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EXECUTIVE SUMMARY 

The main objectives of WP6 are the development of new inspection, repair and maintenance 
procedures to maintain the integrity of the FIBRESHIP solutions; the establishment of structural 
health monitoring (SHM) and long term damage control strategies;  the investigation of the 
management of waste generated by manufacturing, operational life cycle and dismantling of 
FIBRESHIP solutions as well as the conduction of through- life performance assessment of 
FIBRESHIP solutions and the provision recommendation for optimal solutions, considering life 
cycle costs, risk and environmental impact. 

In particular, task 6.1 has the purpose of providing guidelines for the quality control during 
production as well as the assurance in the post-production phase – by means of in-service 
inspection - to maintain the reliability of the concept structures, in order to give confidence that 
the new applications - developed within FIBRESHIP - are at least as reliable as the ones they are 
replacing.  

The task 6.1 goal is achieved by addressing all aspects related to the inspection for concept 
demonstration, standard quality control and for in-service performance as well as the potential 
techniques for repairing of FIBRESHIP solutions in order to maintain their integrity during the large-
length FRP ship operation. 

Task 6.2 addresses the development of Structural Health Monitoring (SHM) and non-destructive 
evaluation (NDE) methods for the inspection of the next generation of large-length FRP vessels. 
To carry out this task, two different non-destructive methods based on inverse Finite Element 
Modelling (iFEM) and deformation-based structural health monitoring are proposed. The main 
objective of these simulations is to analyse the variations of the global natural frequencies of the 
ship due to different damage situations (removal of a double bottom girder/bulkhead, vessel hull 
fracture) and loading conditions changes.  The main idea is to consider these strategies from the 
very beginning of the design process of the vessel, preparing and foreseeing which necessities will 
have a specific ship to increase its life cycle and optimize operation and maintenance (O&M) costs.  
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1. INTRODUCTION 

The purpose of this document is to provide guidelines for quality control during production and 
assurance in the post-production phase - through in-service inspection - to maintain the reliability 
and integrity of the concept structures.  

The scope is to give confidence that the innovative structural applications are, at least, as reliable 
as those being replaced.  

The activities carried out within this Task 6.1 encompass the aspects related to:  

• inspections for concept demonstration, 

• 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 proposed in FIBRESHIP.  

In this document a methodology - 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 methodology is a useful tool whenever an innovative technology - either 
materials or structural solutions - cannot be appraised by existing and well tested prescriptive rules 
and regulations. 

More specifically, 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 outlined 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 
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 WP3 and is validated 
through the experimental campaign carried out on board the container ship ZIM LUANDA 
(performed within WP7). 

Finally, this document proposes Inspection and Monitoring Techniques for the identification of 
the Manufacturing QA/Inspection for joint types and possible flaws detection in the FIBRESHIP 
solutions.  
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2. OBJECTIVES 

The objective of Task 6.1 is to qualify selected shipboard technologies (e.g. structural components, 
equipment or assemblies) used in innovative composite structures of large ships and provide 
evidence that they work successfully with an acceptable level of confidence, within specified 
operational limits.  

The main aim of Task 6.2 is to demonstrate the efficiency of iFEM technique for monitoring 
structural damage in ships. The main objective of these simulations to analyse the variations of 
the ship natural frequencies due to different damage situations (removal of a double bottom 
girder/bulkhead, vessel hull fracture) and loading conditions change. Finally, a new structural 
health monitoring strategy based on the twin digital model has been developed with the aim to 
validate the hydro-structural coupled numerical model developed in WP3 and identify the areas 
of the ship more sensitive to damage (hot spots). This information is useful for monitoring the 
structural integrity of the ship and identify the areas where damage is more likely to happen. 

 

3. FUNCTIONAL CRITERIA 

• 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 or assembly are - and shall 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 an owner, or a shipyard, or a 
supplier. 

Task 6.1 is the first step of a process – to be further developed throughout Tasks 6.2, 6.3 and 6.4 
- addressing all aspects related to the structural integrity of innovative composite solutions: 

‒ concept design 
‒ quality control / quality assurance 
‒ inspection and testing 
‒ life‐cycle in-service monitoring 
‒ maintenance and repair 

 

4. 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 or sandwich) 
‒ principal stresses (e.g. shear/bending/inter-laminar stress) 
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‒ 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 - 
supported by computational tools, codes and models - to identify the most appropriate 
qualification process for each element of the composite ship. 

 

5. APPLICABLE REGULATORY FRAMEWORK 

As far as the prescriptive rules and regulations are concerned, refer to D4.4 Literature review - 
issued by RINA in WP4 - presenting the review carried out on the current marine regulatory 
framework (i.e. regulations / rules / guidelines / codes and standards) relevant to the use of 
composite materials, to identify gaps or inadequate provisions on FRP vessels design, construction 
and operation. 

The evidence from this analysis is the baseline for the development of new life-cycle safety criteria 
and project design guidelines, aimed at exploiting the strength and benefits of composite 
materials in shipbuilding to their full potential. 

In D4.4 a variety of mandatory or voluntary rules and regulations have been considered - issued 
by different national and international bodies - primarily focused on structural aspects and fire 
safety of FRP vessels of any size. 

The current regulatory framework relevant to structural elements, analysed in D4.4, has the 
following breakdown index: 

• Requirements for Hulls in composite materials: 
‒ General. 

• Material certifications and qualifications: 
‒ Resins. 
‒ fibres and reinforcements. 
‒ sandwich / core materials. 
‒ composite constituents and composition. 
‒ fire performance of composites. 
‒ glues, marine adhesive bonders, structural adhesives. 
‒ water absorption in fibres. 
‒ material collapse assessment. 
‒ use of type approved materials. 
‒ hull coatings. 
‒ assessment of failure modes of load-bearing composite structures. 
‒ assessment of chemical resistance of composites. 
‒ assessment of composite behaviour in extreme temperature ranges (polar / 

tropical). 
‒ ageing of composite structures. 
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‒ use of hybrid composite/steel construction systems. 

• Construction and Quality Control: 
‒ Panels, beams, stiffeners, pillars, joints / joining techniques / galvanic corrosion of 

metallic joints, etc. 

• Requirements for Buoyancy, Stability and Subdivision. 

• Longitudinal Strength. 

• External Plating. 

• Bottom Structures. 

• Side Structures. 

• Decks. 

• Bulkheads. 

• Superstructures and deckhouses. 

• Local strength or elements integrated into the ship structures but not contributing to global 
strength (e.g. machinery foundations, hatch covers, bow visors, pools, sliding roofs, shell 
doors, tender platforms, etc.) 

• Tanks. 
• Scantlings of Structures with Sandwich Construction. 
• Non-load-bearing structures. 
• Hull survey for new constructions. 
• Testing of composite materials - Hull compulsory tests: 

‒ Mechanical tests on laminates taken from hulls. 
‒ Mechanical tests on laminates of structural fuel tanks. 
‒ Fatigue tests. 
‒ Testing under loading conditions (with / without fire). 

• Testing of structural integrity:  
‒ Test procedure and criteria to evaluate and ensure structural and fire integrity 

properties.  
‒ Acceptance criteria.  
‒ Suitable solutions and/or limitations. 

In D4.4 further consideration is given - as far as practicable - to some dynamic issues: 

• Dynamic hull effects: 
‒ Deflections and buckling. 
‒ Hydro-elasticity. 
‒ Slamming and whipping. 
‒ Racking-induced stresses. 
‒ Fatigue loads and corresponding failure modes of composites. 
‒ Hull global and local vibrations. 

• Crashworthiness of hulls, deformations and damage in composite materials caused by 
collision, side grounding, bottom grounding – consequences on damage stability. 

• Structural health monitoring - damage detection quantification and repair. 

The relevant rules and regulations are cross-referenced and commented in D4.4 Annexes and 
therefore are not repeated here. 
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6. FIT FOR PURPOSE METHODOLOGY 

D4.4 (Literature Review) – where it was reviewed the current rules and regulations relevant to the 
structural design, material certification & testing and fire safety in terms of composite materials 
using in marine sector - evidenced that several aspects are well regulated, while many others are 
neglected, vaguely addressed, or relying upon a case-by-case approval process by the authorities 
or regulatory bodies. 

For this reason, a Fit for Purpose process is recommended, consisting of 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. 

A flowchart of the qualification process is proposed below: 



D6.1 (WP6) - A set of guidelines on 
inspection, repair, monitoring and 
maintenance applicable to 
FIBRESHIP concepts 

 Page 16 of 76 

 
Figure 1: Qualification process 

6.1. 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 
‒ Functional requirements 
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‒ 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. 

 

6.2. 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 (see Table 1), 
‒ 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: Novelty categorization 

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 to be a proven technology (i.e. without technical uncertainties) 
where proven methods for qualification, tests, calculations and analysis can be used.  

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 
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procedure described in the following section. The distinction between class 2, 3 and 4 makes it 
possible to focus on the area of concern. 

 

6.3. 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. 

 

6.3.1. 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. 

 

6.3.2. 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 
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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, particular 
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. 

 

6.3.3. 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. 

 

6.3.4. 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 
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. 

 

6.4. 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.  
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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. 

The Fit for Purpose qualification and action plan should be revised as necessary. 

 

6.5. 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.  
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6.6. 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.  

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:  
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‒ 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. 
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7. STRUCTURAL HEALTH MONITORING STRATEGY: “HOT SPOT”, STRESS 
TYPES AND LOCATION IN THE SHIP STRUCTURAL COMPONENTS  

One of FIBRESHIP Project main objectives regarding life cycle management is to address the 
development of SHM (Structural Health Monitoring) and long-term damage control strategies to 
be included in future 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.  

Through the available partners expertise, along with the information obtained from other WPs 
(such as numerical simulations and experimental tests campaigns) and state-of-the-art of this 
technology, acceptance criteria and monitoring devices deployment strategies and methodologies 
have been analysed in order to identify the hot spots of a vessel structure. 

In order to evaluate the integrity of the lightweight composite vessels developed in the FIBRESHIP 
project, new structural health monitoring (SHM) methodologies have been studied within Task 
6.2. In particular, an inverse finite element method (iFEM) based on the tracking of the natural 
frequencies of the ship and an alternative strategy based on the monitoring of the local and global 
deformations of the vessel have been assessed. 

Structural health monitoring (SHM) is a multidisciplinary technology which aims to identify and 
quantify damage in engineering structures (aerospace, civil, among others). The main purpose of 
this technology is to detect the presence of damage in the structure in real time to avoid rapidly 
structural failures. The main objectives of a structural health monitoring system can be 
summarised as follow:  

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. 

