and the preliminary 

resistance in still water and the necessary power on still water were recalculated. 

In the final design, a direct estimate of the resistance of the hull forms and the propulsive coefficient of the propeller 

are to be carried out. 

Hull linesHull linesHull linesHull lines    
The hull forms are the results of the normal design practice for such ships. 

However, due to the large amount of water ballast, the FIBRESHIP Container Vessel can accommodate the greatest 

number of containers on deck. Such a capacity will be only reduced in the fore sector, designing the bow flare to 

minimise slamming pressures and water on deck, which negatively affects the stability. 

Lightship weightLightship weightLightship weightLightship weight    
The lightship weight is one of the most important tasks in the design process. To estimate as accurately as possible 

the Lightship weight of the FIBRESHIP Container Vessel, CompassIS modelled the entire structure of the vessel in 3D. 

For weighing the structure, the vessel was divided by manufacturing blocks. 

Structural CoStructural CoStructural CoStructural Conceptnceptnceptncept    
• The geometrical configuration of the containership, made of steel or FRP, is assumed to remain largely 

unchanged. 

• The hatch openings in the Upper Deck largely contribute to the deflection and warping along the longitudinal 

axis. Therefore, in addition to the longitudinal structure, double transverse bulkheads (e.g. 1500 mm apart) 

provide torsional stiffness, and the main stiffening effect is given by the Torsion Box, delimited and 

constituted by the Upper Deck, 2nd Deck, Side Shell and Longitudinal Bulkhead. 

• Plates and internal reinforcements of the Torsion Box are to be designed to limit the maximum thickness of 

FRP material according to the manufacturing capabilities of the shipyards, i.e. 100 mm in the FIBRESHIP 

vessel. 

• To stiffen the rectangular opening of the holds, hatch coaming are arranged as a rectangular frame, highly 

reinforced, as well as plates of the same maximum thickness of FRP. In the most critical area, i.e. the upper 

deck at the corner formed by the container hold and the superstructure, specific reinforced elements are to 

be provided in all fillet corners of the holds, at the top of the hatch coaming and at the upper deck. 

• Other main structural elements are the box at the bottom of the holds, acting as a longitudinal primary 

element continuously connected to the longitudinal primary element in the double bottom assembly. Girders 

and continuous longitudinal secondary stiffeners are to be disposed as needed, to support also local 

pressures. The aft bulkhead of each container hold is a watertight bulkhead. The secondary transverse 

elements are webs, connecting transversally the bottom with the double bottom, the lower box with the 

bilge, the side shell and the longitudinal bulkheads, which complete the structure  

• The Engine Room structure layout and the thicknesses are to be computed using direct FEM analysis (e.g. 

according to Lloyd’s Register rules - see ShipRight - Design and Construction - Structural Design Assessment 

– Primary Structure of Container Ships - August 2017 – Appendix B - or equivalent rules of other Classification 

Societies). 
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In the FIBRESHIP design, all longitudinal elements are conceived to be manufactured using monolithic glass reinforced 

plastic (GRP) laminates. Foam has very poor elastic properties and to maximize the inertia of the ordinary section, it 

is recommended to avoid its use and take advantage of the consequent weight savings to increase the percentage of 

longitudinal unidirectional fibres. Additionally, the local loads of each panel are much lower than the stress resulting 

from the global longitudinal loads. Consequently, the monolithic FRP is the optimal choice to deal with the global 

longitudinal deformation. In the transversal elements (e.g. bulkheads) the monolithic FRP is also the optimal 

alternative. Although the container loads act vertically, buckling of the bulkheads is not an issue thanks to the double 

construction (bulkheads spaced about 1.5 m) stiffened by longitudinal structural elements. 

Load casesLoad casesLoad casesLoad cases    
The load cases chosen for the FIBRESHIP Container Vessel are the same as those used by the Parent Container Vessel 

(steel construction) to facilitate their comparison. 

A new load case was added to account for the increased maximum number of containers, allowed by the structural 

weight reduction. In all cases, a 40ft container cannot exceed 30 tons. 

A detailed description of all load cases is reported in Annex III of D4.1. 

Exhaust gas emission reductionExhaust gas emission reductionExhaust gas emission reductionExhaust gas emission reduction    
One of the great benefits of building vessels using FRP materials is the carbon footprint reduction and the reduction 

of greenhouse gases emissions, thus contributing to combat climate change. This is a consequence of the possibility 

of navigating with a lower draft at equal load case conditions. The containership designed in FIBRESHIP would lower 

its GHG emissions 3% - 7% compared to the steel parent. This reduction range was calculated comparing the power 

required in 9 operational loading conditions. 

As a reference, on a voyage from Piraeus Port (Greece) to Helsinki Port (Finland), lasting 7 days, shipping 4253 TEUs, 

the FIBRESHIP container vessel would reduce the emission of GHG by 7 tonnes. 

Introduction to the FEM structural analysisIntroduction to the FEM structural analysisIntroduction to the FEM structural analysisIntroduction to the FEM structural analysis    
Direct finite element method (FEM) calculations were carried out to evaluate the structural response of both the 

steel-based parent container vessel and the new FRP design, to compare in detail the performance of both designs 

and to assess the strengths and weaknesses of FRP materials to build large lengths commercial vessels. 

The FEM procedure to be followed for the structural analysis is here summarised only in general qualitative terms. 

The scope of this section is not to present the full analysis - which is reported in D4.1 - but rather provide some broad 

recommendations for future similar applications. 

CACACACAD model preparationD model preparationD model preparationD model preparation    
If head and oblique waves, are to be considered in the dynamic analysis of the ship, a full length and full breath model 

is to be used for all load cases. Hence, no symmetry along the centreline is to be assumed in any of the FEM 

computations.  

Secondary stiffening members are modelled using beam elements; the remaining elements are modelled as shell 

elements. The structure is to be modelled with a large level of detail for the holds in the central cylindrical body of 

the ship. 

MaterialsMaterialsMaterialsMaterials    assignment and FRP layoutassignment and FRP layoutassignment and FRP layoutassignment and FRP layout    
Material properties are to be defined and assigned to the different parts of the ship. As a reference, 40 different beam 

profiles were used in the design of the FIBRESHIP containership, and two different composites, both based on the LEO 

system material selected in FIBRESHIP. In both cases, they are unidirectional Glass-E/Vinylester monolithic systems 

with different layer’s directions. In a first iteration of the design loop, a single material can be used, considered as an 

equivalent isotropic elastic material. 

Optimization of the ship structure requires to vary the thickness of the plates all along the vessel. In a first iteration, 

structure of the FRP ship is to be considered equivalent to that of the steel ship to maintain the same hull forms. 

Hence, a thickness equivalence is established between the ships.  
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Applied loadsApplied loadsApplied loadsApplied loads    
One of the main challenges in the preparation of a direct dynamic FEM analysis of an entire ship is the setup of the 

loading condition. 

Many internal (weight and inertia of non-modelled structural and cargo elements) and external actions (containers 

cargo loads, hydrostatic and dynamic wave pressures) are to be considered. All of them are to be modelled with 

enough accuracy to ensure that the dynamic response of the system under the action of irregular sea states is 

consistent with the real-life situation. 

In the first step, the self-weight of beams and shells is to be considered, followed by the identification of the lightship 

weights to consider the weight action of non-structural elements that cannot be included in the FEM model. A list of 

the lightship elements considered is to be reported. The effect of the weight of these elements is to be considered in 

the form of surface loads acting in the vertical direction and distributed approximately over the areas of the ship 

where these elements are located. 

The next step is the specification of all container loads, applied directly over their supporting pads so that different 

bays, tiers and rows are considered case by case. 

Then, tank pressures and weights are to be applied in the form of hydrostatic loads for which a reference height must 

be provided. This allows to easily account for different filling levels of the tanks depending on the actual load condition 

under analysis. 

Finally, hydrostatic and wave load conditions are to be applied to the external hull of the ship. The hydrostatic load 

tends to automatically balance the ship against the simultaneous action of the self-weight of the structure and 

external weight loads. Such a hydrostatic pressure is to be updated at each time step, to account for the actual vertical 

movement of the ship. The wave load condition is to be applied to enforce the dynamic pressure over the hull of the 

ship due to the action of incident waves, providing the actual dynamic character to the simulation. 

A variety of wave environments can be defined, ranging from purely monochromatic waves to different wave spectra. 

Loading conditionsLoading conditionsLoading conditionsLoading conditions    
Different critical loading condition, namely full loading departure and ballast arrival conditions are analysed in detail 

using direct FEM calculations in heading and oblique incident waves. 

First, a characteristic most probable navigation condition is to be identified from the wave environment scatter 

diagram. Such a sea state is to be selected to simulate a typical navigation condition, analysed in both, heading and 

oblique incident conditions. 

Next, an extreme sea state is to be selected from the same scatter diagram by combining the maximum significant 

wave with the mean wave period corresponding to a wavelength that approximates the length of the ship. Such a sea 

state is intended to provide the maximum bending moment under real sea state conditions. To increase the severity 

of the sea state, a pure heading condition without any wave spreading is to be considered in this case. 

Static analysisStatic analysisStatic analysisStatic analysis    
Boundary conditionsBoundary conditionsBoundary conditionsBoundary conditions    

Static analysis is only to be used to verify the equilibrium of the ship under the load condition and draft considered, 

and to assess the actual weight of the model structure. 

