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Marine Applications 

by 

Vasileios A. Karatzas 

 

Abstract 

 

The current PhD thesis focuses on the investigation of the use of composite patches for the rehabilitation 

of defected marine steel structures. This work is the result of a combined experimental, numerical and 

analytical approach aiming at providing insight on the design, inspection and in service performance of such 

repairs. A design evaluation procedure has been developed based on simple analytical tools which are to be 

utilized by engineers for the design and analysis of composite patch repairing and other similar adhesively 

bonded applications. 

A series of midscale static tests have been performed in defected steel plates, namely in corroded and 

notched plates. All plates have been repaired with composite patches and tested in tension. Additionally, 

different health monitoring and inspection methods have been applied to assess the quality of the repair both 

after installation and during operating conditions. Moreover, the effect of different aging scenarios has been 

investigated. Finally, 2D and 3D finite element models have been created using cohesive zone modelling 

which are in good agreement with the experimental findings. 

 Simultaneously, cracked plates on which composite patches have been installed were experimentally 

investigated under fatigue loading. Once again, apart from the efficiency of the repair, health monitoring and 

the effect of different aging scenarios have been assessed. Additionally, a methodology for the assessment 

of cracked elements in marine structures and the effectiveness of the investigated repair method is 

proposed. This methodology is based on the implementation of the common structural rules with the use of 

user subroutines and finite element modelling.  

At the end of this work, emphasis is given in the use of linear fracture mechanics in bimaterial interfaces 

and a parametric study has been performed to quantify how key parameters affect the adhesive bond 

between the patch and the steel substrate. Following the parametric study, a simple, time effective design 

evaluation procedure for this kind of repairs is proposed. 

In conclusion, the present PhD thesis shows the potential of composite patch repairing on marine 

structures, having addressed critical issues associated with their effectiveness and durability, and proposing 

a simple analytical procedure for their design.  

 

 

  



ɄȺɅȽȿȼɊȼ 

 

ȼ ˊŬɟɞɨůŬ ŭɘŭŬəŰɞɟɘəɐ ŭɘŬŰɟɘɓɐ ˊɟŬɔɛŬŰŮɨŮŰŬɘ Űɖ ɢɟɐůɖ ŮˊɘɗŮɛɎŰɤɜ Ŭˊɧ ůɨɜɗŮŰŬ ɡɚɘəɎ ɔɘŬ Űɖɜ 

Ůˊɘŭɘɧɟɗɤůɖ ŬŰŮɚŮɘɩɜ ˊɞɡ ŮɛűŬɜɑɕɞɜŰŬɘ ůŮ ɢŬɚɨɓŭɘɜŮɠ ɗŬɚɎůůɘŮɠ əŬŰŬůəŮɡɏɠ. ȼ ŮəˊɞɜɖɗŮɑůŬ ŭɘŬŰɟɘɓɐ ŮɑɜŬɘ 

Űɞ ŬˊɞŰɏɚŮůɛŬ Űɞɡ ůɡɜŭɡŬůɛɞɨ ˊŮɘɟŬɛŬŰɘəɐɠ, ŬɟɘɗɛɖŰɘəɐɠ əŬɘ ŬɜŬɚɡŰɘəɐɠ ˊɟɞůɏɔɔɘůɖɠ. ɆŰɧɢɞɠ Űɖɠ ŮɑɜŬɘ ɖ 

ŮəŰɑɛɖůɖ Űɖɠ ŬˊɞŰŮɚŮůɛŬŰɘəɧŰɖŰŬɠ Űɖɠ ůɡɔəŮəɟɘɛɏɜɖɠ ɛŮɗɧŭɞɡ ŮˊɘůəŮɡɐɠ, ɖ ŭɘŮɟŮɨɜɖůɖ ŰŮɢɜɘəɩɜ 

ŮˊɘɗŮɩɟɖůɖɠ Űɖɠ ŬəŮɟŬɘɧŰɖŰɎɠ Űɖɠ əŬɘ Űɏɚɞɠ ɖ ŬɜɎˊŰɡɝɖ ɛɑŬɠ Ŭˊɚɐɠ ɛŮɗɞŭɞɚɞɔɑŬ Ůɚɏɔɢɞɡ ɔɘŬ Űɞɜ ɞɟɗɧ 

ůɢŮŭɘŬůɛɧ ŬɡŰɐɠ.  

ũɘŬ ɜŬ ŮˊɘŰŮɡɢɗɞɨɜ ɞɘ ˊɟɞŬɜŬűŮɟɗɏɜŰŮɠ ůŰɧɢɞɘ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ɛɑŬ ůŮɘɟɎ ůŰŬŰɘəɩɜ ˊŮɘɟŬɛŬŰɘəɩɜ 

ŭɞəɘɛɩɜ ɛŮůŬɑŬɠ əɚɑɛŬəŬɠ ůŮ ɢŬɚɨɓŭɘɜŮɠ ˊɚɎəŮɠ ˊɞɡ ɏűŮɟŬɜ Ůɔəɞˊɐ əŬɘ ůŮ ˊɚɎəŮɠ ˊɞɡ ŮɑɢŬɜ ɡˊɞůŰŮɑ 

ŭɘɎɓɟɤůɖ. ȳɚŬ ŰŬ ŭɞəɑɛɘŬ ŭɞəɘɛɎůŰɖəŬɜ ůŮ ŮűŮɚəɡůɛɧ. ɇŬɡŰɧɢɟɞɜŬ, ŮűŬɟɛɧůŰɖəŬɜ ŭɘŬűɞɟŮŰɘəɏɠ ɛɏɗɞŭɞɘ 

Ůɚɏɔɢɞɡ əŬɘ ˊŬɟŬəɞɚɞɨɗɖůɖɠ ɔɘŬ Űɖɜ Ŭɝɘɞɚɧɔɖůɖ Űɖɠ ŮˊɘůəŮɡɐɠ əŬɘ ɔɘŬ Űɖ ɛŮɚɏŰɖ Űɞɡ Űɟɧˊɞɡ ŬůŰɞɢɑŬɠ Űɖɠ. 

ɀɏůɤ Űɤɜ ˊŮɘɟŬɛɎŰɤɜ ŮɝŮŰɎůŰɖəŮ əŬɘ ɖ ŮˊɑŭɟŬůɖ Űɖɠ ˊŮɟɘɓŬɚɚɞɜŰɘəɐɠ ɔɐɟŬɜůɖɠ ɚŬɛɓɎɜɞɜŰŬɠ ɡˊɧɣɖ 

ŭɘŬűɞɟŮŰɘəɎ ůŮɜɎɟɘŬ ɔɐɟŬɜůɖɠ. Ⱥɜ ůɡɜŮɢŮɑŬ ŬɜŬˊŰɨɢɗɖəŬɜ ŭɘůŭɘɎůŰŬŰŬ əŬɘ ŰɟɘůŭɘɎůŰŬŰŬ ɛɖ ɔɟŬɛɛɘəɎ 

ɛɞɜŰɏɚŬ ˊŮˊŮɟŬůɛɏɜɤɜ ůŰɞɘɢŮɑɤɜ ɛŮ ůŰɧɢɞ Űɖɜ ŬɜŬˊŬɟŬɔɤɔɐ Űɤɜ ˊŮɘɟŬɛŬŰɘəɩɜ ŬˊɞŰŮɚŮůɛɎŰɤɜ. ɇŬ 

ŬɟɘɗɛɖŰɘəɎ ŬˊɞŰŮɚɏůɛŬŰŬ ɐŰŬɜ ůŮ əŬɚɐ ůɡɛűɤɜɑŬ ɛŮ Űɘɠ ˊŮɘɟŬɛŬŰɘəɏɠ ɛŮŰɟɐůŮɘɠ.  

ȺˊɘˊɟɧůɗŮŰŬ, ŭɘŮɝɐɢɗɖůŬɜ ŭɞəɘɛɏɠ əɧˊɤůɖɠ ůŮ ɢŬɚɨɓŭɘɜŮɠ ˊɚɎəŮɠ ˊɞɡ ɏűŮɟŬɜ əŮɜŰɟɘəɐ ɟɤɔɛɐ əŬɘ 

ŮɑɢŬɜ ŮˊɘŭɘɞɟɗɤɗŮɑ ɛŮ ŮˊɘɗɏɛŬŰŬ Ŭˊɧ ůɨɜɗŮŰŬ ɡɚɘəɎ. ȷɜŰɑůŰɞɘɢŬ ɛŮ Űɘɠ ůŰŬŰɘəɏɠ ŭɞəɘɛɏɠ, ˊɏɟŬɜ Űɖɠ 

ŬˊɞŰŮɚŮůɛŬŰɘəɧŰɖŰŬɠ Űɖɠ ɛŮɗɧŭɞɡ, ŭɧɗɖəŮ ɓɎɟɞɠ ůŰɖɜ ŮˊɑŭɟŬůɖ Űɖɠ ˊŮɟɘɓŬɚɚɞɜŰɘəɐɠ ɔɐɟŬɜůɖɠ əŬɘ ůŰɖɜ 

ŮűŬɟɛɞɔɐ ɛŮɗɧŭɤɜ ɛɖ əŬŰŬůŰɟŮˊŰɘəɞɨ Ůɚɏɔɢɞɡ ɔɘŬ Űɖɜ Ŭɝɘɞɚɧɔɖůɖ Űɞɡ ŭŮůɛɞɨ ɛŮŰŬɝɨ Űɞɡ ŮˊɘɗɏɛŬŰɞɠ əŬɘ 

Űɖɠ ˊɚɎəŬɠ. ȺˊɘˊɟɧůɗŮŰŬ ˊɟɞŰɎɗɖəŮ ɛɑŬ ŬɟɘɗɛɖŰɘəɐ ɛŮɗɞŭɞɚɞɔɑŬ Ŭɝɘɞɚɧɔɖůɖɠ Űɧůɞ Űɖɠ əɟɘůɘɛɧŰɖŰŬɠ 

ɟɤɔɛɩɜ ůŮ ˊɚɞɑŬ ɛŮŰŬűɞɟɎɠ ˊŮŰɟŮɚŬɑɞɡ, əŬɗɩɠ əŬɘ Űɖɠ ɛŮɗɧŭɞɡ ŮˊɘůəŮɡɐɠ.  

ɆŰɞ ŰŮɚŮɡŰŬɑɞ ŰɛɐɛŬ Űɖɠ ŭɘŭŬəŰɞɟɘəɐɠ ŭɘŬŰɟɘɓɐɠ ŭɑɜŮŰŬɘ ɏɛűŬůɖ ůŰɖ ɢɟɐůɖ Űɖɠ ɔɟŬɛɛɘəɎ ŮɚŬůŰɘəɐɠ 

ɗŮɤɟɑŬɠ ɗɟŬɡůŰɞɛɖɢŬɜɘəɐɠ ɔɘŬ ŭɘŮˊɘűɎɜŮɘŮɠ. ɆɡɔəŮəɟɘɛɏɜŬ, ůɡɜŭɡɎɕɞɜŰŬɠ ŬɟɘɗɛɖŰɘəɎ ɛɞɜŰɏɚŬ əŬɘ 

ŬɜŬɚɡŰɘəɞɨɠ Űɨˊɞɡɠ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ˊŬɟŬɛŮŰɟɘəɐ ɛŮɚɏŰɖ ɔɘŬ ɜŬ ŭɘŮɟŮɡɜɖɗɞɨɜ ˊɤɠ Űɞ ɛɏŰɟɞ 

ŮɚŬůŰɘəɧŰɖŰŬɠ əŬɘ Űɞ ˊɎɢɞɠ Űɞɡ ŮˊɘɗɏɛŬŰɞɠ ůŮ ůɢɏůɖ ɛŮ ŬɡŰɧ Űɖɠ ɛŮŰŬɚɚɘəɐɠ əŬŰŬůəŮɡɐɠ Ůˊɘŭɟɞɨɜ ůŰɖɜ 

ŬˊɞŰŮɚŮůɛŬŰɘəɧŰɖŰŬ Űɖɠ ŮˊɘůəŮɡɐɠ ɡˊɧ ŭɘŬűɞɟŮŰɘəɏɠ űɞɟŰɑůŮɘɠ. ȾŬŰɧˊɘɜ, ɛŮ ɓɎůɖ ŰŬ ŮɡɟɐɛŬŰŬ Űɤɜ 

ŬɜɤŰɏɟɤ ŮɟɔŬůɘɩɜ, ŬɜŬˊŰɨɢɗɖəŮ ɛɑŬ Ŭˊɚɐ ɛŮɗɞŭɞɚɞɔɑŬ Ůɚɏɔɢɞɡ ɔɘŬ Űɞɜ ɞɟɗɧ ůɢŮŭɘŬůɛɧ ŮˊɘŭɘɞɟɗɩůŮɤɜ 

ŬɡŰɞɨ Űɞɡ Űɨˊɞɡ. 