In the last years, 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. 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 
vessels of FRP (Fibre-Reinforced Polymers), it has been identified a correlation 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. 
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According to this methodology and through iFEM technique (inverse Finite Element Method), the 
strategy to detect the presence of damage in the structure is by means of monitoring of 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. For this study, the structure of the ship is subjected to 
numerical investigation to determinate the variation of the natural frequencies due to the 
presence of damage or structural failure. Despite iFEM technique was initially identified as a 
monitoring tool for structural damage control for safety and predictive maintenance along vessel 
life cycle, other strategies have been considered monitoring different parameters of the vessel 
such as hull-girder deformation (hogging and sagging, see Figure 2) and local deformation of the 
midship section. The results of a sensitivity analysis of natural frequency variation have 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, it can be said that the global variations of the natural frequencies cannot be 
successfully used as a prediction tool for the health state of a ship.  

 
Figure 2. Sagging and hogging condition (Source: Aalto University, School of Engineering, Ship Dynamics)) 

The other SHM strategy considered will be assessed based on 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.  
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7.1. Assessment of the SHM strategy 

7.1.1. Detection of damage using SHM 

The aim of this section is to assess the structural integrity of the steel and composite structures 

used in ships. To carry out this task, a structural health monitoring (SHM) methodology based on 

the combination of the so-called inverse finite element method (iFEM) and a vibration-based 

monitoring system to measure the natural frequencies of the ship has been proposed. This 

method is based on tracking changes in natural frequencies of a structure induced by the change 

in stiffness of the structure due to damage. Thus, the presence of damage is determined by 

measuring the natural frequencies of a healthy structure and comparing it with the frequencies of 

the defected one.  

A set of analyses to assess the applicability of this approach has been carried out for a steel 

containership. The aim of this study is to evaluate the feasibility of this strategy to detect the global 

behaviour of the structure. 

The main idea is to analyse the variations of the natural frequencies in a vessel according to 

different practical cases:  

- Damage 1: In the first case, the effect of bulkhead structural element removal in the ship 

is analysed as shown in Figure 3 (a). 

- Damage 2: In the second case, the authors investigated the variations of the natural 

frequencies induced by a fracture on the vessel hull as it is shown in Figure 3 (b). Fracture 

is a frequent failure mode in composite laminates due to intense cycles of fatigue and 

highly dynamic stresses as per example sea waves. 

- Damage 3: In the third case of damage, the variations of the natural frequencies attributed 

on the removal of a double bottom girder are analysed as it is shown in Figure 3 (c). 

- Loading condition: The influence of loading conditions on the natural frequencies of a 

vessel is analysed in this practical case. For the purpose, the natural frequencies of a 

container ship with two different loading conditions (lightship condition vs. operation 

condition) are compared.   
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a) 

 

b) 

 

c) 

 
Figure 3. Schematic description of natural frequency analysis: (a) removal of a bulkhead, (b) fracture on the vessel hull, and (c) 

removal of a double bottom girder. The inset of the figures shows the amplified image of the parts damaged in the vessel 

(Source: TSI) 
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7.1.2. Results and discussion 

7.1.2.1. Damage analysis 

This section analyses the changes in the natural frequencies of the vessel structure caused by the 
presence of damage (e.g. the suppression of a bulkhead union and a double bottom girder as 
structural elements of the ship or the presence of a facture on the vessel hull).  

As an example, Figure 4 shows a simplified description of the most frequent vibration modes of 
the ship structure which are referred to as vertical, transversal, torsional, and superstructure 
vibration modes. The legend scale on the left of each image of the different vibration modes 
indicates the relative displacement of the nodes in the numerical model. 

 

  
Hull Girder 1st Vertical Mode Hull Girder 1st Torsional Mode 

  
Hull Girder 1st Transversal Mode Hull Girder 2nd Vertical Mode 

  
Superstructure Mode Hull Girder 3rd Transversal Mode 

Figure 4. Schematic representation of the different vibration modes observed in the vessel.   
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Table 2 shows the natural frequencies of the ship structure for the healthy and damage case 1. 
The main idea is to investigate how the natural frequencies are affected by the suppression of a 
bulkhead union of the ship. Furthermore, the table describes the vibration modes of the structure 
and the relative percentage variation of the natural frequencies due to the damage. The results 
show that the natural frequencies of the structure without a bulkhead union are smaller than the 
natural frequencies of the original structure. In this regard, it can be clearly seen that the variation 
of the natural frequencies for the vertical, transversal, torsional and structural elements modes of 
the vessel is minimum (less than 1%). In other words, the negligible changes of the natural 
frequencies are shown in green colour and the minimum variations of the natural frequencies (less 
than 1%) are represented in red colour. The slight variations of the natural frequencies are 
explained by the small variations of stiffness which are caused by the suppression of a bulkhead 
in the ship. On the basis of this results, it can be said that the changes in the natural frequencies 
due to the structural damage are miniscule and inconclusive as these variations are in the region 
of precision of the experiments.  

Containership_ Case 1: Effect of a damage on the natural frequencies 

Healthy structure Damage 1 - Removing bulkhead 
Rel. Error 

(%) Output 
mode 

Freq. (Hz) Vibration Mode Type 
Output 
mode 

Freq. (Hz) Vibration Mode Type 

Hull Girder Vertical Modes 

1 0.3558 Hull Girder 1st Vert 1 0.3558 Hull Girder 1st Vert 0.004 

4 0.7555 Hull Girder 2nd Vert 4 0.7571 Hull Girder 2nd Vert 0.206 

7 1.2014 Hull Girder 3rd Vert 6 1.1972 Hull Girder 3rd Vert 0.358 

10 1.6233 Hull Girder 4th Vert 9 1.6024 Hull Girder 4th Vert 1.304 

Hull Girder Transversal Modes 

2 0.5912 Hull Girder 1st Transv 2 0.5909 Hull Girder 1st Transv 0.054 

6 1.0102 Hull Girder 2nd Transv 5 1.0136 Hull Girder 2nd Transv 0.331 

8 1.4344 Hull Girder 3rd Transv 7 1.4277 Hull Girder 3rd Transv 0.471 

Hull Girder Torsional Modes 

3 0.6861 Hull Girder 1st Tors 3 0.6848 Hull Girder 1st Tors 0.192 

9 1.4534 Hull Girder 2nd Tors 8 1.4529 Hull Girder 2nd Tors 0.034 

Structural Elements Modes 

5 0.7752 Web frame - - Web frame - 

18 2.4689 Superstructure 16 2.4677 Superstructure 0.047 
Table 2. Variation of the natural frequencies due to Damage 1 (suppression of a bulkhead in the ship) 

Cracks are one of the most typical and frequent failure modes of a composite vessel structure. As 
indicated by (M. Elshamy, 2018), the identification of a crack fracture is determined in many 
studies by tracking the variations of the first natural frequency. Additionally, the estimation of the 
crack location and the severity of the damage is analysed by the variations of the 2nd and 3rd mode 
of the natural frequencies. Therefore, an important number of research studies in the literature 
(M.P. Karandikar, 2016), (N.A. Meshram, 2015), (K.H. Barad, 2013) have investigated if the 
variation of the natural frequencies can be used to detect the presence of cracks in small-size 
beams. Table 3 summarizes the variations of the natural frequencies of the ship induced by a 
fracture located in the middle of the vessel hull (damage case 2). The results demonstrate that the 
natural frequencies of the structure are barely affected by the presence of the fracture. From the 
table, it can be clearly appreciated that the variation of the natural frequencies shows very small 
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decrements between 0.076% and 0.289% for the different modes of the natural frequencies 
analysed. These slight variations are attributed to the fact that the overall stiffness of the vessel 
hull is not strongly affected by the fracture. As a conclusion, it can be said that the changes in the 
natural frequencies due to a structural fracture in the vessel were not significant. Thus, the 
presence of fractures in the vessel cannot be detected using the inverse finite element model 
proposed as the variations of natural frequencies are very small.  

Containership_ Case 2: Effect of a damage on the natural frequencies 

Healthy structure Damage 2 - Hull crack 
Rel. Error 

(%) Output 
mode 

Freq. (Hz) Vibration Mode Type 
Output 
mode 

Freq. (Hz) Vibration Mode Type 

Hull Girder Vertical Modes 

1 0.3558 Hull Girder 1st Vert 1 0.3556 Hull Girder 1st Vert 0.076 

4 0.7555 Hull Girder 2nd Vert 4 0.7556 Hull Girder 2nd Vert 0.010 

7 1.2014 Hull Girder 3rd Vert 7 1.1990 Hull Girder 3rd Vert 0.203 

10 1.6233 Hull Girder 4th Vert 10 1.6186 Hull Girder 4th Vert 0.289 

Hull Girder Transversal Modes 

2 0.5912 Hull Girder 1st Transv 2 0.5902 Hull Girder 1st Transv 0.176 

6 1.0102 Hull Girder 2nd Transv 6 1.0081 Hull Girder 2nd Transv 0.210 

8 1.4344 Hull Girder 3rd Transv 8 1.4315 Hull Girder 3rd Transv 0.207 

Hull Girder Torsional Modes 

3 0.6861 Hull Girder 1st Tors 3 0.6847 Hull Girder 1st Tors 0.202 

9 1.4534 Hull Girder 2nd Tors 9 1.4498 Hull Girder 2nd Tors 0.249 

Structural Elements Modes 

5 0.7752 Web frame 5 0.7753 Web frame 0.003 

18 2.4689 Superstructure 18 2.4687 Superstructure 0.006 
Table 3. Variation of the natural frequencies due to Damage 2 (caused by a fracture on the vessel hull) 

The results given in Table 4 show the variation of the natural frequencies produced by the damage 
case 3. In this study, the changes of the natural frequencies of the vessel associated to the removal 
of a double bottom girder are analysed. From the table, it can be clearly seen that the natural 
frequencies of the vessel with and without a double bottom girder are almost same as the 
variation of the frequencies vary between 0.000% and 0.0024%. These null variations are 
attributed to the fact that the overall stiffness of the vessel is not affected by the removal of a 
double bottom girder in the vessel structure. Thus, it can be said that the variation of the natural 
frequencies due to the removal of the bottom girder are negligible and the variation of the global 
natural frequencies is not an appropriated method to monitor the structural integrity of the 
structure. 
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Containership_Case 3: Effect of a damage on the natural frequencies 

