
 

 

 
 

Engineering, production and life-cycle management for 
the complete construction of large-length FIBRE-based 

SHIPs 
 

 

D5.3 (WP5): Class Rules & Guidelines 

 

Responsible Partner: RINA 

Contributor(s): BV, LLOYDS, IXBLUE, NAVREP, TUCO, TSI, CIMNE, COMPASS, SOERMAR 

 

Dissemination Level 

PU Public x 

PP Restricted to other program participants (including the Commission Services)  

RE Restricted to a group specified by the consortium (including the Commission Services)  

CO Confidential, only for members of the consortium (including the Commission Services)  

  



D5.3 - Class rules & guidelines  

 

 Page 1 of 86 

Document Information Table 

Contract number: 723360 

Project acronym: FIBRESHIP 

Project Coordinator: TSI 

Document Responsible Partner: RINA Services S.p.A. RINA 

Deliverable Type: Report 

Document Title: Class rules & guidelines 

Document ID: D5.3 Version: 00 

Contractual Date of Delivery: 31/05/2020 Actual Date of Delivery: 01/06/2020 

Filename: D5.3 Class rules & guidelines 

Status: First version 

 

Authoring & Approval 

PREPARED BY 

Author Date Modified Page/Sections Version Comments 

Alessandro Maccari 

(RINA) 
8/05/2020 All V00 Creation of the document 

TSI 26/05/2020 All V00 Reviewing of deliverable 

Alessandro Maccari 

(RINA) 
29/05/2020 Editorial amendments V01 Final issue 

TSI 01/06/2020 ALL Vx 
Small Modifications. Document 

approval 

 

APPROVED BY 

 Name Role Partner Date 

Document Managers Alessandro Maccari Project Manager RINA 29/05/2020 

Document Approval Alfonso Jurado Project Coordinator TSI 01/06/2020 

 

 



D5.3 - Class rules & guidelines  

 

 Page 2 of 86 

EXECUTIVE SUMMARY 

The scope of this public deliverable of the FIBRESHIP Project is to present new guidance notes for the adoption of 
innovative techniques for building large vessels in composite materials, supplementing the provisions of the current 
regulatory framework. 

D5.3 is not a final set of mandatory provisions, but a valuable synthesis prepared by the Classification Societies and 
project partners on the experience gained in the analysis of the production process of composite materials and FRP 
techniques applied to shipbuilding. 

This synthesis may be used to develop new international regulations at European and international level, as part of 
the exploitation activities of FIBRESHIP, which have already started with the presentation of the project results at the 
IMO SDC sub-committee in February 2020. These guidance notes are in line with the current IMO discussions, aimed 
at defining different scopes of application for composites, from simple prescriptive regulations to full quantitative 
risk-based design. 

D5.3 is matching another key output of FIBRESHIP, D4.7 Project Guidance Notes which, as the title explains, provides 
similar guidance notes on the design process. A third deliverable, D9.9 Report on Standardization Activities focus on 
the key findings of the project and the next steps to further develop the regulatory framework. These public 
documents offer an essential overview of the project results for designers, consultants, research centers, builders, 
classification societies and regulatory bodies. 

The results are derived from the analysis on the optimum building strategy and techniques, the assessment of the 
technical implications for the shipyards and the specific studies carried out on the FIBRESHIP vessels of the three 
targeted categories - the containership, the Ro-Pax vessel and the fishing research vessel FRV. This document is part 
of a set of guidelines covering all the regulatory aspects: materials (in WP2), engineering (in WP4) and production (in 
WPS & WP6). 

Some principles, which are at the basis for building these composite vessels, are irrelevant to the size of the structure, 
although there is a difference in emphasis on some areas. 

Further development of Classification Rules will be required to fully cover all aspects of large composite vessels. These 
aspects are listed at the end of this document, as well as the nest steps in the exploitation of the project results, but 
it is to be recognized that the outstanding work done in FIBRESHIP will be a solid and well documented basis to boost 
the use of composites for large commercial ships. 
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1. INTRODUCTION 

The scope of this document is to present new guidance notes for the adoption of innovative 
techniques for the construction of large composite vessels, filling some of the gaps identified in 
the provisions of the current regulatory framework. 

Fire safety is not considered in this document. Many other FIBRESHIP documents, including D4.7, 
consider at length this essential aspect. It is noted that fire safety is an essential pre-requisite for 
all hulls made of composite materials, although it is acknowledged that large length vessels may 
have higher fire risks in terms of frequency and consequences. Fire aspect are briefly mentioned 
in the conclusions and next steps of this document (see sections 8 and 9) as part of the 
development of the regulatory framework. 

 

1.1. Structure of this document 

Writing guidance notes for the proper manufacturing and quality control of composite materials 
is not an easy task, being influenced by design criteria, the manufacturing process and the 
expected lifecycle performance. Moreover, a somewhat fragmented and not identical set of rules 
and regulations is available, from different regulatory bodies, but not specifically referred to large 
length ships. 

It is therefore premature drafting structured guidelines or unified interpretations, ready for 
publication and adoption. 

The approach adopted in this document is the most suitable to put together some of the results 
of the enormous amount of work carried out in FIBRESHIP. The main input comes from other 
project deliverables; those most relevant are quoted as references at the end of this document. 

The logic sequence of the document sections is: 

− Start from the regulatory framework analysis and the identified gaps, 

− Summarize the building strategies and techniques, i.e. the manufacturing of composites, 

− Introduce appropriate inspection and monitoring technologies, supplemented by a risk-
based approach (Fit for Purpose methodology), 

− Outline the Structural health monitoring strategy, based upon the identification of the 
“hot spot”, stress types and location of the critical ship structural components, 

− Explain how verify the production process and how this is linked to the design loads, 

− Outline the methodologies for inspecting, monitoring and repairing composite materials 
as part of a broad quality control process, 

− Provide worked examples of how the design and operational factors are linked to 
manufacturing, from the experience gained in the design of the three large ships studied 
in FIBRESHIP 

− Draw some conclusions and outline future activities. 
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This document is mirroring another essential output of FIBRESHIP, D4.7 Project Guidance Notes, 
which, as the title explains, provides similar guidance notes on the design process. A third 
deliverable, D9.9 Report on Standardization Activities focus on the key findings of the project and 
the next steps to further develop the regulatory framework. 

These public documents offer an essential overview of the project results for designers, 
consultants, research centers, builders, classification societies and regulatory bodies.  
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2. REGULATORY FRAMEWORK ANALYSIS & GAPS IDENTIFICATION 

2.1.  Review of current rules 

For the purpose of investigating the broad applicability of current Class Rules applicable to the 
design and construction of large composite vessels the following documents have been 
considered: 

LR 

− LR Guidance note for the Classification of Special Service Craft. Calculation 
Procedures for Composite Construction, July 2013 

− Guidance Notes for the Classification of Special Service Craft. Version 1.0 Design 
Details, July 2013 

− LR Rule and Regulations for the Classification of Special Service Craft. Part 8 Hull 
Construction in Composites (‘LR Composite Rules’ hereafter) 

− Rules and regulation for the classification of ships  

DNVGL  

− Rules for certification, Pt 1 General regulations, Ch. 3, Documentations and 
certification requirements, general  

− Rules for classification, Pt 2, Materials and welding, Ch. 3 Non-metallic materials  

− Rules for classification high speed and light craft, Pt 3 structures, equipment, Ch. 4 
hull structure design, fibre composite and sandwich constructions  

− Offshore standard DNV-OS-C501 Composite components  

− Rules for classification: ships-DNVGL-RU-Ships  

− Rules for classification of ships, Part 3, Chapter 2 Hull structural design- ships with 
length less than 100 m (DNV) 

ABS 

− Rules for materials and welding, Pt 2, Ch. 6 Materials for hull construction FRP  

− Rules for building and classing high-speed craft, Pt 3, Hull construction and 
equipment 

− Rules for building and classing steel vessels  

− Rules for building and classing steel vessels under 90 m in length 

ClassNK  

− Guidance for the approval and type approval of materials and equipment for marine 
use – Part 4, Chapter 3- Approval of raw materials for hull of ships of FRP  

− Rules for the survey and construction of ships of FRP 
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− BV 
NR 500 - Rules for the Classification and the Certification of Yachts (incl. amendments 
January 2016)  

− NR396-NR_2002-02 - Rules for the Classification of High-Speed Craft - These Rules 
had been established jointly by Bureau Veritas, Germanischer Lloyd and RINA as 
members of EEIG UNITAS (February 2002)  

− NR320 Certification scheme of materials and equipment for the classification of 
marine units  

− NR546 Hull in composite materials  

− NR600 Hull structure and arrangement for the classification of cargo ships less than 
65 m and non-cargo ships less than 90 m 

− Rules for the survey and construction of steel ships  

− Rules for the survey and construction of steel ships: Hull construction and equipment 
of small ships 

BV  

− NR 500 - Rules for the Classification and the Certification of Yachts (incl. amendments 
January 2016)  

− NR396-NR_2002-02 - Rules for the Classification of High-Speed Craft - These Rules 
had been established jointly by Bureau Veritas, Germanischer Lloyd and RINA as 
members of EEIG UNITAS (February 2002)  

− NR320 Certification scheme of materials and equipment for the classification of 
marine units  

− NR546 Hull in composite materials  

− NR600 Hull structure and arrangement for the classification of cargo ships less than 
65 m and non-cargo ships less than 90 m 

− NR467 Rules for Steel Ships, Part B – Hull and stability and Part D, Ch. 2 – Container 
ships, Ch. 12- RO-RO passenger ship  

− NR600 Hull structure and arrangement for the classification of cargo ships less than 
65 m and non-cargo ships less than 90 m. 

RINA  

− RINA RES6 Rules for the Classification of Pleasure Yachts (effective from 1 January 
2018)  

− RINA RES23 Rules for the Classification of Yachts Designed for Commercial Use 
(effective from 1 January 2018)  

− RINA NCC24 - Rules for the type-approval of components of composite materials 
intended for hull construction (effective from 1 January 1997)  
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− RINA NCC77 Rules for the Qualification and Certification of Marine Adhesive Bonders 
for Yachts (effective from 1 January 2010)  

− RINA RES22 Rules for the Classification of Ships with Reinforced Plastic, Aluminum 
Alloy or Wooden Hulls (effective from 1 January 2008)  

− RINA Rules for the Classification of Ships – Part B 

− RINA NCC23 Rules for Testing and Certification of Marine materials and equipment 
(effective from 1 July 2014) and relevant amendments up to 1 July 2017  

− RINA HSC 

 

The regulatory framework includes regulations / rules / guidelines / codes and standards, i.e. both 
mandatory and voluntary rules and regulations, issued by different Classification Societies, 
National and International Authorities, focussing on structural and statutory aspects and of FRP 
vessels design, construction and operation. Arguably, it is complex to consider systematically the 
current marine regulatory framework, due to the number, variety and fragmentation of the 
existing provisions. As a general consideration, the current regulatory framework applicable to the 
marine sector is the result of a fragmented approach, with prescriptive rules, codes and standards 
developed on rather conservative principles, implicitly based on steel or aluminum solutions. 

The review of the current marine regulatory framework relevant on application of composite 
materials for large ships has been carried out in FIBRESHIP (ref. D4.4), to identify the gaps or 
inadequate provisions on Fibre-Reinforced Plastic (FRP) vessels design, construction and 
operation.  

The full regulatory analysis was carried out with a set of spreadsheets, clustered according to a 
logic thematic breakdown (structural design, material certification & testing, fire safety, etc.) 
supplemented by specific comments and considerations. This approach was useful to evidence 
well-regulated requirements in contrast with aspects neglected, vaguely addressed, or relying 
upon a case-by-case approval process. 

Structural aspects are generally covered by ship classification rules and regulations whose main 
objective is to verify the structural strength and integrity of essential parts of the ship’s hull and 
its appendages, and the reliability and function of the propulsion and steering systems, power 
generation and those other features and auxiliary systems which have been built into the ship in 
order to maintain essential services on board.  

Classification Societies aim to achieve this objective through the development and application of 
their own Rules and by verifying compliance with international and/or national statutory 
regulations on behalf of flag Administrations, as their Recognized Organizations. 

Classification Society rules dedicated to ships built in composite materials mainly consider ships 
with limited length and/or gross tonnage, although having the potential of being extended to 
large-length composite ships, subject to specific acceptance criteria. 

In general, Classification Society rules assess materials and equipment fitted on board classed 
ships, and ships construction in composite materials addressing the following aspects:  

− Structural design: global, local, dynamic loads 
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− Hull scantling 

− Raw material certification and testing 

− Specimen tests of FRP 

− Manufacturing and testing at works  

− Final tests and inspection of the construction 

− In service survey 

Each step of assessment within the scope of ship classification requires the definition of:  

− Type testing program and standard to be used for the assessment methodology 

− Validation criteria for the test results and their assessment 

and the Body in charge of tests and assessments and type of certificates granted  

Fire safety aspects are covered by statutory requirements with reference to the SOLAS convention 
and the relevant Codes.  

The main aspects not exhaustively covered by the current regulatory framework are the following: 

− Effects of composite construction (e.g. weight reduction) on the overall ship design 

− Failure modes of load-bearing composite structures and materials 

− Behaviour of composites in extreme temperature / humidity ranges (polar, tropical) 

− Ageing of structures subject to fatigue loads caused by dynamically induced hull stresses 

− Crashworthiness of hulls 

− Maintenance and Structural Health Monitoring in operation 

− Use of hybrid composite/metal construction systems 

− Global structural failure due to fire.  

These aspects are of primary importance for large ocean-going ships with an expected operational 
life of several decades. 

The lack of appropriate, consistent, modern, recognised regulations is a key barrier to the uptake 
of composite materials and to innovative solutions based on new materials and technologies. 

The way forward is to be found in a balanced use of prescriptive regulations – supported by 
experience – and performance assessment methods (supplemented by tools, codes and models) 
where direct ‘equivalence’ with steel is not easily proven. 

The guidance notes of the present document, D5.3, are developed to bridge the regulatory gaps 
identified in the production process of large‐length FRP vessels.  

It is underlined that FRP vessels are to be considered in a life-cycle perspective and sometimes the 
design, the production and the maintenance requirements may overlap. 

  

2.2. Applicability of existing rules 

Most of the rules issued by the classification societies address the construction of composite ships 
not exceeding the length of about 50-65 m. 

Notably, the LR Rules and Regulations for the Classification of Special Service Craft are devised to 
apply to craft of moderate size (up to 90 m), but are applicable to vessels up to a Rule Length of 
150 m.  
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In a broad sense, the principles used to compose the LR Rules are applicable to large composite 
vessels. However, the studies carried out in FIBRESHIP show that direct application is to be 
undertaken with care.  It may be the case that the dominance of one failure mode is assumed for 
smaller craft while for large vessels other failure modes may be more prevalent. Therefore, 
application of LR Composite Rules is to be done by a subject matter expert with enough experience 
and insight to identify problem areas. 

 

2.1. General requirements  

2.1.1. Design life 

The design life for the classification of FRP vessels is to be set by the designer in agreement with 
the classification society. 

A design life of not less than 25 years for large commercial vessels is set by intergovernmental 
organizations.  An explicit statement is needed to clarify that a 25-year design life is set for 
compliance with Class Rules when used for large composite vessels. 

Ageing of the materials is to be considered during the design phase.  Composite materials tend to 
become brittle and hard after exposure to environmental conditions. 

Consideration is also to be given to UV exposure, exposure to the harsh marine environment and 
interface wear / behavior.  None of these phenomena is explicitly quantified in the Class 
Composite Rules. The reason for this is that material development in the composite industry 
happens very quickly and fixed material aging property rates when incorporated in Class Rules are 
likely to be outdated by the time a new material or additive is used.  The historical data is also 
limited, not in volume but in time.  Updates to a Composite Ruleset are envisaged to be in the 
form of goals and requirements rather than prescriptive. 

The use of knock down factors to model the reduction of strength and other properties has been 
tried and tested in other industries.  Equivalent factors can be developed for vessels with a long 
design life. 

For these reasons, when direct prescriptive rules are not available, the Fit for Purpose 
methodology (see section 4.4) is to be applied as part of a technology qualification process 

 

2.1.2. Net scantlings 

The LR Special Service Craft Rules and the rules of other Classification Societies adopts a net-
scantlings approach from their outset and the vessels are surveyed and maintained with this 
premise in mind.  Maintenance of large commercial vessels may have more restrictions regarding 
time, budget and man-hours and as a result may not be able to keep the scantlings at their new-
build value.  This is more of an issue for metallic craft, but exposure to environmental condition 
will affect composite craft too, in terms of general wear and abrasion, which are to be considered 
in robustness criteria (e.g. minimum scantlings criteria). 

Residual strength at the end of the design life is to be assessed rather than new-build strength.  
This methodology is equivalent to a net scantlings approach, but the physical process considered 
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over its lifetime is quite different from conventional steel shipbuilding, where corrosion and 
reduction of thickness is the primary concern. 

Specific structural assessment considerations – in design and production - are reported in the 
following sections. 

 

2.1.3. Structural assessment 

A rigorous structural assessment is to be carried out. 

Composite material is new in the construction of large ships and service history is still limited 
because of its recent development when compared to metallic materials. 

For the structural assessment most material properties, loads, stresses and criteria can be 
quantified.  A small portion may be assessed qualitatively such as design details which are very 
important in composite structures. 

Material properties are available in published data while new materials or new additives will 
require testing. A certification scheme is to be applied for material from manufacturers. 