Ⱥɜ əŬŰŬəɚŮɑŭɘ, ɖ ŭɘŭŬəŰɞɟɘəɐ ŭɘŬŰɟɘɓɐ ŮˊɘŭŮɘəɜɨŮɘ Űɘɠ ŭɡɜŬŰɧŰɖŰŮɠ Űɖɠ ɢɟɐůɖɠ ŮˊɘɗŮɛɎŰɤɜ Ŭˊɧ ůɨɜɗŮŰŬ 

ɡɚɘəɎ ɔɘŬ Űɖɜ Ůˊɘŭɘɧɟɗɤůɖ ɗŬɚɎůůɘɤɜ əŬŰŬůəŮɡɩɜ, ɏɢɞɜŰŬɠ ŮɝŮŰɎůŮɘ əɟɑůɘɛŬ ŮɟɤŰɐɛŬŰŬ ˊɞɡ ůɢŮŰɑɕɞɜŰŬɘ ɛŮ 

Űɖɜ ŬˊɞŰŮɚŮůɛŬŰɘəɧŰɖŰŬ, Űɖɜ ŬɜɗŮəŰɘəɧŰɖŰŬ, əŬɘ Űɞɜ Űɟɧˊɞ ůɢŮŭɘŬůɛɞɨ ŬɡŰɩɜ.  
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1. Composite Patch Repairing  
 

1.1 Introduction 

 

The various structural parts and details of a steel ship are subjected to a plethora of loading conditions 

during the vesselôs operational life. The type and magnitude of these loading conditions vary significantly due 

to the stochastic nature of sea waves, which are the major cause for the loading applied to a marine 

structure. For this reason, it is quite usual to notice various types of local defects and failures in a ship 

structure, like plastic deformations and development of cracks, not forgetting corrosion, which increases the 

susceptibility of the structure to such local defects. In particular, in the presence of stress concentrations, 

fatigue loads acting on the structure can generate cracks, which, if not detected and repaired in time, can 

grow up to a critical length and cause catastrophic failures. Another typical defect of marine structures is 

corrosion that reduces the plate thickness, causing deterioration of the stiffness of the metal structure. 

Nowadays the tendency to use high strength steel and the consequent reduction of plate thickness 

accentuates the problems generated by corrosion. Thus, there are many cases in a steel marine structure 

where the need arises for local reinforcements or repairs, either permanent or temporary, until the next 

programmed inspection and maintenance. This need can also be the consequence of requirements for 

higher load-carrying capacity of the structure, which can in turn be the result of either a problematic initial 

design (i.e. existence of high stress concentrations which were not initially predicted) or an improper 

manufacturing or erection procedure, or a change in the operational conditions (i.e. later additional loading). 

Another very common reason for local repairs is the existence of defects in the steel structure resulting from 

accidents or overloading. The basic objective of these local reinforcements and/or repairs is the increase of 

the structureôs residual strength in static loading or the elongation of its operational life in cyclic loading. 

Composite material patching is a very promising new method for repairing and/or reinforcing steel 

structures. The technique consists of the application of a patch made of fibrous composite materials on the 

metal structure to repair or improve static strength (Figure 1.1). The patch is effective due to the fact that part 

of the applied load acting on the patched structure is transferred from the base metal plate through an 

adhesive layer to the composite patch, thus reducing the stress levels in the metal substrate under the patch. 

Thus, in the case of cracked structures, a composite patch decreases the stresses in the area of the crack tip 

therefore decelerating or under certain conditions completely arresting the crack. 

If the damage of a marine structure is not too severe or if the need for improvement is small, the 

structures are generally repaired or reinforced through the addition of plates (the so-called doubling) or 

stiffeners by means of welded or bolted joints, or by welding-in the cracks in the case of cracked structural 

members. In the case of most severe conditions (for example when the damage is widespread over a large 

part of the structure), the replacement of the whole portion of the structure is necessary. The use of these 

traditional methods offers several advantages to all stakeholders involved in ship repair/reinforcement 

business (ship-owners, shipyards, Classification Societies, Authority Flags, etc.). The advantages are 
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essential due to the fact that being a well tried and trusted practice, the designers do not have excessive 

difficulties to design the repair/reinforcement, because the use of welded and bolted joints has been widely 

discussed in many literature papers and is also included in many Rules and Regulations. Furthermore, the 

Classification Societies usually accept these solutions without further investigations or analyses beyond 

those already foreseen from standards or regulations. In addition, the availability of qualified personnel able 

to deal with these methods encourages their use for repair and/or reinforcement. However, welding and 

bolted joints repair/reinforcement methods have also several disadvantages that in some circumstances 

make these techniques costly and time-consuming or simply impossible to be used. 

 

 

Figure 1.1: Example of a carbon fibre patch applied to a defected steel transverse frame. 

 

First of all welding in explosive environment (e.g. in the double bottom of a fuel oil tanker) requires a very 

complicated and expensive preparation procedure and the repair/reinforcement can be executed only under 

rigorous safety precautions; furthermore, traditional repair techniques often require the availability of 

complicated and costly infrastructures (dry-docks, cranes, scaffolding, etc.) and the application of an either 

welded or bolted joint, if not carefully designed, can generate new stress concentrations that mitigate the 

effect of the repair/reinforcement. Also the addition of weight caused by the application of welded or bolted 

doubler plates is a significant drawback that the designer should keep into account in order to avoid 

excessive weight increase. Another disadvantage, is that welding methods are not directly applicable on 

structures subject to significant loads (i.e. by their own weight), because welding generates high 

temperatures that can cause catastrophic collapse of the structures under tension. All the above mentioned 

drawbacks have negative effect on the cost of the repair/reinforcement, since the ship may stay out of 

operation for a relatively long period; thus, investigating new solutions alternative to welded and bolted joints 

can help improve the repair/reinforcement process. From this point of view, the use of composite materials 

patches appears to be a very promising way to repair/reinforce metal structures, because it overcomes most 

of the above mentioned drawbacks of the traditional techniques. 

Applying a composite patch requires neither hot-work (so they can be used also in explosive 

environments or in structures subject to significant loads), nor the presence of special infrastructures since 

the patches are directly applied to the metal with a simple preparation of the surface. Composite patches can 
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be quickly applied with no geometric or shape restrictions in their application. Furthermore the added weight 

is very limited. For these reasons the patches can be usually applied óin situô while the structure is in service 

(Figure 1.2). In addition, contrary to the welded or bolted joints, composite patches do not generate stress 

concentrations on the repaired/reinforced structures. 

 

 

Figure 1.2: Application of a composite patch on site (Grabovac et al, 2009). 

 

Regarding the consequences on the environment and on the climate change, the use of composite 

patches is not considered to have negative effects. On the contrary, the reduction of downtime for ships or 

civil structures has positive effects, as there is no need any more to perform many and lengthy traditional 

repair works; also the minimization of traffic disruption reduces the traffic congestion and therefore positively 

affects the environment. Since the quantities of material used to fabricate the patches are quite small and the 

composite recycling technologies are making significant progress, it is possible to state that the influence on 

the environment is negligible. 

All the above mentioned advantages make composite patches a new interesting method that, in several 

cases, can substitute the techniques involving welded and bolted joints and allows the reduction of the time 

and cost of the repair/reinforcement of the metal structure. 

However, there are some parameters regarding the use of composite patches as a repairing/reinforcing 

technique that require additional investigation and studies. The most critical aspect concerns the long-term 

performance of the steel-adhesive-composite system, because it is subjected to the influence of complex 

external environmental parameters that makes it difficult to predict the behaviour of the patched structure in 

the long-term period. So far the topic has not been investigated in a satisfying way in the marine field, while 

the problem has already been widely investigated in the aerospace sector, where nowadays the use of 

patches is a common and trusted practice. 

 

1.2 Applications of composite patch repairs 

 

As mentioned earlier, composite patch repairing originates from the aerospace industry where 

boron/epoxy patches have been used to arrest fatigue cracks in the wings and fuselage of military aircrafts 
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since the 90s (Figure 1.3). The first applications of such repairs have been performed by the Royal 

Australian Air Force (Molent 1989, Baker 1984) with Baker, Rose and Jones being among the pioneers in 

this field, focusing on the design, monitoring and environmental or operational effects on repaired aluminium 

structures (Baker et al 1984, 1988, 1999, 2004, 2009). Katnam et al (2013) provided an extensive literature 

review of patch repairing of composite structures on the aerospace field. 

 

 

Figure 1.3: Patch with structural health monitoring system bonded to F-111 wing (Baker et al, 2009). 

 

In the civil sector composites have been recently utilized for strengthening or repairing beams, slabs and 

bridge decks (Figure 1.4) and a limited number of application cases have been reported, mainly in the UK. In 

civil engineering, bridges might be constructed using reinforced concrete, cast iron, wrought iron, steel and 

even masonry, as, unlike aerospace and marine applications, bridges are designed with a significantly larger 

operational life. In fact a recent survey on the age profile and condition of existing European bridges 

revealed that around 35% from a sample of 220000 bridges were over 100 years old (Larsen et al 2010). 

Bearing this in mind, it is obvious that these structures were considered according to outdated techniques 

and materials and in order to remain in service they need to be strengthened to accommodate bigger loads 

or to mitigate the effects of defects and outdated design and construction practices. A review on the 

application of fibre reinforced plastics with an emphasis on metallic bridges can be found in Hollaway (2013), 

while Zhao and Zhang (2007) provided a state of the art of current research on FRP strengthened steel 

structures focusing on the strengthening of steel hollow section members and fatigue crack propagation in 

the FRPïSteel systems. 
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Figure 1.4: Reinforcement of concrete bridge using carbon fibres. 
 

It would be expected that the technology associated with the bonding of composite materials to different 

substrates has matured and the experience gained primarily from the aerospace sector would make it easy 

to implement it also in the marine and offshore structures. This expectation is partially true as, indeed, the 

potential has been proven in praxis and data of their long term performance are available, but still there are 

several fundamental differences between the aerospace applications and marine/offshore steel applications 

which dictate a different approach and further investigation. These differences include the different stiffness 

of the base metal (stiffer steel versus the more similar to composites flexible aluminium), the completely 

different geometries involved (significantly thicker plating and larger beams in steel structures), the different 

loading cases and the different operating and environmental conditions. Furthermore, the operating time is 

greater for marine structures which in conjunction with their increased complexity and sparser inspection 

raise questions relatively to the long time performance of such repairs. Last but not least, the regulatory 

framework related to marine structures is more intricate as flag state regulations, classification societiesô 

requirements and national and international authorities are involved. 

In the marine sector, there have been only a handful of documented applications and, as with the 

aerospace sector, most of them have been performed in military vessels. A first perspective for the 

development of the composite patch repair technology and its application in big ships was given by 

Grabovac et al (1993, 1997, 1999, 2003, 2009). In these works a brief description of the developments of the 

composite patch repair technology in the marine sector is given and an application case is presented in 

detail, including analysis of the superstructure cracking problem, research and development work, installation 

of composite reinforcement on board the ship, assessment of reinforcement efficiency, through-life 

monitoring and maintenance and repair. The application consists of repairing the aluminium deckhouse of a 

Royal Navy frigate that repeatedly exhibited fatigue cracking (Figure 1.5). The preferable installation 

procedure according to the authors is to grind out the crack and re-weld, then grind out the weld flat and affix 

the patch. 
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Figure 1.5: Carbon fibre reinforcement and monitoring system in service (Grabovac et al, 2003). 