Healthy structure Damage 3 - Removing double bottom girder 
Rel. Error 

(%) Output 
mode 

Freq. (Hz) Vibration Mode Type 
Output 
mode 

Freq. (Hz) Vibration Mode Type 

Hull Girder Vertical Modes 

1 0.3558 Hull Girder 1st Vert 1 0.3557 Hull Girder 1st Vert 0.024 

4 0.555 Hull Girder 2nd Vert 4 0.7555 Hull Girder 2nd Vert 0.005 

7 1.014 Hull Girder 3rd Vert 7 1.2013 Hull Girder 3rd Vert 0.013 

10 1.6233 Hull Girder 4th Vert 10 1.6231 Hull Girder 4th Vert 0.010 

Hull Girder Transversal Modes 

2 0.5912 Hull Girder 1st Transv 2 0.5912 Hull Girder 1st Transv 0.001 

6 1.0102 Hull Girder 2nd Transv 6 1.0102 Hull Girder 2nd Transv 0.000 

8 1.4344 Hull Girder 3rd Transv 8 1.4344 Hull Girder 3rd Transv 0.000 

Hull Girder Torsional Modes 

3 0.6861 Hull Girder 1st Tors 3 0.6861 Hull Girder 1st Tors 0.000 

9 1.4534 Hull Girder 2nd Tors 9 1.4534 Hull Girder 2nd Tors 0.001 

Structural Elements Modes 

5 0.7752 Web frame 5 0.7752 Web frame 0.001 

18 2.4689 Superstructure 18 2.4690 Superstructure 0.007 
Table 4. Variation of the natural frequencies due to Damage 3 (suppression of a double bottom girder) 

As a conclusion, it can be said that the changes in the global natural frequencies of the vessel due 
to structural damages are negligible. Thus, the variation of the global natural frequencies is not an 
appropriated method to identify the presence of damage in the vessel. Therefore, in this case, it 
can be said that iFEM approach is useless for a SHM methodology based on monitoring the 
changes in the response of the ship with respect to global natural frequencies, because the global 
vessel stiffness is little sensitive to the structural damage.  

Nevertheless, it should be point out that the inverse finite element method has been successfully 
used to determinate damage in a local scale (e.g. delamination of composite laminates). For 
example, (R. Sultan S. G.-S., 2012) investigated experimentally and numerically the natural 
frequencies of (20 x 20) cm2 composite plates with different areas of delamination. The results of 
this publication revealed that the natural frequencies of the composite plates are proportional to 
the area of delamination and the natural frequencies decreases, when the area of delamination 
increase. Similar results are reported on (Gadelrab, 1996), which demonstrated that the natural 
frequencies of small composite specimens are strongly affected by the size of the delamination 
regions. In overview, it can be concluded that the variations of overall stiffness are much stronger 
for small-size composite specimens than large vessel structures. Therefore, the inverse finite 
element method is suitable for the determination of damage in a local scale. 

 

7.1.2.2. Loading condition variation analysis 

The effect of loading conditions on the natural frequencies of a container vessel are analysed in 
this section. To address this task, the natural frequencies of a vessel loaded with 10,824 TEUs 
(256,173 tons) are compared to the natural frequencies of a unloaded vessel without payload 
(124,814 tons). 
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Table 5 summarizes the first six vibration modes measured in the vessel on unloaded condition 
(124,814 tons) and loaded condition (256,173 tons). The effect of the loading conditions in a 
container ship is analysed in the table through the variation of the natural frequencies between 
the unloaded and loaded ship. The results reveal that the natural frequencies of the vessel are 
strongly affected by the loading conditions. As a result, it can be clearly seen that the first six 
natural frequencies of the loaded vessel are approximately a 30% smaller with respect to the 
natural frequencies of the unloaded vessel. The important changes in the natural frequencies are 
attributed due to large variations in the weight of the vessel caused due to the different loading 
condition. This study agrees with the basic natural frequency theory, defined as follows:  

f𝑛 =
1

2𝜋
 √

𝑘

𝑚
          (1) 

Where k represents the structural stiffness of the ship and m is associated to the overall mass of 
the vessel. As it can be deducted from equation 1, the natural frequencies are inversely 
proportional to the mass and therefore, an increment of the loading conditions of the vessel result 
in a decrement of the natural frequencies.  

Containership_Case 4: Effect of loading conditions on the natural frequencies 

Unloaded Condition (Lightship): 124814 tons Loaded Condition: 256172.8 tons 
Rel. Error  

(%) Output 
mode 

Freq. (Hz) Vibration Mode Type 
Output 
mode 

Freq. (Hz) Vibration Mode Type 

Hull Girder Vertical Modes 

1 0,5300 Hull Girder 1st Vert 1 0,3900 Hull Girder 1st Vert 35,897 

2 1,0200 Hull Girder 2nd Vert 4 0,8200 Hull Girder 2nd Vert 24,390 

5 1,5900 Hull Girder 3rd Vert 6 1,3000 Hull Girder 3rd Vert 22,308 

Hull Girder Transversal Modes 

3 1,0300 Hull Girder 1st Transv 2 0,6400 Hull Girder 1st Transv 60,938 

6 1,6300 Hull Girder 2nd Transv 5 1,0800 Hull Girder 2nd Transv 50,926 

Hull Girder Torsional Modes 

4 1,0900 Hull Girder 1st Tors 3 0,7300 Hull Girder 1st Tors 49,315 
Table 5. Variation of the natural frequencies due to loading condition change 

As a conclusion, it can be said that the changes in the global natural frequencies of the vessel due 
to variations in the loading conditions of the ship (loaded vs unloaded state) are significant. The 
percentual changes for the natural frequencies due to changes in loading conditions vary between 
22% and 61%.  

 

7.1.3. Conclusions of using natural frequency variation as an indicator of structural 
failures 

In this section, it was studied the variation of the global natural frequencies of a container ship 
due to structural damage of the vessel components and changes in its loading condition. To carry 
out this task, the variations of the natural frequencies are analysed through a finite element 
model. On the basis of the numerical results, the following conclusions can be drawn: 



D6.1 (WP6) - A set of guidelines on 
inspection, repair, monitoring and 
maintenance applicable to 
FIBRESHIP concepts 

 Page 32 of 76 

Initially, the effect of structural damage on the natural frequencies of the vessel is investigated. 
For this purpose, the variations of the natural frequencies in three practical cases are analysed: 
The first and third cases investigate the effect of the suppression of a bulkhead and a double 
bottom girder as structural elements of the ship while the second case analyses the variations of 
the natural frequencies attributed to a phenomenon of fracture on the vessel hull. The obtained 
results revealed that the presence of damage result in a slight reduction of the global natural 
frequencies. However, the variations of the natural frequencies between the healthy and 
damaged structure are minuscule and negligible (less than 1%) as these variations are in the 
experimental range of measurement error. Therefore, it can be said that the global variation of 
natural frequencies produced by structural failures of bulkheads, portions of decks, beams, girders 
and other structural components of the vessel cannot be used to identify the presence of damage 
in the ship structure. 

Furthermore, this section investigates the influence of loading conditions on the vessel natural 
frequencies. For this study, the natural frequencies of a container ship with two different loading 
condition (lightship loading condition vs. operation loading condition) are compared. The results 
indicate that the natural frequencies of the vessel in the loaded condition are up to a 61% smaller 
as compared to the natural frequencies of the lightship loading condition. The important changes 
in the natural frequencies are attributed due to large variations in the mass of the vessel caused 
by the different loading conditions. Thus, it can be concluded that the natural frequencies of the 
vessel are considerably affected by the loading conditions of the ship. 

In conclusion, it can be said that the results of this work demonstrate that the variations of the 
natural frequencies appreciated between the state of loading and unloading of the ship are much 
higher than the ones caused by structural damage (e.g. suppression of a bulkhead union as 
structural element of the structure or the presence of fractures on the vessel hull). Therefore, the 
variation of the natural frequencies cannot be used for the detection of damage in the vessel 
structure as the changes of the natural frequencies due to changes in the loading conditions of 
the vessel are approximately among 20-60 % greater than the variations of the natural frequencies 
due to a structural damage.  

Thus, it is concluded that the SHM methodology based on the variation of the natural frequencies 
is not an appropriate tool to monitor the global structural integrity and health of ships. 
Nevertheless, it is considered appropriate its use for local structural detection of damages, 
because the variation of natural frequencies in local structural scenarios is more relevant than in 
global ones. 
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7.2. The proposed SHM strategy: Twin Digital Model  

7.2.1. Towards Twin Digital Model Approach: Deformation Monitoring 

A structural health monitoring (SHM) strategy can contribute to damage assessment into five 
different levels (N. Haritos, 2004). The first level only identifies which structural damage has 
occurred. The second level considers the previous level and determines the location of damage. 
The third level adds an estimation of the type of damage. The fourth level includes an evaluation 
of the severity of damage and finally, the fifth level considers all the previous levels and evaluates 
the remaining useful life of the structure. 

The structural health monitoring is of primary importance because structural damage may induce 
catastrophic damage to the integrity of bridges, aircrafts and other engineering civil structures. 
Therefore, structural health monitoring techniques has been widely reported for their potential 
applications to detect structural failures in aircrafts (Yuan, 2016), automobiles (H. Lopes, 2012), 
wind turbines (C.C. Chia, 2008), bridges (C.C. Comisu, 2017), and vessels (C. Farrar, September 9-
11, 2009). This can be appreciated by the elevated number of research publications in the field of 
structural health monitoring identified by the authors. Hence, it is highly desired to develop 
structural health monitoring procedures to predict the structural failures of the vessels such as 
fatigue caused by the cyclic interaction with the sea waves among others.  

Twin digital model strategy in terms of 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 in many available engineering structures such as aircraft, railway vehicles, bridges, wind 
turbines or vessels. For instance, the deformation of any structural part of the vessel (e.g. 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.  

Based on the above mentioned, in this part of the document is proposed an alternative structural 
health monitoring methodology to measure the structural integrity of the vessels developed in 
FIBRESHIP project with respect to the strategy initially envisaged, which was focused on the 
measurement of the global natural frequency variation as an indicator of structural failures in the 
vessel. As it has been demonstrated in the previous section, global failures of the structure cannot 
be obtained due to their slight variation of natural frequencies.  