Loads on ships are well defined because loads are independent on the construction material and 
existing formulae can be used.  Sources of load formulae can be found in published data, class 
rules and IACS publications. 

Stress calculations are to be performed in a manner appropriate to composite materials.  The 
stress calculation is to be based on global loads, local loads and a combination of global and local 
loads. 

Hull response will differ significantly from metallic construction.  Phenomena such as springing 
and whipping may require increased attention because of the increased flexibility of some FRPs. 

Classical first ply failure may to be taken as the base criteria.  Other criteria are needed when 
considering fatigue response and failure modes specific to composite materials.  Suitable failure 
mode criteria are to be used as unidirectional stress assessment has insufficient predictive 
capability. 

Joints require a quantified assessment where possible and a qualitative assessment where 
needed. 

Composite materials are prone to influences other than those considered for metallic 
structures.  These include aging, water absorption, exposure to chemicals in water and cargo, 
fabrication process, load type, stress type and direction. 

Large deflection of local panels and the hull are to be expected and quantified as these will 
influence the overall layout and design of the ship. 

All these aspects are pertinent to the design and structural verification of composite materials. 

It is underlined that the final performance of these materials is strongly influenced by 
manufacturing. The final conformity of the component with the theoretical design is essential to 
guarantee the expected performance in a lifecycle perspective. 

This important issue will be considered in all the following sections of this document. 
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2.1.4. Materials and construction type 

Class Rules for composite construction are generally written with fibre reinforced plastic (typically 
with unsaturated polyester resin) in mind.  The construction types at the time of writing included 
hand lay-up, mechanical deposition, contact moulding techniques or vacuum assisted techniques. 
The Rules are generally applicable to both monolithic and sandwich construction. 

The following sections provide an outline of the most common materials and production processes 
adopted by the shipyards. Materials and construction methods that deviate from the outset 
covered by the existing Class Rules are to be specially considered. 
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3. BUILDING STRATEGIES & TECHNIQUES 

The industry for large commercial marine vessels still relies primarily on steel as structural 
material, notwithstanding the development of composite materials and the progress in 
comparable industries such as aeronautics, automotive and rail. Although other industries can 
serve as examples to follow, many outstanding issues are still to be resolved before knowhow and 
experience from both marine and other industries can be merged into a common production 
framework. However, best practice exists in the shipyards for manufacturing and assembly of very 
large composite structures and this experience is further applicable for feasible manufacturing of 
very large composite ships. 

 

These guidance notes are not aimed at developing unprecedented methods for this new 
application, but rather analysing the basic principles to adapt the production strategies in the 
shipbuilding industry to satisfy quality, performance and productivity criteria in a safe 
environment. Consequently, the most common methods for working with composite materials 
are summarised, to establish a baseline for suggesting, section by section, the most suitable 
strategies and techniques applicable for manufacturing specific large-length ships. 

Many normal and well-known challenges for small scale composite structures are worsened when 
their size exceed certain proportions and require further consideration of several critical factors. 

 

3.1. Production methods 

The choice of production setup and manufacturing method is the result of a compromise of 
interrelated technical and economic constraints pertaining to design, production, quality and final 
life-cycle performance. These constraints include factors such as: 

− component design/geometry and dimensions, 

− tooling, 

− joining techniques, 

− feasible production rate/productivity, 

− HSE (Health, Safety and Environment), 

− Selection of resin types, fibre type and preforms, fibre volume fraction and other 
parameters related to the final mechanical/chemical/thermal performance. 

All these factors are to be considered and balanced when devising the optimum production setup 
for any specific purpose. 

The main challenge for manufacturers of composite structures is to create a new multicomponent 
material by properly controlling and manipulating the blend of heterogeneous constituent 
elements. The physical and chemical characteristics of the new material are determined by how 
these individual constituent materials are chosen, arranged and combined; whether the end-
product will comply with the intended engineering design is largely contingent on appropriate 
handling and manufacturing processes, which is far more critical than the conventional steel ship 
manufacturing. 
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While composite materials allow designers to customize the physical and chemical properties of 
the material for specific purposes, this freedom also poses unique challenges in terms of 
manufacturing. Many interrelated parameters are to be managed to guarantee economic 
feasibility, obtain the intended material properties and prevent unforeseen or premature failure. 
Proper pre-treatment is the prerequisite of subsequent in-service performance. 

 

There are no standards to select the optimum strategy and the most appropriate techniques for 
building large length ships. The preferred methods are to be specified in relation to the subdivision 
of the vessels (i.e. production engineering) and the production / assembly sequences, based upon 
available input and existing best practices of the shipyard producing the large-length composite 
ships. 

 

3.2. Material-specific fundamentals of composite manufacturing 

Accurate manufacturing of composites is critical to obtain high-quality end-products. 

Mechanical properties of constituent materials have a direct impact on the performance of the 
final product, but also the manufacturing process influences the properties of the constituent 
materials and their behaviour. Products which are easy to manufacture or less conditioned by the 
ambient conditions, are preferred for very cost sensitive commercial applications. 

Thermoset resins are the most relevant class of matrix materials available for the shipyards – at 
least in the short term. 

Common thermoset resins are epoxies, polyesters, vinyl esters and phenolics. These resins have 
been analysed in FIBRESHIP (e.g. deliverable D2.1) and are not repeated here. 

However, in extreme synthesis: 

− the key criteria for selecting fibre-reinforced materials for ships greater than 50m in length 
and the corresponding appropriate manufacturing techniques were identified. An initial 
list of seven (7) candidate resin systems was drawn up 

− these resin systems were evaluated and compared using a baseline reinforcement (glass 
based Non-Crimp Fabric (NCF)). Uni-directional (UD) laminates were manufactured by 
vacuum assisted liquid resin infusion – a production method which is directly relevant to 
the shipyards. A selection of physical and mechanical properties was subsequently 
evaluated, while the effect of immersion on the mechanical properties was also 
investigated. Considering a wide range of criteria particularly those emphasized by the 
shipyards, two resin systems (LEO vinylester from Saertex/Bufa and SR1125 epoxy resin 
from Sicomin) were finally selected for further evaluation 

− In a further evaluation, UD laminates were manufactured and the mechanical properties 
(tensile and flexural) were evaluated following the classification guidelines. LEO resin 
system was used in conjunction with a supplier-matched glass based NCF reinforcement. 
The properties of other reinforcements (Basalt and Carbon based NCF) were considered 
for use with the SR1125 resin system. In consultation with the partners, glass based NCF 
was finally selected for use with SR1125. In addition to thin laminates, a sandwich panel 
was manufactured using the LEO resin system (with glass based NCF for the skins and a 
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PVC core) and a one-shot infusion process. The sandwich was mechanically tested to 
failure in a 3-point bend configuration providing a baseline for other sandwich panel 
configurations.  

− A few issues were observed with the SR1125 resin system during the production of 
laminates and sandwich panels at ULim. It is plausible that such issues may be overcome 
in a shipyard production environment with appropriate measures.  

− All results in this report will be part of a catalogue of materials and applicable solutions 
(D2.6), where the most suitable material could be assessed and selected for large-length 
FRP shipbuilding, depending on the specific requirements (e.g. position in the vessel, loads, 
temperature and immediate environment, fire resistance needs). 

 

This short summary has the only purpose of emphasizing the correlation between the optimum 
composite solutions and the manufacturing methods. 

 

Shipyards may prefer different fibre-reinforced materials for future applications. In this case the 
analysis is to be repeated, considering the wide array of off-the-shelf constituents (resins, 
reinforcements, cores), following these key criteria: 

− TRL level of materials (TRL 7 was targeted by FIBRESHIP)  

− compatibility of materials with current and future shipyard manufacturing techniques  

− density  

− fire resistance  

− mechanical performance  

− durability  

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

− recyclability  

− availability and cost  

 

3.3.  Curing 

The central process in forming a composite material with thermoset resins is curing. 

− Curing is the chemical reaction that transforms the uncured liquid material into a fully 
cured plastic solid through formation of covalent bonds between individual polymer 
chains. 

− Curing may take place under elevated temperature and pressure or vacuum, however 
curing at ambient temperature is preferable in terms of productivity. In any case, control 
and monitoring of the curing process parameters during manufacturing is essential to 
ensure consistency between parts and high quality, in general. 

− Curing is an important metric to evaluate the production rate, since long curing times can 
add to the total production time of the individual components. 

− The required curing time and temperature for different thermoset resins define their 
production feasibility, e.g. autoclave heating is not feasible for very large non-standard 
geometries although it would elicit favourable physical properties.  
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− Some favourable chemical / mechanical properties of epoxies are often acquired at the 
cost of expensive post-infusion treatment in the form of post-curing at elevated 
temperatures. In terms of manufacturing, the performance margin that can be obtained 
with this treatment is rarely matching the associated investment and operating costs. 
Repair procedures on composite vessels in operation can be very difficult if the procedure 
requires post-curing at elevated temperatures. 

The epoxide backbone chemistry of vinylester resins yields epoxy-like performance while retaining 
the processability of polyesters, thus vinylesters often provide the best compromise. 

 

Many high-performance thermoset parts require heat and high consolidation pressure to cure. 
These conditions require the use of an autoclave. Autoclaves, generally, are expensive to buy and 
operate. Manufacturers equipped with autoclaves usually cure several parts simultaneously. 
Computer systems monitor and control autoclave temperature, pressure, vacuum and inert 
atmosphere, which allows unattended and/or remote supervision of the cure process and 
maximizes the efficient use of the technique. 

When heat is required for curing, the part temperature is “ramped up” in small increments, 
maintained at cure level for a specified period of time defined by the resin system, then “ramped 
down” to room temperature, to avoid part distortion or warping caused by uneven expansion and 
contraction. When this curing cycle is complete and after parts are demoulded, some parts may 
go through a secondary freestanding post-cure, during which they are subjected for a specific 
period to a temperature higher than that of the initial cure to enhance chemical crosslink density. 

Electron-beam (E-beam) curing has been explored as an efficient curing method for thin laminates. 
In E-beam curing, the composite layup is exposed to a stream of electrons that provide ionizing 
radiation, causing polymerization and crosslinking in radiation-sensitive resins. X-ray and 
microwave curing technologies work in a similar manner. A fourth alternative, ultraviolet (UV) 
curing, involves the use of UV radiation to activate a photo-initiator added to a thermoset resin, 
which, when activated, sets off a crosslinking reaction. UV curing requires light-permeable resin 
and reinforcements. 

An emerging technology is the monitoring of the cure itself. Dielectric cure monitors measure the 
extent of cure by gauging the conductivity of ions - small, polarized, relatively insignificant 
impurities that are resident in resins. Ions tend to migrate toward an electrode of opposite 
polarity, but the speed of migration is limited by the viscosity of the resin - the higher the viscosity, 
the slower the speed. As crosslinking proceeds during cure, resin viscosity increases. Other 
methods include dipole monitoring within the resin, the monitoring of micro-voltage produced by 
the crosslinking, monitoring of the exothermic reaction in the polymer during cure and, 
potentially, the use of infrared monitoring via fibre-optic technology.  

A notable phenomenon gaining momentum in the industry is that of out-of-autoclave (OOA) 
curing for high-performance composite components. The high cost and limited size of autoclave 
systems has prompted many processors (particularly in aerospace) to call for OOA resins that can 
be cured with heat only in an oven (less capital-intensive and less expensive to operate than an 
autoclave, particularly with very large parts), or at room temperature. OOA tooling epoxies and 
adhesives also are coming to market. 
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3.4. Viscosity and flow 

Viscosity is central to manufacturing. Control over its parameters is necessary to achieve the 
desired level of distribution/infiltration of resin through a dry fibre network during resin infusion 
processes. 

Temperature is very important. A common feature of thermoset resins is very low initial viscosity, 
which increases with curing and reaches large values as it transforms into a solid plastic. The time 
at which a threshold degree of cure is reached, called the gel time, is an important metric in 
composite manufacturing, defining the threshold at which the flow in the mould becomes 
problematic or impossible. Variable degrees of curing take place synchronously when the resin 
flows through the fibre network, resulting in a gradual change in volumetric flowrate, depending 
on temperature, pressure and type of thermoset resin. 

In the production process these correlations are to be properly managed, monitored and 
reported, especially when manufacturing large sections requires a long processing time. 

A rough rule-of-thumb states that a 10°C increase will reduce by 50% the resin viscosity, while a 
cooling by 10°C will double it. 

− Production setup is to reflect the properties of the resin to ensure fibre surface wetting 
and wet-out between the fibres, critical to obtaining optimal mechanical performance. 

− A method currently employed by the shipyards is to use multiple resin inlets, opened 
sequentially to maintain a uniform viscous resin-front throughout the infusion process. 
Consequently, the spacing between inlets is to be adjusted to match resin type, viscosity 
and ambient conditions. 

− Heat / exothermic reactions are to be controlled, and uniform flow patterns can be hard 
to maintain through very thick cross-sections. Heated moulds could alleviate this problem, 
but in very thick cross-sections, the temperature difference will be significant, influencing 
gel-time and flowrate on either side of the component. 

− Voids in the laminate are to be eliminated. the presence of micro voids in a laminate is a 
serious defect, strongly influencing its mechanical performance. Voids often occur during 
the infusion process when the resin flow does not adequately displace air from the fibre 
surface or when air bubbles are entrapped in the liquid resin. The resins may also contain 
solvents that volatilise when curing at elevated temperatures. To prevent the formation of 
voids, vacuum/pressure is to be controlled while ensuring a uniform flow pattern. 

 

3.5. Shrinkage 

Shrinkage is a normal phenomenon linked with curing. Thermal contraction, which occurs as the 
material cools down after the curing reaction, is to be accommodated and controlled. 

Shrinkage: 

− varies with the type of resin 

− is inhibited by the presence of fibres, fillers, additives) 

− is less evident in epoxies than in polyester and vinylester 
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− may be desirable for an easier mould release but can cause moulding defects and create 
unintended geometric irregularities such as warping and residual stresses as a result of 

difference in cooling rates or non-uniform cure in thick laminates – this is a particular 
challenge for very large composite sections when precision joining is required. 

 

3.6. Fabrics 

The fabrics can be made of several types of fibres, with various characteristics and grades. The 
most common are glass, aramid and carbon. More exotic variants such as basalt and linen can also 
be encountered although glass fibre was selected as the primary material for the FIBRESHIP 
applications. 

In the shipbuilding industry the most common fabrics for the structural elements are woven fabric, 
knit fabric or unidirectional fabrics. Their production techniques are not reported here. 

 

3.7. Tools and moulds for composite manufacturing 

Steelwork in shipbuilding requires modest levels of customized tools, whereas the production of 
composite structures tooling represents a significant barrier on low volume projects but is at the 
same time an opportunity in terms of costs, if implemented to increase efficacy in serial 
production. 

The basic element of composite manufacturing is the mould, which determines the ultimate shape 
of the part and can be manufactured and employed in several ways. 

Many different mould types and mould-making materials exist, whose characteristics depend on 
the specific application factors: component size, geometric complexity, required dimensional 
tolerances, thermal expansion, surface finish, need for holes/inserts, projected mould lifespan vs. 
investment cost. 

 

The production of large part moulds can be divided in two main categories: 

Serial or production tooling 

This type requires first a preform model (in foam, wood, etc.) depending on the desired size and 
shape of the final mould. This type of mould allows about 50 production cycles 

depending on the material and quality. Metallic moulds increase this number but their price is 
higher. Quality moulds for serial production often have the advantage of being airtight, improving 
the success rate for vacuum infusion cycles. 

Prototype tooling 

These moulds are made of wood, cut by CNC machine, covered by panels. This process is faster 
and cheaper, but the number of production cycles is significantly reduced (up to 5 units, with 
repairs in between). Parts of the mould structure can be partially reused. It is often hard to secure 
airtightness and process control, so the quality is lower. 
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Moulds can be equipped with a heating system during the mould building process by adding an 

electrically conductive layer in the mould laminate of the mould. The surface temperature can go 
up to 80 / 100°C, but the resin used to build the mould is to have a high Tg (Glass transition 
temperature). Alternatively, moulds can be made using metals with the lowest possible coefficient 
of thermal expansion and heated by oil via an integrated pipework. These tools have been applied 
by the wind energy industry. With a fluid system the process can be reversed to cool down parts 
after curing or to control exothermic processes. The reduction of production time using heated 
mould systems is to be verified against their higher capital expenses. 

 

 
Figure 1 - CNC machine milling a pre-form 

 

3.8. Liquid resin infusion 

Liquid Resin Infusion (LRI) is the method most widely adopted across industries.  

- Resin Transfer Moulding (RTM) can be used for different purposes. Unresinated fibers are 
supported by a male or female tool cavity with any specified geometry, which is closed off 
by a counter-mould displaced to accommodate the desired part thickness. Traditional RTM 
is a closed-mould process with two rigid mould halves usually made of aluminum, steel or 
composites. A differential pressure is created either by applying vacuum to the mould or 
via an external pump to distribute the resin flow throughout the reinforcing material in the 
mould cavity. 

Traditional RTM involves two rigid mould halves. The resin is injected through in a divergent flow 
pattern towards vents in the outer perimeter of the mould. This method affords high process 
control, high component reproducibility, good surface finish control and is favorably employed for 
medium volume production of smaller parts. Workers have less or no exposure to harmful volatile 
organic compounds (VOC) in comparison with open-mould alternatives. 