 

During the vesselôs service period, seven inspections were made using non-destructive evaluation 

techniques combined with visual and acoustic tests. A total of four repairs were made during the 15 years of 

service. One repair was a non-structural restoration involving only the sacrificial edges of the GRP protective 

layers. The other three interventions were all structural repairs. Of those, two can be classified as dockyard 

inflicted damage that occurred during the ship maintenance or upgrade activities. The other may be regarded 

as environment initiated damage affecting the bonding at the overlay/deck interface which went unnoticed 

over a length of time. That was because the marine system paint failed to provide adequate protection to 

water ingress at the composite metal interface, and a new approach using an edge sealant was used (Figure 

1.6). Additionally a time-cost estimation is given for the repairs. Apart from the repairs, the patch was cut in 

some locations so as to weld a support frame for the installation of a life raft (Figure 1.7). Although the 

welding operations were carried out in close proximity to the patch, no visible damage was noted. The 

installation of composite patches in stress concentration areas where the fatigue crack initiated in the past, 

led to a 20% reduction of stresses and after 15 years of active service no cracking underneath the patch or in 

adjacent areas was initiated. 

 

 

Figure 1.6: Composite patch configuration (Grabovac et al, 2009). 
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Figure 1.7: Photos depicting damage and the cut-outs made for welding a life raft support system on the 

deck (Grabovac et al, 2009). 

 

Dalzel-Job et al (2003) reference the applications that existed by that time, starting from the composite 

repairs in the aluminium superstructures of some frigates of the UK Navy performed in the 80s. The same 

work presents also the results of a corresponding experimental program, where thick (15 mm) steel plates 

with a central crack were reinforced with carbon/epoxy patches and then subjected to fatigue loading (ů = Ñ 

100 ɀPa). The patch survived without any problem more than 1000000 loading cycles, equivalent to 12 ship 

years which was defined as the limit. The fatigue life of the plate was extended by at least 3 times, by 

applying the patch. In a subsequent work (QinetiQ, 2004), reference is made to the cases where the 

composite patch repair technology can or has already been applied in both marine (Figure 1.8) and aviation 

sectors, highlighting its advantages against traditional methods of repair. A brief description of the health 

monitoring systems applied in composite patch repairs is also presented. An important remark stated is that 

better and longer-term repairs are often achieved by laying up the patches and curing them in a continuous 

operation rather than bonding a pre-manufactured patch to the affected structure. 

 

         

Figure 1.8: Composite patch repairs on lift shafts of Type 42 destroyers. 
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In the work by Turton et al (2005) a description of the major advantages of this technology against the 

conventional repair methods is given followed by a brief description of case studies that took place from 

1982-2003 in two different types of frigates and a FPSO unit (Figure 1.9). In all aforementioned cases 

composite patches were installed to arrest the propagation as well as the initiation of fatigue cracks. A 

qualitative comparative study between three methods for manufacturing the patches namely hand-lay-up, 

vacuumïinfusion and pre-preg is presented. Additional experimental research performed in the same scope 

showed that composite patch application can increase the fatigue life of a cracked steel plate by a factor of 

over three times and that a patch has survived fatigue cycling equivalent to at least 12 ship years with no 

sign of patch delamination. Additionally, four different ultrasonic inspection techniques where examined for 

the non-destructive evaluation (NDE) of the repair with manual pulse echo contact ultrasonics and tandem 

pulse-echo ultrasonics being more promising at checking the quality and effectiveness of a composite patch. 

The alternating current potential difference (ACPD) technique was used for monitoring the crack growth on 

two field applications on frigates. 

 

 

Figure 1.9: Composite patch applied to cargo tank on-board FPSO (Turton et al 2005). 

 

Another more recent work dealing with the application of composite patch repairs in marine structures is 

that of McGeorge et al (2009) where a procedure for the design and qualification of bonded repairs of 

floating offshore units used in the oil and gas industry has been developed. The use of this procedure has 

been demonstrated by two full-scale repairs that were carried out in two different FPSO units. The first repair 

was carried out in order to arrest a fatigue crack that had developed from the corner of a door (Figure 1.10), 

while the second one was carried out to restore material loss on a heavily pitted deck floor. The procedure is 

based on the use of relatively simple design methodologies that are derived from fracture mechanics theory. 

The two demonstrators have shown the viability of bonded composite repairs to the two most widely 
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encountered damage scenarios in floating offshore units ï fatigue cracking and patch thinning due to 

corrosion. 

 

 

Figure 1.10: Repair on the corridor side of the Bulkhead (McGeorge et al, 2009). 

 

The U.S. Naval Warfare Centre, Carderock Division, have used composite patches to cover large areas 

of sensitized aluminium plate on the superstructure of ships. For unknown reasons, but possibly due to 

changes in the processing by the aluminium mill, several U.S. Navy ships have suffered sensitization of 

5456-H116 aluminium plating. Sensitization is a process where over time with exposure to higher service 

temperatures the magnesium that had been disbursed throughout the grain structure of the aluminium 

migrates to the grain boundaries, causing stress-corrosion cracking. Because the sensitization occurs 

throughout the aluminium plate, weld repairs to cracks are not effective because the plate adjacent to the 

weld, which is sensitized, will crack from the residual stress of welding. The only solution to the problem 

appeared to be total replacement of the plating, which would be extremely costly. 

To address the problem and, at a minimum, provide watertight integrity, a repair procedure using low-

elastic modulus E-fibre glass was used, laying down patches over large areas of the structure, as shown in 

Figure 1.11.  The patches were designed to be of low stiffness so as to not attract more stress in the area 

that could cause cracking beyond the boundary of the patches. However, it is intended that the patches will 

reduce the stress intensity at the tips of the cracks under the patches, reducing the rate of fatigue crack 

propagation. 

 

 

Figure 1.11: Glass fibre patching of sensitized aluminium deck. 
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A cross-section through the patch is shown in Figure 1.12. Prior to patching, the surface was prepared by 

disk grinding. Subsequently it was cleaned using a solvent and a coupling agent was applied. The patch 

area was vacuum bagged and cured at 60ºC (140ºF) for eight hours. An epoxy system that would permit 

curing at a lower temperature was selected to prevent further sensitization of the plate. The edges were 

sealed with polysulfide to prevent water egress to the patch, taped over to prevent damage from abrasion, 

and then the entire area was painted over and marked as shown in Figure 1.11 to reduce the risk of 

inadvertent damage to the patch. The above work was carried out on several ships to cover a total area of 

about 100 sq. meters. 

 

Figure 1.12: Cross-section of patch over sensitized aluminium plate. 

 

The French Navy has used composite patches to repair and prevent cracking in the aluminium 

superstructure of naval ships. Carbon fibre patches with an epoxy matrix were applied over cracks as shown 

in Figure 1.13. Temporary shelters were placed around the work area to control the environment. The 

laminate was vacuum-bagged and cured at 100ºC for two hours. These composite patches are expected to 

extend the service life of the ships by 20 years. The selected application method was grinding of the surface, 

followed by the application of a primer. 

 

 

Figure 1.13: Crack in aluminium superstructure and carbon / epoxy patch. 
 

Apart from the examples listed above, the NTUA Shipbuilding Technology Laboratory team had the 

opportunity to apply composite patch repairing in the field in different applications. Two of them are 

presented here. The first one consisted of rehabilitating a corroded part at the fore ballast tank of a LPG 

tanker with a DWT of 9130 t. In particular, due to extensive pitting corrosion a hole was created in the 

bulkhead separating the ballast tank from the adjacent deep fuel tank. This led to loss of impermeability and 

therefore to the mixing of water ballast in the fuel tank and to the contamination of water ballast with fuel oil. 
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The latter was by far more critical as it led to the discharging of fuel oil to the sea each time the ballast tank 

was emptied, which is a severe violation of the existing regulations. A rotating wire brush has been used for 

the surface preparation of the area prior to lamination and the achieved roughness was on average Rz = 45 

ɛm. The steel and ambient temperature was 31
o
C and 28

o
C respectively. The patch consisted of 16 layers of 

200 g/m
2
 biaxial carbon reinforcement impregnated in epoxy resin in which an additive (KONASIL K-200) 

has been added to control the viscosity of the resin. A biaxial glass layer has been laminated between the 

steel plate and the patch to act as an isolating layer and prevent galvanic corrosion of the steel. The patch 

was laminated using the hand lay-up technique and the repair was successfully completed the same day. 

After curing, a typical marine coating has been applied in the area (Figure 1.14). The repair has been in 

service for four years with no reported reoccurrence of the problem and no visible signs of damage in the 

patch. 

The second application case was performed in a vessel of the Hellenic Navy. A cluster of cracks was 

detected in the aluminium deck plating of one of the vessels as depicted in Figure 1.15. The cracks were 

formed due to unsuccessful attempts to repair the initial crack by welding, which eventually resulted to the 

formation of new cracks in the vicinity of the initial one. A carbon fibre patch with epoxy matrix was applied to 

repair the defects. Holes were drilled at the crack tips to act as crack arrestors and the aluminium surface 

was grinded using a rotating wire brush and cleaned with the use of a solvent. The first ply consisted of a 

glass layer to prevent galvanic corrosion between the carbon patch and the metallic substrate. The patch 

lamination was successfully completed the same day and left to cure at ambient conditions (around 40
o
C).  

 

 

Figure 1.14: Area of damage (pictures a and b), lamination of the repair (c), finished coated repair (d). 



 12 

 

 

Figure 1.15: Position of cracks (a), treated surface (b) lamination of the repair (c), finished repair (d). 
 

1.3 Main types of damage in marine structures 

 

Ship and offshore structures will invariably face structural damage throughout their operational life. In this 

section, some of the most common, non-accidental structural defects are listed, in an attempt to identify 

possible patch repair application cases (Larsen et al 2010). The list is focused on typical known defects 

found on-board bulk carriers, oil tankers and containerships but not necessarily limited to these, as similar 

defects are prone to appear in other types of ships. 

 

Reinforcement of Cross Deck Plating 

 

In the case of bulk carriers, due to the large open areas produced by cargo hatchways, the main deck 

which is a primary longitudinal strength component is continuous only at the outer strakes of the deck (Figure 

1.16). This dictates that the cross deck plating experiences high loads to compensate for the discontinuity of 

the deck structure which can result in the buckling of the cross deck plating. This might be the result of sea 

loads acting directly on it, excessive loading in two adjacent holds, insufficient transverse stiffening or 

thickness diminution due to corrosion or a combination of the aforementioned. In the case of containerships, 

buckling might also be caused by the torsional deflection of the ship, as this type of ships are susceptible to 

torsional loads due to the big hold openings compared to bulk carriers. 
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Figure 1.16: Cross deck plating of a bulk carrier. 
 

Reinforcement in Way of Structural Details 

 

These types of damage involve typical defects located in way of lightening holes, girders, swash 

bulkheads and openings such as cut outs designed to allow the passage of stiffeners and other structural 

components (Figure 1.17). These areas typically introduce stress concentration points and, in combination 

with high loading and/or aggressive environment and the topology of the area, are prone to fracture, cracks, 

excessive deformation, corrosion and buckling. 

 

Figure 1.17: Defects in water ballast tank. 
 

Defects at Bracket Edges and Bilge Hopper Plates 

 

Fractures may appear in details such as brackets. It is envisaged that the complex arrangement of some 

components may render these difficult to access. Cracks or fractures may occur at the connection of the 

bilge hopper plate and web frames in oil tankers due to stress concentrations along with static and dynamic 

loads from fluids (Figure 1.18). 
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Figure 1.18: Arrows pointing to fatigue cracks at bracket. 
 

Corrosion 

 

Corrosion can occur for various reasons including lack of maintenance, interaction of cargo ingredients 

with steel, unintentional sacrificial protection (such as the hull becoming an anode in the process), stress 

corrosion or erosion. This application case concerns general and pitting corrosion (Figure 1.19) and it is 

essential that the cause of the corrosion is determined prior to treatment. Where general or pitting corrosion 

exists, if the thickness reduction is not significant then blasting of the surface and the application of a new 

coating is sufficient. In the opposite scenario, rectification measures must be sought. In all cases the 

Classification Society apply rules which specify acceptable diminution limits of the steel and this must also be 

considered prior to application of patches in this case. The allowable diminution of a component is usually 

given as a percentage of the as-fitted thickness of the component, while for pitting corrosion the acceptable 

diminution is based on a combination of pitting depth (referred to as intensity) and the surface area of the 

affected steel. 