The FIBRESHIP SHM methodology intends to be based on three simple steps consisting on data 
collection, interpretation of the measurements to assess the physical condition of the structure 
and data feed for a numerical model of the vessel as a twin digital model of the real vessel. In the 
first state, the deformations of the ship structure (hogging, sagging and torsion) are measured by 
using displacement and rotational sensors which are distributed uniformly on the structure of the 
vessel. The main idea is to monitor the global deformations of the ship caused by the interaction 
between ocean waves and the vessel hull. This information is very useful to monitor the structural 
integrity of the vessel and to determinate the “hot spots” locations where the damage is more 
likely to happen (e.g. areas with high fatigue index due to the number of sea waves cycles such as 
locations near to midship section). The second stage consists on the interpretation of the 
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measurements using the maximum strain failure criteria (Camanho, 2002).This is performed for 
the detection of damage in the global structure of the ship, which is used to evaluate the integrity 
of the vessel. And finally, the third stage, consists on the feed of a numerical model with the data 
from the sensors to assess the structural integrity in a specific voyage, simulating possible loading 
cases associated to sea states; and also obtaining a prediction of the deformations during the 
voyage and showing the stresses induced by the deformations to technicians, ship’s Master, owner 
or any other stakeholder of the vessel, stresses that may result in fatigue failure modes and 
ultimate limit state failure modes. 

The main objectives of this part of FIBRESHIP project are threefold:  

1. To validate the hydro-structural coupled numerical model developed in WP3 using the data 
collected during the experimental test corresponding to WP7 and assess if these data 
gathering is useful for feeding a potential twin digital model for WP6. In other words, using 
the deformations of the sensors obtained on board of the vessel to verify the results of the 
numerical model and the adopted sensors distribution strategy.  

2. To identify the areas more sensitive to damage with the aim to monitor these structural 
parts locally. This objective enables the use of local natural frequency variation strategy 
based on iFEM as a tool to identify local structural damage. 

3. To develop and validate a new structural health monitoring (SHM) approach, which is 
important to assess the structural integrity of the vessel, prevent the damage at early 
stages and avoid catastrophic failures. This objective represents a direct impact in O&M 
strategies of the vessel through the obtaining of structural “hot spots” and the analysis of 
their effects in the vessel.  

In order to achieve these objectives, FIBRESHIP approach of the innovative SHM strategy based on 
Twin Digital Model, proposes a methodology to determinate the structural integrity state of the 
vessel by means of the following general tasks:  

• Firstly, considering the deformations caused by the interaction between the sea waves and 
the containership, measuring in different locations of the vessel using linear and rotational 
sensors. This action allows the validation of the numerical model and enables the using of it 
to model a composite material vessel. 

• Secondly, using the results of these numerical simulations to estimate the “hot spots” of the 
composite material vessel subjected to higher deformations (e.g. hogging and sagging 
deformations) induced by the sea waves. These identified “hot spots” through FEM model 
of the vessel are considered to be constantly monitored. 

• Thirdly, analysing and evaluating the monitored stresses according to previously defined 
structural criteria (fatigue and ultimate state limit) in order to avoid catastrophic failures and 
optimize predictive maintenance plans to reduce OPEX. The severity of the damage may be 
quantified using the maximum strain failure criterion (Hinton, Kattour, & Soden, 2004) or 
any other properly defined. According to this criterion, the damage occurs when the 
deformation of the composite is greater than the strain limit of the composite.  

The following subsection attempts to define a consistent approach to the described alternative 
structural health monitoring strategy trying to achieve the main objectives of this strategy, 
adopting an innovative position within the possibilities of the current status of FIBRESHIP project. 
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7.2.2. First approach to the alternative SHM strategy: FIBRESHIP application  

This section presents the different steps developed for the approach to digital twin model 
methodology as part of WP6 of FIBRESHIP project.  

The approach consists on the validation of the measurement strategy focused on monitoring the 
vessel deformations (local and global) along with other parameters of interest (vessel motions, sea 
state, wind) through the selected commercial sensors, being able to demonstrate the potential 
applications of the SHM strategy developed in FIBRESHIP project in a real-case scenario. This 
assessment of the SHM strategy corresponding to WP6 is possible taking the advantage of the 
experimental campaign of WP7 related to experimental data collection to validate the hydro-
structural coupled numerical model developed in WP3, which attempts to predict the effect 
induce by the sea waves on the vessel structure during navigation. 

The different steps that need to be addressed are summarized as follows: 

• Defining a finite element model coupled to a hydrodynamic numerical model to simulate the 
local and global deformations of the ship during the navigation course considering the effect 
of environmental loads. 

• Establishing a measurement and monitoring procedure of the vessel deformations based on 
real-time deformation control of the critical parts of the vessel, being able to obtain the 
potential damage of the monitored structure. This procedure includes a study of the type of 
vessel subjected to the monitoring, the strategic locations of the sensors along the vessel 
and the installation of the control and acquisition system to collect all the required data. 

• Selection of sensors able to be included in the measurement and monitoring procedure. The 
sensors used must be properly selected and calibrated in order to ensure the correct 
performance of the sensors during the monitoring process.  

 
Figure 5. ZIM LUANDA containership (Source: www.shipspotting.com; photographer © GWR52) 

As it has been advanced above, this strategy is being assessed using the information obtained from 
T7.1 corresponding to WP7. Specifically, regarding the full-scale experimental test performed on 
ZIM LUANDA containership (from the partner DANAOS, Figure 5), an open-deck vessel, with a 
length of 260 m and a superstructure located at 1/4 length from the stern of the ship. It is expected 
to obtain useful results due to the large length of the vessel and the likely harsh seas that the 
vessel will encounter in April of 2019 crossing the North Atlantic Sea from Valencia (Spain) to 

http://www.shipspotting.com/
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Halifax (Canada). In addition, it is well known that this type of vessels is sensitive to torsional 
moments because of their huge open deck and large number of containers, being in this way, a 
good test bench for the strategy. 

 

7.2.2.1. Numerical Model Used 

The finite element method (FEM) is a numerical model for solving engineering problems as 
structural analysis, heat transfer, fluid flow, or vibratory problems considering a mesh with a 
specific number of elements. To verify the results obtained in the FEM model and to validate the 
results of it, the numerical results obtained in the FEM model will be compared to the 
experimental test results obtained in the ZIM LUANDA.  

In a generic way, the initial use of the numerical model is to identify the possible structural “hot 
spots” subjected to be damaged in order to feed the measurement and monitoring procedure for 
the vessel (see next subsection), locating the weaker areas of the structure and enabling their 
monitoring. During the operation and actual life cycle of the vessel, the numerical model can be 
used considering two approaches:  

• The first one is related to the prediction of the damage that the vessel will suffer under the 
expected sea states along a voyage, covering several loading scenarios of interest for the 
ship-owner or technicians in charge of O&M.  

• The second one is related to the real-time simulation considering the information provided 
by the monitoring system along the vessel. Each sensor will provide information to the 
numerical model to calculate the deformations of the vessel and allowing to the ship’s 
Master or technicians in charge a tool to monitor and assess the status of the structure 
which may result in fracture or crack failure, in terms of: 

o Fatigue: location of “hot spots” with high index of deformations cycles.  

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

The data post-processing of both operating approaches and the statistical information obtained 
from them can be used to establish predictive maintenance plans of the structure through the 
SHM strategy, decreasing the O&M cost of the OPEX. 

The numerical model considered for the approach to SHM strategy applied to FIBRESHIP project 
is the software suite developed in WP3 which considers the coupling between two modules such 
as RAMSeries and SEAFEM, enabling the analysis of the effect of hydrodynamic loads over the 
vessel structure and obtaining the deformations and stresses of the vessel structural elements and 
the whole vessel as a hull-girder. The FEM model of ZIM LUANDA containership has been 
developed in RAMSeries (Figure 6), which is a software developed with the aim of predicting the 
global and local deformations of the vessel structure. The use of the SEAFEM module 
(hydrodynamic time-domain model based on CFD) enables the obtaining of these global and local 
deformations during the navigation. The element type used in the finite element model is shell 
element. This element is selected among a wide variety of elements due to its high accuracy and 
minimum computational time. Further information about the characteristics of the shell element 
can be found on the reference section (M. Kathryn, 2017).  
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The numerical model used is a first approximation in which only the main structures of the vessel 
(primary main structure elements) have been included for simplification purposes. 

 
Figure 6. ZIM LUANDA FEM Model in RAMSeries (Source: TSI) 

7.2.2.2. Measurement and Monitoring Procedure 

The main objective of the measurement and monitoring procedure developed in Task 6.2 within 
SHM strategy for FIBRESHIP is to determine the structural deformations of the ship focusing on 
hogging, sagging and torsional deformations (global deformations) and local deformations around 
the midship section. Besides, other useful parameters are measured such as vessel motions, waves 
(in terms of direction, heights and periods), wind (direction and intensity) and GPS tracking. 

A deep study of the type of vessel subjected to the monitoring has to be addressed in order to 
focus the measurement and monitoring procedure on the structural needs of such specific vessel 
and its “hot spots” regarding structural integrity to optimize the global SHM strategy. The stresses 
and strains of the specific vessel are the main parameters to look for through the measurement 
and monitoring procedure. To obtain such stresses, it is necessary to measure the deformations 
of the ship and know what loads are generating them.  

In order to measure the global and local deformations of the vessel, sensors to be used can be 
classified into two categories depending on their function.  

• The local deformations of the structure are measured by using strain gauges and relative 
displacement sensors. The sensors used for the measurement of local deformations of the 
vessel are used to measure the axial deformation component, therefore they should be 
allocated in the proper position with the aim that the rest of deformation components can 
be cancelled each other out.  

• The global deformations of the ship are measured by the rotation obtained by the 
inclinometers (rotation around X-axis and Y-axis), which indicates the changes in the position 
of different structural elements of the ship and therefore, the deformation suffered by the 
hull. 

During the monitoring process, a data acquisition system is located in a specific area of interest 
for the technicians in the vessel with the aim to minimize the length of cable, avoid signal loss and 
preserve the safety of the system due to the potential interactions of the crew. Signal strength of 
the data acquisition system is strongly affected by the length cable, being the main reason of the 
optimization of cable length besides the obvious reduction of cable costs. 

An inertial measurement unit (IMU) is used to provide the vessel motions, its location along the 
route and the sea conditions, which is of vital importance to correlate the root cause of the 
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deformations and stresses. Besides, other measurements are included in the procedure in the 
data gathering such as fuel consumption rate during the test in order to associate the fuel 
consumption with a sea state and vessel speed. 

 

7.2.2.3. Selection and Calibration of sensors 

In this step of the strategy, all the sensors are selected according to the measurement and 
monitoring procedure described previously in order to obtain a real-time monitoring of the 
parameters defined and feed the numerical model. The set of sensors to be considered for the 
selection are: 

• Inclinometers: structural global deformations of the hull girder (hogging, sagging & torsion). 

• Strain Gauges & Relative Displacement Sensor: structural local deformations at “hot spots” 
such as the midship section and any other section or structural element of the vessel. 

• Inertial Measurement Unit [accelerometer & gyroscope, GPS]: vessel motion (rigid body). 