In order to verify the balance of the ship for the particular configuration under analysis, all loads described in the 

previous section are to be activated with the exception of the wave load but including the hydrostatic pressure 

condition over the hull. 

Then, one point in the bow of the ship is to be completely constrained to move in all directions, and two points in the 

stern of the ship are also to be constrained so they cannot move vertically and in the lateral direction. Under these 

conditions, a perfectly equilibrated model should provide zero reactions at the constrained nodes. In practice, it is 

virtually impossible to obtain a perfectly equilibrated model, hence the magnitude of the reactions at the constrained 

nodes gives an idea on how far the actual configuration is from the equilibrium. In particular, the sum of the vertical 

reactions is a measure of the excess or deficit of weight for the given draft. When using the draft corresponding to 
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the desired load condition a sufficiently small vertical reaction must be obtained to ensure the model is close to the 

equilibrium and consequently valid to undertake a dynamic analysis. 

Results: structural weight assessmentResults: structural weight assessmentResults: structural weight assessmentResults: structural weight assessment    

The static analyses are important to precisely assess the actual weight of the structure and to ensure that the model 

setup to be used in the dynamic analysis of the full loading condition has a minimum deviation from the equilibrium, 

to ensure the ship will reach the equilibrium in a very short time during the dynamic simulation. 

The final design of the FIBRESHIP FRP containership has a total structural weight of about 4675 t compared to the 

10952 t of the parent steel ship, corresponding to a weight reduction of about 57% in very good agreement with the 

60% estimated from the ordinary section analysis. 

Note:Note:Note:Note: all structural calculations are to be performed without considering the fire insulation material. This is reasonable 

from the structural point of view since fire insulation materials (e.g. mineral rockwool) have very poor mechanical 

properties and do not contribute at all to the load carrying capacity of the structure. 

Nevertheless, given the severe fire insulation criteria needed for FRP materials, the weight of the fire insulation 

material to protect the entire ship’s structure may represent a significant percentage of the total weight of the ship. 

To have a first evaluation of the impact of the fire insulation material vs. the total weight reduction, the surface of the 

structure to be protected is to be estimated in the model. A conservative approach is to be adopted, assuming to 

protect the entire structure of the ship (both accommodation and cargo areas), except the external hull and the 

secondary reinforcement elements within the internal structure of the tanks. 

By doing this, in the FIBRESHIP vessel the total area to be protected amounts to 48,381 m2. 

Assuming the fire protection is a 100 mm layer of mineral rockwool on each side of the panels, a total of 9,676 m3 of 

mineral rockwool (130 kg/m3 density) is needed, corresponding to an additional weight of about 1,250 t.  

With these conservative figures, the actual weight reduction attainable in the FRP container vessel compared to the 

parent steel ship is about 45%. 

Dynamic analysisDynamic analysisDynamic analysisDynamic analysis    
Boundary conditionsBoundary conditionsBoundary conditionsBoundary conditions    

In the direct FEM dynamic analysis, the model is to be (almost) free of constraints and the ship is dynamically in 

equilibrium under the action of all instantaneous forces. The only constraints applied consist in fixing the surge and 

sway displacement in an aft point and fixing also the sway at one point in the stern of the ship. These constraints are 

just applied to avoid the drift and lateral displacement of the ship under the action of the incident waves and the 

current associated to the forward speed of the ship (in oblique incident wave conditions). The heave, but also the roll 

the pitch and the yaw rotations of the ship, remain completely free under these conditions. 

Results: stress analysisResults: stress analysisResults: stress analysisResults: stress analysis    

In the FIBRESHIP design, the evolution of the stresses at critical locations of the ship is compared between the steel 

and the FRP ship, to assess the structural integrity of the new design. The stress monitoring points were pre-defined 

based on previous knowledge of the typical critical areas of containerships. The entire set of stress monitoring points 

includes the evolution of stresses during the dynamic analysis with a wave spectrum in a typical navigation condition 

as well as a more critical condition corresponding to an extreme sea state. 

The full analysis is reported in D4.1 and summarized below. 

Stresses evolution in a typical sea state conditionStresses evolution in a typical sea state conditionStresses evolution in a typical sea state conditionStresses evolution in a typical sea state condition    

The evolution of the stresses at several critical locations of the ship are compared between the steel and the FRP 

designs when both ships are subject to the action of the same realization of a given spectrum, corresponding to a 

typical navigation condition. By using the same spectrum realization, it is ensured that the external wave loads are 

identical in both, steel and FRP ship models. For the sake of comparison, von Mises equivalent stress can be used as 

the stress measure in both, steel and FRP ship designs. It is well known that the von Mises equivalent stress is not the 

best suited stress measure for the analysis of composite structures, but it provides a good method to readily compare 

the structural performance of the two ship designs. 
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An extreme wave loading condition is analysed using a constitutive model for actual laminate materials and specific 

failure criteria for composites in the torsion box area of the container vessel. In this way, a better insight can be 

obtained on the structural response in such a critical part of the container ship. 

The control points are to be distributed along the top of the hatch coming and the reinforced corner at the intersection 

of the bulkheads with the base of the torsion box respectively. 

In both cases, the stresses in the FRP design are reduced by almost a 70% due to the large increase in the thickness 

of the shell elements of the torsion box. 

The evolution of the stresses in the case corresponding to the oblique incident waves also show a stress level 

reduction of about 70% in the FRP ship. This is independent of the fact that, as expected, the oscillation of the stresses 

presents a larger amplitude due to the torsional effect induced by the 

45º incidence of the waves. 

Similarly, for the head and oblique wave conditions respectively, a reduction of about 55% of the stress level is noted 

at the various control points distributed through the bottom of the bulkheads and within the holds of the ship. A 

smaller reduction is observed for those points located at the intersection of the superstructure with the main deck. 

Stresses evolution in an extreme sea state conditionStresses evolution in an extreme sea state conditionStresses evolution in an extreme sea state conditionStresses evolution in an extreme sea state condition    

In this section, the evolution of the stresses at several critical locations of the ship are compared between the steel 

and the FRP designs when both ships are subject to the action of the same spectrum corresponding to an extreme 

sea state in pure heading condition (0º wave incidence). As in the previous section, for the sake of comparison, von 

Mises equivalent stresses are used at the same critical points (e.g. along the top of the hatch coming, at the reinforced 

corners located at the intersection of the bulkheads with the base of the torsion box respectively), where the FRP 

design shows a stress reduction of about 70%. Stress reductions of about 50% can be observed in other locations of 

the FRP ship (bottom of bulkheads in the hold area and intersection corners between the superstructure and the main 

deck). 

Since von Mises equivalent stress is obviously not the best suited stress measure for the analysis of composite 

structures, the dynamic analysis under extreme wave conditions was repeated once again, replacing the isotropic 

equivalent FRP material in the torsion box and the hatch coaming with a  typical E-Glass/Vynilester system. The actual 

laminate layout (i.e. stacking sequence, layer’s thicknesses and orientations) and the elastic properties and allowable 

stresses of the composite material are reported. These are required for the finite element solver to be able to evaluate 

the composite’s failure index based on the Tsai-Wu criteria. 

This simulation allows the assessment of the failure index of the laminate in a critical part of the ship as is the torsion 

box, to ensure the material is always working within safety limits under extreme wave environments. 

The time evolution of the Tsai-Wu failure index at all the control points located within the torsion box clearly 

demonstrate that the laminate material is always working within safety limits since the failure index is well below 0.25 

(being 1.0 the theoretical failure limit of the material). 

The same can be concluded from the snapshots of the time steps corresponding to the maximum hogging and 

maximum sagging conditions, which consequently result the maximum stresses and failure index in the dynamic 

simulation. As expected, the deflection at maximum sagging is much larger than that at maximum hogging, but even 

in such a critical situation the laminate remains in the safety region. 

Results: hull girder deformationResults: hull girder deformationResults: hull girder deformationResults: hull girder deformation    

A large stress level reduction in the FRP containership as compared to the steel vessel is reported in all the critical 

areas monitored in the simulations, concluding that the stresses will not be a handicap for the FRP design. 

Nevertheless, as well known, FRP materials result in a much more flexible structure. Hence, the analysis of the 

longitudinal hull girder deformation is to be addressed.  

The displacement of the bottom centreline of the ship is to be monitored in all dynamic simulations. This information 

is to be processed subtracting the rigid body motions to obtain a fairly good approximation of the global hull girder 

deflection. 
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The global hull girder deflection is to be shown as a percentage of the length (L) of the ship, corresponding to the 

maximum hogging and sagging deformations observed during the entire dynamic simulation. Such a hull girder 

deflection is to be compared against a tentative maximum deflection criterion that has been stablished in FIBRESHIP 

as a first estimate to the allowable deformation of large length ships in composite materials. For the sake of reference, 

this tentative deflection criterion has been fixed at 0.3% of the length of the ship. 

In the FIBRESHIP comparison, for the full loading 4273 TEU departure condition, the steel ship permanently remains 

in hogging, all the time well below the 0.3% maximum deflection criteria. 

By contrast, the FRP containership shows a much larger flexibility, but remaining all the time below the 0.3% maximum 

deflection criteria. 