 

  

Figure 1.19: General corrosion due to coating failure (left) and pitting corrosion (right). 
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1.4 Fabrication methods of patches 

 

The joining of dissimilar materials has become a growing research area, as these joints are generally the 

weakest part of hybrid structures. The most common types of joining methods in composite structures are 

mechanical joining and bonding. Mechanical fastening rely on mechanical means such as rivets or bolts, 

which in most cases require drilling holes. Although this method makes the disassembly and the inspection 

easier, it also leads to undesirable stress concentrations, increase of weight of the structure and non-uniform 

load transfer through the joint. On the contrary, adhesive joints provide a more uniform load transfer and do 

not add to the weight of the structure, while rivets or bolts, where stress concentrations appear, are not 

required. Moreover, it is an ideal method for joining different materials, especially composite materials to 

metallic ones. For these reasons, adhesively bonded joints are increasingly being utilized substituting 

traditional methods of bonding such as welding, fastening and bolting. On the other hand, adhesive bonding 

is sensitive to environmental conditions, both during manufacturing and in service, and the appropriate 

surface treatment, which depends on the type of the adherents, is crucial for the good performance of the 

joint. In fact, surface treatment is considered as the weakest link in adhesively bonded structures and it is of 

paramount importance for the success and efficiency of the repair (Davis et al 1999). 

Surface preparation includes the cleaning of the substrates from any kind of contaminants such as rust, 

oil, grease, dust etc. that are detrimental to the bond. At the same time several studies have showed that 

increasing the surface roughness leads to the enhanced performance of the bond, as a certain degree of 

mechanical interlocking between the adhesive and the substrate is achieved. This interlocking is connected 

to the achieved surface roughness of the surfaces of the adherents and can be achieved either by 

mechanical or by chemical methods. Since immersion of the substrates into a chemical solution is inevitable 

when using a chemical treatment method, it is impractical to apply such a method to the large scale 

structures incorporated in the marine industry. In the framework of mechanical treatment methods, polishing, 

grit blasting and the use of power tools such as rotating wire brushes or emery cloth are the most common 

techniques utilized for roughening the adherentsô surfaces. These techniques depend on the type of the 

substrate, with grit-blasting being applied on metallic surfaces of metal adherents while polishing is applied to 

the composite ones. Comparative studies between different mechanical and chemical surface preparation for 

adhesive bonding have been performed by Siddaramaiah et al (1998) Grabovac et al (2003, 2009), Dag 

McGeorge et al (2009), Liu et al (2009), Andersen (2006) and Tsouvalis et al (2008). In each case, results 

indicated that grit-blasting led to better results. 

Composite patches can be divided in two main categories in terms of the installation method. The first 

category consists of composite patches that are prefabricated and subsequently transferred and bonded in 

the defected structure with the use of specialized adhesives. The second approach consists of in situ 

lamination of the composite patch directly on the structure and curing it on site. In this case, the matrix of the 

composite acts as the adhesive upon curing. Each method presents advantages and disadvantages and 

which one is more favorable depends on the application at hand. The two methods are described below. 
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Adhesively Bonded Patches 

 

This approach presents the advantage that a high quality composite laminate can be achieved as the 

manufacturing process and curing takes place in a controlled laboratory environment. This allows for the 

employment of greater range of manufacturing techniques, spanning from the simple hand lay-up technique 

to more advanced methods such as prepregs, pultrusion and injection moulding. Additionally, the curing 

cycle can be better controlled and the risk of contamination or inappropriate curing of the laminate is 

significantly lower compared to the in situ lamination. Another advantage is that the designer is able to 

choose from a wide variety of specialized industrial adhesives to better suit the needs of each application. 

On the other hand, the procedure becomes more complicated as the correct application of the adhesive 

becomes crucial and suitable surface preparation of the composite material is necessary to ensure that 

adequate bonding is achieved between the patch and the selected adhesive. In addition, prefabricated 

patches are less versatile in terms of transportation, especially when the damaged area is hard to access or 

if the geometry of the member to be repaired is complicated. Another challenge is associated with the 

thickness and quality of the adhesive layer. Studies have been presenting contradicting results on the effect 

of the adhesive thickness with some claiming that a thick adhesive layer is desired (Mall 1989, Kawashita 

2008) and others that an increased adhesive thickness is detrimental (Grant et al 2009, Tamblin et al 2001). 

In reality a relatively thick adhesive is susceptible to imperfections caused from voids that might lead to 

premature failure and in practice, controlling the adhesive thickness and achieving a uniform thickness has 

proven to be challenging, even more so in cases where the base material surface is uneven. Additionally, the 

challenge of properly curing the adhesive is not surpassed, if not increased, as the bulk of the material 

between the substrates is not accessible. This method nevertheless has been used in civil engineering, 

especially by using pultruded or prepreged unidirectional beams or tapes that are subsequently bonded to 

bridge deck and girders. Such an application case is illustrated in Figure 1.20. 

 

 

Figure 1.20: Prefabricated pultruded carbon strips bonded onto a steel bridge. 
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Co-cured Bonded Patches 

 

In situ curing or alternatively co-cured bonding use the excess resin of the composite system during the 

curing process as the adhesive, forming bondlines with thicknesses typically less than 0.1 mm. This method 

presents several advantages compared to adhesively bonded joints where a different adhesive is used, as 

the design, analysis and manufacturing of these kind of joints is simpler compared to adhesive joints, it 

requires no surface preparation of the composite adherent and it is considerably faster, as the bonding 

process is performed simultaneously to the curing process of the composite system. Despite the practicality 

of this method, only a few studies on co-cured bonding are available studying the behaviour of single lap and 

double lap joints under static and fatigue loading (Shin et al 2003, 2006, Park et al 2006, Russo 2011, Song 

2010). 

The drawbacks associated with this method are that the manufacturing procedures that can be applied on 

site are limited mainly to hand lay-up, vacuum bagging and vacuum infusion and careful planning and 

execution has to be followed in order for them to be successful. Moreover, additional preparation might be 

necessary to control the ambient conditions on site and mitigate detrimental environmental effects that can 

lower the efficiency and the life expectance of the repair. Such measures involve the isolation of the area 

and position of heaters and dehumidifiers if it is in an enclosed space. Concerning the curing cycles, these 

can be achieved in a satisfactory way by the use of heating blankets, specialized portable curing devices 

(Figure 1.21) or even heat induction curing in the case of carbon fibres (Grabovac 2009). It is deemed that 

this bonding technique is better suited for marine applications, as defects in marine structures tend to be 

located in areas where the topological features of the structure change and access could be limited, 

especially if these are located inside holds, tanks or at the double bottom of the shipsô structure. Additionally, 

especially in the case of corrosion, the area to be repaired might be considerably large rendering the use of 

prefabricated patches logistically complicated and more cumbersome (QinetiQ 2004, McGeorge et al 2009). 

 

 

Figure 1.21: Curing of co-bonded patch. 
 

Symmetrical and One Sided Configurations 

 

In terms of configurations, the repair can be either applied to both sides of the defect or to one side. In 
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fact the most favourable configuration is the installation of a patch symmetrically on both sides of the defect, 

as this alleviates the secondary bending effects that are manifested in the one sided repair due to the 

eccentricity of the neutral axis when it is axially loaded. The benefits of a double sided repair become more 

important in the extension of the fatigue life of cracked components, as it will be discussed later. 

Nonetheless, in most applications it is simply not possible to install a symmetric configuration, as the area 

from the other side might be inaccessible, plus a double sided repair increases the time, cost and 

preparation actions required and might be difficult to be identically replicated from both sides. 

 

1.5 Loading / failure and analysis of composite patches 

 

The possible failure mechanisms in a bonded composite repair are shown schematically in Figure 1.22. 

Failure can occur either in the metal substrate, in the interface or/and the adhesive between the two different 

materials, or in the composite laminate. Therefore it is crucial to define prior to the design of the repair, which 

are the acceptance criteria for each one of the aforementioned types of failure, as, for example, partial 

debonding does not necessarily denote failure of the repair if the load can still be effectively transmitted from 

the substrate to the composite. Examples of failure criteria for the metal substrate are yielding, fracture, 

excessive deformation and failing to arrest the existing crack in the metal substrate. It is paramount that the 

engineer understands how the repair interacts with the remaining structure, as a wrong design might shift the 

existing problem or give way to new defects in other adjacent areas. 

A well designed bond will rarely fail within the laminate, as this would mean that the strength of the 

composite is lower than the shear strength of adhesive or the interface. The most common failure types are 

crack extension in the substrate or/and extensive debonding. 

As already stated, the main task of the composite patch is to bear part of the load acting on the steel 

structure. The load transfer between the substrates is achieved via the adhesive or the bimaterial interface. 

In other words the loads acting on the repair are governed by the acting load on the underlying steel 

substrate. As structural elements of marine structures are characterized by small thicknesses compared to 

their width and length, the loads acting on these are predominantly planar loads induced by axial and shear 

forces, bending moments and their combinations. 

 

 

Figure 1.22: Types of failure in composite patch repairing (McGeorge et al, 2009). 
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These forces and moments are the result of loads which are influencing the ship structure in primary, 

secondary and tertiary level (Hughes 2010). Quantification of the exact loading acting on a structural 

member is a complicated task, as some loads act in more than one level. Furthermore, the loading might be 

cyclic with frequency and amplitude governed by the location of the repair and the operating conditions. Due 

to the nature of such loads along with the fact that these will undoubtedly vary during the service life of the 

vessel, it is impossible to accurately represent them in laboratory conditions. Nevertheless, there has been 

significant research both experimental and numerical focusing on the durability and failure of bonded 

composite to metal specimens. These have been mainly emanating from the aerospace industry 

investigating the effectiveness of composite patches on aluminium but also applications focusing on steel 

substrates and marine structures exist. In particular, Lam et al (2010) and Liu et al (2007) have performed 

research focusing on the proper identification of loading and failure modes with the use of finite element 

modelling, and the efficiency of patches in rehabilitating corroded plates and extending the fatigue life of 

cracked steel plates. 

The design parameters that have been systematically examined are: the effect of the geometrical 

parameters of the patch i.e. the shape, thickness, length and width, the role of the stacking sequence and 

the effectiveness of each configuration in reducing the stress intensity factor (SIF) of the cracks in the 

metallic component (Xiong and Shenoi 2008, Hosseini ï Toudeshky and Mohammadi 2007). In all cases it 

was proven that the patch was able to extend the fatigue life ranging from 2 up to 20 times compared to the 

unrepaired cracked plate, depending on the experimental configuration (Chung et al 2003, Seo and Lee 

2002). The results were more prominent in the case of thicker patches and thin plates (Wang and Pidaparti 

2002) and double sided repairs (Belhouari et al 2004, Megueni and Lousdad 2008, Liu et al 2009). This is 

attributed to the reduction of the stress intensity factor through the crack thickness (Megueni et al 2003-a, 

Bachir Bouiadjra et al 2002) which, in the case of one sided repairs, is not uniform leading to curved crack 

fronts. This phenomenon revealed the question of defining a representative value of the stress intensity 

factor for the assessment and design of repairs in cracked components. Researchers dealing with this issue 

have proposed different modelling and averaging techniques employing finite element modelling (Bachir 

Bouiadjra et al 2002, Umamaheswar et al 1999, Seo and Lee 2002, Megueni et al 2003-a). Lee and Lee 

(2004) used a successive crack front updating technique to capture the skewed crack front with the use of 

finite element modelling and successfully compared it to experimental results obtained for different metallic 

plate thicknesses (Figure 1.23). Toudeshky et al (2006, 2009) used the obtained mid plane SIF values for 

thin panels to predict the fatigue life of thin aluminium panels, however this proved to be problematic in the 

case of thicker plates. A different approach by measuring the SIF in a specific position of the skewed front 

was suggested by Hosseini ï Toudeshky and Mohammadi (2007), based on the results from their 

experimental campaign. 