The specific selection of sensors must be carried out considering different parameters such as 
detection range, sensitivity, linearity, sampling rate, time response, reproducibility, robustness 
and cost, among others. A trade-off of features and needs must be reached to select the proper 
sensor for the specific task. 

Another critical step is the calibration of the sensors, to achieve the best possible accuracy and 
precision within the considered measurement range and the rest of characteristics of the sensor. 
The calibration process must be performed by specialists able to know that the sensors 
performance is correct through previous controlled tests. It is important to note that all 
considered sensors are calibrated following manufacturer and supplier's specifications and some 
of them must be calibrated by certificated companies. 

Strain gauges are installed in a reinforcement or any other structural element to measure local 
deformations. In this case, the configuration used by means of a Wheatstone bridge attempts to 
obtain only the axial component of deformation and cancel the remaining tensions of the 
structure with opposite directions. The “hot spot” area selected has been the midship section due 
to the fact that is expected to suffer the highest deformation. To this end, the following 
configuration of the strain gauges set is displays in Figure 7:  

 
Figure 7. Strain gauge (left, Source: TSI) and Wheatstone bridge configuration used (right, Source: www.hbm.com) 

http://www.hbm.com/
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Relative displacement sensors are installed as a robust alternative system to measure local 
deformations in the same place as strain gauges are placed, in order to compare both approaches. 
Figure 8 shows the sensor and a scheme of the system with two relative displacement sensors. 

 
Figure 8. Relative Displacement Sensors (Source: TSI) 

Figure 9 displays the signal comparison process carried out for both local deformation sensors. 
The left side and centre of Figure 9 shows respectively the configuration of the relative 
displacement sensor and strain gauge while the right side of Figure 9 shows the signal match 
between both measurements. 

   

Figure 9. Relative Displacement Sensor (left) vs Strain Gauge (centre) Calibration and acquisition system (right) (Source: TSI) 

Five inclinometers are used to measure the global deformations of the hull girder (hogging, sagging 
and torsional motions), distributed uniformly along the length of the vessel. Figure 10 shows the 
inclinometer calibration setup and the degrees of freedom of the sensor, which includes two 
rotations. 

 
Figure 10. Inclinometer sensor calibration setup(left) and rotations of inclinometer (right) (Source: TSI) 
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An environmental tracker device (Figure 11) to obtain sea states and wind (in terms of directions, 
significant heights and peak periods among others, wind speed) is located on the vessel (in this 
case, in the bridge) monitoring in real-time by a global positioning system (GPS). Through this 
system is possible to acquire the environmental effects according to the location of the vessel by 
means of environmental database and re-analysis of environmental parameters and real-time 
wind speed and wind direction by means of an ultrasonic anemometer. These data will be 
compared with the ship’s Master predictions and ship owner data regarding sea states during the 
voyage. Besides, this device includes an Inertial Measurement Unit (IMU, which is composed of an 
accelerometer and a gyroscope) able to provide the vessel motions along the navigation route 
measuring time series of specific periods. 

An additional IMU (Figure 11) is located as close as possible to the centre of gravity (CoG) of the 
vessel (according to its loading condition) and near to the acquisition system to avoid signal loss 
due to long cable length. This sensor is used as a control equipment for the environmental tracker 
above-mentioned. 

  
Figure 11. Core Marine Tracker (left, Source: Core Marine) and control IMU (right, Source: TSI) 

Figure 12 displays a schematic overview of the set of sensors location in the vessel. The specific 
locations of the sensors is well explained in the deliverable corresponding to the full-scale 
experimental test of WP7. 

 
Figure 12 Scheme of the location of the set of sensors in a generic vessel (Source: TSI) 

In this case, the data acquisition system along with the power supply and signal conditioning 
system is installed as close as possible to the CoG to reduce the cable length deployment and avoid 
delay of the signals as it has been mentioned above and keep it away from the external 
environmental conditions and highly transited areas of the ship to avoid possible interferences in 
the signals and undesirable equipment breaking.  
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In the hypothetical case that the SHM methodology is implemented at the early stage of the design 
and construction of the vessel, the best location for the acquisition system will be the bridge, 
allowing to the ship’s Master and any other member of the crew obtain the real-time information 
regarding local (hot spots previously identified) and global deformations. 

In the best-case scenario, the monitoring should be 24/7 during whole life cycle of the vessel. In 
the assessment case on ZIM LUANDA, local and global deformations of the ship are not measured 
automatically, following a “plug & play” procedure in two daily periods of 3 hours due to needs of 
ZIM LUANDA and its crew in terms of safety and water-tight requirements. 

During the definition of the measurement and monitoring procedure of the SHM strategy for 
FIBRESHIP project, in order to prepare the best distribution of sensors, a visit was carried out to 
the subjected vessel (ZIM LUANDA). This visit was very useful to understand the limitations and 
needs of the vessel for the set-up of the sensors distribution and discuss the strategy to follow to 
perform the different measurements on board for the SHM. Figure 13 shows three photos taken 
during the visit. One of the main difficulties found during the visit was the impossibility of cable 
distribution along the vessel and maintain at the same time the watertight condition of the vessel, 
due to the lack of cable guides in bulkhead penetrations of watertight bulkheads. As it has been 
highlighted above, if it is envisaged this monitorization at early stages of the design, continuous 
monitoring and the interconnection among all sensors to a data management system would be 
feasible, allowing the improvement of O&M plans by the ship-owners or other stakeholders. 

   

Figure 13. Photos from the first visit to ZIM LUANDA Containership (Source: TSI) 

Therefore, after the visit and evaluation of the vessel, the intended location of the set of sensors 
on board ZIM LUANDA is the following one shown in Figure 14: 
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Figure 14. Location of sensors on ZIM LUANDA for SHM strategy approach in FIBRESHIP (Source: TSI) 

More information regarding the sensors used in ZIM LUANDA can be found in D7.1 corresponding 
to large size validation of FIBRESHIP solutions (T7.1) of WP7.  

 

7.2.2.4. Challenges and risks of the adopted SHM strategy 

A SHM strategy approach for FIBRESHIP project and its assessment on board of a commercial 
container vessel has been described. This assessment has been possible thanks to the 
experimental campaign of T7.1 regarding full-scale tests on ZIM LUANDA carried out to validate 
the hydro-structural numerical model developed in the WP3 of the FIBRESHIP project.  

The general SHM strategy has been divided in three fundamental steps which are summarized in 
the following points:  

• Definition of the numerical model to be used for the SHM strategy as a “twin digital model” 
of the base line vessel providing the stressed areas. 

• Definition of a measurement and monitoring procedure according to the specific vessel to 
analyse and to structural requirements of it to keep it healthy. 

• Selection and calibration of sensors to be included in the SHM strategy. 

In addition, several challenges and risks have been identified for the potential implementation of 
the SHM strategy considering vessels of fibre-reinforced polymer materials: 

• The structural configuration of the ship in composite material is a challenge for modelling 
and simulation process. The digital vessel must be as accurate and similar as possible to the 
real vessel. Differences between the base line vessel built and its numerical model must be 
no existent in order to prevent potential disconformities between both systems (the real 
one and the digital one) which may result in undetected structural failures or false alarms. 

• Considering the implementation of the different sensors at the early stages of the design is 
mandatory to increase the efficiency of the SHM strategy and ensure the proper continuous 
monitoring of the health of the structure. The data collection system and the data 
management system should be integrated in the vessel and their maintenance must be easy 
and dynamic. 
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• Shipbuilding procedures based on composite materials are not as well controlled and 
standardized as ones based on steel, and the possible structural failures derived from the 
construction process of large-length vessels in composite cannot be simulated appropriately 
by the numerical model. These possible structural failures that might be introduced into the 
composite structure during the construction of the ship might be the following: 
misalignments, distortions, residual stresses, among others.  

• The modifications of the vessel structure during its life cycle such as material changes in 
specific areas, structural modifications, welding (for metallic vessels) and joining (for fibre 
vessels) status, extra lamination, etc., requires a constant update of the finite element 
model. All these possible circumstances must be included in the twin digital model to 
maintain the correlation between both systems (digital and real). 

• Environmental phenomena such as osmosis (for fibre vessels) and corrosion (for metallic 
vessels) must be controlled and included as far as possible in the numerical model. 

As it has been previously advanced above, through the experimental campaign of WP7 it has been 
possible to assess the feasibility of the adopted innovative SHM strategy in FIBRESHIP project. The 
main findings of this assessment are described in section below. 

 

7.2.2.5. Experimental results of the measurement campaign in the ZIM Luanda  

In this section, it is investigated the feasibility of the developed structural health monitoring 
methodology abovementioned as a practical tool to evaluate the integrity of a vessel. For this 
purpose, the set of sensors explained in previous sections were used to evaluate the local and 
global deformations of the ZIM LUANDA structure during a voyage from Valencia (Spain) to Halifax 
(Canada).  

The main results obtained in the experimental testing campaign on board of the vessel are 
summarized as follows: 

• Figure 15 illustrates the rotations around the X (a) and Y axis (b) of the containership which 
were acquired using the array of five inclinometers. The five experimental curves show the 
rotational deformations of the containership as a function of the time. Rotation around X 
axis represents the torsional deformation while rotation around Y axis represents the 
longitudinal deformation (hull girder hogging and sagging phenomena). From the results, 
when the angles of the five inclinometers are similar, the rotations of the vessel are 
minimum for a certain period of time. On the contrary, a strong difference between the 
angles of the inclinometers are associated to higher rotations and global deformations of 
the vessel. As a result, it can be said that the magnitudes of the bending and torsional 
moments of the vessel are proportional to the angular differences among the inclinometers 
which can be used to evaluate the deformation of the hull girder and thus, the tensional 
state of the vessel. Besides, it should be noted that the rotations around the Y axis are 
greater than the rotations around the X axis. These results reveal that the vertical 
displacements of the vessel hull were considerable higher than the lateral displacements 
and rotations of the ship has expected during the navigation from Valencia (Spain) to Halifax 
(Canada).  
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Figure 15. Experimental measurements of the five inclinometers: Rotations around the X (a) and Yaxis (b) of the containership 

(Source: TSI) 

• The local deformations of the vessel in the time domain are measured by using a 
combination of strain gauges and relative displacement sensors. The recorded signals for 
the strain sensors are shown in the orange curve of the graphic while the output for the 
displacement sensors are represented in the blue curve as it is detailed in Figure 16. From 
these signals, it is important to note that the positive peaks of the curves represent the 
tensile strengths of the vessels while the negative peaks of the curves are associated to the 
compressive strengths. Furthermore, it can be clearly seen that there is a good agreement 
between the measurements of the strain gauges and the relative displacement sensors 
which demonstrates that both sensors present a similar performance in terms of accuracy 
and precision. Therefore, the findings of this work demonstrate that the relative 
displacement sensors can be used as an highly efficient alternative to the strain gauges 
thanks to their important advantages as higher robustness, versatility, and easy installation 
procedure. 