. 
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Figure 2 - Traditional RTM (Resin Transfer Moulding) 

 

Light Resin Transfer Moulding is a similar process whereby one side has less structural material 
and higher flexibility. The mould is held in place by differential pressure created with vacuum. 
Catalysed resin injected around the perimeter of the mould flows convergingly towards a central 
vent. This process eliminates better the voids, increasing the rate of successful moulding cycles 
with less scrap. 

Generally, these systems are primarily suited for small components. The tooling design becomes 
complex and expensive when manufacturing large and/or complex shapes. The process is 
employed for up to medium volume production of standardized sections with any reinforcement 
and resin type. It is possible to achieve high fibre volume content and very smooth surface finishes. 
The method implies uniform shrinkage, but the part thickness is constrained by the mould 
geometry. RTM-variants are not flexible and therefore are not the preferred methods for 
constructing large structural elements. 

 

 
Figure 3 - Light Resin Transfer Moulding (LRTM) 

 

Vacuum Assisted Resin Transfer Moulding (VaRTM) is a more cost-efficient variant, with less 
complications. One side of the mould is replaced by a drapeable vacuum bag, conforming to the 
preform contours and eliminating the problem of precisely matching rigid moulds. A differential 
pressure is applied by means of vacuum until an equilibrium is achieved, to reach the intended 
fibre volume fraction and drive away the flow of catalyzed resin. Due to the low injection pressure 
(1 atm), removeable flow media are incorporated to facilitate the resin flow, reduce process time 
and to ensure proper wet-out of the preform. Flow media can be tricky to remove from a cured 
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moulding and thus they are most often accompanied by a peel ply which is inserted between the 
preform and the flow mesh. Curing may take place directly in the mould or in an oven. The 
replacement of the rigid counter-mould with a flexible vacuum bag makes VaRTM attractive for 
largescale applications and the method is superior in terms of incorporation of core materials. As 
a drawback the increased flexibility results in a diminished process control 

and the associated parameters are more dependent on knowhow and manual control. The 
method also has a higher rate of consumables. 

 

 
Figure 4 - Vacuum assisted Resin Transfer Moulding (VaRTM) 

 

The following actions are required in a VaRTM process: 

− Cutting of materials 

− Laying of the plies 

− Bagging 

− Infusion 

− Curing 

− Demoulding 

− Trimming and surface treatment 

− Inspection 

 

CNC machines can be used to cut the extra length or to cut the portholes once the part is 
demoulded. Result are more accurate and faster than doing this by hand, but for shipbuilding 
applications, the dimensions of the machine are to be huge to match the dimension 

of the parts. 

The increasing size of the moulds used for large ships requires additional verifications: 

− Structural strength of the mould itself 

− Capability to move or to assembly parts of the mould 

− Process to build the mould in short time 

− Storage of the material 

− Space for preparing the slices of mould 

The movement of a mould in the workshop is to be considered from its conception. The larger the 
mould is the more difficult the movement. In general, it is possible to move a wooden mould up 
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to 20m and up to 40m-50m for a steel mould. If the size is bigger, the mould structure is to be 
stronger and its cost is higher. Bigger moulds can be divided into blocks coupled with bolted 
flanges. Each block is to be equipped with handling / lifting points and a study of the deformation 
of the mould structure is required. 

Moulds are bigger than the final parts. Proper accessibility is to be guaranteed to work on the 
mould and around the element. Appropriate protection (e.g. parapet walk, stairs, handrails) are 
to be provided in compliance with applicable HSE requirements. 

 

3.9. Hand lamination 

Hand lamination is the most primitive method, often used for very small batch production, 

prototyping or joining. Usually, hand laminating requires a single-sided mould with a gel coat and 
a subsequent coating of a chemical release agent which improves the surface quality and 
facilitates the removal of the part from the mould. Reinforcement (glass or other fibres) are laid 
one at a time and resin is applied manually, using a brush or a roller. Parts of this process 

can be mechanized using pressure feed rollers and spray-up equipment. The process is 

reiterated for each reinforcing layer until the intended part thickness is achieved. The quality of 
hand lamination is highly depending on the skill of the operator. There is no control over part 
thickness, fibre volume fraction etc. and hence the method is to be applied for non-critical 
structures with low stress levels. Capital cost is low, but the process is very labor intensive and 
VOC emissions make a strong case for closed-mould alternatives. Hand lamination is nonetheless 
essential where net-shape moulding is not possible or where secondary bonding is to be applied. 

 

In open moulding, spray-up processing, once a very prevalent manufacturing method, has begun 
to fall out of favour. The EU regulations have mandated limits on worker exposure to, and emission 
into the environment of VOCs and hazardous air pollutants (HAPs). Styrene, the most common 
monomer used as a diluent in thermoset resins, is on both lists. Because worker exposure to and 
emission of styrene is difficult and expensive to control in the spray-up process, many composites 
manufacturers have migrated to closed mould, infusion-based processes, which better contain 
and manage styrene. 

Although open moulding via hand layup is being replaced by faster and more technically precise 
methods (as the following makes clear), it is still widely used in the repair of composite parts.  

 

3.10. Production engineering 

The optimum building strategy and techniques for large-length composite vessels depends on the 
capacity and existing facilities in the shipyards. 

CAPEX adaptations due to infrastructural changes depend on the specific business plans and 
expected return of the investment to build large vessels using composite materials. Shipyard 
logistics include workshop capacity, dimensions and equipment, preferred production methods, 
training of workers, outdoor facilities, general location, storage space, transport and access etc. 
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As for steelwork construction, production engineering is a key factor for success. The structural 
subdivisions (components, parts, block, sections, etc.) are to match the design requirements with 
the typical procedures and best practice of the shipyard to maximize the production efficiency. 

 

Although production engineering is not regulated by classification rules, some general 
recommendations derived from the analysis carried out on the composite Ro-pax designed in 
FIBRESHIP are used as a showcase of this process, considered to be representative for all three 
vessel types. 

 

The ship elements are to be subdivided considering their shape, e.g.: 

- curved geometries 

- flat side panels 

- flat bottom geometries 

- other geometries 

Irregular geometries constitute a challenge in manufacturing, and nonidentical shapes require 
individual moulds and more care in joining operations. The design criteria are to facilitate the 
tooling infrastructure of composites and allow serial production as far as practicable. Ship owners 
often require customized products; however, a certain degree of standardization may turn out to 
be necessary to achieve economic feasibility. 

 

The estimation of the biggest feasible block sizes depends strongly on individual designs. 
Manufacturing limits, risk management and logistics will set the limits of the block size. 

When producing very large sections, production errors may invalidate the entire product which, 
unlike metal structures, cannot be remedied. The time spent on laying up the preform, core 
materials and preparing the infusion is considerable, so production failure will have major 
consequences in terms of man hours and wasted materials. Reducing the block size will also 
reduce the risk involved in the infusion process. 

Storage in the shipyard may become problematic or unfeasible in case of very large sections since 
the mould tools occupy even more space than the sections themselves. 

Very high levels of modularity and partitioning of sections into smaller, identical, easy-to-assemble 
subsections would reduce the need for oversized storage facilities and minimize the risk of 
production errors. As an extreme example, if each new ship requires a complete and unique set 
of moulds tools with no options for reuse, the storage facilities would roughly correspond to the 
size of the ship. 

Small sections can also increase the efficiency of the outfitting work, with more teams working in 
parallel. 
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Internal and external logistics set an upper limit to the feasible block sizes, e.g. size and weight 
must remain within the safe working load of the available cranes, and sections that require turning 
should not exceed the dimensions of the production workshop. Installation of section-specific hull 
moulds and executing of infusion cycles would preferably be sequential so that the infused section 
can be carried to a site for assembly and the same workshop floor space can be used for the 
process, without taking up huge amounts of storage space. 

Flat panels, depending on their size, can be manufactured on the same flat tables which generally 
are an inexpensive, reusable tooling system, simply fitted with repositionable x and y limits. 

Standard elements, such as stiffeners can be manufactured or procured in bulk at a relatively 
favorable cost. 

VaRTM is the preferred method for elements with non-standard geometries and large flat 

panels with unique dimensions. 

Curved parts require moulds exactly matching the geometry, and this is one of the main challenges 
when scaling up composite production.  

 

Once a component is unmoulded there is the need of twice the space (mould + piece). Storage of 
moulds is a real concern for shipyards, and it is difficult to consider the production workshop also 
as a storage area. Space issues are bigger with large ships building. A choice is to be done at the 
beginning of the process between building a mould per piece and destroy it at the end of the 
production or building a reusable mould that will be more expensive to build and will have storage 
costs when not use. 

The shipyard is ultimately responsible to choose the most efficient way to produce each 
component under the prevailing circumstances and build the tooling. For the ro-pax designed in 
FIBRESHIP, a total of 5.539 m2 unique mould surface corresponding to the curved geometry of 

the hull shell would have to be set up – and disassembled after just one production cycle.  

 

3.11. Bonding and joining 

Due to the complexity and size of large vessels and the load cases, there is no standard design. 
The most appropriate joining technique is to be selected case by case, following the FEM. 
Furthermore, additional data are to be available and considered by the designers, regarding: 

− Impact performance; 

− Fatigue; 

− Environmental effects (temperature, moisture); 

− Fire; 

− Maintenance repair and recycling. 

The complete behavior of the joint is to be established before acceptance and adoption. 

The joint toolboxes available in literature (including hybrid joints using different materials) are a 
starting point to help select a suitable joining solution. 
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Past studies and tests offer a variety of recommendations on the manufacturing sequence of the 
joints, their lay-up, curing and most frequent failure modes. However, the proper manufacturing 
is to be controlled by NDT and quality inspections depending on the load bearing properties of the 
joints. 

 

The proper selection of joints remains a key design issue. There is a very wide range of joints, with 
every possible shape and geometry. These are not graphically reported here, being normally 
available in a variety of handbooks, publications and technical manuals. Existing class rules 
(reported in section 2.1) cover the joining of various structures - decks, bulkheads etc. - and the 
design loads allowed, including the requirements for adhesives used in marine joints, their 
properties and test methods used to determine these values. 

 

3.11.1. Fatigue assessment of composite joints  

Fatigue failure is a major concern in shipbuilding as vessels are subjected to cyclic loads during 
their entire lifespan. Fatigue analysis is a design issue - in order to have a reliable design, it is of 
paramount importance to have numerical models and a good material calibration to predict this 
failure modes. Material testing procedures for fatigue characterization, and numerical models 
capable of predicting fatigue failure are essential to identify the actual structural performance of 
composites. 

However, the correct manufacturing and testing of the parts and the joints is also essential to 
guarantee the final performance of all composite elements. 

Currently, guidelines in relation to fatigue are not available for the construction of marine vessels 
over 50m in length. As such, guidelines for the fatigue testing of materials for application in marine 
vessels over 50 m in length are to be developed or adapted from existing guidelines available for 
other transportation sectors. Other FIBRESHIP documents describe the tests performed on the 
selected materials and the relevant design criteria.  

 

Plain tensile test samples are the starting point for the fatigue testing, in accordance with ASTM 
D3479. The test sample configuration in FIBRESHIP consisted of open-hole tensile samples, as 
these test specimens provide data on the intrinsic fatigue resistance of a material. Confirmation 
of the intrinsic fatigue resistance of the selected materials is to be the primary consideration for 
the manufacture of large length ships. Open-hole tensile fatigue specimens provide information 
on the intrinsic fatigue resistance of a material with a quasi-isotropic lay-up in the presence of a 
stress concentration (hole at the center of the sample). 

This type of data is required after the intrinsic fatigue resistance is confirmed. Open-hole fatigue 
tests provide fatigue data in terms of the effect of stress concentration on intrinsic fatigue 
resistance. 

Good dimensional tolerance and workmanship are required to minimize stress concentrations, 
which may dominate the failure mode and location. 
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Poor curing and manufacturing defects can also cause internal stress concentrations, which affect 
intrinsic material resistance. Samples manufactured by liquid resin infusion under vacuum give 
rise to a significant additional issue, as a membrane/bag is typically used on one side of the 
laminate, while a hard-smooth tool is used on the other side. Surface finish is compromised on the 
bag side (compared to a smooth tool surface) and this can lead to additional sources of stress 
concentrations. 

 

For the purposes of laminate quality control (QC), a series of tests is to be performed on the most 
representative joints which are going to be used in the composite vessel. 

QC on manufactured parts is to include fibre-volume-fraction measurements, consolidated ply 
thickness measurements plus visual inspection details. 

NDE, in general, is more appropriate for the evaluation of thick laminates (~ 20mm) manufactured 
by the shipyards. NDE (e.g. laser shearograpy, micro-computed tomography, ultrasonic C-
scanning) and the repair criteria are reported in the last sections of the present document. 

 

The failure loads and the stresses identified at design stage by FEA and sample tests are to be used 
as input for the preparation of a QC procedure, applicable to the manufactured components and 
joints. 

This quality procedure is to be prepared by the shipyard, approved by class and is to include a 
NDT/NDE plan, as applicable, on the components which are expected to be the most stressed. The 
procedure is aimed at mapping the minimum number of tests to be carried out. 

The tests are to be supplemented by additional verification in case of systematic defects identified 
in the manufacturing process. 

Defective parts and joints are to be repaired as outlined in the relevant sections of this document. 

Custom testing is to be carried out based on specific geometries and critical loading conditions. 
The main purpose is to validate the FEA models and determine the effect of complex loading 
modes not considered at the coupon/specimen level, correlated with the possible failure modes 
in service. 

 

It is recalled that joints can be classified as either permanent (once made, never to be undone) or 
non-permanent/temporary (to be undone at some point in the structure lifetime). Permanent 
structural joints are made so that they are never to accidently come apart in service and guarantee 
a lifetime of safe operation, even under adverse conditions of impact, fatigue, fire.  

Non-permanent joints in ships include those in the movable parts of (weathertight) doors and 
hatches. Vehicle entry and exit doors in RORO/ROPAX vessels require structural watertight joints, 
closed before sailing and opened again upon arrival. 

This kind of joints is clearly subject to other verification criteria, aimed at establishing their 
reliability to operate many times during the operational life of the vessel and are to be regularly 
inspected with the ship in service. 
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3.12. Automated approaches 

Currently, most large composite sections or modules are fabricated with a high degree of manual 
involvement, i.e. manual placement of sequential layers of fibres and core materials on a mould 
surface followed by infusion of the resin. Automation can cut time on some processes, but the 
achievable production rates for these predominantly manual methods are still relatively low. The 
selection of an advanced and cost-effective process is a trade-off between cost and performance 
to achieve the most competitive result. The advanced methods of fabrication can incorporate 
many parts and functions of the process into a single component. Not all parts of the 
manufacturing process are suitable to automation. However, relatively low-cost equipment is 
available, e.g. for robotic multi-axis placement of pre-preg. 

Certain processes can accept automated methodology but, in any case, an essential prerequisite 
is that the solution that best achieves the goal of lower costs does not affect negatively the final 
quality. 

Machines and automation have high CAPEX and high OPEX, considering not only the acquisition 
cost but also the regular running costs, based on the energy consumption, different consumable 
items for the machining head, programming, training, scheduled maintenance, etc., which, as 
quantity and costs, are strongly depending by the equipment characteristics. 

 

This document is not a guideline on shipyard automation; however, some composite fabrication 
technologies / tools are briefly commented with a focus on the final performance, quality and 
safety of the manufacturing process.  

− Any selected technology is to guarantee that the process does not compromise the 
mechanical properties, e.g. by resin-starved areas or improper content or layup of fibres. 

− Automated tape laying and pultrusion offer positive control over resin and fibre content, 
eliminating almost all touch labor from reinforcement handling, delivering higher fibre 
volume fraction and, as a result, optimum structural properties. 

− Mould/tooling production is the most obvious candidate for automation in composites 
manufacturing. The mould is usually made of wood but for large vessels, metal mould is to 
be considered for serial production. For this, CNC machines have high CAPEX and OPEX, 
but are suitable to produce large moulds, under automated/programming control, with 
high detail accuracy. 

− The fibre placement process automatically places multiple individual pre-preg tows onto a 
mandrel at high speed, using a numerically controlled, articulating robotic placement head 
to dispense, clamp, cut and restart as many as 32 tows simultaneously. Minimum cut 
length (the shortest tow length a machine can lay down) is the essential ply-shape 
determinant. The fibre placement heads can be attached to a 5-axis gantry, retrofitted to 
a filament winder or delivered as a turnkey custom system. Machines are available with 
dual mandrel stations to increase productivity. Advantages of fibre placement include 
processing speed, reduced material scrap and labor costs, parts consolidation and 
improved part-to-part uniformity. Often, the process is used to produce large thermoset 
parts with complex shapes. 
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− Water jet cutting systems, capable of operating up to four abrasive jet or water-only water 
jet cutting heads may increase productivity. Their motion is controlled by industrial PC 
controller. 

− Computer-controlled flatbed cutting systems and CAD nesting software with subsidiary 
laser projection technology can be used to automate nesting, cutting and layup. 