To better understand the interaction between the crack evolution in the base material and the repair 

configuration, the debonding effects have to be studied and understood. It has been observed that local 

debonding occurs in the vicinity of the crack tip, preceding it as the crack grows in the base material. Its 

extent relies on the given configuration, loading and the achieved quality of the bondline. The debonding 

around the crack area and the crack growth are interdependent, as the stress concentration and local 
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plasticity in the crack tips in conjunction with the fact that the patch is more loaded above the crack region 

leads to the local debonding. This in turns redistributes and gives rise to the stresses acting in the vicinity of 

the track tip and simultaneously redistributes the load in the repair. This continues until either there is 

extended or total debonding of the two substrates or until the crack length exceeds the width of the repair. 

The importance of considering debonding has been highlighted by Mall and Conley (2009) and Papanikos et 

al (2005, 2007), who used progressive damage modelling techniques to simulate these effects (Figure 1.24). 

 

 

 

Figure 1.23: Skewed crack front in one sided repaired specimens (Lee and Lee, 2004). 
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Figure 1.24: Numerical model depicting debonding evolution (Papanikos et al, 2005). 
 

1.6 Non destructive evaluation, inspection and structural health monitoring 

 

As only limited in field experience on the long term performance of such repairs in marine applications 

exists, it is paramount that structural health monitoring and robust inspection techniques are applied to 

monitor the performance of the repair and possible evolution of damage in the substrate. Another challenge 

relies to the fact that being a hybrid construction, a practical solution is sought that would enable the 

monitoring of all involved materials i.e. metal, composite and the bond between these two. Different real time 

monitoring systems are available and could be employed to monitor the repair offering significant advantage 

in terms of reliability of the structure and minimizing periodic inspection requirements. There is a plethora of 

different non-destructive evaluation techniques which enable the monitoring of different types of flaws, 

however a significant part of these are difficult to implement on the field or not yet possible to form 

automated solutions. 

 

Strain Gages 

 

Strains are mostly measured with electrical strain gauges. They constitute the simplest and most 

established solution for structural health monitoring with a broad range of existing commercial solutions to 

choose from and have been extensively used in laboratories and field applications (Grabovac 2009). Almost 

all strain gauges are glued to the surface of the material; it is theoretically possible to embed them inside a 

laminate, although there are several challenges associated with that approach, rendering it impractical. One 

very attractive solution is the combination of the strain-gages with the wireless technology, which counters 

the problem of extensive wiring that arise with the employment of traditional strain gages (Figure 1.25). Apart 

from strain gages, a variety of sensors can be combined measuring different features simultaneously (for 

example strains, temperature and acceleration), and special casings allow them to operate in aggressive 

environmental conditions and in different temperature ranges with substantial autonomy. 
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Figure 1.25: Commercial wireless sensor nodes. 

 

Optical Fibres 

 

Different optical fibre systems are available but unarguably Fibre Bragg Gratings (FBG) and Fabry-Perot 

have been more extensively used (Figure 1.26). Optical fibre sensors have a better long-term performance 

than strain gauges and are less sensitive to environmental attack. In addition, optical fibres can be 

embedded inside the composite laminate. This allows readings inside the laminate and the adhesive joint but 

also on the metal substrate. Examples depicting the potential of employing optical fibres for the monitoring of 

patch repairs are given by Baker et al (1999, 2009), McKenzie et al (2000), Jones and Galea (2002) and 

Takeda et al (2007). Careful consideration must be given to the position of the fibres in order to detect the 

changes in the strain field that might occur due to damage. 

 

 

Figure 1.26: Optical Fibre system. 
 

Ultrasounds / Acousto-ultrasonics 

 

Most of the ultrasound systems are used for periodic inspection and they are not permanently installed 

monitoring systems. However, portable and automated systems based on ultrasounds have been developed 

for industrial applications (Gieske et al 1998). The main principle of ultrasound is that a transducer sends an 

acoustic wave into the laminate and a receiver at a different position will detect this wave. Damage interrupts 

or modifies the flow of the acoustic wave and it is detected by a change in the characteristics of the wave or 

the time of flight. Moving transducer and receiver along the laminate allows scanning of the entire laminate. 

Moving can be done by hand or it can be automated. Independently of which method is used, the position of 

transducer and receiver needs to be known to find the position of the damage. Ultrasounds can detect 

defects/damage in the laminate, as well as cracks in metal substrate; however they are not reliable in 

detecting debonding in the adhesive.  



 23 

One of the methods used for the evaluation of the quality of the bond and the patch within the framework 

of this thesis was based on acousto-ultrasonics. The acousto-ultrasonic inspection is a fairly new technique 

that can be used to detect debonding. The difference to ultrasonic techniques is that the wave sent through 

the material has a much lower frequency than ultrasound. This low frequency gives in principle less 

resolution than the ultrasound method, but it has proven to be a reliable method to detect debonding both at 

the laminate and the steel/composite interface (Karatzas et al, 2014). 

 

1.7 The Co-Patch project 

 

A significant part of the work presented in this PhD thesis has been conducted within the framework of 

the Co-Patch research project funded from the European Community's Seventh Framework Programme 

(FP7/2007-2013) under grant agreement n° 233969 (www.co-patch.com). The scope of the project was to 

investigate the suitability and effectiveness of the composite repair method for the rehabilitation of large steel 

structures, focusing on marine and civil engineering structures. 

The project consortium consisted of fifteen different organizations from eight European countries. These 

are presented in Figure 1.27. Among these, the following were involved in the specimen preparation, 

manufacturing and testing for the experimental procedures that will be described in Chapters 3, 4 and 5 of 

this document. 

AS2CON is a research, development and application enterprise based in Croatia. They were responsible 

for the surface treatment and vacuum infusion of the composite patches for the manufacturing of the 

specimens subsequently tested under static and fatigue loading. 

AIMEN is a research and development centre based in Spain. AIMEN undertook the task of testing the 

notched specimens in tension whose ultimate load exceeded the capacity of the testing machines available 

at NTUAôs facilities. 

For the material characterization of the selected material configurations ENP, NTNU, UM and AS2CON 

were involved in the production of the specimen. ENP and UM are shipyards focused on the production of 

composite vessels based in Portugal and Norway respectively. NTNU is the Norwegian University of Science 

and Technology. 

Finally UniS stands for University of Surrey. Among other activities, UniS was responsible for the material 

characterization of the steel that was used in the project. 
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Figure 1.27: Co-Patch project partners. 

 

This dissertation emphasizes in presenting the most conclusive results and does not include all the 

research activities conducted for the project by the author as a member of the NTUA team in the project. 

 

1.8 Objectives and layout of PhD thesis 

 

The current PhD thesis focuses on the investigation of the use of composite patches for the rehabilitation 

of typical defects found in marine steel structures namely cracks and corrosion. The main scope is, having 

demonstrated their potential, to further comprehend how specific parameters govern their efficiency on 

realistic operating conditions and to propose a straightforward design assessment methodology based on 

analytical tools, derived from Linear Elastic Fracture Mechanics for bimaterial interfaces. These simple 

analytical tools are to be utilized by design engineers and researchers for the evaluation, design and 

analysis of composite patch repairs and other similar adhesively bonded applications.  

To achieve the aforementioned goals a combined experimental, numerical and analytical approach has 

been followed varying from medium scale, i.e. defected steel plates rehabilitated using composites under 

static and fatigue loading, to large scale study cases, such as the creation and analysis of a three 

compartment model of an AFRAMAX tanker using the Finite Element Method.  

In conclusion, the present PhD thesis shows the potential of composite patch repairing on marine 

structures having addressed critical issues associated with their effectiveness, durability and inspection 

methods and a simple analytical design procedure is proposed. 

In detail, the research activities carried out within the framework of this PhD thesis can be categorized as 

follows: 
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Experimental and Numerical Investigation of Repaired Corroded and Notched Plates under Static Loading 

 

In these chapters, an experimental campaign involving one selected composite material system have 

been undertaken showing the effectiveness of the repairs. A series of midscale static tests have been 

performed in defected steel plates, namely in corroded and notched plates. All plates have been repaired 

with the selected composite material system and were tested in tension. Additionally, different health 

monitoring and non-destructive evaluation methods have been applied to assess the quality of the repair 

both after installation and during operating conditions. Moreover, the effect of different aging scenarios has 

been investigated. Finally, 2D and 3D finite element models have been created using cohesive zone 

modelling, whose results are in very good agreement with the experimental findings. Results showed that the 

repair could reinstate the initial state of the structure and that failure was preceded by yielding of the steel 

substrates. 

 

Experimental Investigation of Repaired Cracked Plates Subjected to Fatigue Loading 

 

Cracked plates on which composite patches have been installed were experimentally investigated under 

fatigue loading. Two different surface preparation methods have been investigated i.e. sand blasting and 

treating the surface with a needle gun. Once again, apart from the efficiency of the repair, health monitoring 

and non-destructive evaluation methods were employed. Additionally, the effect of different aging scenarios 

has been investigated. Results indicated that grit blasting led to better adhesion between the metallic and the 

composite substrates significantly extending the fatigue life of the specimens. The needle gun treatment on 

the other hand was able to extend the fatigue life in most cases but to a smaller extent.  

 

Numerical Simulations Employing a Three Compartment Model  

 

Additionally, a methodology for the assessment of cracked structural elements in marine structures has 

been proposed. This methodology is based on the implementation of the common structural rules for oil 

tankers with the use of user subroutines and finite element modelling. Numerical investigations on the ability 

of the patch repair to reduce the stress intensity factor of cracks in the structure have been performed. 

 

Parametric Investigation for the Design of Composite Patches and Design Methodology 

 

At the end of this work, emphasis is given in the use of linear fracture mechanics in bimaterial interfaces 

to address the integrity of the repair. By expanding the already existing work on the field an analytical 

parametric study has been performed to quantify how key parameters affect the adhesive bond between the 

patch and the steel substrate. Following the parametric study and based on the major findings and 

knowledge gained throughout this dissertation a simple, time effective design evaluation procedure for this 

kind of repairs is proposed. 
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2. Introduction to Bimaterial Linear Elastic Fracture Mechanics  

2.1 Introduction 

 

The conventional design criteria are predominantly based on tensile strength, yield strength and buckling 

loads stemming from the widely known continuum mechanics approach. These criteria are adequate for 

many engineering structures but despite their usefulness, they are insufficient to interpret the creation and 

propagation of cracks in structures, hence a different approach should be sought. The field of mechanics 

concerned with the study of cracks in materials is called fracture mechanics. 

The problem of fracture has been concerning mankind since ancient times but it wasnôt until the 1920s by 

the work of Griffith (1921) that a systematic scientific approach was implemented to study the problem. 

Griffith applied the first law of thermodynamics to the formation of a crack. Namely, a crack can be formed 

(or an existing crack can grow) only if such a process causes the total energy to decrease or remain 

constant. Thus the critical conditions for fracture can be defined as the point where crack growth occurs 

under equilibrium conditions, with no net change in total energy. This approach was able to predict 

accurately the behaviour of brittle materials that obey Hookeôs law, such as glass, but failed to do the same 

for ductile materials where significant plastic deformation precedes failure. This was later made possible from 

the expansion of the original Liner Elastic Fracture Mechanics to the Elastic Plastic Fracture mechanics 

through the work of Irwin (1948) who managed to account for the energy dissipated in the material due to 

plasticity. 

In this chapter basic concepts associated with the analysis and modelling of cracks in bimaterial 

interfaces that befall the Linear Elastic Fracture Mechanics theory are presented, as several of these have 

been employed throughout this dissertation. 

 

2.2 Linear elastic fracture mechanics 

 

According to Griffithôs theory, a flaw becomes unstable, and thus fracture occurs, when the strain energy 

change that results from an increment of crack growth is sufficient to overcome the surface energy of the 

material. Irwin extended this concept and proposed that the energy release rate, Ὃȟ or the Griffith energy can 

be expressed as a measure of available energy for crack growth as expressed in Equation 2.1. 