The same global hull girder deflection analysis, repeated for the two ships subject to the action of the extreme wave 

spectra, shows that the steel ship remains all the time between the maximum deflection limits. By contrast, the 

maximum hogging and sagging configurations of the FRP ship under the extreme sea state conditions cannot fulfil the 

0.3% maximum deflection criteria. 

This reveals that not the stresses but the flexibility is the limiting design factor of large containerships in FRP materials. 

Discussion and conclusions 

In the case of the containership, direct FEM simulations have proved that stresses are not an important design 

handicap, since the large thickness of the FRP plates and beams used to build the vessel decrease internal stresses to 

levels well below the acceptable limits. Direct calculations using real FRP designs allowed to demonstrate that the 

failure index of the laminates remains well below the safety limit even in the most demanding sea state condition. On 

the contrary, the global hull girder deflection would be the limiting design factor. 

Although clear criteria regarding the maximum acceptable hull girder deflection still does not exist for large length 

FRP container vessels, the tentative criteria developed in FIBRESHIP may turn out to be too severe for large length 

FRP containerships. Although the design fulfils the maximum deflection criteria in most of the navigation conditions - 

including the most probable sea states - it does not fulfil the criteria when the ship is under extreme wave conditions. 

In conclusion, no critical issues were encountered that compromise the viability of building large length containerships 

in composite materials. However, further work may be necessary either to evaluate if less restrictive hull girder 

flexibility criteria may be adopted, or if new design improvements are necessary to reduce the global deflection 

without compromising too much the weight reduction offered by FRP materials. 
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CATEGORY II-PASSENGER TRANSPORTATION & LEISURE VESSEL (RO-PAX)  

Introduction 

Ro-pax vessels are widely used, in many sizes, from fiord navigation to ocean voyages. 

Due to their type of cargo, the speed requirements are usually high. Thin hull forms in the aft and fore body are 

necessary, and these vessels are characterized by low beam-length ratio and low hydrodynamic coefficients. 

The ro-pax vessel “Olympic Champion”, was selected as reference from the Anek Lines fleet, a highly competitive ship 

which has been in operation for some years. This ship has several features highly interesting for this case study. The 

length of about 200 m makes it highly susceptible to hull girder deformation, which is the main weakness of FRP 

vessels. Additionally, its general arrangement is a major benchmark in the fire analysis. 

A FRP design will potentially greatly increase the performance of this kind of vessels, reducing the structural weight, 

minimising GHG emissions and reducing CAPEX and OPEX. 

Considerations on the Design Assessment 

General overviewGeneral overviewGeneral overviewGeneral overview    

Deliverable D4.2 [4] reports the design of a Ro-Pax vessel, 204 m in length, and the assessment of the technical 

implications of its transformation to a composite material structure. The large size of the vessel has made of its design 

a huge challenge. 

 

The dimensions, general arrangement and overall design of the original steel ship were accounted for to perform the 

design and evaluation of the alternative vessel arrangement. The transformation of the vessel to composite material 

leads to a reduction of the structural weight due to the higher tensile strength-weight ratio of the materials. The new 

design and scantling brought a final 36% reduction of the total weight.  

The iterative process of the design included: 

• Analysis of the steel vessel and determination of the loads 

• Scantling of the structural elements, following the RINA rules for ships built on composite materials. There has 

never been a vessel of such length built before, therefore the scantlings obtained were further questioned, to 

validate these rules for ships of great length and develop new guidelines 

• Detailed full CAD model, containing all the divergences from the steel structure. The internal arrangement of the 

vessel was maintained to ensure a similar loading capacity. 

With these changes, the centre of gravity of the ship and the centre of buoyancy changed.  The detailed CAD model 

was used to perform naval architectural calculations, supported by the professional software FORAN. This software 

allows to include the compartmentation of the ship, to arrange the weights and tanks that match every singular 

loading condition of the vessel, so that its stability reaction can be computed. After several analyses, the vessel 

complies with the requirements of the rules and regulations under normal loading conditions.  

• Structural analysis by FEM (Finite Element Methods), requiring great computation capabilities, using the software 

RamSeries, which can model non-isotropous materials and the evaluate their mechanical behaviour and failure. 

The analysis included local and global loading, static and dynamic, to assess the compliance of the ship under 

normal and extreme navigation conditions. 

• Global loads play a major role in the midship section and are to be considered in combination of other heavy 

local loads in the same area, such as the main machinery. Additionally, local material failures were identified for 

all loading conditions, which are to be minimized adopting smoother transitions between structural elements 

and additional stiffening. 
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Main dimensionsMain dimensionsMain dimensionsMain dimensions    
The reference ship used for the FIBRESHIP design is the existing ROPAX vessel OLYMPIC CHAMPION operated by ANEK 

LINES and classed by RINA: 

− Length between perpendiculars 185.4 m 

− Length overall 204 m 

− Beam (moulded) 25.8 m 

− Draft (moulded) 6.75 m  

− Depth 9.8 m 

− Design speed 30 knots, max speed 31 knots 

− Passengers 1829 

RINA rules used in the design process: 

− RINA “Rules for the classification of ships with reinforced plastic, aluminium alloy or wood” Jan.2008. 

− RINA “Rules for the Classification of Naval Ships, Part A: Classification and Surveys,” July 2017. 

− RINA “Rules for the Classification of Ships, Part B; Hull and Stability,” Jan.2018. 

− RINA “Rules for the Classification of Ships, Part E; Service Notations” Jan.2018. 

− RINA “Guide on Complete Ship Model Calculation of Passenger Ships” Jan.2017. 

The scantling is in compliance with the "Rules for the classification of ships with reinforced plastic, aluminium alloy or 

wood", with the load cases from the "Rules for the Classification of Ships, Part B; Hull and Stability" and the FEM 

analysis using the "Guide on Complete Ship Model Calculation of Passenger Ships". 

Structural design and stabilityStructural design and stabilityStructural design and stabilityStructural design and stability    

Key aspects of roKey aspects of roKey aspects of roKey aspects of ro----pax designpax designpax designpax design    
• The first step in the new design is to prepare the 3-D model of the ship, to assess the preliminary naval 

architectural calculations and to perform the structural FEM analysis, with the purpose of comparing the results 

of the vessel built in steel with the vessel built in composite. 

• Naval architectural calculations are to include: 

o Basic hydrostatics calculations 

o Ship propulsion calculations (hull resistance vs. speed) 

o Stability calculations in different loading situations, correlating the stability, the weight (value and position) 

and the draught of the ship 

• The minimum stability requirements in every condition are to follow RINA Rules Pt B, Ch 3, App 2, assessed on 

the most common loading conditions: 

Loading Condition Passenger Ballast RoRo Cargo 

Ferry - Ballast Arrival X X 
 

Ferry - Ballast Departure X X 
 

Ferry - Full Load Arrival X 
 

X 

Ferry - Full Load Departure X 
 

X 

Pure Ballast Arrival 
 

X 
 

Pure Ballast Departure 
 

X 
 

RoRo - Full Load Arrival 
  

X 

RoRo - Full Load Departure 
  

X 

 

• These loading conditions and stability calculations are to be verified for both the steel and the composite hulls. 

If the general arrangement does not change from one ship to the other, and neither does the cargo, the only 

great variation is the structural weight and its centre of gravity (CoG). The effect of this variation is unknown until 

the structural and stability calculations are performed and the change of weight and CoG position are known and 

evaluated. To calculate the weight, all reinforcements and structural elements are to be modelled, both primary 

and secondary stiffeners, using the finite element software on the complete ship model. 
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• To compare the stability results of the FRP vessel, the loading conditions of the parent steel ship are to be 

calculated using the documentation and plans available, supported by additional information and data collected 

from other vessels of the same category, as necessary. The reference ship is trimmed by bow, in all its loading 

conditions, to keep the bulb submerged and improve its advance resistance 

• The breakdown of the lightship weight can follow the standard shipyard procedure. The fire protection insulation 

of the composite structure is to be added: 

Value Weight 

Steel ship weight (t) 8629 

Composite ship weight + insulation (t) 5502 

Composite structure weight (t) 4232 

• The weight variations require the verification of the stability of the composite vessel in the same loading 

conditions. The composite ro-pax was found in compliance with the stability criteria, with the addition of 

ballast water in the lightship condition.  

• The use of composite materials reduces significantly the draft, by more than one meter in most conditions, 

compared with the steel vessel. 

Once the composite vessel meets the stability criteria, there are two possible alternatives: 

1. maintain a reduced draught, change the hull forms to reduce ship resistance and propulsion power; 

2. increase the cargo payload, until the composite vessel reaches the design displacement of the steel vessel, 

however with a different weight distribution which requires a further stability evaluation. 

Both options increase the net income of the owner. The first option reduces the operational costs and the second 

increases the payload. In general, the structural weight is distributed on the whole volume of the vessel, in all 

structural elements, while the additional cargo is in the cargo decks, increasing the vertical CoG height, detrimental 

for the stability.  

In the reference ship, the possible increase of the cargo weight is 3869 tons - equivalent to 72 trucks or 1934 cars - 

meeting the stability criteria.  

In general, other factors are to be considered in the loading conditions: 

- Trim difference 

- Immersion of the bulb and possible addition of ballast water 

- Possible redesign of the bulb, reduction of the block coefficient, redesign of the hull forms to optimise the 

draught and the wet surface.  