(a) 

(b) 
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Figure 16. Experimental measurements of the strain gauges: The positive and negative peaks represent the tensile and 

compressive strengths of the containership (Source: TSI) 

A more detailed analysis of the experimental results from the full-scale testing campaign carried 
out in ZIM LUANDA is reported in deliverable D7.1 of the WP7, including results of local and global 
deformations and motions of the vessel depending on the sea state. In this measurement report, 
the complete set of experimental results obtained during the testing campaign are presented, 
discussed and analysed with the aim to validate the adopted structural health monitoring strategy 
of WP6 and the coupled hydro-structural numerical model of WP3.  

 

7.2.2.6. Conclusions of the adopted SHM strategy 

In this section, it is suggested a new structural health methodology based on deformation 
monitoring which can be used to assess the structural integrity of the lightweight composite 
vessels developed in the course of FIBRESHIP project. To carry out this task, the local and global 
deformations of the containership ZIM LUANDA were measured through relative displacement 
and rotational sensors which are located in various strategical locations of the vessel. Based on 
the results obtained from the experimental testing campaign in ZIM Luanda, the following 
conclusions about the developed structural health methodology are shown below: 

• Global deformations of the containership have been successfully measured in real time 
using the inclinometers along the length of the vessel. The results presented in the 
technical report revealed that the presence of hogging, sagging, and torsional motions of 
the vessel during the navigation can be identified. Another important point is that the 
magnitude of the bending and torsional moments of the containership can be quantified 
in real-time by means of Mohr’s Theorems or numerical models.  

• Local deformations of the containership have been acquired in real time using two 
different sort of sensors which are known as strain gauges and relative displacement 
sensors. From the measurements provided by these sensors, it can be obtained accurate 
information about the traction and compression deformations of the reinforcements of 
the vessel, which are normally caused by hogging and sagging cycling motions of the vessel 
during navigation in waves (as well as global deformations).  

• The inclusion of a inertial measurement unit provides the motions of the containership 
referred to the center of gravity of the vessel as a rigid body (6 degrees of freedom, 
displacements and rotations) as well as sea states during the navigation route using a GPS 
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tracking system which provides through reanalysis different parameters of interest 
regarding waves and wind (direction, heights, periods, etc.).  

Furthermore, the findings of this research demonstrate that the deformations measured by the 
relative displacement sensors and the strain gauges are in good agreement. From the results, it 
can be clearly observed that the recorded signals for the strain gauges and displacement sensors 
are identical in the time domain, which proves that both sensors present the same sensitivity and 
accuracy. This is important from the view point of demonstrating that relative displacement 
sensors can be potentially used to replace the strain gauges thanks to their important advantages 
such as higher robustness, simpler maintenance and easier installation procedure.  

The main achievement of this study is to prove that it was possible to monitor the local and global 
deformations of the containership during a navigation route of a vessel from one port to another. 
These measurements are of utmost importance to evaluate the structural health of the vessel and 
its entire integrity. On the authors’ opinion, the findings of this report can be used to set the 
foundation for developing a new generation of lightweight composite vessels with structural 
health monitoring systems integrated in their structures. Due to some sensor installation issues in 
the vessel and with the intention to boost the capabilities of the strategy, it is strongly 
recommended to consider in the early stages of the vessel design the acquisition system and 
distribution of information from the sensors to achieve the maximal benefit.  

 

7.3. Main Findings of the FIBRESHIP structural health monitoring 

The main purpose of this study is to create a new structural health methodology to evaluate the 
integrity of the lightweight composite vessels developed during FIBRESHIP project. To address this 
task, an inverse finite element method based on the tracking of the natural frequencies of the ship 
and an alternative strategy based on the monitoring of the local and global deformations of the 
vessel are proposed. On the basis of the experimental and the numerical results obtained from 
the two suggested methodologies, the following conclusions have been identified: 

Initially, it was investigated the effect of the damage on the global natural frequencies of the vessel 
using the inverse finite element method. For this purpose, the changes of the global natural 
frequencies associated to the suppression of secondary structural elements of the ship and 
fractures in the vessel hull were analysed. The results of this study demonstrated that the global 
natural frequencies of the containership are minimally affected by the damage, providing 
negligible changes of them. The changes of the natural frequencies of the ship due to structural 
damage are minimal (less than 1%) and negligible as these small variations are within the range of 
measurement error. As a result, it can be concluded that the SHM methodology based on the 
inverse finite element method and the modal response of the global composite structures is not 
an appropriate tool to assess the global integrity of the structure of the vessels. Nevertheless, this 
approach, based on monitoring the local vibration modes can be useful to evaluate the local 
damage of the structure. Furthermore, this methodology is suitable for evaluating the integrity of 
small sized composites (R. Sultan S. G.-S., 2012, Gadelrab, 1996) because the variations of the 
natural frequencies in local structural scenarios (in which the changes in the mass are not 
predominant) are greater than in the global ones. 
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In the second part of the study, it is proposed an alternative structural health monitoring method 
based on the tracking of the local and global deformations of the ship. To carry out this task, the 
local and global deformations of the containership ZIM LUANDA were measured through an array 
of displacement and rotational sensors which are located in various strategical points along the 
length of the vessel. By taking measurements from the rotational sensors, the hogging, sagging, 
and torsional motions of the hull girder can be monitored in real time which is of vital importance 
to evaluate the stress state of the vessel structure. Furthermore, the measurements from the 
strain gauges and the relative displacement sensors provide the tractions and compressions of 
critical points of the vessel as the midship section. In conclusion, it can be said that this method 
has been successfully used to monitor in real time the global and local deformations of the ship 
during a navigation route. 

In summary, the findings of this study contribute to the development of new structural health 
monitoring methodologies to monitor the structural integrity of the three sorts of vessels 
developed in FIBRESHIP. The inverse finite element method (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. Moreover, the deformation-based monitoring strategy based 
on the monitoring of the vessel deformations is an appropriated tool to evaluate the health of the 
vessels in a global scale.  

Thus, it can be concluded that the deformation-based structural health monitoring (SHM) strategy 
developed in FIBRESHIP project can be used in conjunction with the inverse finite element method 
(iFEM) to evaluate the structural integrity of vessels at local and global scale and analyse the 
structural “hot spots” towards twin digital model approach in a long-term basis. 
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8. PRODUCTION, CONSTRUCTION AND REPAIR METHODOLOGIES FOR 
THE INNOVATIVE SOLUTIONS 

8.1. Production and construction 

Composites are at the root of a new generation of innovations in shipbuilding, giving naval 
architects opportunities to design load-bearing marine structures in the integrated manner 
afforded by these new materials. Advanced composites may offer new combinations of product 
(material) and process (construction) for hulls and large structures, allowing designers to exploit 
the advantages of multi-functional structures, forms and geometries. Part/function integration 
may lead to a higher efficient use of these materials, lowering overall life-cycle costs. Not only can 
composites deliver superior performance, they can also reduce operational and maintenance 
costs and increase the payload of the ship. 

In fact, the main advantages of composites in shipbuilding are the reduced maintenance, absence 
of corrosion, lower repair costs, lower weight, limited fatigue cracking, good strength and 
stiffness-to-weight ratio, improved aesthetic. Disadvantages are the much higher raw material 
costs, the fire performance of most composites, the problems of large-scale manufacturing and 
joints.  

The main issue with composites is the fire safety, with the difficulty to provide an equivalent level 
of safety in comparison with steel structures, resulting in additional fire insulation, which greatly 
reduce the weight savings. New lightweight insulation materials are being developed and 
successfully tested in fire tests. 

While vacuum-assisted resin transfer moulding (VARTM) offers lower tooling costs and large 
component size, the process requires the use of low viscosity resins thus compromising 
mechanical properties especially in resin-starved areas. Further, medium-to-high labour costs are 
associated with VARTM as it is currently practiced, and the process does not lend itself easily to 
automation. Today, however, relatively low-cost equipment is already available for robotic, multi-
axis placement of prepreg. Other processes such as automated tape laying and pultrusion offer 
positive control over resin and fibre content, eliminate almost all touch labour from reinforcement 
handling, and deliver higher fibre volume ratio and, as a result, optimum structural properties.  

Glass, basalt and even carbon fibres can compete successfully with traditional shipbuilding 
materials in load-bearing marine structures when fabricated with processes that maximize the 
materials' merits while minimizing the impact of their costs. Currently, however, most large 
composite sections or modules are fabricated by labour-intensive hand layup. This typically 
involves the manual placement of sequential layers of fibre on a mould surface, followed by 
infusion of the resin, or in the case of prepreg by heating under pressure to cure the structure. 
Although automation is speeding up some processes, production rates for these hands-on 
methods are still slow and costly for the volume production rates associated with shipbuilding. 
The selection of a cost-effective advanced process must assess the cost/performance advantages 
of each process and select that process that offers the most competitive result.  

The future demands that shipbuilders employ automated methodology. An essential prerequisite 
will be the selection of that process that best achieves the goal of lower costs and higher 
performance. As indicated above, the opportunities for composites lie not in the part-for-part 
replacement of metal, but rather in a process that affords the shipbuilder a method of fabrication 
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that can incorporate many parts and functions into a single component. The need for more 
affordable hull technology has long been acknowledged, but the shipbuilding revolution that 
would result from meeting that need would require an enormous commitment to innovation. And 
shipbuilding still awaits the type of leaders who would lead the industry to make that commitment. 

There are numerous methods for fabricating composite components. Some methods have been 
borrowed (injection moulding, for example), but many were developed to meet specific design or 
manufacturing challenges. Selection of a method for a particular part, therefore, will depend on 
the materials, the part design and end-use or application. 

Composite fabrication processes involve some form of moulding, to shape the resin and 
reinforcement. A mould tool is required to give the unformed resin / fibre combination its shape 
prior to and during cure. For an overview of mould types and materials and methods used to make 
mould tools. 

The most basic fabrication method for thermoset composites is hand layup, which typically 
consists of laying dry fabric layers, or “plies,” or prepreg plies, by hand onto a tool to form a 
laminate stack. Resin is applied to the dry plies after layup is complete (e.g., by means of resin 
infusion). In a variation known as wet layup, each ply is coated with resin and “debulked” or 
compacted after it is placed. 