 

 
Ὃ

Ὠ 

Ὠὃ
 (2.1) 

where   denotes the potential energy and Ὠὃ is the incremental area. When the potential energy becomes 

equal to the energy required for the creation of new surfaces (ὡ ), Equation 2.1 expresses the critical 

energy release rate Ὃ or Fracture Toughness (Equation 2.2). The energy release rate Ὃ is the driving force 

for fracture, while Ὃ is the materialôs resistance to fracture 
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Ὃ

Ὠὡ

Ὠὃ
 (2.2) 

For certain cracked configurations subjected to external forces, it is possible to derive closed-form 

expressions for the stresses in the body, assuming isotropic linear elastic material behaviour. There are 

three types of loading that a crack can experience (Figure 2.1), namely: Mode I loading, where the principal 

load is applied normal to the crack plane, opening the crack. Mode II corresponds to in-plane shear loading 

and tends to slide one crack face with respect to the other. Mode III refers to out-of-plane shear and is not 

present in 2D analyses. A cracked body can be loaded in any one of these modes, or in a combination of two 

or three modes. 

 

Figure 2.1: Loading modes. 

 

Irwin was also among the first to derive the singular stress field close to a sharp crack tip in 2D problems 

for a homogeneous isotropic elastic solid. For a polar coordinate axis with the origin at the crack tip, it can be 

proven that the stress field in any linear elastic cracked body is given by: 

 

„
Ὧ

Ѝὶ
Ὢ — ὃ

ӓ

ὶὫ — 
(2.3) 

where „  is the stress tensor, Ὧ is a constant and Ὢ is a dimensional function of — (see Figure 2.2). 

 

Figure 2.2: Stress field near a crack. 
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The higher order terms depend on geometry and Am is the amplitude and Ὣ — is a dimensional function 

of — for the mth term. In a mixed-mode problem (i.e., when more than one loading mode is present), the 

individual contributions to a given stress component are additive according to the principle of superposition. 

The stress intensity factor is equal to the constant k multiplied by Ѝς“ and is different for each loading 

mode. The relation between the stress amplitudes and the stress intensity factors for pure mode I („ π) 

and pure mode II („ π) respectively are listed in Equation 2.4: 
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The relationship connecting the stress intensity factors to the Griffith-energy is given in Equation 2.5 

 
Ὃ
ὑ ὑ

Ὁ
 (2.5) 

where Ὁ is the efficient Youngôs modulus for plane stress and plane strain conditions defined as Ὁ Ὁ for 

plane stress and Ὁ    for plane strain with Ὁ being the Youngôs modulus of elasticity of the material. 

The displacement field can be derived in a way similar to the stress field to describe the relative crack 

opening ‏ and shearing ‏ at a given distance behind the crack tip (Equation 2.6). 
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2.3 J integral 

 

The J-integral is a path-independent integral for the analysis of cracks developed by Rice (1968). The values 

of the J-integral denoted as ὐ are the energy release rate around a crack and are equal to the Griffith-energy 

when the Linear Elastic Fracture Mechanics approach is valid for the given problem (Equation 2.7). 
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Ὁ
 (2.7) 

The J-integral, for an arbitrary counter clockwise path (ῲ) around the crack tip is given by Equation 2.8. A 

schematic of the J-integral is depicted in Figure 2.3  
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 (2.8) 

where: 

ύ = strain energy density 

Ὕ = components of the traction vector 
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ό = displacement vector components 

Ὠί = length increment along the considered contour ῲ 

The strain energy density is given by Equation 2.9 

 
ύ „ Ὠ‐ 

(2.9) 

and the tractions are defined by Equation 2.10 

 Ὕ „ὲ 
(2.10) 

where ὲ is normal to the ũ contour around the crack tip. 

 

Figure 2.3: J-Integral schematic. 

 

2.4 Bimaterial fracture mechanics 

 

So far, basic concepts associated with Linear Elastic Fracture Mechanics have been described for 

homogeneous isotropic materials. In this section the expanded theory addressing inhomogeneous materials 

such as bimaterials is described. One important difference between homogeneous and inhomogeneous 

media should be outlined before proceeding. In the case of homogeneous materials, a crack will 

predominantly advance under mode I conditions and, even under mixed mode loadings, the crack will try to 

kink in a path where pure mode I loading exists. This is not the case in interfacial cracks advancing between 

two dissimilar materials. A crack in a bimaterial interface is restricted to propagating directly or along the 

interface. In this way it is forced to propagate in different mode mixities and not only under mode I. 

Consequently, the fracture toughness depends on the mode mixity and different values of fracture toughness 

are obtained with varying mode mixity. This is attributed to the contribution of mechanisms such as asperity 

contact which increases with increasing mode mixity. Additionally a high mode mixity tends to make the 

crack kink away in a microscopic scale which in turn increases the asperity and therefore increases the 

fracture toughness of the interface. This behaviour makes necessary the fracture toughness characterization 

for the full range of mode mixities in bimaterial interphase problems. 
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Among the most important publications in bimaterial fracture mechanics are the ones from Hutchinson 

and Suo who were the first to establish a firm foundation for the analytical description of bimaterial fracture 

mechanics by studying debonding of thin films. Nevertheless, the principle described in their work can be 

applied in different bimaterial problems and is not constrained to that particular application. Suo and 

Hutchinson (1988) analysed interface cracks between dissimilar isotropic linear elastic materials when 

subjected to bending moments and axial loads using the superposition principle. Suo (1990) presented a 

more general approach studying cracks between dissimilar anisotropic media. A recent study that is worth 

mentioning is that of Harvey and Wang (2012) who presented analytical theories for the mixed mode 

partitioning of one dimensional delaminations in composite materials, taking into account bending moments, 

axial forces and shear forces. 

The Lekhnitskii-Eshelby-Stroh (LES) formulation (Lekhnitskii 1963, Eshelby et al 1953 and Stroh 1958) 

can be specialized to describe only the opening ‏ and shearing ‏ relative displacements of the crack 

flanks (Equation 2.11 and Figure 2.4) and in the same manner the „  normal and „  shear stress in front 

of the crack tip (Equation 2.12), as follows: 

 

 

Figure 2.4: Relative displacement at the crack flanks. 
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Where Ὄ  and Ὄ  are material dependent constants, and ‐ is the oscillatory index defined below. The 

mathematical expressions of these two parameters are given in Equations 2.15 and 2.16.  
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 Ὄ ςὲ‗ Ⱦ Ὓ Ὓ ςὲ‗ Ⱦ Ὓ Ὓ  (2.16) 

The subscripts 1 and 2 of the brackets refer to material 1 and material 2 respectively. Ὓ  and Ὓ  are 

components of the compliance matrix and ὲ and ‗  are non-dimensional orthotropic constants (Equations 

2.13 and 2.14). The compliance components differ between plane stress and plane strain conditions, and for 

plane stress are (Equation 2.17): 
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These can be transformed to plane strain by Equation 2.18: 
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The oscillatory index ‐ mentioned in Equations 2.11 and 2.12 is given by Equation 2.19: 
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The term ‍ used for the calculation of the oscillatory index is the second Dundurs parameter for bimaterials. 

Dundurs (1970) observed that the elastic moduli dependence of a bimaterial system may be expressed in 

terms of two parameters ‌ and ‍. At this point it must be noted that the expressions of the Dundurs 

parameter are different for an isotropic bimaterial than for an orthotropic one. In the latter these are referred 

to as the generalized Dundurs parameters and are expressed by Equation 2.20 and Equation 2.21. When 

both substrates are isotropic the generalized expression of these parameters reduce to their isotropic form 
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(2.20) 

 

‍  
Ὓ Ὓ Ὓ Ὓ Ὓ Ὓ

Ὄ Ὄ
 (2.21) 

The first Dundurs parameter measures the mismatch in the plane tensile modulus across the interface. The 

physical interpretation of the second Dundurs parameter is more complicated compared to the first one, 

representing a measure of the mismatch in the in-plane bulk modulus. Both parameters vanish when there is 

no mismatch, and both change signs when the same materials are used but are assigned to the opposite 

designation. The complex stress intensity factor K in Equation 2.12 is defined as: 

 ὑ  ὑ Ὥὑ (2.22) 
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It should be noted at this point that Equations 2.11 and 2.12 are similar to 2.4 and 2.6 defined for 

homogeneous materials, however the stress intensity factors ὑ and ὑ, unlike the isotropic case, do not 

represent individual stress amplitudes for mode I and II. This is due to the contribution of the term ȿὼȿ 

which leads to the mix-up of the traditional stress intensity factors (Equation 2.23). As a result of this mix-up, 

an opening of the crack flanks does not necessarily mean that ὑ π, but rather that mixed mode condition 

is present with both ὑ and ὑ having values different from zero. 

 ὑȿὼȿ
 
 ὑὧέί‐ὰὲὼὑὧέί‐ὰὲὼὭὑὧέί‐ὰὲὼὑὧέί‐ὰὲὼ (2.23) 

 

The complex intensity factor (Equation 2.21) can be related to the strain energy release rate as (Suo 1990) 

(Equation 2.24) 
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Similarly, the strain energy release rate can be expressed in terms of the opening and relative sliding 

displacements of the crack flanks (Hutchinson et al 1992) as illustrated in Equation 2.25: 
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A way to quantify the mode mixity is by calculating the phase angle; however, there are different definitions 

of the phase angle depending on the bimaterial system and on the assumptions made by the analyst. The 

most commonly employed are concentrated in this section. In the case of homogeneous materials the mode 

mixity is defined based on the stress intensity factors (Equation 2.26) 
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which, for that particular case, is equivalent to Equation 2.27 
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However in bimaterial fracture mechanics the stress intensity factors do not correspond to pure modes I and 

II. Therefore Hutchinson and Suo (1990) defined the mode mixity using the expression of Equation 2.28: 

 

‪ ὥὶὧὸὥὲ 
ὍάὑὬ  

ὙὩὑὬ
 (2.28) 

where Ὤ is the characteristic length of the problem. This parameter has no physical meaning and its value is 

chosen so as the mode mixity ‪ π corresponds to the minimum value of the Griffith energy, and different 
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values of this parameter lead to a phase shift. Alternatively to Equation 2.28, the mode mixity can be 

expressed as a function of the crack flank displacements ‏  and ‏  as follows. This is referred to as the full 

formulation (Equation 2.29): 
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The phase angle formula can be simplified by setting the oscillatory index ‐ π. In this way, the following 

reduced form can be assumed (Equation 2.30), which is more practical: 
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The reduced formulation can be rewritten using the Griffith energy mode I and II as shown in Equation 2.31 
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It is obvious that for the same energy release rate, different values of mode mixity can be obtained 

depending on the selected definition. The difference between the full formulation and the reduced one is in 

effect a phase shift caused by the presence of the two additional terms that are dependent on the oscillatory 

index in the full formulation expression. This phase shift makes the interpretation of the phase angle 

somewhat non intuitive as the physical meaning granted by the first term of Equation 2.29 is obscured by the 

phase shift. Therefore the reduced formulation is more appealing as it captures better the physics of the 

problem denoting the ratio of mode II energy release rate to mode I. Interpreting Equation 2.31, it follows that 

a phase angle of 0
o 

denotes a pure mode I condition and a phase angle of 90
o
 a pure mode II. In the case 

when the energy release rates for both modes are equal, the phase angle is equal to 45
o
. Bearing these 

observation is mind, cases where the phase angle is between 0
o
 and 45

o
 are referred to as mode I dominant 

as the energy release rate due to mode I loading is greater to the energy release rate caused by mode II 

loading. Inversely, cases with phase angle values between 45
o
 and 90

o 
are referred to as mode II dominant, 

meaning that the mode II loading contribution in the total energy release rate is greater than the one due to 

mode I loading. From the defined mode mixities, the full and reduced formulations have been used 

throughout this thesis. 