In any case, the maximum amount of additional cargo and its distribution is to guarantee full compliance with the 

stability criteria.  

PPPPower predictionower predictionower predictionower prediction    
The structural weight reduction achieved with the use of FRP materials requires a comparative analysis of the 

different loading conditions in terms of efficiency and propulsion power, using power prediction methods and/or 

computational fluid dynamic (CFD) calculation. 

In general, there are two options: 

1.  Reduce the power of the engines, to maintain the operating regime within the optimum range at the design 

speed of the vessel (e.g. 30 knots). This would lead to a reduction of the fuel consumption. 

2.  Increase the ship design speed (e.g. over 31 knots). 

• The structural weight reduction may compromise the immersion of the propeller, which is to be verified. 

• The final hydrodynamic characteristics can be determined as follows: 

- Calm water resistance computed at three loading conditions varying the speed and trim; the resistance 
analysis including the total resistance coefficient CT, the residual force coefficient CR and the frictional force 
coefficient CF  

- Same loading conditions applied to the seakeeping analysis 
- Propeller and cavitation properties optimized at cruising speed, e.g. using a combination of potential flow 

and RANS methods 



   D4.7 - Project Guidance Notes 

 Page 60 of 74 

Scantling and material propertScantling and material propertScantling and material propertScantling and material propertiesiesiesies    
The composite material specifically chosen for the structure of this ro-pax was the LEO system (ref. FIBRESHIP 

deliverable D2.1). 

The software RamSeries, which has a tool for the characterization of composites, provided the mechanical 

properties, following Bureau Veritas rules for the calculation of the elementary layers.  

• The structural calculations require a full definition of the materials, correlating the manufacturer data, the 

tests carried out and the mechanical relations of the material. RINA rules for composite hulls were followed, 

in two steps: 

1)  Definition of the elementary layer which includes the matrix and the reinforcements. RINA uses a variation of 

the so-called rule of mix to calculate the three main mechanical values, i.e. Young and shear modulus and Poisson 

coefficient. The rule of mix for composites, commonly used in mixed materials, assumes that the properties of 

the elementary layer (or the composite as a whole, as long as the reinforcements are homogeneous and equally 

distributed and orientated) is a mix between the properties of the components, to ascertain the properties of 

the final material. RINA differentiates between the global reference system (the main directions of the composite 

material) and the local main axis (the main direction of the fibre reinforcements and its perpendiculars). The 

properties of the elementary layer are to be corrected depending on the angle of inclination between the fibres 

and the global axis. 

2)  The complete composite material is the sum of its elementary layers. The characteristics of the material 

(thickness, Young modulus, Inertia, distance to the neutral fibre of the multi-layer laminate, etc.), are to be 

calculated with a set of rules accounting for each individual layer “i”.  

BV rules supplementBV rules supplementBV rules supplementBV rules supplemented the definition of missing parameters in few directions/planes. ed the definition of missing parameters in few directions/planes. ed the definition of missing parameters in few directions/planes. ed the definition of missing parameters in few directions/planes.     

In the ro-pax study, the selected laminate is a combination of LEO system (E- glass as fibre and vynilester resin) 

together with Woven Roving fiberglass with a sheet density of 600 g / cm2. The fibre directions were selected to 

obtain the highest possible homogeneity of the laminate in all directions in relation to its mechanical properties. The 

LEO system was reinforced by fiberglass in woven roving and not in roving. The manufacturing process is simpler, less 

expensive, providing a higher mechanical strength. Low density woven roving is to be used to reduce structural weight. 

Failure criteriaFailure criteriaFailure criteriaFailure criteria    
Tsai-wu is the most used failure criteria as a first approximation by the general bibliography and is also the failure 

criteria implemented by the software RamSeries for composites. It approximates the failure of the material more 

accurately than the criteria of maximum stress and maximum deformation as it considers the effects of compensation 

and sum of the stresses in the different directions.  

This criterion is easy to implement and reliable, but it does not specify the nature of the failure (delamination, fracture 

of the matrix or other types of failures). 

Global and local scantlingsGlobal and local scantlingsGlobal and local scantlingsGlobal and local scantlings    
• RINA “Rules for the Classification of Ships with Reinforcer Plastic, Aluminium Alloy or Wooden Hulls, 2008”. 

Part B, Ch 1, Sec 3 were used as a basis for the longitudinal strength direct calculations.  

• The same rules were used to calculate the pressure on the ship's bottom structure, the inner bottom thickness 

(floor, girders, longitudinal stiffeners), side shell, decks, superstructure, bulkheads, tanks, and the 

corresponding scantling. RINA rules are also applied to the structure supporting heavy outfitting components 

(e.g. cargo ventilation fans). Since the calculations follow the rule, there is no need of additional explanations. 

• RAMPS: there are no specific RINA rules for ramps. It was assumed to use the same scantling of the cargo decks 

(for cars and/or truck loads). Additionally, to prevent excessive ramp deformations, transverse and 

longitudinal reinforcements are added. 

• RINA Pt B, Ch 1, Sec 3 defines the procedure to calculate the longitudinal maximum bending moment in 

hogging and sagging, and the midship section module, to be compared with the minimum module required 

by the same RINA rules. The bending moment is calculated using RINA “Hull and Stability” Pt B, Ch 5, Sec 2 

Once the section module is obtained, the longitudinal bending stress is calculated to determine if the bottom, 

side and upper deck meet the maximum allowable tension. 

• The resulting midship section is then used to carry out the global FEM analysis. 
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The full report includes the complete scantling and laminate composition. Bottom structures have thicknesses up to 

75mm, cargo decks from 21mm to 41mm (cars / trucks), side shell from 28mm to 41mm. 

The complete ship model was drafted using the CAD program Rhinoceros which present a good compatibility with 

the FEM software RamSeries. 

• Ship structures are to include all essential elements, including engine casings, stairway shafts, structural ducts 

and other elements which connect load-bearing structures and transmit the loads. 

• Sharp corners may cause stress concentrations and heavily influence the fatigue response. The self-weight load 

is not negligible and the behaviour of the structures under asymmetric loading of the decks may lead to 

higher tensions. 

For this composite ship a mix structure is adopted, with similar longitudinal and transversal reinforcements. All the 

stiffeners of the ship, except for the frames, are modelled and calculated as a flat bar. The number and size of deck 

stiffeners depend on the deck and the transverse framing of deck girders. The main web frames are arranged every 

four frames, modelled as a flat plate, contrary to the frames which are modelled as lines and analyzed as omega 

beams. 

Additional girders, non-existent in the steel structure, are included in the double bottom of the ship to increase 

resistance and stiffness.  

The position of the watertight bulkheads remains unchanged, without altering the ship subdivision and capacity 

plan, but the thickness changes and secondary stiffeners are added to prevent buckling. The watertight bulkheads 

are generally the limit of tanks and, to ease the discretization of the panels in the FEM analysis, the plates in contact 

with the fluid are marked and separated. This facilitate group management during FEM calculation. This same 

technique was used for parts of the hull and for the vehicle tyre prints.  

The ship model can be divided in different blocks in the FEM software, due to the great number of elements, to 

better evaluate the secondary reinforcements and the local loads. This may allow a separate analysis of car and truck 

decks, or the zones with different wave load pressures. Transverse vertical divisions terminate in way of watertight 

bulkheads, allowing a local analysis of the plates subjected to hydrostatic pressure.  

Structural redesign Structural redesign Structural redesign Structural redesign ----    deviations from the steel strucdeviations from the steel strucdeviations from the steel strucdeviations from the steel structureturetureture    

Due to the low Young modulus of composite materials some variations from the steel structure are needed. 

• Continuous girder elements are added into the double bottom structure, to provide additional stiffness to 

the tank top plates and connect them with the bottom hull shell.  These elements also provide additional 

support in way of the main machinery foundations.  

• Bigger brackets elements join the web frame structure with the bottom to reduce the stress concentrations 

in the joints. 

• Secondary stiffeners are all flat bars and not bulb profiles (more efficient, but difficult to model).  

• The only beam elements used in the ship are the omega stiffeners of the frames, having greater inertia and 

better mechanical properties, to reduce computational and material cost.  

Structural loadsStructural loadsStructural loadsStructural loads    
Longitudinal, horizontal and torsional hull girder moments are calculated as usual, e.g. following the RINA rules. The 

wave bending moments (symmetric and anti-symmetric) include: 

• Longitudinal bending moment 

• Still water bending moment  

• Horizontal bending moment  

• Wave torque  

The maximum positive and negative bending moments are not to be exceeded in any loading conditions. 

RINA load case “c” resulted the most severe due to the combination of all the global loads and the high wave pressure 

in the hull (the ship is considered to encounter a wave that produces a relative emotion of the sea waterline anti-

symmetric on the ship sides, induces wave vertical bending moments, horizontal wave bending moment, torque and 

shear force in the hull girder, as well as sway, roll and yaw motions). 
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The local loads acting on the composite ship can be divided in macro categories: 

• Sea pressure - hydrostatic loads (as per rules) 

• Wheeled loads - tyre print of cars / trucks, subject to the ship dynamic accelerations 

• Internal hydrostatic loads – ref. to capacity plan and tank arrangement 

• Equipment load and other loads – main machinery, main outfitting & accommodation, passengers 

• Following the rules, the tanks are to be emptied where adjacent to hydrostatic loads. 