Several curing methods are available. The most basic is simply to allow cure to occur at room 
temperature. Cure can be accelerated, however, by applying heat, typically with an oven, and 
pressure, by means of a vacuum. For the latter, a vacuum bag, with breather assemblies, is placed 
over the layup and attached to the tool, then evacuated using a vacuum pump before cure. The 
vacuum bagging process consolidates the plies of material and significantly reduces voids due to 
the off-gassing that occurs as the matrix progresses through its chemical curing stages. 

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 that are equipped with autoclaves usually cure a number of 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 efficient use of the technique. 

When heat is required for cure, 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 warp caused by uneven expansion and 
contraction. When this curing cycle is complete and after parts are demoulded, some parts go 
through a secondary freestanding post-cure, during which they are subjected for a specific period 
of time 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. 
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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 microvoltage 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 introduced the first OOA 
resin, an epoxy designed for aerospace applications. OOA tooling epoxies and adhesives also are 
coming to market. 

 

8.1.1. Open moulding 

Open contact moulding in one-sided moulds is a low-cost, common process for making fiberglass 
composite products. Typically used for boat hulls and decks, RV components, truck cabs and 
fenders, spas, bathtubs, shower stalls and other relatively large, noncomplex shapes, open 
moulding involves either hand layup or a semi-automated alternative, spray-up. 

In an open-mould spray-up application, the mould is first treated with mould release. If a gel coat 
is used, it is typically sprayed into the mould after the mould release has been applied. The gel 
coat then is cured and the mould is ready for fabrication to begin. In the spray-up process, 
catalysed resin and glass fibre are sprayed into the mould using a chopper gun, which chops 
continuous fibre into short lengths, then blows the short fibres directly into the sprayed resin 
stream so that both materials are applied simultaneously. To reduce VOCs, piston pump-activated, 
non-atomizing spray guns and fluid impingement spray heads dispense gel coats and resins in 
larger droplets at low pressure. Another option is a roller impregnator, which pumps resin into a 
roller similar to a paint roller. 

In the final steps of the spray-up process, workers compact the laminate by hand with rollers. 
Wood, foam or other core material may then be added, and a second spray-up layer imbeds the 
core between the laminate skins. The part is then cured, cooled and removed from the reusable 
mould. 

Hand layup and spray-up methods are often used in tandem to reduce labour. For example, fabric 
might first be placed in an area exposed to high stress; then, a spray gun might be used to apply 
chopped glass and resin to build up the rest of the laminate. Balsa or foam cores may be inserted 
between the laminate layers in either process. Typical glass fibre volume is 15 percent with spray-
up and 25 percent with hand layup. 

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 
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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 styrenes. 

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.  

 

8.1.2. Resin infusion processes 

Ever-increasing demand for faster production rates has pressed the industry to replace hand layup 
with alternative fabrication processes and has encouraged fabricators to automate those 
processes wherever possible. 

A common alternative is resin transfer moulding (RTM), sometimes referred to as liquid moulding. 
RTM is a fairly simple process: It begins with a two-part, matched, closed mould that is made of 
metal or composite material. Dry reinforcement (typically a preform) is placed into the mould and 
the mould is closed. Resin and catalyst are metered and mixed in dispensing equipment, then 
pumped into the mould under low to moderate pressure through injection ports, following 
predesigned paths through the preform. Extremely low-viscosity resin is used in RTM applications 
for thick parts to permeate preforms quickly and evenly before cure. Both mould and resin can be 
heated, as necessary, for particular applications. RTM produces parts without an autoclave. 
However, when cured and demoulded, a part destined for a high-temperature application usually 
undergoes post-cure. Most RTM applications use a two-part epoxy formulation. The two parts are 
mixed just before they are injected. Bismaleimide and polyimide resins also are available in RTM 
formulations. Light RTM is a variant of RTM that is growing in popularity. In Light RTM, low injection 
pressure, coupled with vacuum, allow the use of less-expensive, lightweight two-part moulds or a 
very lightweight, flexible upper mould. 

The benefits of RTM are impressive. Generally, the dry preforms and resins used in RTM are less 
expensive than prepreg material and can be stored at room temperature. The process can produce 
thick, near-net shape parts, eliminating most post-fabrication work. It also yields dimensionally 
accurate complex parts with good surface detail and delivers a smooth finish on all exposed 
surfaces. It is possible to place inserts inside the preform before the mould is closed, allowing the 
RTM process to accommodate core materials and integrate “moulded in” fittings and other 
hardware into the part structure. Moreover, void content on RTM’s parts is low, measuring in the 
0 to 2 percent range. Finally, RTM significantly cuts cycle times and can be adapted for use as one 
stage in an automated, repeatable manufacturing process for even greater efficiency, reducing 
cycle time from what can be several days, typical of hand layup, to just hours — or even minutes. 
A recent variant of RTM, called high-pressure RTM (HP-RTM), is gaining attention for its potential 
to quickly produce automotive parts. Typically designed as a completely automated system 
including mould shuttles, the ability to rapidly fill a mould loaded with a preform with a very fast 
curing resin shows promise for high production. 

In contrast to RTM, where resin and catalyst are premixed prior to injection under pressure into 
the mould, reaction injection moulding (RIM) injects a rapid-cure resin and a catalyst into the 
mould in two separate streams. Mixing and the resulting chemical reaction occur in the mould 
instead of in a dispensing head. Automotive industry suppliers combine structural RIM (SRIM) with 
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rapid preforming methods to fabricate structural parts that don’t require a Class A finish. 
Programmable robots have become a common means to spray a chopped fiberglass/binder 
combination onto a vacuum-equipped preform screen or mould. Robotic spray up can be directed 
to control fibre orientation. A related technology, dry fibre placement, combines stitched 
preforms and RTM. Fibre volumes of up to 68 percent are possible, and automated controls ensure 
low voids and consistent preform reproduction, without the need for trimming. 

Vacuum-assisted resin transfer moulding (VARTM) refers to a variety of related processes that 
represent the fastest-growing new moulding technology. The salient difference between VARTM-
type processes and RTM is that in VARTM, resin is drawn into a preform through use of a vacuum 
only, rather than pumped in under pressure. VARTM does not require high heat or pressure. For 
that reason, VARTM operates with low-cost tooling, making it possible to inexpensively produce 
large, complex parts in one shot. 

In the VARTM process, fibre reinforcements are placed in a one-sided mould, and a cover (typically 
a plastic bagging film) is placed over the top to form a vacuum-tight seal. The resin typically enters 
the structure through strategically placed ports and feed lines, termed a “manifold.” It is drawn by 
vacuum through the reinforcements by means of a series of designed-in channels that facilitate 
wet out of the fibres. Fibre content in the finished part can run as high as 70 percent. Current 
applications include marine, ground transportation and infrastructure parts. A twist on the VARTM 
process is the use of two bags, termed double-bag infusion, which uses one vacuum pump 
attached to the inner bag to extract volatiles and entrapped air, and a second vacuum pump on 
the outer bag to compact the laminate.  

Resin film infusion (RFI) is a hybrid process in which a dry preform is placed in a mould on top of a 
layer, or interleaved with multiple layers, of high-viscosity resin film. Under applied heat, vacuum 
and pressure, the resin liquefies and is drawn into the preform, resulting in uniform resin 
distribution, even with high-viscosity, toughened resins, because of the short flow distance. 

 

8.1.3. High-volume moulding methods 

Compression moulding is a high-volume thermoset moulding process that employs expensive but 
very durable metal dies. It is an appropriate choice when production quantities exceed 10,000 
parts. As many as 200,000 parts can be turned out on a set of forged steel dies, using sheet 
moulding compound (SMC), a composite sheet material made by sandwiching chopped fiberglass 
between two layers of thick resin paste. To form the sheet, the resin paste transfers from a 
metering device onto a moving film carrier. Chopped glass fibres drop onto the paste, and a second 
film carrier places another layer of resin on top of the glass. Rollers compact the sheet to saturate 
the glass with resin and squeeze out entrapped air. The resin paste initially is the consistency of 
molasses (between 20,000 and 40,000 cps); over the next three to five days, its viscosity increases 
and the sheet becomes leather-like (about 25 million cps), ideal for handling. 

When the SMC is ready for moulding, it is cut into smaller sheets and the charge pattern (ply 
schedule) is assembled on a heated mould (121°C to 262°C or 250°F to 325°F). The mould is closed 
and clamped, and pressure is applied at 24.5 to 172.4 bar (500 to 2,500 psi). As material viscosity 
drops, the SMC flows to fill the mould cavity. After cure, the part is demoulded manually or by 
integral ejector pins. 
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A typical low-profile (less than 0.05 percent shrinkage) SMC formulation for a Class A finish 
consists, by weight, of 25 percent polyester resin, 25 percent chopped glass, 45 percent fillers and 
5 percent additives. Fiberglass thermoset SMC cures in 30 to 150 seconds and overall cycle time 
can be as low as 60 seconds. Other grades of SMC include low-density, flexible and pigmented 
formulations. Low-pressure SMC formulations that are now on the market offer open moulders 
low-capital-investment entry into closed-mould processing with near-zero VOC emissions and the 
potential for very high-quality surface finish. 

Automakers are exploring carbon fibre-reinforced SMC, hoping to take advantage of carbon’s high 
strength- and stiffness-to-weight ratios in exterior body panels and other parts. Newer, toughened 
SMC formulations help prevent micro-cracking, a phenomenon that previously caused paint 
“pops” during the painting process (surface craters caused by outgassing, the release of gasses 
trapped in the micro-cracks during oven cure). 

Composites manufacturers in industrial markets are formulating their own resins and 
compounding SMC in-house to meet needs in specific applications that require UV, impact and 
moisture resistance and have surface-quality demands that drive the need for customized material 
development. 

Injection moulding is a fast, high-volume, low-pressure, closed process using, most commonly, 
filled thermoplastics, such as nylon with chopped glass fibre. In the past 20 years, however, 
automated injection moulding of BMC has taken over some markets previously held by 
thermoplastic and metal casting manufacturers.  

In the BMC injection moulding process, a ram- or screw-type plunger forces a metered shot of 
material through a heated barrel and injects it (at 5,000 to 12,000 psi) into a closed, heated mould. 
In the mould, the liquefied BMC flows easily along runner channels and into the closed mould. 
After cure and ejection, parts need only minimal finishing. Injection speeds are typically one to 
five seconds, and as many as 2,000 small parts can be produced per hour in some multiple-cavity 
moulds. 

Parts with thick cross-sections can be compression moulded or transfer moulded with BMC. 
Transfer moulding is a closed-mould process wherein a measured charge of BMC is placed in a pot 
with runners that lead to the mould cavities. A plunger forces the material into the cavities, where 
the product cures under heat and pressure. 