 

2.5 Cohesive zone modelling 

 

Introduction 

 

An advanced modelling technique to simulate the evolution of damage between adhesively bonded 
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interfaces is cohesive zone modelling which befalls the field of damage mechanics. Damage mechanics 

permits the simulation of the initiation, progressive damage and fracture at a predefined crack path 

constituting it ideal for the analysis and simulation of damage in bimaterial interfaces where the crack path is 

already known. This field is still under intense development regarding more accurate and robust modelling 

techniques, different models to cover the range of different available adhesive systems and their behaviour, 

and also to eliminate existing convergence issues. Another advantage of this modelling approach is that it is 

heavily implemented in commercial finite element software and has become the most widespread method of 

predicting damage. Additionally cohesive zone modelling can be implemented to model both brittle and 

ductile behaviour making it an invaluable tool for the latter where Linear Elastic Fracture Mechanics is no 

longer valid and the elastic plastic fracture mechanics is cumbersome to implement analytically. 

The cohesive zone modelling technique consists of establishing traction-separation laws to model the 

interface behaviour. These laws are established between paired nodes of cohesive elements and can be 

used to connect superimposed nodes of elements representing the different substrates, simulating a zero 

thickness interface which is referred to as the local approach, or they can be applied in non-contacting 

mediums simulating the entire adhesive bond which is referred to as the continuum approach (Yang et al., 

2001, Kafkalidis and Thouless, 2002). 

The use of cohesive zone models (CZM's) coupled to conventional FE analyses is the most widespread 

method of predicting static or fatigue damage uptake in structures (Tvergaard and Hutchinson, 1992; 

Tvergaard and Hutchinson, 1993; Yang et al., 1999; Yang et al., 2000; Yang and Thouless, 2001; Campilho 

et al., 2005; Campilho et al., 2007). 

 

Cohesive Laws 

 

The cohesive law, or traction-separation law, relates the tractions „ acting on the two planes of the 

cohesive elements with the corresponding separations ‏ for each loading mode; meaning, that the local 

normal stress „ and local shear stresses „  are associated with the normal crack opening ‏ and with the 

tangential sliding ‏  as follows: 

 

 „ ‏ȟ‏„     ὥὲὨ   „ „ ‏ȟ‏  (2.32) 

The traction separation law for each mode is defined employing specific experimental procedures. Through 

these experiments the critical energy release rate can be calculated under pure or mixed mode loadings. By 

differentiating the critical energy release rate by the normal opening for mode I and by tangential opening for 

mode II at the precrack tip, the respective pure mode laws are defined. Inversely, this means that the area 

enclosed by the traction separation law should be equal to the critical energy release rate measured. 

In the case of pure mode loading there is no interaction between the cohesive laws, meaning that the 

normal cohesive stresses depend solely on the normal opening displacement for the case of pure mode I 

and the shear cohesive stresses depend on the tangential crack opening in the case of mode II loading. The 

cohesive laws for pure mode I and pure mode II is also what constitutes the required input in most finite 
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element software. For the mixed mode, the two pure modes are coupled through a failure criterion that gives 

the critical combination of opening and shear displacements at which the tractions in both modes fail 

simultaneously. The variation of the fracture energy from mode I fracture to mode II fracture has been 

demonstrated through mixed-mode fracture specimen (Banks-Sills and Bortman, 1986) and delamination 

testing (Reeder and Crews, 1990; Benzeggagh and Kenane, 1996). The most commonly employed mode 

mixity law is the power law (Wu and Reuter 1965) illustrated in Equation (2.33) with superscript values 

ὥ   ὥ  ρ (linear) and ὥ   ὥ  ς (quadratic) 
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Different shapes of traction separation laws exist to better render the behaviour of different systems. In 

general, a cohesive law is described by two parts, a traction strengthening part and a traction softening one 

following the latter. The most commonly used are of the following shapes: bilinear, exponential and 

trapezoidal. However it must be pointed out that the shape of the traction separation law does not 

significantly affect the results of the analysis (Alfano 2006). The bilinear law is depicted in Figure 2.5 and its 

analytical expression is presented in Equation 2.34: 
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where ‌ and ‌ are given by Equation 2.35 
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Ὃ represents the fracture energy dissipated during the complete debonding process and is equal to the 

area enclosed by the „ curve and ὑ ‏  is the initial penalty stiffness.  
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Figure 2.5: The bilinear traction separation law. 
 

Regarding the traction strengthening part, two different approaches exist i.e. the intrinsic and the extrinsic 

approach, (Kubair and Geubelle, 2003). In the intrinsic approach the slope of the initial strengthening part, 

increases denoting an increasing resistance as the cohesive surfaces move relative to each other. At a given 

separation ‏ the maximum cohesive traction „ is reached.  After that point the traction softening starts and 

tractions reduce following a linear, exponential, or polynomial fashion depending on the shape of the 

softening law, until the critical separation value ‏, where the tractions have reached zero which leads to the 

tractionless separation of the cohesive surfaces simulating in that way a physical crack. Needleman (1987) 

was the first to introduce the intrinsic approach within the context of finite element methods by using a 

polynomial form for the tractionïseparation law in the modelling of void nucleation associated with particle 

debonding. 

The extrinsic approach assumes that there is no strengthening part and that the cohesive law consists 

solely of the traction softening part. Nevertheless, due to numerical purposes a very steep initial 

strengthening part is included and as it represents a minor fraction of the area under the traction separation 

law, the represented critical energy release rate is not affected. The most commonly used extrinsic laws are 

the triangular, linear-parabolic and exponential (Alfano and Crisfield, 2001), linear-parabolic (Allix and 

Corigliano, 1996), polynomial (Chen, 2002) and exponential (Chandra et. al, 2002). The CZM has been 

extensively used for the simulation of adhesively bonded structures. (Chai, 1988; 1995; Ikeda et al., 2000; 

Yan et al., 2001; Lee et al., 2004; Pardoen et al., 2005). 

Depending on the adhesive bond under study, the analyst has to consider which approach is the most 

suitable one to represent the physical problem. In the case of co-cured bonding, the extrinsic local approach 

is favored, as there is no distinct adhesive layer joining the different substrates. 

  

2.6 Experimental procedures for the measuring of the critical energy release rate in bimaterials 

 

For the implementation of Linear Elastic Fracture Mechanics and cohesive zone modelling experimental 

testing is required in order to measure the fracture toughness of the bimaterial system. As mentioned earlier, 
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a crack in a bimaterial interface is restricted to propagating directly or along the interface. In this way it is 

forced to propagate in different mode mixities and not only under mode I. 

Having identified this behaviour, special attention has been paid to develop sound experimental and data 

reduction techniques for the correct measurement of the fracture toughness of bimaterials under different 

mode mixities using precracked specimens. These have been developed predominantly for the study of 

delamination in laminates and sandwich structures, where delaminations and debonding between the face 

skin and the core are prevalent. A few corresponding data reduction techniques are currently available (e.g. 

the property determination technique, the direct method and the inverse method) that enclose varying 

degrees of complexity and expected accuracy of the results. Some of the more widely used debonds test 

specimens include the Double Cantilever Beam (DCB) for measuring mode I, the End Notch Flexure (ENF) 

for measuring mode II and the Mixed Mode Bending (MMB) tests for measuring different mode mixities. The 

Mixed Mode Bending tests (Figure 2.6) can be considered as a superposition of the DCB and ENF tests and 

with a suitable loading lever length, different mode mixity ratios can be achieved. 

 

 

Figure 2.6: MMB geometry parameters and test setup (Carlsson 2014). 
 

However, few data and methods seem to exist for characterizing bonds between dissimilar materials. Lee 

et al (2010) performed Single Leg Bending tests on co-cured specimens under mode I and mode II dominant 

modes (Figure 2.7) and subsequently extracted the pure mode I and mode II fracture toughness with the use 

of numerical simulations. The materials used were unidirectional carbon fibres on steel which had been 

treated with emery cloth before bonding. The values obtained were 140 J/m
2
 for pure mode I and 280 J/m

2
 

for pure mode II. Andersen and Echtermeyer (2005) performed DCB and ENF tests to characterize the 

adhesive bonding between grit blasted steel and a carbon epoxy system with a chop strand mat glass layer 

in the interface (Figure 2.8). The fracture toughness of the composite system for mode II is in good 

agreement with the values obtained by Lee as it was measured equal to 283 J/m
2
 with a standard deviation 

of 96 J/m
2
. The fracture toughness for mode I was measured equal to 593 J/m

2 
with a standard deviation of 

108 J/m
2
. At this point it must be noted that examination of the surface after testing for these specimens 

indicated that there was quite a certain degree of matrix microcracking and delamination between the glass 
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layer and the carbon laminate and that the debonding was not purely an adhesive one as resin remnants 

were found on the steel surface. And as such the measured fracture toughness is the resulting contribution 

of different failure mechanisms. 

 

 

Figure 2.7: Single leg bending tests performed by Lee et al (2010). 
 

 

Figure 2.8: Partial adhesive failure of DCB specimens (Andersen 2005). 
 

A very promising experimental test is the Double Cantilever Beam with Uneven Bending Moments (DCB- 

UBM) (Sørensen et al 2006; Berggreen 2013). The principle behind this method is to create two different 

bending moments in the free beams of a DCB-UBM specimen. Two different setups exist, with the main 

difference being the way the moments are applied to the free beams of the specimen. The first one was 

developed by Risø national laboratories and employs two different moment arms, one at each side of the 

specimen. By applying the same loading in these arms, different moment ratios can be achieved (Figure 2.9, 

left). In the second type, the moment is generated by directly applying rotation with the use of rotational 

actuators (Figure 2.9, right). In both cases the specimen is restricted from rotation at the uncracked end but 

can freely move in the longitudinal direction. 

The main advantage of the DCB-UBM tests is that the energy release rate can be calculated without the 

need to measure the crack length during testing, which can be hard to achieve in an accurate way. 

Moreover, since there are no transverse forces transmitted to the specimen, the friction between the opening 

faces is reduced. Additionally, the desired mode mixity can be achieved directly from controlling the lever 

arms or the actuators and therefore, the same specimen can be used for all range of mode mixities. 
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Figure 2.9: DCB-UBM test rigs. 
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3. Experimental and numerical investigation of patch repaired 

corroded plates under static loading  

 

3.1 Introduction 

 

The experimental program described in this chapter consists of static testing of plates which have been 

artificially corroded and subsequently reinforced with a one-sided composite patch. These specimens are 

referred to as P2 to differentiate them from specimens with different type of defect which are presented 

subsequently in Chapters 4 and 5 of this dissertation. The main objective is to experimentally prove in a 

systematic way that the use of a composite patch increases the static strength of a corroded steel structure. 

Another objective is to provide solid and systematic experimental data, which are used to assess the 

effectiveness of the repairs. In parallel, the experimental results presented in this report are used to validate 

the developed finite element models. The tests are categorized in different groups according to the aging 

scenario. Defected unrepaired plates were also tested to evaluate the effectiveness of the patch. 

 

3.2 General characteristics 

 

Specimen Description 

 

The geometry and main dimensions of the type plates tested are presented in Figure 3.1. The nominal 

thickness of the steel plates, ts, is 5 mm. The central orthogonal reference part of the steel specimen has 

length Ls equal to 400 mm and width Ws equal to 100 mm. A central area on one side of the plate having 

length 100 mm and width 80 mm has been subjected to artificial corrosion, by partially protecting the plate 

(using a special nylon sheet and special sealing tape, that can withstand the accelerated corrosion 

conditions), leaving the 100 x 80 mm area exposed, and subsequently placing the plates in an environmental 

chamber. The artificial corrosion procedure lasted for 250 cycles (å83 days, see Table 3.1 for the details of 

each cycle). This time of exposure was deemed adequate for the study of the effects of corrosion and 

efficient for the time limitations of the project. Corrosion cycles were in accordance with ISO 14993:2001. 

After this procedure the rust was removed and the corroded areas were treated using grit blasting. On top of 

the corroded area (front side), and after the surface preparation, a central composite patch of thickness tp, 

effective length Lp = 200 mm and width Wp = 100 mm, equal to the specimenôs width, was laminated. The 

total patch length (Lpt) is greater, equal to 300 mm, as it additionally includes the tapered edges of the patch. 
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Figure 3.1: P2 plates geometry. 

 

Table 3.1: Conditions of one accelerated corrosion cycle. 