The assumed ship movements in the various degree of freedom are quite important for the determination of the 

additional dynamic component which magnify local and cargo loads. Seakeeping model test results, as well as hull 

monitoring systems when available (ref. to the analysis carried out on the containership), are to be used to better 

quantify the dynamic effects. 

Vehicle loads: the standard truck weight is assumed to be 54 t; the standard car weight is 2 t. 

3-D dynamic simulations of vehicle are to be run on every cargo deck, to calculate the local and cumulative 

accelerations across the vessel.  

The standard accelerations were calculated using the formula in the RINA rules, applied to the truck / car tyre print. 

FEM cFEM cFEM cFEM calculationsalculationsalculationsalculations    
FORAN software was used for the FEM calculations of this ro-pax, using the maximum positive bending moment 

obtained from a real loading condition (the maximum negative bending moment is greatly exceeded by that required 

by the rules). 

As a first evaluation, the rule bending moment and shear forces obtained by the rule are to be distributed throughout 

the model. The simplest way is the application of the diverse hull girder loads in, at least, the transverse watertight 

bulkheads.  However, this distribution may result too approximate and inaccurate. The hull girder bending moment 

are to be preferably distributed as punctual moments at every floor and transverse watertight bulkhead of the ship. 

To assess the structural failure of the ship the previously explained Tsai-wu criteria was used to evaluate the bending 

moments and the corresponding deformations. The central zone with maximum deflection and moment application 

suffers the most, leading to a general material failure of the ship in hogging and sagging. 

A more accurate distribution of equipment and loads was included into the FEM analysis. The maximum positive 

bending moment obtained from the different naval architectural calculations was used to determine the most 

demanding loading condition: 

Tank loads - selected to have the worst loading condition 

• Hydrostatic sea load 

• Self-weight load 

• Cargo loads 

Other local loads (e.g. distributed weight of reinforcements, machinery, passengers, accommodation, etc.) 

As expected, compared to the previous rule cases, the deflection of the ship is greatly reduced. Using the Tsai-wu 

criteria the ship is in full compliance with the maximum loads, without failure of the material. 

To assess the maximum hogging condition under the worst sea state a regular wave load was included in the FEM 

calculations. This wave load is modelled as a dynamic wave pressure over the hull surface, according to a well-

established procedure. 

The FEM software considers that the water effects are limited to the maximum wave height and it does not take into 

consideration splash or slamming effects. 

The maximum deflection suffered by the vessel is less than that provided by the rule load. As expected, the zones 

distant from the neutral axis present higher stresses and material failure in some parts of the superstructure. Failures 

are mainly in way of the connection between decks and transverse bulkheads. Other zones closer to the center of the 

ship present great deflections.  

Improvements of the design can be easily made designing better transition areas between the critical elements, to 

prevent material failures. Other hotspots are identified in the vertical zones of engine casings, retractable keels, 

ramps, openings and vertical connections, which are prone to stress concentration and local failure. These problems 
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are usually solved with the addition of specific reinforcements in these zones and/or increasing the scantling of the 

adjacent plating. 

Comparison between steel and composite Comparison between steel and composite Comparison between steel and composite Comparison between steel and composite     
The Young modulus of composite materials is much lower than that of steel. Under the same loading, deflections are 

much higher. Due to the great length of this ro-pax the stresses in the midship section are high and these effects are 

clearly observed. It is interesting to compare the composite ship with its steel equivalent in order to understand and 

quantify the differences.  

This comparison is peculiar in its approach. Usually the starting point is the FEM model of the steel ship and the 

corresponding scantling. In this case, the structural arrangement is that of the composite ship as it was considered 

unrealistic to reshape this 3D model to match the steel structure. The already modelled composite ship structure was 

used, in a backward approach. Perhaps it does not provide a very detailed comparison between the composite ship 

and the original steel ship, but it does provide insight in the reaction of the same ship made of steel. When the 

geometry of the structural elements could not be possibly changed (due to the characteristics of the already modelled 

composite element) a weight equivalence of the steel structural element was assumed. This allows a better 

approximation of the hull structural weight, yet it fails to provide an equivalent inertia. Following this procedure, the 

deflections of the steel ship are widely underestimated. 

The ship was loaded with the worst navigation load case distribution and calculated with the maximum height regular 

wave load with wavelength equivalent to the ship length.  

The steel ship structure and the composite ship structure present both their maximum deflection in the midship 

section. For the steel structure the maximum deflection is well within admissible limits, but the composite vessel does 

not comply with this criterion in any of the loading conditions. 

Local loads Local loads Local loads Local loads analysisanalysisanalysisanalysis    
The secondary stiffeners were not included into the calculation of the full ship analysis due to the great number of 

nodes generated. Local loading was not analyzed in the complete ship model and they were excluded due to their 

small contribution to global stiffness and response. Nevertheless, their contribution to the total weight (structural 

plus thermal insulation) was accounted for. 

Local loading analyses were performed on selected parts of the ro-pax. The local contribution of the secondary 

reinforcements was included, because they heavily influence the response of the plating to deformations (e.g. tank 

pressure), and they suffer material failure due to stress concentration.  

All elements of the local structure went through a preliminary thickness estimation following RINA rules, depending 

on the type of plate, its position and its loads (e.g. hydrostatic or punctual). The 3D geometry was imported into the 

RamSeries software and the material was assigned to each element. 

As usual, the mesh size was refined in a series of iterations, as a compromise between process speed and accuracy. 

Global bending moments were applied to the transverse bulkheads, shear forces on the main transversal frames. 

The local loads include: 

• Sea wave hydrostatic load (as per RINA rules) 

• Diesel-generator sets local load (diesel engine and electric generator) 

• Tank hydrostatic loads 

• Self-weight load (given by the software). 



   D4.7 - Project Guidance Notes 

 Page 64 of 74 

 

Local structure without hull – block B 

Similarly, other significant blocks are analyzed, with the appropriate global and local loads (vehicles, tanks, hydrostatic, 

etc.), to determine the combined effects of both global and local loads in the displacement of the structural elements 

and the effectiveness of the reinforcements in the zones with maximum deflections and stresses (e.g. connections of 

web frames with decks, tyre prints, etc.), as well as the effects of racking on multiple decks. 

 

Block B car-load distribution 

 

Displacement overview of ship section frames 57 to 135 – wave loads 
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Most remarkably, the stresses in the double bottom in way of the main machinery foundations are great, due to the 

weights of the equipment and the contribution of the global loads close to the midship section. To clarify the 

contribution of each load separated load cases were studied, where only global or local loads were analyzed. If the 

loads were to be applied separately, the stresses in this area would remain under the failure limit of the material. In 

a closer examination, it was concluded that the global loads under sagging conditions greatly amplify the effect of the 

main machinery over the bottom structure, which may lead to material failure.  

As an example of the local loads, the tanks and the self-weight do not contribute greatly to either the deformation or 

the possible failure of the material. On the other hand, the combined effect of the main machinery weight and the 

global loads have notable effects on the transverse and longitudinal structure below it. This result was expected, as 

ships are always locally designed with the special reinforcement supports for heavy loads such as the machinery. 

However, in this specific design, a more general approach was taken, using a homogeneous structure throughout the 

length of the ship. Consequently, two visible zones do not comply with the Tsai-wu criteria. In these failure zones, the 

material is not able to support the deformation and it breaks. The reason behind this failure is that, due to the great 

loading, the adjacent zones incur in great deformations. Therefore, the part of the ship reinforcement just below the 

focus of application suffers but does not break. Yet, due to the great flexibility and low modulus of the composite 

material, the deformation induced in the surrounding material is great, leading it to rupture. 

 

Impact of main machinery loading on the composite structure 

Failure of material resultsFailure of material resultsFailure of material resultsFailure of material results    
Summary of results. Failure according to Tsai-wu criteria 

Failing element Due to (main) load 

Bilge plating Combination: Weight of main machinery under dynamic conditions plus 

hull girder moments 

Deck plating near vertical casing Combination: Structural weight plus transverse wave load 

Vertical casings Combination: Deck load/displacement due to transverse wave load, 

global loads 

Deck cuts (such as air conducts) 

corners 

Stress concentration 

Floors Combination: Main machinery weight, global loading 

Girders and longitudinal elements 

(double bottom) 

Combination: Main machinery weight, global loading 

Transverse bulkhead (contact with hull 

shell) 

Combination: Cargo truck load, wave dynamic load and global loads 

Stringers point of contact with 

transverse bulkhead failure 

Wave load leads to stress concentration 
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Discussion and conclusions 

The comprehensive study of this large Ro-Pax vessel, 204 meters in length, showed the complex technical implications 

of the redesign using composite material structures. The dimensions, the general arrangement and the overall design 

of the original steel ship were accounted for to perform the design and evaluation of the alternative vessel 

arrangement. The transformation to composite materials leads to a reduction of the structure weight due to the 

higher tensile strength-weight ratio of the reinforced plastic. After the iterative process of design and scantling, always 

ensuring that the vessel complies with the initial specifications, the total weight reduction is 36% compared to the 

steel parent vessel.  