− Automated fibre placement (AFP), also known as advanced fibre placement, is an advanced 
composite manufacturing process of heating and compacting resin pre-impregnated non-
metallic fibres on typically complex tooling mandrels. AFP machines are a recent 
development of composite manufacturing technologies meant to increase rate and 
precision in the production of advanced composite parts. AFP machines place fibre 
reinforcements on moulds or mandrels in an automatic fashion and use several separate 
small width tows (typically 8mm or less) of thermoset or thermoplastic pre-impregnated 
materials to form composite layups. This technology allows better precision and increased 
deposition rates when compared with experienced laminators but, while allowing for more 
complex layup geometries than ATP it does not reach the same deposition rates. AFP can 
be used to manufacture complex structures which cannot be manufactured with other 
methods. AFP allows fabrication of highly customized parts as each ply can be placed at 
different angles to best carry the required loads. Robotics provides active control over all 
process critical variables, making the process highly controllable and repeatable 

− Automated Tape Placement (ATP) is an even speedier automated process in which pre-
preg tape, rather than single tows, is laid down continuously to form parts. Tape layup is 
versatile, allowing breaks in the process and easy direction changes, and it can be adapted 
for both thermoset and thermoplastic materials. The head (which includes a spool or 
spools of tape, a winder, winder guides, a compaction shoe, a position sensor and a tape 
cutter or slitter) may be located on the end of a multi-axis articulating robot that moves 
around the tool or mandrel to which material is being applied, or the head may be located 
on a gantry suspended above the tool. ATP is a process that is very useful for large flat 
parts, such as ship side parts, decks, bulkheads. Automated tape layers are normally gantry 
style machines which can contain up to 10 axes of movement. 

− Although ATP is generally faster than AFP and can place more material over longer 
distances, AFP is better suited to shorter courses and can place material more effectively 
over contoured surfaces. The latest equipment trend enables both AFP and ATP, switching 
between the two, in a matter of minutes, by swapping out dockable heads. 

− Another development area is the out of autoclave in-situ consolidation of high-
performance thermoplastic AFP/ATP parts using laser heating and strategically placed 
mechanical rollers for consolidation. These methods suffer, however, from the high cost 
of the equipment and facilities required.  

− Monolithic panels are composed stacking multiple different layers of fibres and resin and 
/ or a core material. Balsa and cork cores are permeable to resin, while other core materials 
are resin tight during the infusion and holes are required to allow resin permeation. The 
meshing and diameter of the holes depends on the scantling of the skins, to avoid dry 
areas. Holes are approximatively 5cm apart and drilling them manually is time-consuming. 
Purchasing from suppliers the core material with holes, can take a long time. In any case 
CNC machines are faster and accurate in drilling the core holes. 
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Figure 5 - Tape/Fibre placement process 

 

 
Figure 6 - Automatic Fibre Placement head laying pre-preg tape onto the mould 

 

 
Figure 7 - Typical Gantry Style Tape Laying Machine 

 

3.13. Painting 

− In addition to aesthetics, image and camouflage, there are technical reasons for painting 
composites. 

− Some resins are affected by prolonged water contact and sunlight action, which is 
detrimental to the composite structure. 



D5.3 - Class rules & guidelines  

 

 Page 35 of 86 

− Depending on the application, composite materials may or may not require painting. 
Painting depends on the type of materials in the composite, and is always to follow the 
manufacturer recommendations. 

− Appropriate painting system provide a moisture barrier and protect the composite from 
damages. Composites are often susceptible to water incursion and/or sun damage, 
depending on the resin used. Epoxy weakens, with time, in sunlight and the composite may 
crumble. Polyesters are subject to water infiltration. Vinylesters, though stronger than 
polyesters, are not as strong as epoxy. Water incursions cause blistering or bubbling, 
though this typically takes years to develop. However, once blistering appears it's only a 
matter of time before the composite (fiberglass and resin) delaminates. 

 

Two major categories of paint are used on FRP, polymer or plastic based. 

The first uses exposure to air to cure and the second a catalyst, temperature, and air. 

Air-cured paints are typically polyesters. 

Catalyst-cured paints are referred to as epoxies; they come in two parts that are to be mixed 
before application, in the right temperature range. 

These paint types are basically plastics in a volatile liquid, so they adhere well to the resins used in 
FRP composites. 

 

− Although any resin-based paint is theoretically suitable for application on FRP it is 
recommended to use epoxy-based paints with epoxy FRP resins and polyester-based 
paints on polyester FRP, to have a better bonding Similar plastics bond better to each 
other. 

− Exception is made for FRP elements exposed to temperature extremes and/or long water 
immersion in sea water. In this case epoxy-based paints are highly recommended, 
regardless of the resin used in the FRP. In these conditions, epoxy is a much more robust 
paint. Epoxy, if protected from sunlight, is both strong and flexible. The pigments in epoxy-
based paint provide the ultraviolet barrier needed to protect the FRP beneath. 

− Painting preparation is highly important. Temperature, relative humidity, exposure to 
sunlight and wind conditions are always to be controlled, to remain well within the 
recommended thresholds set by the paint manufacturer. More in general: 

 

Humidity and temperature 

Relative humidity should be below 60% in a temperature range of 19°-35° C. The lower the 
temperature (within the range), the longer the drying / curing time. If the ambient temperature is 
too low, the paint won't harden or cure. If the temperature is too high, the paint will set almost 
instantly, leaving the layer just below in a liquid state, result is a very poor protection. 

Sanding and cleaning 



D5.3 - Class rules & guidelines  

 

 Page 36 of 86 

Surface preparation is very important and takes 80%-90% of the total painting time. Paint has no 
proper adhesion on dirty, oily, or greasy surfaces. Paint does not adhere well to glossy surfaces 
either, so sanding is another essential step. 

 

Paint Application 

Paint is usually applied by spray or brush, depending on the equipment available and experience. 

Spray painting: The paint is applied with a compressed-air/or pumped-pressure spray gun. This 
requires a compressor, a good-quality spray gun, paint filters, paint stirrers, eye and hand 
protection, face masks, solvents, containers, and cleaning materials. 

Roll and tip painting: The paint is applied with a roller and then followed up almost immediately 
with the tip of a fine bristle or foam brush. Tools requirements are a solvent resistant roller, solvent 
resistant roller covers, brushes, containers, paint filters, eye and hand protection, stirrers, 
solvents, and cleaning materials. 

 

In automated processes in shipbuilding and surface preparation painting is applied by spraying. 

Special closed and segregated areas for paint application are required to be in compliance with all 
applicable HSE requirements. Usually shipyards have this kind of facilities, equipped with 

blasting systems, as well as air compressed spray paint installations. 

 

3.14. Impact of composite manufacturing in the production process 

Manufacturing of composite structures requires multi-component material handling and control 
of very heterogeneous elements. The physical and chemical characteristics of the new material 
are determined by how the individual constituent materials are chosen, arranged and combined. 
The quality of the end-product and its compliance with the intended engineering design is largely 
contingent on appropriate handling and manufacturing processes. This poses unique challenges 
in terms of manufacturing, since so many interrelated parameters are to be managed to guarantee 
economic feasibility, obtain the intended material properties and prevent unforeseen or 
premature failure. Proper manufacturing is the prerequisite of subsequent safe performance in-
service. 

Hence, the choice of production setup and manufacturing method is driven by interrelated 
technical and economic constraints pertaining to design, production and final performance. These 
factors are all to be considered and balances when devising the optimum production setup for any 
specific purpose. 

 

3.14.1. Personal safety 

The large size and the height of the moulds increase the risks for the workers.  

The mould can be several meters high, with steep slopes. Working on it, first for building the 
mould, then to produce the composite parts, can be dangerous. Precautions are similar to those 
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adopted for the safe access to steel blocks and sections, using temporary protections. However, 
the access on the composite part could be more problematic. A waxed mould is very slippery. 
Scaffolding is not easy to fit and support: the surface to be covered can be large, steep; no step is 
allowed in the middle to support the scaffolding structure. A safe access to the part is to be 
possible, but without blocking the workstations with bars, or limiting the functionality of tools on 
gantry cranes. Similar problems are encountered in way of the connections between the different 
sections of the hull shell 

ISO 10333 and ISO 14122 standards are to be used as a reference for working safely. 

 

3.14.2. Worker qualification 

Training and qualification of personnel involved in fabrication and assembly of composite ship 
structures is a key issue. Class Societies have specific requirement regarding welder/non-
destructive evaluation (NDE) inspection qualification; however, there are no such Class 
requirements when it comes to composite construction. Going forward, this would need to be 
addressed in case of large length composite ships that may be built under Class.  

The amount of skilled composite workers available is currently not increasing as fast as the 
demand. In this job, workers learn more by experience rather than by theoretical training. Some 
shipyards organise at their own cost the training-on-the-job of their workers, with qualification 
schemes set by each company. 

Proper qualification of the personnel working on important constructions using composite 
materials is an open issue, which should follow the criteria adopted for the qualification of metal 
welders. 

The qualifications process should preferably be international, encompassing bonding techniques, 
surface preparation, temperature and moisture control, the way to use the product, compliance 
criteria with the supplier recommendations and all production procedures. 

 

3.14.3. Safety and environment 

The workshop and quality control requirements in Class Rules applicable to composites are 
applicable to yards that construct large composite vessels. 

The volume of the material required may pose a challenge for the yard. Batch number, mixing 
ratios, additive ratios are to be monitored and controlled.  These are normally stated in the Class 
Rules and appropriate levels of accuracy are to be achieved in certified workshops, but material 
supply with accurate controls for yards that build large vessels will pose considerable challenge 
for the yard. 

Storage of large material volume that may be required in a short time period presents new 
difficulties. Quality Control requirements in existing Class Rules are applicable but practical 
challenges will exist and workshop certification needs to take this into account. 

The same remarks are applicable to further handling of the material. 
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Composite materials imply the use of chemical products. In composite shipbuilding the main 
concern is the large quantities of resin storage.  

Their storage and use is to comply with strict rules to prevent accidents. The use of chemical 
products implies to identify and assess the risk. Reference is made to the levels and types of 
hazards contained in the ECHA regulation EC No 1272/2008, which address the toxicity for the 
environment, fire risk, corrosive risk, risk to breath, and other risks and hazards. Companies are 
assigned a specific category depending on the chemical hazards. The categories are defined 
according to the type of products and quantity. 

For the chemical products, a stock list is mandatory, reporting the following information: 

- Name of the product 

- Type of product 

- Brand 

- Reference 

- Labels according to the CLP (Classification Labelling Packaging) from REACH regulation 

- Position of the storage 

- Individual or collective personal protection related to the product 

- Security data sheet post 2012 (REACH) 

 

 
Figure 8 - CLP labels 

 

The storage of chemical products is to comply with strict rules: 

− The storage area for new unused products is to be ventilated, maintained at around 21°C, 
away from any ignition source, usually in a dedicated room or building, closed and 
protected from UV exposure. 

− The chemical products are to be stored on dip trays to contain any leaking. 
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− Products having high fire risk are to be protected by a suitable fire protection system 
(water sprinkler or other systems).  

For used products: 

− when the product is still reactive, it is to be insulated from other trash or combustible 
materials to minimise the consequence of an exothermic reaction 

− when the product is polymerized and inert, it can be disposed into a chemical garbage 
container.  

Fire caused by exothermic reactions is the most common and highest risk in the shipyards. It can 
occur with only few kg of product mixed at the end of a lamination or infusion process. 

A risk assessment is to be carried out with the use of a risk matrix. Risk mitigation measures are to 
be implemented following the results of the risk matrix.  

With large quantities of chemical products, the safety management is essential. Depending on 
country regulations different levels correspond to the quantity and types of dangerous goods: 

- Declaration level 

- Declaration with control 

- Registration level 

- Authorisation low level 

- Authorisation high level 

- SEVESO 1 (major technologic risks built after year 1982) CE regulation 

- SEVESO 2 (major technologic risks built after year 2000) CE regulation 

- SEVESO 3 (major technologic risks built after year 2012) CE regulation 

 

Requirements include the access control for securing of the working areas and ventilation to 
extract the composite dust (done while cutting the overlength or preparing the surfaces for 
joining) and the chemical solvents. 

 

Risk management is not to be limited to the safe storage and handling of chemical components. 
The experience gained in the construction and outfitting of large cruise ships in the European 
shipyards has produced best practices to minimize the fire risk during the building period, amd are 
also in general applicable to composite vessels. 

The main fire risk factors during construction are: 

- Higher process complexity and higher fire risks (frequency x consequences) 

- Higher vulnerability of the ship to fire, until passive / active fire protection systems are 
available on board 

- Many subcontractors and workers on board 

- Large production of scrap and garbage, increasing the fire load on board 
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- Possible hot work (welding / grinding) of outfitting components, in proximity of 
combustible materials 

Strict HSE procedures and best practices are to be implement, at all levels: 

- Assign responsibilities and supervision duties to Yard and subcontractor personnel 

- Adopt strict policies to always keep the ship clean, removing combustible garbage 

- Assign fire patrols to always monitor the hot work (also behind bulkheads and decks !!!) 

- Record all accidents / near misses to implement corrective actions 

- Implement efficient communication / alarm procedures, including the quick response from 
the fire brigade ashore 

- Prioritize early commissioning and availability of passive and active fire protection systems 
(by deck / zone, until total completion) 

- Implement strict control procedures to limit the use of toxic / dangerous products, starting 
from the bid specification, with controls before storage in the warehouse and before use 
in the Yard or on board 

 

Safety provisions, quality control management, NDT and HSE requirements are equally applicable 
to subcontractors and subcontracted activities. It is the responsibility of the shipyard to enforce 
the compliance as a contractual clause, and to control and monitor the activities of the 
subcontractors within the shipyard premises.  

Similar quality control criteria are also applicable to blocks or parts manufactured in diverse 
locations and transported to the final assembling shipyard. 
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4. INSPECTION AND MONITORING TECHNIQUES  

4.1. Introduction 

Inspection, repair and maintenance procedures are essential to establish a quality control during 
production and maintain the lifecycle integrity of FRP ships. 

These guidance notes include.  

- non-destructive evaluation (NDE) methods for the inspections 

- standard quality control / quality assurance (QC/QA), 

- quality control for in-service performance, 

- possible / recommended repairing techniques, to be adopted to maintain the integrity of 
the innovative FRP solutions, increase their lifecycle and optimize operation and 
maintenance costs.  

 

Quality control is essential on composite structures and is to be performed by skilled people as 
the interpretation of the result is very important. Many tiny defects may have absolutely no 
consequences on the composite, while others can escalate and eventually damage the structure. 

The methodology is based on the Fit for Purpose approach, is recommended for adoption on 
composite structures reliability evaluation, and specifically for quality control during production 
and through life‐cycle service monitoring.  

The Fit for Purpose approach is useful whenever an innovative technology - either materials or 
structural solutions - cannot be appraised by existing and well tested prescriptive rules and 
regulations. The Fit for Purpose functional requirements are the following: 

- Structural reliability of composite structures - achieved by means of a technology 
qualification process, based upon guidelines for quality control during production and 
through life‐cycle service monitoring; 

- Structural components / equipment / assemblies are to remain - Fit for Purpose. 

In this context, Fit for Purpose means a technology that can perform its role within its design limits, 
at a defined frequency, under specific ambient conditions when operated by trained personnel 
and maintained as initially specified.  

The scope is to provide evidence that the new structural applications are at least as reliable as the 
conventional solutions being replaced, minimizing the risks for the owner and the shipyard. 

 

The structural integrity of the large-length FRP ships studied in FIBRESHIP can be evaluated by 
means of the Structural Health Monitoring (SHM) methodology. In this document, a SHM 
approach is summarised to suggest the criteria for the identification of optimum inspection 
checkpoints in composite ship structures.  

The SHM method is important to assess the structural integrity of the vessel, and namely to 
prevent possible damage at early stages and to avoid catastrophic failures in operation. This has a 
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direct impact on Operational & Maintenance (O&M) strategies of the vessel, identifying the 
structural “hot spots” and monitoring their state, in relation with the analysis of their possible 
failure on the vessel. 

The proposed SHM method is based on the numerical models developed in the project and is 
validated through the experimental campaign carried out on board the container ship ZIM 
LUANDA. 

Finally, this section proposes Inspection and Monitoring Techniques for the identification of the 
Manufacturing QA/Inspection for joint types and possible flaws detection in the FRP solutions. 

 

4.2. PROCESS TO FOLLOW 

The development of new inspection, repair and maintenance procedures follows logical steps: 

1. Subdivide all elements of the composite ship according to their: 

‒ location (e.g. bottom girder) 

‒ composition (e.g. monolithic, sandwich) 

‒ principal stresses (e.g. shear/bending/interlaminar stress) 

‒ predominant damage mechanisms (e.g. fatigue) 

‒ failure modes (e.g. buckling) 

2. In case of materials or structural solutions where experience and feedback are 
available, refer to existing and applicable prescriptive rules and regulations. 

3. In case of materials or structural solutions where experience and feedback are 
lacking and direct ‘equivalence’ with steel is not easily proven, follow the Fit for 
Purpose methodology (see relevant section). Fit for Purpose is to be supported by 
computational tools, codes and models, to identify the most appropriate 
qualification process for each element of the composite ship. 

 

4.3. Failure modes control 

4.3.1. Structural deflection and stiffness 

Deflection criterial exist in most Classification Rules, but their appropriateness for large composite 
vessels would need further development.  Valuable examples are provided by the detailed studies 
on the three type of vessels studied in FIBRESHIP.  

Stiffness of an open structure, e.g. bulk carriers, containerships, will pose problems.  These 
problems will be less pronounced in closed structures, e.g. tanker.  The overall stiffness may or 
may not be a problem, but the effect of larger deflections due to reduced stiffness of these large 
vessel structures are to be carefully considered.  