Filament winding is a continuous fabrication method that can be highly automated and 
repeatable, with relatively low material costs. A long, cylindrical tool called a mandrel is suspended 
horizontally between end supports, while the “head” - the fibre application instrument — moves 
back and forth along the length of a rotating mandrel, placing fibre onto the tool in a 
predetermined configuration. Computer-controlled filament-winding machines are available, 
equipped with from 2 to 12 axes of motion. 

In most thermoset applications, the filament winding apparatus passes the fibre material through 
a resin “bath” just before the material touches the mandrel. This is called wet winding. However, 
a variation uses towpreg, that is, continuous fibre pre-impregnated with resin. This eliminates the 
need for an onsite resin bath. In a slightly different process, fibre is wound without resin (dry 
winding). The dry shape is then used as a preform in another moulding process, such as RTM. 
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Following oven or autoclave curing, the mandrel either remains in place to become part of the 
wound component or, typically, it is removed. One-piece cylindrical or tapered mandrels, usually 
of simple shape, are pulled out of the part with mandrel extraction equipment. Some mandrels, 
particularly in more complex parts, are made of soluble material and may be dissolved and washed 
out of the part. Others are collapsible or built from several parts that allow its disassembly and 
removal in smaller pieces. Filament-winding manufacturers often “tweak” or slightly modify off-
the-shelf resin to meet specific application requirements. Some composite part manufacturers 
develop their own resin formulations. 

In thermoplastics winding, all material is in prepreg form, so a resin bath is not needed. Material 
is heated as it is wound onto the mandrel - a process known as curing “on the fly” or in-situ 
consolidation. The prepreg is heated, laid down, compacted, consolidated and cooled in a single, 
continuous operation. Thermoplastic prepregs eliminate autoclave curing (cutting costs and size 
limitations) and reduce raw material costs, and the resulting parts can be reprocessed to correct 
flaws. 

Filament winding yields parts with exceptional circumferential or “hoop” strength. The highest-
volume single application of filament winding is golf club shafts. Fishing rods, pipe, pressure 
vessels and other cylindrical parts comprise most of the remaining business. 

 

8.2. Repairing 

There are two types of bonded repairs commonly used to repair structural damage. The first type 
of bonded repair is an external 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 must be 
taken during the design phase of these patches in order 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 second type of bonded repair is a 
scarf-type patch. Scarf-type patches provide higher stiffness compared to external patches 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. 

However, aside from the advantages a scarf-type patch repair has over an external patch repair, 
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 must also 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 can also greatly depend 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 
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can be hard to control causing the adhesives to gather at the bottom of the patch creating a non-
uniform bondline. 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.  

Due to the researcher’s proposed CAFRM being a field repair that can be performed away from 
the repair facilities with a minimal amount of repair equipment, the researcher has selected the 
external patch repair as the ideal repair type for the study because a scarf-type repair patch 
requires too much preparation and is too complex for a field repair system. Another reason for 
not selecting the scarf-type repair is the amount of equipment required to perform the scarf-type 
repair. Since some of the equipment such as sanders and dust extracting devices are physically 
large in size, it is also 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. Preimpregnated (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 
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 similar to 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. 
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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”. 

According to the previous studies it was stated that the VaRTM method is a clean and closed mould 
method that is capable of manufacturing complex composite components with low void content 
and high-volume fraction.  

 

8.3. Co-PATCH and MAINLINE FP7 projects 

8.3.1. Co-Patch 

Research in improving structure life extension technologies has never ended. A previous FP7 
project named Co-Patch (composite patch repair for marine and civil engineering infrastructure 
applications) has conducted a comprehensive study on the performance and cost benefits of using 
composite patching to enhance the reliability of the structure. This approach is developed to 
overcome the disadvantages of the traditional repair or reinforcement approaches which is either 
time-consuming and costly, or simply impossible to be followed [26]. The research has shown a 
very promising results of the performance of the composite material patching. A composite patch 
works as a crack arrestor by decreasing the stress in the area of the crack tip in the case of cracked 
structures. A part of the applied load is then transferred from the base plate through an adhesive 
layer to the composite patch, thus reducing the stress levels in the substrate. This technique has 
proven its effectiveness and cost benefits in the aerospace industry for several years. Research by 
Co-Patch consortium has successfully demonstrated the ability of composite patch repairs to 
reinforce steel structural members through full-scale tests. More details about this technology can 
be found in [26]. 

 

8.3.2. MAINLINE 

Alternative life extension techniques widely employed in other industry can be also taken into 
account. One example is the research outcome from a previous FP7 project MAINLINE 
(MAINtenance, renewal and Improvement of rail transport iNfrastructure to reduce Economic and 
environmental impacts), in which a number of new life extension technologies for bridges have 
been studied. As reported by MAINLINE, [27] certain components of the bridges can be reinforced 
by introducing a system of external tendons. The prestressing bars or tendons can be made of 
either high-strength steel or composites, bonded or anchored to a structure for a higher structural 
load capacity.  A test has been conducted on a strengthening method for concrete beams where 
the deep embedment of fibre-reinforced polymer (FRP) bars has been used. It was found to be 
feasible and very effective for reinforced concrete (RC) and prestressed concrete (PSC) beams of 
any size. 
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9. MATRIX OF INSPECTION AND MONITORING TECHNIQUES FOR 
FIBRESHIP 

In this context, the suggested Matrix of Inspection and Monitoring Techniques for 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 from the other Tasks of FIBRESHIP supplemented by the Fit for Purpose 
approach should allow to progressively fill the gaps and develop a more comprehensive Matrix. 

It is acknowledged that 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 (hotspots in the structure). 

The acceptance criteria for NDE may be based on numerical models (such as FEA, 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.  

Task 6.1 is the first step of a consistent process, further developed in Tasks 6.2 and 6.3. 

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

• The test component. The chosen material concept for the sandwich panels can be 
summarised as follows:  

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

‒ Core: Balsa core or PVC 

• The way in which defects will arise and how these defects will 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.  

 

9.1. Manufacturing defects 
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• 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 Figure 17 below:  

 
Figure 17. 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.  

• Ply waviness 
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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.  

 

9.2. 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. 

Table 6 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 

Delaminations Maximum diameter 14mm 
Ultrasonic 

Laser 
shearography 

Fiber 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 
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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 6. Allowable thresholds for different types of defects and suggested NDE technique (Greene, 2012) 
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9.3. 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 7. Inspection methods - Manufacturing QA/Inspection for Joint Types and Flaws 
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9.4. 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 8. Applicable methods for Service Inspection 

9.5. 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 9. Applicable methods for Monitoring 
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9.6. Summary of NDT and Monitoring methods 

This section presents Non-Destructive Techniques 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.  

• 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.  

• 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. 

• Ultrasonic inspection  

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 delaminations, 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.  

Table 10 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 10. Transducer frequency on UT inspection of composites (Gardiner, 2010) 

There are two types of ultrasonic testing:  
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‒ 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.  

• Infrared thermography 

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.  A 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. 

• Laser shearography  

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.  

The principle of laser shearography involves the illumination of the component and a camera that 
uses an image shearing lens. The light is reflected back from the surface giving and area of the 
surface. After applying a load on the component, the two images of the stressed and unstressed 
areas are compared to determine the relative displacement of the surface.  

• Bond Testers 

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

• 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. Digital moisture meters are being used in the aerospace 
industry for the measurement of the density of the material.  

Table 11 below provides a summary of the possible non-destructive technologies and the possible 
defects each of them can detect.  
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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 11. Non-destructive testing techniques, their principles and flaws 

9.7. NDT inspection of multilayers composite structures for FIBRESHIP project 

9.7.1. Composite specimens. 

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

 
Figure 18 . Sizes of samples for inspection with artificial defects a) three layers structure, b) one-layer structure. 
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Figure 19. 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 18 shows the sizes of the defects and their location and Figure 19 presents the actual 
specimens with the properties of materials. 

 

9.7.2. NDT techniques applied in FIBRESHIP specimens. 

9.7.2.1. 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.  Figure 20 shows the 
set up with the tone burst generator.  

 
Figure 20. Tone burst set up a) connected components of system, b) portable tone-burst generator c) immersed specimen 

between transmitter and receiver. 



D6.1 (WP6) - A set of guidelines on 
inspection, repair, monitoring and 
maintenance applicable to 
FIBRESHIP concepts 

 Page 68 of 76 

 

9.7.2.2. 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. Figure 21 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 21. Flash thermography system applied in inspection (flash-hood, mid IR precise cooled camera). 

9.7.2.3. 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.  The system used for the inspection 
can be seen in Figure 22. 
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Figure 22.  UT Immersion tank. 
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9.7.3.   Results and conclusions.  

Using of the tone burst generator allowed the detection of the artificial defects only in the 
specimen containing compact GFRF (Figure 19). The results can be seen in Figure 23. 

 

Figure 23. 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 (Figure 23b), 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 (Figure 19a) 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. The result from the flash thermography technique can be seen 
in Figure 24. 

 
Figure 24. Thermal response from compacted GFRP specimen after flash energy applied: a) processed image from IR camera 

showing detected flat bottom hole. b) position of deposited energy. 

As it can be seen in Figure 24 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 Figure 
23 were not detected.  The energy delivered by the flash lamps was not sufficient; 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 25. Thermal response from compacted GFRP specimen after long pulse energy applied a) processed image from IR camera 

showing detected side pockets b) position of deposited energy 
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Figure 26. Thermal response from GFRP & balsa 40mm after long pulse energy applied a) processed image from IR camera 

showing FBH b) position of deposited energy. 

 
Figure 27. Thermal response from GFRP & balsa 40mm after long pulse energy applied a) processed image from IR camera 

showing side pocket b) position of deposited energy. 
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Figure 28. Thermal response from GFRP &foam 40mm after long pulse energy applied a) processed image from IR camera 

showing FBH b) position of deposited energy. 

 

 

Figure 29. Thermal response from GFRP & foam 40mm after long pulse energy applied a) processed image from IR camera 

showing side pocket b) position of deposited 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 also 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. 
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The example of the results can be seen in Figure 30 and Figure 31 . 

 
Figure 30. Immersion tank results from GFRP & balsa: a) A-scan view. b) C-scan view (detected side pocket based on between 

layers reflection). 

 
Figure 31. Immersion tank results from GFRP & foam: a) A-scan view. b) C-scan view (detected side pocket based on between 

layers reflection and weak contact between layers). 

The NDT inspection of composite structure is challenging and the interpretation of the results 
requires substantial experience. The challenges are located in limited capabilities of energy sent 
in the manner allowing reflection from the defects and in 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).  
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