The steel vessel was first analyzed to determine the global and local loads to which the vessel is subjected, to define 

the scantling of the structural elements. This process was carried out following the applicable RINA rules for ships 

built with composite materials. There has never been a vessel of such length built in composites before; therefore, 

the scantlings obtained were further considered, as the scope of FIBRESHIP is also to determine the acceptance of 

these rules for ships of great length and serve as feedback to other work packages trying to develop new guidelines 

and rules for composite vessels. The vessel was then fully modeled in a CAD software, containing all the divergences 

from the steel structure. The internal arrangement of the vessel was maintained to ensure a similar loading capacity. 

With these changes, the center of gravity of the ship and the center of buoyancy changed.  The detailed CAD model 

was used to perform naval architectural calculations, supported by the professional software FORAN, which allows to 

include the compartmentation of the ship, to arrange the weights and tanks to match each loading condition of the 

vessel, to verify the stability. The analyses gave positive results, and after the weight change, the vessel was found to 

be in compliance with the applicable rules under normal loading conditions.  

The structural analysis was carried out using the software RamSeries and the FEM analysis required great computation 

capabilities. The software RamSeries allows the modeling of non-isotropous materials, such as composite, and the 

evaluation of their mechanical performance and failure. The ship was analyzed following the rules, paying attention 

to both local and global loads. This assessment demonstrated the compliance of the ship under normal and even 

extreme navigation conditions. Yet, more restrictive loadings required by RINA made the ship non-compliant under 

the most demanding conditions. Global loadings play a major role in the midship part of the vessel and their 

contribution greatly affects the results, adding up to other heavy local loading such as the main machinery. 

Additionally, local failures of materials were identified under all loading conditions, which indicates the need for 

smoother transitions and continuity between the most loaded structural elements. 

It is concluded that the FRP design may potentially greatly increase the performance of the vessel. The reduction of 

structural weight offers a variety of alternative improvements, such as higher ship speed, reduced fuel consumption, 

increased payload (cargo capacity). 

A carefully studied production engineering and moulding processes in parallel may also increase the competitiveness 

of hull production process, reducing the lead time, providing more flexibility and smoother hull surfaces. 
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CATEGORY III: SPECIAL SERVICE VESSEL (FISHING RESEARCH VESSEL)  

Introduction 

Special services vessels are highly specialized, sophisticated and multifunctional. In the heterogeneity of ship types 

belonging to this category, scientific research vessels (FRV) are distinct, designed to perform oceanographic research, 

seismic survey, fisheries research, as well as marine environment studies through sampling, monitoring, 

experimentation and observation of the biological, chemical and physical characteristics of the habitat. 

The reference FRV is selected from a project for the Spanish Oceanographic Institute (IEO), which stands out for its 

polyvalence, including modular spaces for laboratories, cranes, ramps, fishing nets and tackles, underwater noise 

measurement devices, nursery tanks, etc. The platform has features which make this ship remarkable compared to 

former concepts. The hull is designed to avoid interferences with scientific instrumentation, improve seakeeping and 

efficiency. The general arrangement is conceived to maximise crew and researchers’ comfort. The superstructure, 

similar to high-sea fishing vessels, has all the necessary space for all activities. Another reason for this selection is the 

future applicability of the design by IEO, the end-user interested in oceanographic vessels made of FRP, to exploit 

their advantages.  (Deliverable D4.3) [5]. 

Considerations on the design Assessment 

General overviewGeneral overviewGeneral overviewGeneral overview    

Deliverable D4.3 reports the design of a Special service vessel and specifically a Fishing Research Vessel (FRV), specially 

designed for the dual function of fisheries research and multipurpose oceanographic investigations (chemical, 

physical, geological and biological). The ship has to meet complex technical and operational requirements, e.g. high 

energy efficiency, reduction of CO2 NOx and SOx emissions, minimum disturbance of the habitat under survey, strict 

noise emissions (in compliance with ICES code CRR209 at 11 knots), underwater acoustic positioning capability, 

multipurpose modular capacity and great flexibility to perform multiple specialized activities. The use of composite 

materials in the design and construction can bring substantial advantages in the expected operational profile. 

The hull forms are different from those usually seen, to operate both in normal sailing conditions, as well as in offshore 

conditions or as a fishing vessel with low speeds and high bollard pull. The great variety of activities, the diverse 

operating conditions, the capacity to operate in remote places and withstand adverse marine conditions, the 

complexity of equipment on board, make the FRV an interesting candidate for the use of composite materials. 

Design data of the reference ship (steel construction), operated by the Spanish Oceanographic Institute: 

Main dimensionsMain dimensionsMain dimensionsMain dimensions    
• LOA:    86.4 m 

• Lpp:    79.9 m 

• Breadth:     19.0 m 

• Design draft:    5.75 m 

• Main deck depth:  9.2 m 

• Recue deck depth:  17 m 

• Crew and scientists:   20 + 35 

• Max. speed 85% MCR:   14 Knots 

• Power plant:    5000 kWe 

• Main Prop. electric motor: 2 x 1700 kWe 

 

For the study of the FRV, Bureau Veritas (BV) rules have been taken as a reference, including the following notations: 

AVM-DPS, AUT-UMS, SYS-IBS, COMF+, CLEANSHIP 5, DYNAPOS AM/AT R, ALM, ALS, REF-CARGO – QUICK FREEZE, AUT-

PORT. Técnicas Y Servicios de la Ingeniería (TSI) was responsible for the design and calculations of the ship's structure. 

        

Reference ship – FRV (Steel design) 
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Structural concept definitionStructural concept definitionStructural concept definitionStructural concept definition    
Considering the anisotropy of composites, the different modulus of elasticity (Young modulus E) and Poisson 

coefficient and the consequent higher deformations, the longitudinal structure is to be redesigned to withstand the 

hogging and sagging bending moments. 

As a first design iteration, longitudinal stiffeners are used in the double bottom and the decks. The double bottom 

reinforcements consist of double stringers, with hold stringers in the bottom and tank top. All the decks below the 

main deck are reinforced by primary longitudinal structural elements of great inertia and secondary stiffeners for a 

better distribution and limitation of spans. Furthermore, the structure has a new double hull between forepeak and 

aft peak, which introduces a greater longitudinal stiffness to the hull. 

To limit the effects of hydrostatic pressure and dynamic pressure (waves, slamming, etc.); and other impact loads, a 

transversal structure is added on the sides of the vessel, spanning from the bottom to the main deck. These transverse 

reinforcements consist of double web frames, double frame floor, cross timbers and bulkheads. 

Inertia improvementInertia improvementInertia improvementInertia improvement    
The use of composites requires an increase of the inertia, as the material properties are lower. 

The use of omega stiffeners is usual for composite materials, being easy to laminate. The disadvantage is that, moving 

the flange away from the associated plate to obtain a greater inertia, the omega is increased in volume, thus occupying 

an excessive space. As a better alternative, structural “I” elements are used (which can be obtained by pultrusion, 

although this process was not used in the project).  

Double consecutive reinforcements are also introduced (double web frames or double frame floor), to increment the 

inertia. These elements occupy more volume, but the spaces between the double elements can be used as ventilation 

ducts or for the transit of cables and pipes, and ballast tanks may be smaller, reducing the free surfaces. 

Power predictionPower predictionPower predictionPower prediction    
The use of composite materials: 

- Reduces the structural weight and draught of the vessel 

- Reduces the hull displacement – a FRV is not a cargo ship which can significantly increase its payload (cargo 

capacity) 

- Lowers the vertical position of the centre of gravity, improving the stability, because the the distribution of 

internal weights is barely modified  

- Reduces the wet area of the hull - the viscous resistance and the friction decrease. 

In these conditions, the propulsion power can be reduced, redesigning is smaller and lighter plant, decreasing the 

operational costs and the emissions (pollutants and noise) into the water and in the atmosphere. 

The structural weight reduction offers other multiple partial alternatives: 

- Increase the autonomy and operational range of the FRV using higher capacity tanks for fuel, fresh water and 

consumables 

-   Increase the scientific payload: equipment, laboratories, tanks for the storage of live specimens, etc. 

The overall power generation system can be consequently redesigned in the new configuration. 

Redesign of the general arrangement Redesign of the general arrangement Redesign of the general arrangement Redesign of the general arrangement     
The double reinforced elements in the double bottom allows a redesign of the ballast tanks, which can be smaller and 

more numerous than the steel tanks of the reference ship. This new distribution has various consequences: 

- greater space for pipes and cables 

- reduction of the free surface area of the tanks, with positive effects on the intact and damage stability 

- better control of the weights in ballasting operations 

- increased complexity of the systems for the transfer and control of ballast, which may require a new 

monitoring and control system. 

The double hull structure is an opportunity to add new lateral tanks - theoretically for different purposes, even though 

compliance with MARPOL provisions is easier in case of ballast water tanks.  
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In any case, the reduction of structural weight requires more care in the intact/damage stability assessment, with 

specific reference to the effects of lateral tanks, asymmetric distribution of the internal weights or consumables, 

asymmetric flooding of void spaces. 

As mentioned above, the redesign of the composite ship structure modifies, in some aspects, the general arrangement 

of the original steel ship plan. One of these modifications is the change in the distance between frames, which slightly 

alters the position of the basic structural elements and, therefore, modifies the original areas and spaces. 