Additionally, the ageing of composite materials will considerably influence the stiffness values and 
assessment against stiffness limits should include a lifetime factor. 
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4.3.2. Impact control 

Impact, both from accidental physical impact and blast/shock (where applicable) is to be 
considered appropriately.  Assessment is to include residual strength after tests, a minimum 
thickness requirement or the inclusion of sacrificial layers of impact resistant (e.g. PVC) layer. 

 

4.3.3. Failure progression 

Progression can be split up in two categories.  Detection and prediction. 

Progression includes delamination. 

Prediction is difficult to model, and levels at which repairs are to be carried out are to be 
quantified. 

For failure progression see also section 4.5 on Structural Health Monitoring 

 

4.4.  FIT FOR PURPOSE METHODOLOGY 

The Literature Review carried out in FIBRESHIP, reviewed the current rules and regulations 
relevant to the structural design, material certification & testing and fire safety of composite 
materials used in marine sector - evidencing that several aspects are well regulated, while others 
are neglected, vaguely addressed, or relying upon a case-by-case approval process by the 
authorities or regulatory bodies. 

The previous sections have further shown the complexity of FRP structure production. 

 

The Fit for Purpose methodology supplements the current provisions issued by classification 
societies on all aspects which are not exhaustively covered by the current provisions. 

The Fit for Purpose process has the following phases: 

‒ definition of Fit for Purpose qualification basis, 

‒ technology assessment and Quality Function Deployment (QFD), 

‒ risk assessment, 

‒ qualification and action plan, 

‒ execution of the action plan, 

‒ performance assessment and verification. 

The flowchart of the qualification process is the following: 
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Figure 9 - Qualification process 

 

4.4.1. Qualification basis definition 

The qualification is based upon a set of criteria, i.e. safety, availability, reliability and 
maintainability criteria supplemented by boundary conditions and interface requirements, 
through which the qualification activities and decisions can be comprehensively assessed. 

In detail, the qualification basis definition includes the following items: 

‒ Description of the technology to be qualified with the relevant system boundaries 

‒ Operational conditions and limitations 
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‒ Functional requirements 

‒ Safety, availability, reliability and maintainability criteria 

‒ Applicable codes and standards. 

This description should be accurate, being the basis for establishing the design, manufacturing and 
installation specifications, as well as the test and the maintenance policy throughout the life-cycle. 

 

4.4.2. Technology assessment 

The objective of the technology assessment is to divide the technology into manageable elements, 
to determine those involving new technologies and identify key challenges and uncertainties.  

The input for the technology assessment is the qualification basis. The output is an inventory of 
selected elements of the technology to be evaluated, their main challenges and uncertainties.  

The Technology Assessment should consist of the following items: 

‒ subdivision of the technology into elements (i.e. subsystems and components, 
processes or operations, manufacturing, installation etc.), 

‒ assessment of the technology elements with respect to novelty, 

‒ identification of the main challenges and uncertainties related to the novel 
technology aspects. 

The level of detail in the technology subdivision is to be appropriate to focus on the novel or 
uncertain aspects that subsequently will be subject to risk assessment. 

The technology is to be classified according to its degree of novelty. 

Application area Technology 

 Proven Limited field history New or unproven 

Known 1 2 3 

New 2 3 4 

Table 1 – Technology novelty level 
 

This classification indicates the following: 

‒ No new technical uncertainties (proven technology). 

‒ New technical uncertainties. 

‒ New technical challenges. 

‒ Demanding new technical challenges. 

This classification applies to the totality of the applied technology as well as to each separate part, 
function and subsystem. It is to be used to highlight the points of concern, due to limited field 
history. 

Class 1 technology is considered a proven technology (i.e. without technical uncertainties) where 
proven methods for qualification, tests, calculations and analysis can be used.  
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Class 2, 3 and 4 technologies are defined as novel technologies, with an increasing degree of 
technical uncertainty, and increased probability that no recognized standard for the design exists 
or is fully applicable. Elements falling into these classes are to be qualified according to the 
procedure described in the following section. The distinction between class 2, 3 and 4 makes it 
possible to focus on the area of concern. 

 

4.4.3. Risk Assessment Process 

The input to the risk assessment phase is the technology qualification basis and the list of elements 
of new technology developed in the technology assessment. The output is a failure mode 
document containing all identified failure modes of concern and associated risks. 

The risk assessment of a novel technology is to be conducted according to the techniques dealt 
with in the applicable standards.  

‘Risk’ in this context is related to the events (cause) that may affect the fitness for service of the 
novel technology (effect), with the proper attention to the interfaces with the proven technology. 

In general, the study has the following steps: 

‒ evaluation of the design and operational procedures, 

‒ assessment of the safety and operability of the novel technology, 

‒ determination of regulatory compliance (certification, classification). 

The study is to be endorsed by the various stakeholders in the project and, as necessary, be 
approved by a third party (e.g. a Recognised Organization of a Flag Administration). 

It is recommended that the study should be subdivided into the following main tasks: 

‒ Hazard identification 

‒ Risk assessment against the defined acceptance criteria and interfaces 

‒ Definition of risk control options 

‒ Documentation of the study. 

These tasks are detailed as follows. 

 

4.4.4. Hazard identification 

The hazard identification aims at identifying and screening hazards with the potential to threaten 
the safety of personnel, the integrity of the system, the environment and the efficiency of the 
service provided. The hazard identification is to include all normal and emergency operations.  

It is recommended that the hazard identification should be conducted with a view to screening 
out hazards that are trivial or of minor significance, by means of a qualitative or semi-quantitative 
approach: a quantitative approach is premature in this phase and, in any case, reliability data 
would not usually be available or significant for novel applications. 
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4.4.5. Risk assessment 

Risk is the combination of probability of an event and the severity of the consequences relevant 
to each significant failure mode, at the level of detail relevant to each development phase. The 
risks from the significant hazards selected from the above task are to be assessed and considered 
together, in order to show the relative contribution of different hazards to the total risk. The 
acceptance criteria (for safety, availability, reliability, downtime etc.), the proposed risk 
assessment methodologies and the tools to be used should be agreed among the stakeholders at 
the beginning of the project. 

It is recommended that the third party should be involved early in the risk assessment process and 
should participate throughout all main tasks with the purpose of monitoring and validating the 
various steps. 

When the novelty of the technology simply consists in a deviation from the applicable prescriptive 
codes (as may be the case for technology Classes 2 and 3), the safety criteria should be based on 
the spirit and criteria of the codes. Therefore, it is to be demonstrated that the novel technology 
provides a level of safety equivalent to a standard design resulting from the direct application of 
the codes. 

Guidance on the philosophy of this approach may be found also in the “Guidelines for alternative 
design and arrangements for fire safety”, IMO MSC/Circ.1002 and “Guidelines on Alternative 
Design and Arrangements for SOLAS Ch II-1 and III”, IMO MSC.1/Circ.1212. 

The risk assessment carried out for the purpose of qualification of an innovative technology should 
be based on recognized techniques, as far as practicable. In the quantitative analysis, attention is 
to be paid to the proper treatment of uncertainties. An overview of the most common risk 
assessment techniques in the offshore field is also given in the RINA Guide for Risk Assessment. 

 

4.4.6. Definition of risk control option 

The defined risk control options can be preventive, mitigative or a combination of the two. Risk 
reduction is to be based on the well-known ALARP principle. 

The most typical hierarchical approach to risk reduction is: 

‒ Minimisation of hazards inherent to the design. 

‒ Prevention. 

‒ Detection. 

‒ Control. 

‒ Mitigation of consequences. 

 

4.4.7. Documentation of the study 

The whole process, consisting of tasks 1 through 3 above, is to be properly documented and 
reviewed when necessary. It is to include, as a minimum, the specified criteria, the minutes of the 
hazard identification sessions, tables and graphs obtained from software tools, the treatment of 
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uncertainties and the list of the risk control options along with their rationale and any other 
additional material to support the conclusions of the study. 

 

4.4.8. Qualification and action plan  

The Fit for Purpose qualification and action plan should be developed to provide the evidence 
needed to manage each critical structural failure mode identified.  

The development of the Fit for Purpose qualification and action plan consists of the following main 
activities: 

• Deliberate decision on how to proceed with each identified risk, aimed at:  

‒ reducing the risk level actively - e.g., design alterations, alterations of production 
and/or operation and/or maintenance processes;  

‒ reducing risk level passively, which is perhaps an improper term, implying the same 
design features but monitoring the risks by testing, inspections, shorter maintenance 
intervals, and training;  

‒ retaining risk level - e.g., common agreement for acceptable reasons;  

‒ eliminating risk - e.g., complete change of design or process; and  

‒ rejecting the technology.  

• In any case of risk retention, an explicit and well-founded justification should be provided.  

• Conduct detailed analysis in order to find out the root causes for risks; this might already be part 
of certain risk analysis methods (see appendix B).  

• Derive appropriate actions from detailed analysis to follow the decision on how to proceed with 
the identified risk.  

• Keep records to understand the reasons for decisions and the actions taken  

The Fit for Purpose plan should contain and track - as far as appropriate and feasible - the 
execution of methods to provide the following evidence: 

• Analysis and engineering judgment of previously documented experience with similar 
equipment and under similar operating conditions. 

• Analytical methods, such as handbook solutions, methods from existing and recognized 
standards, empirical correlations or mathematical formulas. 

• Numerical methods, such as process simulation models, CFD, FEM, corrosion models, etc. 

• Experimental methods. 

• Inspections to ascertain that specifications are complied with or assumptions are valid. 

• Development of new or modified QA/QC requirements for production and assembly. 

• Development of requirements for inspection, maintenance and repair. 

• Development of operating procedures resulting from a Fit for Purpose qualification process. 
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The Fit for Purpose qualification and action plan is to be revised as necessary in case of substantial 
changes in the design or in the construction. 

 

4.4.9. Execution of the plan 

The execution of the Fit for Purpose qualification and action plan consists of the following key 
steps: 

‒ carrying out the activities according to the Fit for Purpose qualification and action 
plan with clear delineation of responsibility for each stakeholder, definition of 
milestones and deadlines, 

‒ collecting and documenting the data generated by the respective qualification 
activities, 

‒ ensuring traceability of the data, 

‒ ensuring accomplishment of actions, 

‒ determining the performance margin for each failure mode.  

 

4.4.10. Performance assessment  

The performance assessment aims at providing confidence and removing uncertainty as well as 
forming the link between the evidence, failure modes and the requirements in the Fit for Purpose 
qualification basis – i.e. both risk and uncertainty have been reduced to acceptable levels. 

If the performance assessment concludes that some functional requirements of the new 
technology are not met, risk control options (e.g. modifications to the new technology) and further 
qualification activities can be identified. This can include tightening of the operating envelope for 
the new technology or enhanced inspection, maintenance and repair strategies to meet the 
requirements based on the existing evidence. If none of these are feasible, the Fit for Purpose 
qualification has failed.  

Key steps of this performance assessment are: 

‒ Interpret the evidence in the specific context of the new technology, to account for 
simplifications and assumptions made when the evidence was generated, including 
any limitations and approximations used in the method.  

‒ Confirm that the qualification activities have been carried out, and as far as possible 
that the acceptance criteria have been met. A key part of this confirmation is to carry 
out a gap analysis, to ensure that the qualification evidence for each identified failure 
mode meets the corresponding acceptance criteria.  

‒ Compare the failure probability or performance margin for each identified failure 
mode of concern with the requirements laid down in the Fit for Purpose qualification 
basis. Evidence should be propagated for the individual elements of the new 
technology and reviewed against the entire system covered by the Fit for Purpose 
qualification.  
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When parameter effects are predicted (or even quantified) by models, the assessment should also 
include validation of the models used.  

When service records are used in the assessment, the conditions in which the recordings are made 
should also be accounted for, and the assessment should consider how the intended service 
conditions may differ.  

When evidence from component or prototype tests is used, the assessment should account for 
the actual tolerances achieved in the objects tested, relative to the tolerances specified for the 
technology, thereby accounting for any deviations between the performance of the test objects 
and those already in production.  

The qualification conclusions may be represented as a “safe service envelope” which would permit 
safe operation at an acceptable level of risk beyond the operating conditions specified in the Fit 
for Purpose qualification basis. This can simplify re-qualification for modified operating criteria.  

The performance assessment is finished when the appointed decision makers - e.g. the members 
of a design team, or a Flag Administration - conclude whether a specific stage in the Fit for Purpose 
process has been reached.  

In general, the decision-making is based on:  

‒ demonstration of compliance with the requirements specified in the Fit for Purpose 
basis;  

‒ judgment, presented by experts - or an independent 3rd party - whether or not the 
specified development stage has been reached; and  

‒ confidence that decision makers have acquired through better understanding of the 
new technology.  

This positive or negative outcome constitutes the deliverable of the Fit for Purpose process and is 
the only measure of confidence that has been established in the technology. 

 

4.5. STRUCTURAL HEALTH MONITORING STRATEGY: “HOT SPOT”, STRESS TYPES 
AND LOCATION OF THE CRITICAL SHIP STRUCTURAL COMPONENTS  

Structural Health Monitoring (SHM) and long-term damage control strategies are to be included 
in large-length vessel from the very beginning of the design process, in order to increase their life 
cycle and optimize operation and maintenance (O&M) costs. This is not only a design issue but has 
a direct impact on the production and manufacturing, identifying the areas with the most critical 
stress concentration (the “hot spots”), where testing and controls of the manufactured 
components are to be very accurate. 

The integrity of the lightweight composite vessels developed in the FIBRESHIP project, was studied 
using the inverse finite element method (iFEM) - based on the tracking of the natural frequencies 
of the ship – and using an alternative strategy based on the monitoring of the local and global 
deformations of the vessel. 
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SHM is a multidisciplinary technology used to identify and quantify damage in engineering 
structures. This technology detects the presence of damage in the structure in real time, to avoid 
rapidly structural failures. The SHM process is summarised as follows:  

1. Damage identification: Detect the existence of damage in the structure. 

2. Damage location: Identification of the type of damage and their localisation in the 
system.  

3. Damage quantification: Estimation of the severity of the damage.  

4. Damage prognosis: Prediction of the remaining service-life of the structure.  

For composite material structures, delamination is one of the most important failure modes. Thus, 
there must be identified indicators capable to detect delamination occurrence in the composite 
material structural elements. This delamination can be produced by different structural 
phenomena such as extreme deformations, fatigue processes among others. 

Several non-destructive techniques such as ultrasonic testing (N.K. Ravikiran, 2006), radiographic 
testing (D. Vavrik, 2014), thermography (Y. Li, 2016), or penetrant testing (X. Guirong, 2015) have 
been widely used to detect damage in aerospace, mechanical, civil, and marine structures. These 
techniques are time consuming and costly, and in some occasions impractical because of the 
difficult accessibility to the structure under inspection, also during the construction. One of the 
most intuitive methods to detect damage is the monitorization of the natural frequencies of a 
structure. The main idea is to detect the relative changes in the natural frequencies caused by 
variations of stiffness in the structure, using this parameter as a measure of damage produced. In 
the case of FRP vessels, a correlation has been identified between delamination and natural 
frequency variation. However, the weight of this natural frequency variation varies depending on 
the area analysed in a structure, being more relevant in specific elements or local areas of the 
structure than in the entire vessel structure analysis. 

According to this methodology and through iFEM technique, the presence of damage in the 
structure is to be detected by monitoring the natural frequencies of both local elements and areas 
as well as the entire structure. When a damage occurs in a structure, a frequency shift appears, 
therefore the damage can be identified by relative changes in the natural frequencies. However, 
the results of a sensitivity analysis of natural frequency variation revealed that the natural 
frequencies of the ship are barely affected by the presence of damage and the small variations 
observed (below 1 %) are within the range of the experimental and measurement error. Thus, the 
global variations of the natural frequencies cannot be successfully used as a prediction tool for the 
health state of a ship. On the contrary, iFEM based on the tracking of the natural frequencies is an 
appropriated tool to determinate the damage of the components of composite vessels in a local 
scale. 

The other SHM strategy relies upon experimental results obtained from a full-scale test in a 
containership and on coupled seakeeping-structural updating numerical model results, trying to 
find “hot spots” of delamination and other failure modes of the structure. 

SHM can contribute to damage assessment into five different levels: 

1. identify which structural damage has occurred 
2. determine the location of damage 
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3. estimate the type of damage 
4. evaluate the severity of damage  
5. evaluate the remaining useful life of the structure. 

SHM is of primary importance because structural damage may induce catastrophic results  

Twin digital models for deformation monitoring can represent the real-time measurement of the 
variations in the dimensions of an object as a result of stresses induced by applied loads (e.g. sea 
waves). The idea of deformation-based structural health monitoring (SHM) is quite popular, as 
deformation responses can be easily measured from a natural or artificial excitation forces. The 
deformation of any structural part of a ship (hull, superstructure, frames, etc.) can be measured 
through commercial sensors and these deformations can be used to predict the areas of the vessel 
subjected to higher strains. As a result, it can be said that the measurements of the sensors provide 
crucial information about the areas potentially damaged.  

SHM methodology is based on three simple steps: 

− data collection 

− interpretation of the measurements to assess the physical condition of the structure 

− data feed for a numerical model of the vessel as a twin digital model of the real vessel.  

The whole process is important as a design tool, to optimise in a new design the critical areas 
reported in an existing ship and become a decision support system for the master to minimise the 
operational conditions inducing high structural stresses. 

In terms of QC/QA, the “hot spots” location shows where the damage is more likely to happen 
(e.g. areas with high fatigue index due to the number of sea waves cycles, near the midship 
section).  

SHM supplements the results of a FEM analysis, which already provide quite useful indications on 
the “hot spots”. SHM is specifically important for the following aspects: 

− Fatigue: location of “hot spots” with high index of deformation cycles.  

− Ultimate limit state: location of “hot spots” with high index of stress magnitude 

The proper location of the sensors on board can offer valuable and specific information. 

FEM analysis, when used as an exclusive design tool applied to FRP materials, implies some risks: 

− The structural configuration of the ship in composite material is more challenging than 
modelling homogeneous and isotropic steel structures. Differences between the real 
vessel, in the real conditions, and the digital model may result in undetected structural 
failures or false alarms. 

− Shipbuilding procedures of composite materials are less controllable and standardized 
than steel, and the possible structural failures derived from the construction process of 
large-length vessels in composite are difficult to simulate appropriately by the numerical 
model. The possible structural failures that might be introduced into the composite 
structure during the construction of the ship include misalignments, distortions, residual 
stresses, poor manufacturing, defects, gaps and voids.  

− The modifications of the vessel structure during its lifecycle - e.g. material changes in 
specific areas, structural modifications, joining status, extra lamination, etc. – would 
require a constant update of the FEM.  
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− Environmental phenomena such as osmosis are difficult to include in the numerical model. 

These possible shortcomings of the theoretical FEM analysis can be compensated using SHM 
results of a similar ship, to pinpoint the “hot spots”. 

It is evident that NDE / NDT, as part of the whole QC/QA process in production, are to be absolutely 
accurate in and around the “hot spots”, which may become the starting point of a crack and a 
structural failure in operation. 

 

4.6. Verification of the production process 

4.6.1. Construction process 

The previous sections have outlined some basic elements of the production technologies and the 
link with the design criteria.  

Requirements set for the construction process of large composite vessels rely on product data 
sheets, manufacturers recommendations and include good working practice, training and 
qualification of operators. 

It has been evidenced that thick FRP layup as it may be required for large composite vessels 
presents challenges.  For example, heat dissipation will be an important issue to consider. The 
required processes stipulated in Class Rules normally cover this issue, but the large composite yard 
may need to implement new systems or procedures to ensure safe and correct temperature 
control and monitoring. 

In extreme case, heat produced in a thick layup may cause fire and this risk is to be addressed as 
part of the specific risks correlated with the production process in the shipyard. 

The construction process using more advanced techniques previously outlined (filament winding, 
autoclave, pultrusion) requires clear manufacturer recommendations, because each material used 
and each additive cannot be covered in prescriptive rules.  Ramp-rates and associated layup 
thicknesses, mixing ratios, solvents and excess removal are unique to each manufacturers material 
and are to be treated as such. 

 

4.6.2. Fastenings 

Current Class Rules include provisions on openings, through bolting and bolted connections and 
through hull fittings. They cover sizes, rounding, finishing and connection type, with due regard of 
many concurring requirements (structural, fatigue, passive fire protection, weathertightness, 
etc.). 

Large fittings or connections were not envisaged in FIBRESHIP and their design, manufacturing and 
installation is to mitigate the risk of failure or damage when installed on large vessels. The 
requirements in Class Rules may need to be updated to ensure coverage for large composite 
vessels. 
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4.6.3. Exhaust systems 

The exhaust system when manufactured from FRP are required to operate at a temperature of 
60-70 C.  This is an operating temperature commensurate with the materials used.  For large 
composite vessels new propulsion system rule content may be required to ensure operating 
temperatures are within the envisaged range.  Updates for these systems may be required. 

 

4.7. Local strength 

4.7.1. Mechanical properties 

Generally, the mechanical properties to be used for scantling calculation purposes are to be 90 
per cent of the mean first ply/resin cracking failure values.  Expected failure modes are to be 
further considered as a result of FEA, structural hull monitoring and fatigue assessments. 

 

4.7.2. Panel dimensions and corresponding corrections 

Corrections such as aspect ratio correction and convex curvature correction are suitable to a range 
of panels found in smaller craft.  For large composite vessels the typical range of panels in terms 
of aspect ratio and curvature are to be investigated case-by-case and corrections should be fit for 
these typical panels. 

As previously outlined, wrong dimensions and tolerances may induce stresses in the FRP elements 
and specifically in the joints. Buckling can also be magnified in case of deformations caused by 
improper manufacturing. These stresses induced by the manufacturing process may be 
detrimental for the performance of highly stressed components in operation and lead to failure. 

 

4.7.3. Dynamic loads - Slamming pressure correction 

Existing Rules include a slamming pressure correction. This correction is to be reconsidered as 
slamming events and its impact will vary greatly with ship type and hull form. The design of the 
three composite vessels studied in FIBRESHIP (containership, ro-pax and FRV) include detailed 
design considerations of the dynamic global and local loads. Consequent care is to be taken to 
inspect and test the most stressed elements and joints. 

 

4.7.4. Mechanical properties of composite plates and stiffeners 

The mechanical properties as determined in the existing Class Rules are generalized descriptions 
of physical properties and are therefore suitable to be applied when assessing scantlings for large 
composite vessels. 

However, the shear force, bending moment and deflection coefficients that are set for predefined 
structural items with assumed boundary conditions for these structural items are to be expanded 
to include all structure found in large vessels.  The list of boundary conditions is comprehensive 
and is therefore considered suitable. 



D5.3 - Class rules & guidelines  

 

 Page 55 of 86 

As for the dynamic loads, the design of the three composite vessels studied in FIBRESHIP 
(containership, ro-pax and FRV) include detailed design considerations of the loads, deformation 
and stresses. 

 

4.7.5. Robustness 

The minimum thickness requirements in existing Class Rules are largely robustness requirements.  
These are not suitable for large composite vessels and are to be updated. 

As far as production and lifecycle performance are concerned, the robustness criteria assume little 
wear and good maintenance.  The operating and maintenance profile of large vessels is often 
different and is therefore to be investigated. 

 

4.8. Special structural features 

Special features may be defined as structural items that require special consideration because of 
special loading patterns or loading requirements. 

Openings in decks and open hull types need special consideration, particularly when shear flow or 
torsional properties are considered. 

These elements are to be specially considered or is to be assessed using direct calculations and 
NDT / NDE be applied accordingly. 
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5. REPAIR METHODOLOGIES FOR COMPOSITE SOLUTIONS 

5.1. Repairing 

There are two types of bonded repairs commonly used to repair structural damage: external patch 
and scarf-type patch. 

The external patch repair recovers most of the component’s strength and has the advantage of 
being easy to perform and does not require a large amount of time to complete. Several design 
parameters play a vital role in the effectiveness of bonded external patch repairs. Some of these 
parameters include the patch size, patch shape, materials used, patch taper, patch fibre 
orientation, and curing temperatures of the patch. Care is to be taken in the design of these 
patches to ensure that the stresses induced into the adhesives are within the design limits of both 
the material and the operating envelope of the material structure. Most of these parameters are 
defined by the manufacturer’s Structural Repair Manual (SRM) for the specific structure being 
repaired. 

The scarf-type patch provides higher stiffness than an external patch, due to the matching of the 
repair plies to the plies in the original structures. Scarf-type patch repairs are more efficient in load 
transfers due to the reduced load eccentricity by matching the neutral axis of the repair patch to 
the original structure. Scarf-type patch repairs require a large amount of original material to be 
removed in order to maintain a small taper angle. The placements of the repair plies is to be 
accurately laid up in the repair joint to the same orientation and order as the original structure. 
The accurate placement of repair plies can be very challenging, and the risks of errors are very 
high. The performance of the scarf-type patch greatly depends on the curing method utilized to 
cure the repair. Repairs that are cured using different methods compared to the original structure 
can greatly affect the strength of the repairs and cause a mismatch between the original structure 
and the repair patch. Lastly, the flow of adhesives under the scarf-type repair patch during curing 
can be hard to control causing the adhesives to gather at the bottom of the patch creating a non-
uniform bond line. Due to all these characteristics, a scarf-type repair patch can be very time 
consuming and highly dependent on the skill level of the maintenance technician due to the 
requirement of accurately removing original materials from the structure. The removed materials 
are then precisely replaced with new composite materials.  

External patch repair is the ideal type for field repair performed away from the repair facilities 
with a minimal amount of repair equipment. Scarf-type repair requires more equipment and some 
of the equipment, such as sanders and dust extracting devices, are physically large in size, not 
suitable for kitting purposes where contents within the kit should be as compact as possible. 

The external patch repair and the scarf-type patch repair only determine the characteristics and 
the end results of the repair. Both repair patch types can be accomplished by different methods. 
Some of these methods include the traditional prepreg repair method, the Double Vacuum De-
Bulk (DVD) method, and more recently, the Vacuum Assisted Resin Transfer Moulding (VaRTM) 
method. Pre-impregnated (prepreg) fabric repair method involves the use of prepreg composite 
materials that are typically required to be stored in freezers below 0 degrees Fahrenheit to prevent 
further curing of the resin because the resins within prepreg materials are already at its “B” stage 
of cure which is between an uncured resin and a fully cured resin. Prepreg materials are typically 
cured using equipment like an autoclave, oven, or heat blankets. Parts repaired using prepreg 



D5.3 - Class rules & guidelines  

 

 Page 57 of 86 

materials and cured in an autoclave produce the best properties. However, autoclaves require a 
large initial investment from the operator in order to purchase, install, and operate. Therefore, 
smaller repair stations may not have access to equipment like an autoclave due to the cost 
involved. Alternative methods like the DVD and VaRTM were developed to produce repairs that 
have similar properties as if they were cured using an autoclave. The DVD method can be used 
with both prepreg materials and wet lay-up repair laminates where dry carbon fibre or fiberglass 
fabrics are impregnated with resin before usage. In the DVD method, repair plies that are cut to 
size and stacked in their specific orientations are placed in a double vacuum de-bulking assembly 
where the repair plies are brought to their required de-bulk and compaction temperatures. Once 
the compaction procedure is completed, the repair plies are either prepared for storage or 
immediately cured onto the structure being repaired. The DVD method has produced repairs that 
have a low void content and compaction like repairs cured using the autoclave. However, the DVD 
method requires the use of a large rigid outer box that usually does not conform to the necessary 
structure to be repaired. Therefore, the repair plies are required to be compacted off the ship 
structure, the repair plies are then transferred onto the structure and co-bonded in place using a 
single vacuum bag process. The size and dimensions of the outer rigid box is highly dependent on 
the size of the repair limiting the DVD method to only being suitable for smaller repairs. 

Some of the disadvantages of the DVD method are effectively solved by using the VaRTM method. 
In VaRTM, dry carbon fibre or fiberglass fabrics are used. The dry fabric is first cut to size and 
stacked up in the desired orientation. 

The dry fabric is then positioned onto the structure using a double vacuum bag process and resin 
is then drawn into the vacuum bag to impregnate the dry fabric with the aid of a transfer medium. 
Once the resin has successfully impregnated the dry fabric, the repair is then cured onto the 
structure. Curing of the repair can be performed using a heat bonder and heat blankets that are 
controlled and monitored by thermocouples. 
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6. MATRIX OF INSPECTION AND MONITORING TECHNIQUES 

The Matrix of Inspection and Monitoring Techniques developed in FIBRESHIP offers a valuable 
contribution for the identification of the Manufacturing QA / Inspection for joint types and flaws. 

Very few techniques have a track record for individual cases, which will depend on material 
properties and geometries, and more details of joints and likely flaws are still needed. 

The combined results of FIBRESHIP supplemented by the Fit for Purpose approach should allow, 
in due course, to progressively fill the gaps and develop a more comprehensive Matrix. 

Non‐Destructive Evaluation (NDE) procedures - as part of Quality Control during the production 
phase in the shipyard - and the relevant Acceptance Criteria are the basis for specific “ad-hoc” 
inspections of the structural elements and the joints, based upon their locations (“hot spots” in 
the structure). 

As previously mentioned, acceptance criteria for NDE may be based on numerical models, such as 
FEA and iFEM tools, used to artificially simulate defects up to their critical size (i.e. causing 
unacceptable failure) in each structure.  

Inspection and monitoring techniques on the selected checkpoints are aimed at preventing such 
defects to become critical, and the maintenance schemes would offer the remedial action to be 
implemented. 

Consequently, the roles of the manufacturers and the shipyards in this process are essential to 
match the most appropriate inspection techniques with the production process, as well as to 
suggest suitable solutions for the repair of structural flaws.  

 

In order to determine an NDT technique for the inspection of a composite material, it essential to 
first understand: 

• The test component. As an example, the chosen material concept for the sandwich panels 
in FIBRESHIP are summarised as follows:  

‒ Skins: Glass/epoxy or Glass vinyl ester (Leo system) 

‒ Core: Balsa core or PVC 

• The way in which defects arise and how these defects affect the performance of the 
structure. 

As a precursor to evaluate the NDE techniques, this section describes the potential defects that 
can be found in marine composite construction.   

The defects can be categorised in manufacturing defects that occur during manufacturing of the 
component or in –service defects.  
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6.1. Manufacturing defects 

• Air bubbles  

The air bubbles in a laminate is the air that has been entrapped between the plies and are usually 
spherical in shape.  

• Bonded joint failure 

Bonded joints can suffer from a variety of defects as shown in the figure below: 

 

 
Figure 10 - Bonded joint defects (Greene, 2012) 

 

• Cohesive Bond failure 

During this failure, the adhesive sticks to both surfaces but cannot hold them together.  

• Adhesive Bond Failure 

This failure occurs at the interface between the adhesive and the adherent, with adhesive 
remaining at one surface only. Adhesive failure can be caused from contamination during 
manufacture, insufficient surface preparation or use of expired adhesive.  

• Crazing 

Cracks are common defects of composite laminates. Their common depth is (2mm) and the 
damage does not extent and does not have any structural implications. It can cause damage when 
water is introduced. Crazing can be an indication of laminate damage or high stress below the 
surface (Greene, 2012). 

• Delamination 

Delamination occurs at the interface between the layers in a laminate and between the skins and 
core of sandwich structures. The result of this defect is the laminate to break into several places 
reducing the stiffness of the component.  

• Kissing bond 

This type of defect occurs when two surfaces are partially bonded but they are touching in a very 
close distance. This can be caused by poor adhesion during manufacturing. Kissing bonds ca be 
observed in- service loading or after impact damage. 
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• Ply waviness 

This defect is the waviness of a layer or a group of layers within the laminate. These defects can 
be caused by improper vacuum bagging, resin shrinkage or ply buckling.  

• Resin rich or starved areas  

This defect is related to the displacement of fibres while processing.  

• Voids 

Porosity can be found in the resin due to air entrapment during fabrication or during cure. 
Depending on their size and their location on the laminate they can cause failure of the structure.  

 

6.2. In-service defects 

• Blisters  

Blisters occur after having immersed the structure into the water for some period of time. It is a 
localised swelling of the laminate. There are two causes of the presence of this failure. The first 
one is using defective raw materials during fabrication and the second one can occur in-service 
voids are heated under environmental conditions.  

• Core crushing  

This defect can be caused from impact damage or excessive throughout thickness loading. This 
defect can occur in all sandwich construction and can result in localised debonding leading to 
potential failure of the sandwich structure.  

• Core shear failure 

In a sandwich laminate, the core resists bending forces via shear loading, which is maximum at the 
neutral axis. The core shear failure is followed by a skin to core separation. 

• Impact damage 

Defects that are caused from damage are dependent on the velocity which is associated with this 
impact.  Low-speed but high-energy impact can cause a large are of delamination or a high-speed 
impact can penetrate the material without leaving a wide- area of delamination.  

• Matrix cracking 

Crack are interlaminar separation of material and normally they occur in the matrix (resin) of the 
laminate. This type of defect is caused by stresses or by thermal loading.  

• Moisture Ingress 

This defect occurs when fluid gets into the sandwich laminate and can degrade the core or the 
bond with the skins. 

¡Error! No se encuentra el origen de la referencia. below shows the allowable limits and 
detectability thresholds of defects common to marine composites that are provided for 
conventional E-glass: 
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Structure Solid, foam or Balsa core 
Suggested NDE 

technique 
Manufacturing method Hand layup, Infusion 

Defects Allowable 

Adhesive bond failure 
Debond area less than 30% of total bond area. Axial length of debond 

less than 20% of total axial bond length 
Laser Shearography 

Air bubbles Maximum diameter 3.0mm Thermography 

Blister 
Maximum diameter 6.5mm; height from surface not to be outside 

drawing tolerance 
Visual Inspection  
Thermography 

Core Crushing Maximum allowable core deformation less than 10% of core thickness 
Visual inspection  

Laser shearography 

Core shear failure Maximum allowable shear cracking less than 5% of core thickness Laser shearography 

Crazing 
Maximum crack length less than 25mm or max 50mmlong by 0.4mm 

deep, max density 5 in any 0.1m2 
Visual inspection 

Delamination Maximum diameter 14mm 
Ultrasonic 

Laser shearography 

Fibre failure Less than 1% by volume not to exceed 10mm Laser shearography 

Kissing bond 
Debond area less than 30% of total bond area. Axial length of debond 

less than 20% of total axial bond length 
Laser shearography 

Local impact damage 
Circular or ellipsoidal "bright solid" areas with diameter less than 

10mm 

Laser shearography 
Infrared 

thermography 

Moisture Ingress 10% by volume maximum allowable core moisture content 
Infrared 

thermography 

Ply waviness 
No wrinkles in the reinforcement or voids greater than 12mm; 

maximum length surface side 25mm 
None 

Porosity 
Porosity features less than 0.8mm diameter. Maximum of ten pits per 

64.5cm2 of area a no more than one such area per 0.3m 

Laser shearography 
Infrared 

thermography 

Resin starved area Maximum diameter 14mm 
Infrared 

thermography 

Resin rich area Maximum diameter 14mm 
Infrared 

thermography 

Surface cracking Maximum length 6.5mm Visual inspection 

Voids 

a) No voids extending through the more than one ply of laminate 
b) No voids larger than 12mm in their greatest dimension 

c) No voids larger than 3mm on each ply in any 150mmx 150mm area, 
with a max of 6 total voids in this area 

d) No voids more than three larger than 3mm in any 300mmx300mm 
area, with a max of twenty (20) total voids in this area. The void 

content not to exceed 4% where the void content is in excess of 2% 
additional testing is required. 