The introduction of additional reinforcements and the optimization of the frame spacing – which is assumed to be 

uniform -  as well as the continuity of the structure (designed by blocks), may have an impact in the final arrangement 

of watertight bulkheads, the location of main equipment/engines and the design of outfitting elements, such as pipes, 

ducts, stairs, vertical casings and trunks.  

The manufacturing of the composite structure becomes another design constraint, influencing the size and the 

spacing between structural elements, in order to facilitate the activity of the specialists who have to laminate the 

joints in safety conditions and with the required quality. 

Structural Design ProcessStructural Design ProcessStructural Design ProcessStructural Design Process    
The structural design is the result of a teamwork involving the ship operator, the classification society and the ship 

designer. 

Bureau Veritas followed the design of the FRV, with reference to its rules for smaller vessels in composite materials, 

such as the NR600 "" code standard and the NR564 "" standard. The experience gained from this activity is valuable 

to improve the regulations and the design tools. 

For scantling a ship's structure, the minimum standards required by the classification society is the starting point.  

These standards could not be applied correctly to the FRV, as the ship cannot be classified as typical. However, they 

were used to obtain an initial approximation, starting from the reference steel ship. 

Load and acceleration values were obtained considering the Navigation Coefficient (n) = 1, which reflects the sea state 

that the ship is expected to encounter during its operations. 

The usual process was followed, calculating the still water hogging and sagging bending moments and shear forces. 

Remarkably, the long superstructure spanning between 0.3L to 0.7L from the aft end, allowed to reduce the maximum 

bending moments and maximum shear forces by 40%. 

Wave loads were calculated following BV rules, with statistical probability of occurrence of 10-5. 

As usual for general ships, the final loading conditions on the hull girder of moment MH or MS (kN*m) and the 

maximum shear force QH or QS (kN), are the sum of the loads in still water condition and wave condition. 

Environmental loads (hydrostatic loads on bottom and sides, dynamic loads due to the waves and the movement of 

the vessel) and dynamic loads (impacts, slamming pressure loads, etc.) followed the standard NR600 Ch.3, Sec.3, Local 

External Pressures. 

The development of the FRV project focused on the design of the midship frame, and the calculations are referred to 

the equations applicable to the central zone of the ship 0.25L - 0.7L. 

BV standard NR600 "Ch.3, Sec.4, Art.2, Ship accelerations" defines the calculations for displacement vessels and for 

fast vessels. The designed FRV is considered a displacement vessel. Heave, pitch, roll and vertical accelerations are 

calculated accordingly. 

The calculation of local loads in structural tanks (bottom tanks, side tanks and tanks above waterline) followed BV rule 

NR600 “Ch.3, Sec.4, Art.3, Internal loads”, considering the calculated accelerations and the actual density of the fluids 

in the tanks. 

All local loads, calculated in compliance with BV rules, were used as an initial approximation in the design spiral, 

subdivided into three categories: by hull subdivision zones; by decks having structural loads; by structures in way of 

tanks. 
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Definition of structural elementsDefinition of structural elementsDefinition of structural elementsDefinition of structural elements    
Based upon the loads, calculations were carried out on different areas of the ship to define the scantlings and 

laminates for each of the structural elements. Considering the advantages and disadvantages of monolithic composite 

structures vs. sandwich structures, the most appropriate configuration is to be selected. Some examples are selected 

to explain the criteria: 

Hull - being the most exposed part to impacts and collisions, a monolithic laminate was selected up to the waterline 

zone. The hull is further divided into different elements depending on the loads: Keel, Bottom and Bilge. These 

elements are subject to the effects of the global bending moments, working mainly longitudinally and absorb the 

slamming impacts produced during navigation or grounding. Consequently, their structure is designed using 

monolithic laminates. 

Side hull above the main deck - this area of the hull is no longer affected by impacts and has toincrease the rigidity of 

the vessel, limiting the weight. A sandwich structure is more suitable. 

Inner Hull - introduced for stiffening the ship as much as possible, it requires great rigidity and is not affected by 

impacts. This should lead to sandwich laminates designs but a monolithic laminate was preferred. This decision 

increases the safety of the inner parts of the ship in case of impact and external hull damage and is more appropriate 

as boundary of the ballast structural tanks within the double hull.  

Double bottom girders - The girders require inertia, are subject to impacts and support high hydrostatic load. Thus, 

depending on the prevailing argument, the laminate could monolithic or sandwich. Monolithic is preferred because 

liquids and internal spills might penetrate the sandwich core and the defect could remain hidden until a structural 

failure occurs. Due to a difference between the support spaces and the span of the girder plates, girders were 

differentiated in the laminate design calculations. 

Web Frame – Side & Inner Plate - Side web frames follow the same concept of bottom web frames. The double 

structure provides the highest possible inertia and distributes the loads between the outer and inner hull. Sandwich 

laminates are used for side web frames to maintain structural continuity with the bottom web frames, to stiffen the 

monolithic elements, ensure structural integrity in case of impact and improve the bending behaviour of the ship. 

Watertight Bulkhead - These bulkheads must withstand different hydrostatic loads, but they work in these conditions 

only in the event of damage. They do not need to withstand impact loads, so are designed with sandwich laminates. 

Decks – All decks are designed with sandwich laminates 

Stiffeners and profiles with "I" or double "T" sections have been used, designed with a combination of vinylester resin 

with carbon fibres. 

To facilitate the design of the FRV, BV tools were used - Mars2000 (to calculate the longitudinal stresses, external 

hydrostatic loads, point loads and distributed deck loads), the composite calculator ComposeIT (to obtain laminates 

adapted to each element of the midship frame, with the appropriate amount of fibres that can be infused per unit of 

resin), as well as Excel calculators along with numerical approximations developed by TSI to analyse the behaviour of 

laminates subjected to axial loads(e.g. pillars or longitudinal bulkheads with vertical loads). 

Along the iterative design process, a great number of approximation cycles were carried out.  

Starting from the reference steel ship, a composite midship frame has been iteratively designed in a design spiral 

which allows the calculation and optimization of the structure, with the following basic criteria and considerations: 

• Inertia increase and double elements concept 

• Double hull below main deck, between fore and aft peaks 

• Carbon fibre “I” reinforcement. 

• Application of the appropriate laminate to each area of the ship. 

Midship Midship Midship Midship ----    Iterative Approach Iterative Approach Iterative Approach Iterative Approach ––––    Structure ApproximationStructure ApproximationStructure ApproximationStructure Approximation    
The complete study of the structure required further optimizations, updating the effective dimensions of the plates 

and their associated reinforcements and all applicable loads (global, local, static, dynamic), using the available 

software tools. 



   D4.7 - Project Guidance Notes 

 Page 71 of 74 

As an example, after some runs, the stresses on each layer of the structural panel laminate, the combination of 

stresses and the plate buckling behaviour are determined in accordance with the criteria set out in the BV rules. If the 

stresses exceed these criteria, the program returns a “red alert” (failed), so that the user can check the calculations 

and the laminate, modifying the composition or increasing the number of layers. This leads to an iterative calculation 

process, as a change in the properties of one part of the structure changes the stress distribution in the rest and, 

therefore, in Mars2000 the overall loads would vary. If all parameters are “green” (passed) the material can withstand 

the considered loads. 

The behaviour of stiffeners depends on the load transferred by the plate. Therefore, the reinforcements must be 

studied in associations with the plates. The classification society's tool allows this coupling. 

The iterative calculation process of the midship frame is complete when all its structural elements are analysed with 

the local, global and combined loads.  

The results are obtained in a user-friendly format, i.e. a spreadsheet with the summary of the loads on each structure 

and other with the plating / stiffener scantling. 

The load values on each deck are taken for the design of longitudinal load-bearing bulkheads and pillars and buckling 

verification. 

Other structures are necessary before running the finite element analysis model, e.g. internal tanks, stairway trunks, 

fin-stabilizer boxes, retractable pod shafts, the bow thruster tunnel, shaft bossing, engine room foundations. 

Wherever possible, existing laminates have been considered for these structures, trying to design structures with 

elements that can be manufactured in series. 

FEM CalculationFEM CalculationFEM CalculationFEM Calculation    
The aim of the structural simulations in FIBRESHIP is to obtain the overall response of the ship by analysing the entire 

structure, subject to all applicable loads. The values obtained from the FEM analysis allow to confirm if the scantlings 

designed through the classical methodology are appropriate, as structural failures can be detected in the FEM model. 

Seakeeping simulations allow to determine the environmental loads acting on the FRV and to characterize the rigid 

solid response of the vessel to these loads, to validate the structural dynamic analysis. 

The simulations carried out are both static (hogging - sagging analysis) and dynamic and of a linear and non-linear 

character. The main non-linearities to be taken into account when applying the FEM to solid mechanics are: material 

non-linearity, geometric non-linearity and non-linear boundary conditions. The structure must be designed not to 

exceed the elastic limit under the defined loads and therefore material non-linearity is not considered. The hypothesis 

of small deformations is to be adopted in the analysis, thus excluding the consideration of geometric non-linearity. 

However, the variation of draught with the rigid solid movements of the ship will make it necessary to consider non-

linear boundary conditions in the dynamic analyses.   