Any 

Table 2 - Allowable thresholds for different types of defects and suggested NDE technique (Greene, 2012) 
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6.3. Manufacturing QA/Inspection for Joint Types and Flaws 

Joint Type Flaw Mechanism (manufacture) Inspection Methods 

Monolithic – GFRP/GFRP 

Poor lay-up delamination 

UT 
Thermography 

MIA 
Microwaves 

Porosity/voids 
UT 

Thermography 
Microwaves 

Wrinkling Visual 

Missing resin 
MIA 
UT 

Sandwich/Sandwich GFRP Lack of Bond/Missing Resin 
MIA 

Microwave 

Plywood/GFRP Lack of bond 
MIA 

Thermography 
Microwave 

Coatings Missing/Thickness 
Visual 

Thermography 

Table 3 - Inspection methods - Manufacturing QA/Inspection for Joint Types and Flaws 

 

6.4. Service Inspection 

Joint Type Flaw Mechanism (Service) Applicable Methods 

All 

Fatigue (wave loading and 
vibration) (cracking) 

Accelerometers 

Erosion UT 

Chemical attack Microwaves 

Glued bond failure 
MIA 
UT 

Thermography 

Heat/cold damage 
UT/Visual/Thermography 

Microwaves 

Impact Damage 
UT/Visual/Thermography 

Microwaves 

Table 4 - Applicable methods for Service Inspection 

 

6.5. Monitoring 
Structure/Joint 

Type 
Flaw mechanism Applicable Methods 

All 

Fatigue (wave loading and 
vibration) (cracking) 

Accelerometers/Strain methods 
Acoustic emission 

Erosion (Installed NDT systems) 

Chemical attack (Installed NDT systems) 

Glued bond failure Accelerometers/Strain methods 

Heat/cold damage (Installed NDT systems) 

Impact Damage 
(Installed NDT systems) 

Camera 

Table 5 - Applicable methods for Monitoring 
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6.6. Quality assurance 

For large composite vessels, the quality assurance as detailed and required by Classification 
Composite Rules is applicable, however ensuring a consistent application on large composite 
vessels is very challenging. 

 

6.6.1. Materials – approval and certification 

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 stages 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 is conducted as per relevant Class rule requirements and 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, it should be noted only fully formulated/productionised materials are considered for 
certification.  

Each Classification Society has its own ruleset for certifying laminating resins and fibre 
reinforcements, based on minimum rule requirements or verification of manufacturer’s declared 
technical data. Notably, fire assessment (fire/smoke/toxicity) is not considered as part of this 
general certification process.  

 

6.6.2. Non-Destructive Testing, Non-Destructive Examination 

It may be required to estimate baseline properties of existing composite vessels.  

In general, Classification Rules require representative specimen testing is to be carried out.  The 
samples are to be taken from cut-outs or offcuts or are to be produced at the time of building to 
ensure the same material (including mixing ratios and additives) and environmental conditions are 
used for building. 

These test results are to confirm material design properties. The precise confirmation procedure 
is not clarified by current rules. The specimen tests and acceptance criteria confirmed by them 
should include composite specific failure modes. 

Classification Rules include or refer to workshop requirement which can be confirmed through a 
certification scheme. When building under survey the workshop certification is mandatory.  
Workshop standards are based on experience of the surveyor and capabilities of the Builder. 

It is also a requirement to have a quality assurance system for the workshop and its procedures. 
This may be audited. The Builder’s quality plan should include requirements for training and 
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qualification of operators who will carry out the laminating. The Builder, for now, is to set these 
standards and requirements. 

The QA scheme is to include many areas ranging from layup procedures, large volume material 
handling, operator training, recording requirements, specimen testing, etc.   

QA scheme content is to be specified. 

Testing of the completed structure is required in some areas for classification purposes.  These 
include, but are not limited to, deep tank and watertight tank testing, watertight bulkhead testing 
and double bottom testing.  The assumption is made that the test for metal structures are suitable, 
but this assumption is to be confirmed and recorded. 

NDE testing could form an important part in these procedures, but relevant NDE and other tests 
are still to be laid out. Acceptance criteria for fatigue are insufficiently clear to be applied to 
designs, and to be verified during manufacturing.  A problem in setting out these criteria is the 
large amount of materials, building techniques and additives that would have to be considered.  
An alternative option may be to include fatigue in a knock-down factor on ultimate strength 
criteria or a maximum (relatively low) stress factor that ensures that the structure is not stressed 
up to a point where fatigue may become a problem. 

Non-Destructive Examination (NDE) still has its limitations and determining these properties with 
suitable degree of certainty is difficult. The results of NDE are open to interpretation and care 
should be taken when conclusions are drawn. 

Traditional fracture mechanics concepts do not apply to composite constructions.  Fibre size, 
dimension of the laminate, etc. together with the anisotropic nature of the composite material 
results in a stress field that is not two dimensional. 

It is therefore questionable that test results from small coupons or samples taken from cut-outs 
can be scaled up to determine full size characteristics. 

For this reason, NDT on the final products has great importance in the evaluation of the quality of 
FRP structures. 

A wide range of techniques are available for non-destructive testing (NDT) or inspection (NDI) of 
composite structures. 

This section presents NDT used to inspect composite laminates that are suitable for marine 
structures. 

NDE techniques are either passive or excite the structure with external energy source. The defects 
are found when anomalies in recorded responses are noted. 

 

6.6.3. Visual Inspection 

Visual Inspection is the most common form of inspection for composites. This method sometimes 
is called “enhanced” or “close visual” inspection if magnified glasses, special lighting or other tools 
are being used.  Cameras are commonly used to provide record of the inspection.  

The best quality visual inspections for transparent composite materials is then is possible from 
both side with backlighting. For sandwich construction this is not possible. 
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6.6.4. Tap Testing 

Tap testing is used for damage inspection of both composites and bonded metallic structures. Tap 
testing works well for inspection damages in thin skins of any type. The method is especially useful 
on sandwich structure with thin skins and honeycomb core. It can work on solid composite 
laminate structure if the first few plies are delaminated, but it cannot detect defects deeper in the 
laminate. 

 

6.6.5. Ultrasonic inspection and Advanced ultrasound 

Ultrasonic testing (UT) has been used as the most common non- destructive testing method for 
composites in aerospace. UT uses high frequency sound energy to locate structural anomalies in 
composite laminates. A typical UT inspection system consists of a pulser/receiver, a transducer 
and a display equipment. The pulser/ receiver is an electronic device that can produce high voltage 
electrical pulse. The transducer generates high frequency ultrasonic energy. Typical energies are 
between 0.5MHz to 15MHz. the sound travels through the material. To enable the sound 
transmission between the transducer and the composite surface, couplant is applied as the sound 
is not transmitted through air.  

Defects such as cracks or delamination, reflect the energy back and the transducer converts the 
wave signal into electrical one and is displayed on a screen.  

Thick composites require very low frequencies between 0.5 to 1MHz, whereas for the thin 
composites higher frequencies are used (10 to 15MHz) to detect small defects.  

The table below provides an overview of the applicability of UT transducers: 

Frequency 
Typical Spot 
Resolution 

Typical Materials 

0.5 MHz 8 mm – 10 mm 
Thick laminates (25mm thick), complex multi-layer 

composites 

5 MHz 5 mm Thinner solid laminates (5mm to 25mm thick) 

15 MHz 1 mm - 2 mm Solid laminates, single – layer honeycombs 

Table 6 - Transducer frequency on UT inspection of composites (Gardiner, 2010) 

 

There are two types of ultrasonic testing:  

‒ Through transmission ultrasonics (TTU), which uses two transducers, one to send 
the ultrasonic wave and the other one to receive it. This method requires access 
from both sides of the part.  

‒ Pulse echo (P/E) ultrasonics where one transducer sends and receives the signal. 
Access only required from one side of the component. 

Both types of inspection can detect small defects and debonds between elements or skins and 
core material.   In order to determine the defect, it is crucial to know the fibre architecture and 
the design features of the laminate. For calibration samples both good laminate and with defects 
are required to interpret the signal.  



D5.3 - Class rules & guidelines  

 

 Page 66 of 86 

 

The use of the phased array ultrasonic testing and full matrix capture has previously been limited 
to metals, due to the fibres in the material causing the acoustic velocity to vary with angle. 

TWI has developed new algorithms that determine and correct for these variations. In addition, 
the shape of the surface interface can be detected and the refraction occurring is also taken into 
consideration. This means that high-speed inspection methods using large array probes can 
greatly increase the speed of inspection and non-zero incident angles can be used for complex 
shaped components. FMC can be used where flaw orientation can vary or where high levels of 
material noise are present. 

 

6.6.6. Pulsed and infrared thermography 

This non-contact method is very useful for thin-skinned components with complex internal 
structures, such as stiffeners, honeycomb or foam cores. The images produced look like an x-ray 
and are interpreted using advanced analysis tools and 3D visualization. A pair of high-power flash 
units rapidly heats the surface by a few degrees. A highly sensitive infrared camera monitors the 
surface as it cools. Features inside the component affect the way this heat dissipates resulting in 
surface temperature variations that can be processed to generate images. 

 

Infrared thermography measures the variation in heat emitted by an object and displays them in 
images by using a thermal camera. The component that needs to be inspected is heated in a 
uniform way from one side and viewed from the other depending on the access of the component. 
Marine sandwich laminates have very low through thickness heat conduction.  Heat will diffuse 
uniformly throughout a laminate until it encounters a discontinuity. Most defects have different 
thermal properties to the base material.  Delamination, disband or void will have lower rate of 
thermal conductivity resulting in heat being trapped where the anomaly is. The heat builds up 
shows the approximately the size of the discontinuity. 

 

6.6.7. Laser shearography 

Anther non-contact method, shearography uses laser light to detect strain on the component’s 
surface. The principle of laser shearography involves the illumination of the component and a 
camera that uses an image shearing lens. The light is reflected from the surface giving and area of 
the surface. After applying a load on the component, images of unloaded and lightly loaded 
conditions are compared, and fringe patterns are generated. The comparison of the two images 
of the stressed and unstressed areas determine the relative displacement of the surface. Analysis 
of the fringe patterns shows how the structure is performing under load. 

Excitation can be thermal, mechanical, or acoustic. 

Laser shearography can detect delaminations, debonding, poor adhesion and other flaws in 
composite materials.  A scanning laser system determines the surface changes from the difference 
in displacements between a loaded and unloaded component. These changes can be measured in 
the order of nanometers.  
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6.6.8. Robotic inspection 

The complex geometry of many composite components means that inspection is to be performed 
manually, or by slow immersion tank techniques. TWI has developed an automated inspection 
system comprising two six axis robotic arms, capable of working independently and cooperatively. 
The robotic arms deploy end-effectors carrying ultrasonic transducers (single element and phased 
array), mounted into water jet nozzles that couple the ultrasound into the part. Software 
developed in-house generates 3D imaging of the part, as well as traditional A- and B-scan data. 

 

6.6.9. Bond Testers 

Bond tester are based on the mechanical impedance principle measurement. Bond testers are 
used to detect delamination and adhesive debonds in thin laminates. Defects such as skin- to- core 
debonds in sandwich structures produce measurable changes in resonant frequencies. Therefore, 
baseline readings from components with no defects are essential. 

 

6.6.10. Moisture meters  

These devices detect moisture by applying microwave frequency into the component. When 
moisture is present the microwaves interact with the water molecules and hence, they slow down 
as they attenuate, and they lose energy. So far, digital moisture meters are being used in the 
aerospace industry for the measurement of the density of the material.  

The table below provides a summary of the possible NDT and the possible defects each of them 
can detect.  

NDT Method Principle Flaw types 

Visual + enhanced visual (image 
recognition) 

Surface anomalies 
Surface Flaws 

Geometry 

Ultrasonics – A scan 
compression 

Manual and Scanner 
Ultrasonic wave reflection 

Volumetric GFRP – simple geometries – 
limited by fibre reflections 

Ultrasonics – Arrays (PAUT and 
FMC) 

Manual and scanner 
Ultrasonic wave reflection 

More complex geometries and flaws. Use of 
images to detect variations 

Thermography Active 
Flash Lamps/lasers 

Anomalies in heat 
transmission 

Voids/missing resin 

Thermo-elasticity 
Heat generated by 

mechanical movement 
Surface Flaws 

Geometry 

Shearography 
Detection of strain 

anomalies under stress 
Cracking/joint failure 

Microwaves 
Detection of dielectric 

anomalies 
Voids 

Bondtesters/MIA 
Reflection of sound waves 

(resonance) 
Glued joints (parallel to surface) 

Table 7 - Non-destructive testing techniques, their principles and flaws 
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6.7. NDT inspection of multilayers composite structures for FIBRESHIP project 

6.7.1. Composite specimens. 

Three different composite structures were investigated by different non-destructive techniques. 
From provided panels three specimens containing artificial defects were manufactured.  

Although these tests and their results may seem not appropriate in set of guidance notes on the 
production of composite structural elements for large ships, they are nonetheless reported as an 
overview of the complexity and the opportunities of different NDT and inspection techniques.  

It is assumed that – depending on the design and load bearing properties of each specific 
composite structure – the most appropriate NDT inspection techniques are agreed on a case-by-
case basis. 

Figure 11 shows the sizes of samples for inspection with artificial defects: a) three layers structure, 
b) one-layer structure 

 
Figure 11 - Sizes of samples for inspection with artificial defects 

 

Figure 12 shows the samples for NDT inspection: 

a) One-layer compacted GFRP (unidirectional fibre orientation). 

b) Three layers structure: 1st skin 2 plies of 1200g/m2 quadriaxial fabric orientation (-4500/450/00/900), 2nd 
core foam (density 80 kg/m3), 3rd first skin.  

c) Three layers structure: 1st skin 4 plies of 1200g/m2 quadriaxial fabric orientation (4500/450/00/900), 2nd 
core balsa (density 150 kg/m3), 3rd as first skin. 

 
Figure 12 - Samples for NDT inspection 
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6.7.2. NDT techniques applied in FIBRESHIP specimens. 

6.7.2.1. Ultrasonics – through transmission with tone burst generator.  

The specimens were immersed in a small tank in vertical position for the UT through transmission 
technique. The tone burst pulse from the generator RITEC was sent to the transmitting transducer. 
After applying various transducers, the low frequency transducer of 1MHz, the voltage of the pulse 
300Vp-p and 10 cycles were selected.  

The inspected specimens were placed between the transmitting and the receiving transducers. 
The signal after passing through the specimens was collected and analysed. The figure shows the 
set up with the tone burst generator: a) connected components of system, b) portable tone-burst 
generator c) immersed specimen between transmitter and receive 

 
Figure 13 - Tone burst set up 

 

6.7.2.2. Thermography. 

For this technique, thermal energy is applied on the specimen’s surface. In the first approach, flash 
thermography tests were conducted. Short pulses of light were delivered and converted on the 
surface into thermal energy. The figure shows the flash thermography system used.  

In the second approach, a more powerful injection of thermal energy through hot air was used 
(long pulse thermography). 

Figure 14 shows the flash thermography system applied in inspection: flash-hood, mid IR precise 
cooled camera. 
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Figure 14 - Flash thermography system applied in inspection 

 

6.7.2.3. UT Immersion tank.   

The specimens were inspected by using an immersion tank in which the pulse echo approach was 
deployed. The same transducer acts as a pulser and receiver. The received signal was analysed. 
Similarly like with the tone burst generator the probe of frequency 1 MHz was selected. The 
immersion tank allows collecting C-scans of the specimens. 

 

 
Figure 15 - UT Immersion tank. 
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6.7.3.   Results and conclusions.  

Using of the tone burst generator allowed the detection of the artificial defects only in the 
specimen containing compact GFRF. The results are reported in the figure below: 

 

 
Figure 16 - Ultrasonic responses from a) sound area b) side hole c) flat bottom hole 

 

The differences in the responses were very subtle. However, it was possible to detect differences 
in the time of the signal arrival in the receiver.  For the side hole defect, this time is the shortest 
and for the flat bottom hole defect, this time is the longest. Therefore, by monitoring the different 
arrival time of the signal received it is possible to detect the defects in the components. 
Unfortunately, for the multilayer specimens the penetration of the ultrasound was not possible 
due to the scatter and the attenuation of the wave. 
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The thermal technique inspection was more successful in comparison to the tone burst generator 
approach. Firstly, the flash thermography was applied on all specimens. It was observed that only 
the responses from the compacted GFRP specimen were successful.  In order to increase the flash 
energy absorption and transformation to the thermal energy, the surface of the GFRP was covered 
with black paint.  

 

 
Figure 17 - Thermal response from compacted GFRP specimen after flash energy 

 

In the figure, the black area indicates the detected flat bottom hole. The black colour 
corresponded to elevated temperature on the surface just above the flat bottom hole due to the 
heat being blocked in the volume of the material. However, the two side holes seen in ¡Error! No 
se encuentra el origen de la referencia. were not detected.  The energy delivered by the flash 
lamps was not enough; therefore, the long pulse thermography was deployed. For each specimen 
the hot air was applied for 5 seconds and the thermal images were collected in the cooling stage. 
The results can be seen in the Figures below. 

 

 
Figure 18 - Thermal response from compacted GFRP specimen after long pulse energy 
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Figure 19 - Thermal response from GFRP & balsa 40mm after long pulse energy  

 

 
Figure 20 - Thermal response from GFRP & balsa 40mm after long pulse energy 

  

 
Figure 21 - Thermal response from GFRP &foam 40mm after long pulse energy  
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Figure 22 - Thermal response from GFRP & foam 40mm after long pulse energy  

 

Both approaches of the thermal energy depositions did not allow to penetrate deeper than the 
first layer. Therefore, only the detection of flat bottom holes and the pockets on the boundaries 
with other layers was possible. Due to many air bubbles in the balsa and in the foam the holes 
introduced in these materials were not detected. Furthermore, the thermal images revealed also 
possibility of poor contact between the surface layer and the balsa or the foam. The poor contact 
revealed itself as the black spots in the images present not only at the artificial flaws.   

Very similar results as above were observed with the UT immersion inspection. 

 
Figure 23 - Immersion tank results from GFRP & balsa 

 

 
Figure 24 - Immersion tank results from GFRP & foam 



D5.3 - Class rules & guidelines  

 

 Page 75 of 86 

These examples are reported to show how NDT inspection of composite structure is challenging 
and the interpretation of the results requires substantial experience. 

The challenges depend on the limited energy sent, allowing reflection from the defects, and in the 
meaningful interpretation of the received energy.  

As the results show, it is particularly challenging when the structure has not only layers of fibre 
and resin but also layers of foam or balsa. These two materials contain many macro and micro air 
bubbles which attenuate and scatter the delivered energy, regardless if it is mechanical wave 
(ultrasound) or a thermal wave (heat).  

  



D5.3 - Class rules & guidelines  

 

 Page 76 of 86 

7. DESIGN FEATURES INFLUENCING THE BUIDING PROCESS 

FIBRESHIP confidential deliverables D4.1, D4.2 and D4.3 present the results of the design 
assessment of three representative large length vessels, in compliance with the design guidelines 
developed for the certification and approval of the FRP design. The selected ships are a 
containership, a ro-pax and a fishing research vessel. 

The summary of the structural aspects and the results are included in the FIBRESHIP D4.7 public 
deliverable and therefore are not fully reported here. 

Nevertheless, it was clear from the beginning that the subdivision in design / production / 
operation of large FRP vessels is arbitrary, and that these aspects are overlapping. 

Most notably, the loads and the stresses obtained with the hull monitoring of existing (steel) ships 
are an important feedback to properly design new ships. Similarly, the production process and the 
quality of the manufactured components may influence the deformations, the stresses, the 
fatigue life and many other aspects of the ships in their lifecycle. In other words, the final product 
does not always match perfectly the theoretical model and the assumed design criteria. 

It is therefore important to include in the last part of this document the most evident lessons 
learnt from the design of these three extremely different reference ships, with focus on the 
production and QC/QA implications. 

 

7.1. Containership 

The main challenge in the design of the FRP containership, 4273 TEU, exceeding 250 m is to 
properly assess the longitudinal deformation of the hull caused by a true sea state. A very detailed 
FEA considered the dynamic wave pressure load corresponding to true sea states. The most 
unfavourable loading conditions of the containership were analysed, modelling also the mass and 
inertia of the structures, ship equipment, and tanks. The results of the detailed FEM give an 
accurate prediction of the longitudinal hull girder deformation and of the stress levels in all 
structural elements, with their time evolution during the dynamic process. 

The key structural considerations are: 

− The whole structure is to be designed for both global and local loads. 

− The U-shaped structure is a consequence of the large hold openings and small side tanks 
in the double hull. Special attention is to be paid to the scantling of the “torsion box” and 
the double bottom. 

− A challenge in FRP structural design is the restriction caused by manufacturing limits in the 
shipyards, not to exceed 100 mm maximum composite plate thickness. This factor 
influences the redesign of the torsion box and the most stressed areas of the ship. 

− Hatch coamings and 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 global deflections, bending and torsional deformations of the hull 
structure on the main deck, leading to critical fatigue situations. 
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− 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 (1500 mm apart) are added to provide torsional stiffness. 

− To stiffen the rectangular opening of the holds, hatch coamings 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 boxes at the bottom of the holds, acting as 
longitudinal primary elements continuously connected to the longitudinal primary element 
in the double bottom assembly. Girders and continuous longitudinal secondary stiffeners 
are disposed to support local pressures. The aft bulkhead of each container hold is 
watertight. 

− In the FIBRESHIP design, all longitudinal elements are conceived to be manufactured using 
monolithic glass reinforced plastic (GRP) laminates. 

 

Using conservative figures, the overall weight reduction attainable with FRP materials is about 45% 
compared to the parent steel ship  

The geometrical configuration of the containership is assumed to remain largely unchanged and 
the weight variation is transformed in payload (additional cargo capacity). This requires anyway a 
complete redesign. The specific cargo and the operational requirements are used to identify the 
most critical load cases (vessel fully loaded and vessel in ballast). 

 

In this 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 are 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 theoretical model was successfully 
matched by a campaign of live measurements on a parent steel ship, equipped with hull 
monitoring systems.  

 

The analysis of the FRP containership provides a clear evidence of the “hot spots”, i.e. the most 
stressed elements because of global and local loads - static and dynamic - and fatigue. 

The mapping of these locations is of paramount importance to define the QA/QC procedure and 
the NDT / NDE criteria (location and quantity). 

The other fundamental challenge is the massive thickness of the laminates, which require 
exceptional skill and tooling in the manufacturing process to prevent non-uniform layers and 
dangerous voids/defects, impossible to be identified visually from outside. 
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7.2. Ro-pax 

An existing Ro-Pax vessel, 204 m in length, built in steel, is used as reference for its transformation 
into a composite material structure. The use of composite material leads to a reduction of the 
total weight of about 36%.  

The iterative process of the design included: 

− Analysis of the steel vessel and determination of the loads 

− Scantling of the structural elements 

− 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.  
Detailed models are used to perform naval architectural calculations, redesign the 
compartmentation of the ship, re-arrange the weights and tanks to 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 FEM analysis requires great computation capabilities, using the software 
RamSeries, which can model non-isotropous materials and the evaluate their mechanical 
behaviour and failure. The analysis includes local and global loads, 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 of this ro-pax and are to be considered 
in combination with other heavy local loads in the same area, such as the main machinery. 
Additionally, local material failures are identified for all loading conditions, which are to be 
minimized adopting smoother transitions between structural elements and additional 
stiffening. 

− The weight saving may be used to increase of the cargo capacity by 3869 tons - equivalent 
to 72 trucks or 1934 cars - meeting the stability criteria. This implies anyway a complete 
verification of the weights, position of the centre of gravity, stability calculations and 
hydrodynamic 

− The most remarkable global and local loads are in way of the inner bottom (floor, girders, 
longitudinal stiffeners), side shell, decks, superstructure, bulkheads, tanks, structures 
supporting heavy outfitting components (e.g. cargo ventilation fans). 

− For cargo ramps, the same scantling of the cargo decks is used (for cars and/or truck loads) 
but, to prevent excessive ramp deformations, transverse and longitudinal reinforcements 
are added. 

− 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. 
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− 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.  

− 3D dynamic simulations of vehicles are run on every cargo deck, to calculate the local and 
cumulative accelerations across the vessel. The standard accelerations are calculated using 
Class rules, applied to the truck / car tyre print 

− 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 are selected to obtain the highest possible homogeneity of the laminate in all 
directions in relation to its mechanical properties. The LEO system is reinforced by 
fiberglass in woven roving, providing a higher mechanical strength. 

As expected, the “hot spots” are totally different from those of the containership, in terms of levels 
and positions, due to the general arrangement.  

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. 

 

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 is taken, using a homogeneous structure throughout the 
length of the ship. Consequently, two zones do not comply with the acceptance 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. 

From these brief considerations it is evident that the structural behavior of the ro-pax differs from 
the other reference ships and that the design considerations are essential to identify the QA/QC 
and NDT/NDE procedures in the most critical elements. 
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7.3. Fishing Research Vessel (FRV) 

The Fishing Research Vessel (FRV) is specially designed for the dual function of fisheries research 
and multipurpose oceanographic investigations (chemical, physical, geological and biological). 

The length overall is 86.4 m, the max. speed 14 knots. 

The overall dimensions and the general arrangement of this vessels are more favourable for FRP 
design and additional experience was acquired in FIBRESHIP with the construction of the full-scale 
demonstrator, inspired by the FRV. 

The structural design of the FRV is well developed in all details and care is taken to select the most 
appropriate laminate in all structural components. 

The use of composite materials in the FRV: 

- 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 

distribution of internal weights is barely modified  
- Reduces the wet area of the hull - the viscous resistance and the friction decrease and the 

propulsion plant is to be redesigned. 

A double hull structure is introduced, as an opportunity to add new lateral tanks and improve the 
structural response. The redesign of the composite ship structure modifies, in some respects, the 
general arrangement of the original steel ship. 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,  as well as the continuity of the structure (designed by 
blocks), has 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. Notably, the manufacturing of the composite structure becomes a design 
constraint, influencing the size and the spacing between structural elements, in order to facilitate 
the activity of the workers who must laminate the joints in safety conditions and with the required 
quality. 

The FRV project focus the design of the midship frame, and the calculations are referred to the 
central zone 0.25L - 0.7L. 

The structural design is interesting: 

Hull - being the most exposed part to impacts and collisions, a monolithic laminate is 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 must 
increase the rigidity of the vessel, limiting the weight. A sandwich structure is more suitable. 
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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 
is 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 are 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, maximizing the inertia of the sections. 

 

After a full static and dynamic analysis, it is concluded that the reduction in structural weight 
(including the fire insulation) is considerable, nearly reaching 70%. 

While the reduction of the structural weight in cargo ships can be used to increase the transport 
capacity (payload / cargo), for the FRV the lightweight materials have a strong influence on most 
aspects of the vessel, requiring a complete redesign. 

The design of the FRV is specifically important for the QA/QC and NDT/NDE in production. The 
design is optimized; therefore, the structural elements are properly loaded and dimensioned, but 
compared to the other types of ships, the FRV has a higher variety of laminates – monolithic and 
sandwich. 

Spaces and tanks are smaller, so the complexity in the construction lies in the accessibility and in 
the verification of all structural details, mainly in the transitions and the joints from one structural 
arrangement to the other 



 

8. CONCLUSIONS 

FIBRESHIP Project has undertaken enormous amount of technical work not only in reviewing the 
different underlying regulations for designing, building and operating large ships in composites 
and identifying gaps therein, but also developed design criteria for filling in some of the most 
important regulatory gaps. 

The scope of this public deliverable of the FIBRESHIP Project is to present new guidance notes for the adoption of 
innovative techniques for building large vessels in composite materials, supplementing the provisions of the current 
regulatory framework. 

This document is matching another essential output of FIBRESHIP, D4.7 Project Guidance Notes which, as the title 
explains, provides similar guidance notes on the design process. It is underlined that FRP vessels are to be considered 
in a life-cycle perspective and sometimes the design, the production and the maintenance requirements may overlap. 

A third deliverable, D9.9 Report on Standardization Activities focus on the key findings of the project and the next 
steps to further develop the regulatory framework. These public documents offer an essential overview of the project 
results for designers, consultants, research centers, builders, classification societies and regulatory bodies. 

This document is not yet a final set of mandatory provisions, but a valuable synthesis prepared by the Classification 
Societies and project partners on the experience gained in the analysis of the production process of composite 
materials and FRP techniques applied to large‐length FRP vessels.  

This work may be used to develop new international regulations at European and international level, as part of the 
exploitation activities of FIBRESHIP. 

In fact, these guidance notes are in line with the current discussion at IMO (SDC sub-committee), aimed at defining 
different scopes of application for composites, from simple prescriptive regulations to full quantitative risk-based 
design. 

The know-how is derived from the analysis on the optimum building strategy and techniques, the assessment of the 
technical implications for the shipyards and the specific studies carried out on the FIBRESHIP vessels of the three 
targeted categories - the containership, the Ro-Pax vessel and the fishing research vessel FRV.  

Some principles, which are at the basis for building these composite vessels, are irrelevant to the size of the structure, 
although there is a difference in emphasis on some areas. 

Classification Society rules assess materials and equipment fitted on board classed ships, and ships 
construction in composite materials addressing the following aspects:  

− Structural design: global, local, dynamic loads 

− Hull scantling 

− Raw material certification and testing 

− Specimen tests of FRP 

− Manufacturing and testing at works  

− Final tests and inspection of the construction 

− In service survey 

Each step of assessment within the scope of ship classification requires the definition of:  

− Type testing program and standard to be used for the assessment methodology 

− Validation criteria for the test results and their assessment 

and the Body in charge of tests and assessments and type of certificates granted  
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It is recognised further that some classification rules do have the potential to be used for the 
structural analysis of large-length ship completely built in composites, but specific criteria remain 
to be developed to fully cover all aspects of large composite vessels. These aspects include: 

− A rigorous structural assessment of composite materials, which are new in the 
construction of large ships and their service history is still limited because of its recent 
development when compared to metallic materials. Many classification Rules are based 
on historical data or use this data for reference. For large composite ships this data is not 
yet available and criteria, when developed, are likely to change with a growing fleet and 
service history. 

− New materials or new additives are continuously introduced in the market and will require 
testing. A certification scheme is to be applied for material from manufacturers. 

− Stress calculations are to be performed in a manner appropriate to composite 
materials.  The stress calculation is to be based on global loads, local loads and a 
combination of global and local loads. Hull response will differ significantly from metallic 
construction.  Phenomena such as springing and whipping require increased attention 
because of the increased flexibility. 

− Failure criteria are needed when considering fatigue response and failure modes specific 
to composite materials.  Suitable failure mode criteria are to be used as unidirectional 
stress assessment has insufficient predictive capability. 

− Joints require a quantified assessment where possible and a qualitative assessment where 
needed. 

− Composite materials are prone to influences other than those considered for metallic 
structures.  These include ageing, water absorption, exposure to chemicals in water and 
cargo, fabrication process, load type, stress type and direction. 

− Large deflection of local panels and the hull are to be expected and quantified as these will 
influence the overall layout and design of the ship. 

Another aspect that need to be considered is training and qualification of personnel involved in 
fabrication and assembly of composite ship structures. Class Societies have specific requirement 
regarding welder/non-destructive examination inspection qualification; however, there are no 
such Class requirements when it comes to composite construction. Going forward, this would 
need to be addressed in case of large length composite ships that may be built under Class.  

NDE testing could form an important part in these new procedures, but relevant NDE and other 
tests are still to be laid out. Acceptance criteria for fatigue are insufficiently clear to be applied to 
designs, and to be verified during manufacturing.  A problem in setting out these criteria is the 
large amount of materials, building techniques and additives that would have to be considered.   

The ageing properties of materials remain unclear because of the relatively short amount of time 
that composites have been used in the marine industry and the lack of data when used in large 
ships.  Ageing materials properties change because of UV exposure, chemical influences, etc.  Even 
though the matrix material may become more brittle, it may also become stronger.  The effects 
of aging should be quantified, and an assessment should be made of whether this aging effect is 
to be considered at the design phase. 
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Design may need to consider behaviour of material in extreme conditions, e.g. polar regions or in 
tropical regions.  The effects of operation in hot or cold conditions should be quantified and ranges 
should be set to their applicability which are likely to be different compared to metal structures. 

Although fire safety issues are exhaustively considered in other FIBRESHIP outputs, it is recalled 
that IMO MSC.1/Circ.1574 guidelines currently do not fully address the risks of progressive 
structural collapse or global loss of structural integrity due to fire associated with a fully FRP 
composite ship or FRP composite structures contributing to global strength. 

Design for life extension may need to include historical data to determine material properties after 
exposure to external events, such as fire.  Such an event may change the structural properties. 
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9. NEXT STEPS  

The possible way forward is based on a balanced use of prescriptive regulations, supported by the 
experience and supplemented by performance assessment methods (as well as tools, codes and 
models) where direct ‘equivalence’ with steel is not easily proven. 

It is recalled that the project consortium presented the technical work undertaken within the 
project to fill in some of the regulatory gaps to the Ship Design and Construction (SDC) sub-
committee at IMO on 3rd Feb 2020. This presentation was mainly aimed to support on the Interim 
guidelines for use of FRP elements within ship structures: Fire safety issues, MSC 1574 issued in 
June 2017. 

The potential benefits of the use of these materials were presented as well as the development of 
structural and fire performance criteria as the basis of future standards. 

It is considered worthwhile to pursue these standardisation activities beyond this FIBRESHIP 
project duration by providing further feedback to SDC at IMO, e.g. in the form of an INFO paper, 
and through active participation by the partners and classification societies who have a stake in 
this area. 
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