 

Structure FEM Design Process Flow-Chart 

Given the characteristics of the elements that compose the structure of the ship - mainly slender elements, such as 

plates and beams - the use of Shell and Beam elements is usually preferred, which allows a significant simplification 

of the model, replacing the three-dimensional geometry by 2D and 1D components. 
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Before the analysis, the lightship of the vessel, is to be preliminary assessed. The weight of the composite structure 

and the total weight of the associated insulation is calculated by the so-called Self-Weight analysis of the RamSeries 

program, obtaining the weight, center of gravity and inertias of the masses distributed along the ship. The density of 

the rock wool insulation material is assumed to be 70 Kg/m3, applied uniformly to the shell elements, considering an 

estimated thickness of 240 mm (120 mm on each side of the panels). 

• The resulting weights are: 

• rock wool insulation = 159 t 

• structural weight = 525 t 

• total weight = 684 t 

• reference steel ship weight = 2252 t 

 It can be concluded that reduction in structural weight - including the insulation, is considerable, nearly reaching 70%. 

Once the values of the lightship and deadweight are determined, the masses of all the elements of the ship are defined 

in navigation, a representative loading condition for which the FEM simulations is carried out. Although the masses 

of these elements are invariant with time, the internal loads cannot be considered constant in the dynamic analyses. 

Since the ship is an accelerated system, the internal elements of the vessel are referred to a non-inertial reference 

system. The internal forces experienced on the FRV are the result of mass, gravity and rigid solid accelerations due to 

heave, roll and pitch movements. 

The main external forces are the hydrostatic buoyancy, the resistance and the forces produced by the waves action. 

In general, the external forces can be classified according to their nature into pressure forces and viscous forces. Since 

the software used to evaluate the external forces is based on the potential flow theory, the viscous component of the 

external force cannot be determined, therefore, the totality of the external forces acting on the Fishing Research 

Vessel are pressure forces. 

There are negligible differences between the total weight, obtained from vessel equilibrium and the weight used for 

FEM simulations, close to 1 %, due to the simplifications of the FEM model (all tanks with a filling percentage lower 

than 10 % are eliminated and slight modifications in the weights for the correct balance of the ship). 

Hydrostatic buoyancy is considered as a dynamic load, since the forces produced by the action of the waves induce 

rigid solid movements of the vessel which modify the draft and trim at every instant. The variation of the buoyancy 

over time makes it necessary to include non-linear boundary conditions, being the only non-linearity considered since 

composites are designed not to exceed the limit defined according to the Tsai-Wu criterion in the directions analyzed 

- the material works in linear elastic regime - and the hypothesis of small deformations excludes geometric non-

linearity. 

In addition to the buoyancy, the force arising from the resistance and wave loads are considered. According to the 

ITTC (International Towing Tank Conference), the resistance is divided into viscous resistance (frictional resistance + 

shape resistance) and waves resistance. The software used is based on potential theory, the viscous component is 

neglected, and the resistance considered corresponds to the waves resistance. The resistance is simulated as a current 

in bow-stern direction, whose speed corresponds to the speed of the vessel (12 knots). 

The force resulting from the action of the waves is obtained from a linear approximation of Stokes' wave theory, called 

Airy's wave theory. In general, the criteria adopted in the dynamic analysis should not differ from those applied to 

conventional steel ships. 
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Structural Weight comparisonStructural Weight comparisonStructural Weight comparisonStructural Weight comparison    
The total weight reduction is mainly due to the change of the construction material from steel to composites and 

other directly related concepts (e.g. possible reduction of fuel tanks, with lower fuel consumption). 

The first evaluation was made calculating the composite midship frame vs. the steel ship frame. The weight per meter 

of length of the cylindrical body of each of the vessels was compared. Notably, the frames and the frame spacing (700 

mm steel, 1000 mm composite) of both designs do not match so a direct comparison is not straightforward. The 

weight of each block / section was calculated and divided by its length, thus obtaining the weight per unit length for 

each vessel, and then summed-up. With this methodology the weight saving is 76%. 

The second evaluation is performed with the FEM calculation using the complete geometry of the ship. The estimation 

of the weight of the insulation is also much closer to reality, since it is possible to associate the insulation material to 

its structure. With this methodology the weight saving is 77%. 

A further comparative calculation is carried out increasing the thermal insulation to the values which would better 

correspond to those required by 60 minutes fire resistance. The estimated rock wool thickness is 200mm, 100mm on 

each side of the panel. The insulation weight is 159t, which represents an increase of 23% of the weight of the 

structure, and the overall weight saving is 69.6%. 

Compared to the previous overall figures, the difference is 7.1%, which is not significant considering the huge 

reduction margin obtained, However,  the volume lost due to the increased insulation is to be reviewed, to take into 

account the spacing between structural elements to allow the inclusion of the rock wool. 

Stability considerationsStability considerationsStability considerationsStability considerations    
The naval architecture calculations are the same as a steel vessel. 

The FRV is considered a passenger vessel in terms of rescue and safety regulations given the number of crew and 

scientific passengers carried. For stability calculations reference is made to BV standard NR467 (Steel ships) which 

specifies in PtB, Ch3, App2 - Trim and Stability Booklet the loading conditions depending on the category of the vessel. 

Paragraph 1.2.9 specifies the loading conditions to be considered for passenger ships: 

- Ship in fully loaded departure condition with full stores and fuel and with the full number of passengers with 

their luggage. 

- Ship in fully loaded arrival condition, with the full number of passengers and their luggage but with only 10% 

stores and fuel remaining. 

- Ship without cargo, but with full stores and fuel and the full number of passengers and their luggage. 

- Ship in the same condition as above, but with only 10% stores and fuel remaining. 

Finally, six different loading states are considered: 

FRV Loading Conditions (BV)  

- Full load - Departure - Ballast - Departure - Sailing 

- Full load - Arrival - Ballast - Arrival - Lightship 

In the FEM Calculation the loading condition selected for the structural analysis is “Sailing”, supposed to be the most 

representative. 

Stability calculations were made with the drafts obtained in the different loading conditions, to examine the stability 

characteristics depending on the draft and trim.        

The new distribution of the weights along the ship and different stability of the vessel is not the only impact of the 

great weight reduction obtained with composite materials. 

The decrease of approx. 70% of the structural weight has several other consequences and due consideration should 

be given to: 

- Variation to seakeeping response 

- Variation of the natural frequencies of the vessel 

- All hydrodynamic aspects (propeller position, diameter, cavitation) caused by the reduced draft 

As a general conclusion, the reduction of the structural weight in cargo ships can be used to increase the transport 

capacity (payload / cargo). However, for vessels such as the FRV, the modification of materials has a strong influence 

on most aspects of the vessel, requiring a complete redesign. 
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Discussion and conclusions 

The structural design of the fishing research vessel fully made of FRP, represents one of the most important outcomes 

of FIBRESHIP, showing the technical feasibility of a vessel over 500 GT in composites, fulfilling the different structural 

safety standards of Classification Societies. 

This study is intended to be a milestone for the future structural designs using FRP materials, and how it is possible to 

make the most of this technology to boost the benefits of these materials. 

The activities included analysis of the requirements for the design of this kind of ship, the approach followed for the 

composite structural design, detailed structural analysis (based on FEA and the coupling of the structure with vessel 

hydrodynamics), effects on the key naval architecture parameters, in compliance with applicable Class rules (BV). 

The reference steel-based ship for this structural study has been the Cornide de Saavedra vessel for IEO (Spanish 

Oceanographic Institute), which will be built in 2021. This vessel is characterized by multipurpose capacities, according 

to the current needs in research ships, that must be polyvalent and able to operate for any mission or specific 

operation. The capabilities and missions of the redesigned FRP FRV have been maintained for its operational profile: 

− Scientific sampling without environment disturbance. 

− Energy efficiency and CO2, NOx and SOx emission reduction. 

− Exceptionally silent (ICES CRR209). 

− Large length campaigns in remote places. 

− Dynamic positioning DP II and underwater acoustic positioning USBL 6000 m depth. 

− Multipurpose capacities materialized in modular research spaces. 

The study analysed different alternatives, structural configurations and solutions for the use of composite materials 

to large length vessels over 50 meters, taking the advantages that these materials could provide to commercial 

shipping industry. 

The structural analysis and the design methodology were found to be in compliance with classification 

rules. The design methodology requires a mind shift to face structures that are different from conventional steel. 

Given lower stiffness in composite material with respect to steel or aluminium, it is necessary to obtain a higher 

structure stiffness through the modification of the geometry of the structural elements and not only through a 

scantling increment. 

A conclusion after the study is that the vessel hull shape should be re-analysed and re-defined considering the 

obtained structural weight reduction of 70% (considering the fire insulation), producing and overall weight reduction 

of 36% (with respect to the same steel-based vessel) with the consequent reduction in draft and reduced wet surface. 

To make the most of the new operational loading conditions power needs onboard is to be revised, implying a 

reduction of bunkering consumption and lower greenhouse gas emissions. 

Likewise, all naval architecture parameters have been recalculated according to the new loading conditions and are 

to be improved in further loops of the design spiral of the vessel. 

In conclusion, the most important finding of this study is that structural design of a vessel of length up to 100m is 

technically feasible, considering the currently available resources in the vessel design and shipbuilding sector. 

The adoption of this technology by the European shipping market is still subordinated to other relevant factors that 

must be overcome in the mid-term such as the evolution of the regulatory framework, CAPEX cost, production 

engineering in the manufacturing process, improvement of building capacities, personnel training and onboard fire 

safety. 