1 Salt mist conditions Duration: 2 
hours 

 (1) Temperature 35°C ± 2°C 

 (2) Salt solution 5% solution NaCl 

2 òDryò conditions Duration: 4 
hours 

 (1) Temperature 60°C ± 2°C 

 (2) Relative humidity < 30% RH 

3 òWetò conditions Duration: 2 
hours  (1) Temperature 50
ɞ
C ± 2

ɞ
C 

 (2) Relative humidity > 95% RH 

 

A total of ten (10) specimens were tested in this experimental campaign. Two of them, namely P2A-C and 

P2A-D were damaged unrepaired specimens. These served as a reference for the investigation of the 

effectiveness of the repaired cases. The remaining eight specimens were nominally identical from a 

geometrical and material perspective and were grouped in four pairs denoted as P2D1, P2D2, P2D3 and 

P2D4.  

After the lamination and curing of the patch, specimen groups P2D2, P2D3 and P2D4 were subjected to 

accelerated aging conditions into an environmental chamber according to ISO 14993:2001. The scope was 

to investigate the effect of the environmental conditions on the integrity of the repair. Sealing tapes were 

used to protect the edges that were later inserted in the fixtures (Figure 3.2). The specimens subjected to the 

aging process were exposed for 300 cycles (i.e. 100 days) under cyclic corrosion (including salt mist, dry and 

wet conditions in different temperatures) and were subsequently tested in tension. This time of exposure was 

considered satisfactory for the study of the effects of aging, without being overly time demanding.  
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Figure 3.2: Six P2D (2 painted and 4 unpainted) specimens after 75 days in the environmental chamber. 
 

Cyclic aging testing is intended to be an accelerated way to perform salt spray tests than traditional, 

steady state exposures. Because actual atmospheric exposures usually include both wet and dry conditions, 

it makes sense to pattern accelerated laboratory tests after these natural cyclic conditions. Research 

indicates that, with cyclic aging tests, the relative corrosion rates, structure and morphology are more similar 

to those seen outdoors. Consequently, cyclic tests usually give better correlation to outdoors than 

conventional salt spray tests. They are effective for evaluating a variety of corrosion mechanisms but there is 

no direct way to correlate the endured aging cycles with in service conditions. 

From the aforementioned groups, specimens P2D3-A and P2D3-B have been painted with typical marine 

grade paint before being placed into the salt spray chamber. The rationale behind this was to investigate 

whether the application of a typical marine coating would sufficiently protect the repair from the detrimental 

environmental conditions. The specimen nomenclature is presented in Table 3.2. Naturally there were some 

minor variations in the geometry of the specimens from the nominal values presented above. For this reason, 

the exact geometry of the specimens is presented in Table 3.3 below.  

The specimensô width exceeded that of the grips of the testing machine. Therefore, in order to achieve the 

uniform loading of the specimens along their width, special steel fixtures were designed and manufactured. 

The specimens were positioned in the fixtures and kept in place with the aid of 16 M16 bolts, through holes 

specifically opened for this purpose. These friction grip fixtures were designed to accommodate specimens 

with various thicknesses (from 2 to 20 mm) and widths (from 100 to 300 mm). In order to achieve complete 

contact between the fixtures and the specimens, steel sheets with various thicknesses (from 1.5 to 5 mm) 

were used as fillers. The fixture-specimen assembly was subsequently mounted to the testing machine 

(Figure 3.3). 
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Table 3.2: Nomenclature of P2 specimens. 

Specimen 

Description 
Code 

Specimen 

code 
Aging 

Unpatched P2A 
P2A-C  

P2A-D 
N/A 

Patched 

P2D1 
P2D1-A 

P2D1-B 
N/A 

P2D2 
P2D2-A 

P2D2-B 

Aged 100 

days 

P2D3 
P2D3-A 

P2D3-B 

Aged-100 

days 

(painted) 

P2D4 
P2D4-A 

P2D4-B 

Aged-100 

days 

 

 

Table 3.3: Dimensions of P2 specimens. 

Specimen 

Dimensions 

Ws Ls ts Lpt Lp tp 

[mm] [mm] [mm] [mm] [mm] [mm] 

P2A-C 100 400 5.0 -
1
 - - 

P2A-D 100 400 5.0 - - - 

P2D1-A 100 400 5.3 300 200 3.3 

P2D1-B 100 400 5.3 299 198 3.3 

P2D2-A 100 400 5.3 - - 3.3 

P2D2-B 100 400 5.2 - - 3.7 

P2D3-A 100 400 5.3 - - 3.2 

P2D3-B 100 400 5.4 - - 3.3 

P2D4-A 100 400 5.2 - - 3.5 

P2D4-B 100 400 5.3 - - 3.3 
1
Not measured. 
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Figure 3.3: Fixture specimen assembly mounted for testing. 

 

Materials and Manufacturing Procedure 

 

The experimentally derived tensile properties of this specific steel were 203 GPa for the Youngôs modulus 

and 314.6 MPa for the yield stress. The material characterization tests were performed by UniS (Zhang and 

Chryssanthopoulos, 2011). The composite material system used for the manufacturing of the patches is 

Carbon/Epoxy using the vacuum infusion method. The mechanical properties of the laminate are listed in 

Appendix A. The specimens were fabricated in two steps by the Co-Patch project partner AS2CON using 

CST 200 carbon unidirectional fibres with area density equal to 200 g/m
2
 provided by SGL GROUP. The 

number of layers for each specimen was 16 (made in two stages, 8+8 plies). The resin used was LH 288 

Epoxy resin by HAVEL and it was made by mixing Aerosil (hydrophilic Fumed Silica) and micro balloons. A 

280 g/m
2 

E-glass woven roving, twill weave by AEROGLASS was used to prevent galvanic corrosion 

between the carbon fibres and the steel substrate. The epoxy resin hardener was H283 by HAVEL. The 

mixing ratio of resin and hardener was 100:19. The specimens were produced using the vacuum infusion 

method. The resin inlet was placed in the middle, and vacuum outlet was placed around the plate as seen in 

Figure 3.4. . The specimens were produced under the vacuum of -0.75 bar. Prior to infusion, all materials 

were heated to the production facility room temperature to enhance the curing of the resin, and resin flow. 

The environmental conditions at the production facility were 35ºC and 29% humidity for the first step and 

35ºC and 34% humidity for the second. 
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Figure 3.4: Vacuum infusion setup (figure provided by AS2CON). 
 

Prior to the vacuum infusion process, the plates were all grit blasted and laminated immediately with the 

first E-Glass layer and 8 carbon UD layers. This was done to minimize the exposure of the bare steel to 

corrosion contamination. In the beginning, the vacuum was tested prior to the infusion process, by opening 

the vacuum, while the resin inlet was closed. After the successful test, the resin inlet was opened and the 

infusion started. Resin reached the resin outlet line (spiral tube) and started to fill the resin trap. The resin 

inlet was then closed and the pump remained operational for several hours. The infusion went without any 

problems or unexpected events. The same process was used for infusing the last 8 layers on the samples 

(Figure 3.5). 

 

 

Figure 3.5: Manufacturing of P2D specimensô patches (figure provided by AS2CON). 
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Specimen Instrumentation 

 

Strains were recorded during testing with strain gages (SGs) in three locations as shown in Figure 3.6 

and Figure 3.7. Strain gages 1 and 2 (SG-1, SG-2) were positioned on the back side of the specimens, 100 

mm from the centre of the corroded area of the plates. Strain gages 3 (SG-3) were positioned at the front 

side and on the centre of the patch for all cases except from the unpatched ones where no SG-3 was 

attached. Strains were measured with 5 mm gage length SGs. 

 

 
Figure 3.6: Instrumentation of specimens P2D1-A, P2D1-B, P2D3-B. 

 

The instrumentation of specimens P2D1-A, P2D1-B, P2D3-A and P2D3-B is the one described in Figure 

3.6. Due to the fact that the unpainted specimens (P2D2-A, P2D2-B, P2D4-A and P2D4-B) had undergone 

considerable corrosion, it was impossible to place SGôs on the metal substrate. Therefore, three SGôs were 

used on the composite patch, in the middle of its width, as shown in Figure 3.7. In order to achieve a better 

comparison of the results, the same instrumentation was used for the coated specimens (P2D3-A, P2D3-B) 

as well. 

 

 
Figure 3.7: Instrumentation of P2D2, P2D3 and P2D4 specimens. 
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3.3 Experimental testing and results 

 

Reference unpatched specimens (P2A-C and D) were tested to provide a reference for the unrepaired 

defected case. As it would be overly time consuming to artificially corrode these two specimens in 

accordance with the procedure described in the beginning of this section, a milling machine was used for the 

reduction of the plate thicknesses in the specified central area. In this way the desired corrosion thickness 

reduction was achieved. The thickness diminution was measured as the average of the achieved thickness 

diminution for the repaired specimens after testing (see Figure 3.8). The average thickness reduction on the 

central areas of specimens P2A-C and D were 0.3 mm and 0.4 mm, respectively. On specimens P2A-C and 

D, only one strain gage was used in the position of SG-1, as shown in Figure 3.6. 

 

 
Figure 3.8: Thickness reduction of the central area of specimens P2A-C and D. 

 

Test Parameters 

 

A MTS hydraulic testing machine with a capacity of 250 kN was used for the tests. A preloading of 25 kN 

was initially applied to the specimens, in order to minimize the specimen-fixtures assembly tolerances. This 

preloading was applied as a slow linearly increasing displacement with rate equal to 0.5 mm/min. Then, the 

specimens were unloaded and afterwards subjected to the final loading in the form of a linearly increasing 

tensile displacement with the same rate. 

The applied force, the total specimen elongation and the longitudinal strains on the specimen were 

recorded during each test. In order to precisely measure the specimenôs elongation, a LVDT transducer was 

placed alongside the length between the testing machine fixtures (Figure 3.11). For monitoring these 

parameters, the data acquisition system of the testing machine itself was used, together with an additional 

external Spider-8 system. 

 

Results 

 

Ten specimens were tested in tension and the results are presented in this section. Out of them, two were 
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unpatched (namely P2A-C and D), serving as reference specimens, while the rest were reinforced. 

The Force ï Displacement curves of the reference specimens P2A are presented in Figure 3.9. The 

reference specimenôs response is linear up to approximately 150 kN, followed by yielding in the central plate 

area as witnessed by the strains response shown in Figure 3.10. The load continued to increase gradually 

until the end of the tests was decided. The yield load of the reference specimens is listed in Table 3.4 along 

with the nominal applied stress. 

 

Table 3.4: Results of P2A specimens. 

Specimen 
Yield Load     

[kN] 
Applied Stress 

[MPa] 

P2A-C 150.8 301.6 

P2A-D 151.0 302.0 

 

 
Figure 3.9: Force ï Displacement curves of P2A specimens. 

 

The Force ï Strain curves of specimens P2A-C and D are presented in Figure 3.10. Strains on the steel 

(SG-1 position) are increasing linearly until yielding, as expected. The strain measurements exhibit excellent 

repeatability. Following the testing of the reference specimens, the composite patch repaired specimens 

were tested (Figure 3.11). 
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Figure 3.10: Force ï Strain curves (SG-1) of P2A-C and D specimens. 

 

 
Figure 3.11: Specimen P2D2A being tested on MTS testing machine. 

 

Figure 3.12 depicts the ForceïCrosshead displacement curves for the patched and the reference 

specimens. The majority of the load ï displacement curves exhibits a linear response up to approx. 75 kN, 

followed by a nonlinear behaviour up to the patch debonding load. Exceptions to this behaviour are the 

P2D1-A, P2D3-A, and P2D1-B specimens, at which yielding occurred at the fixing area at approximately 60 

kN. This is attributed to a combination of different factors. In these specimens the diameters of the holes had 
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to be increased, as the original holes were misaligned and correct positioning of the specimens was not 

possible. This in turn led to the reduction of the contact area in the grip which allowed slipping of the 

specimen and ultimately led to the yielding at the holes, as the load was transferred through the bolts in 

shear and not by friction in the grip area as originally intended. This phenomenon is clearly shown in Figure 

3.13, where the ovality of the originally circular holes is evident.  

In the same graph it can be observed that there is a deviation of the force - displacement curves between 

the specimens after 75kN. It was discovered after the end of the experimental campaign that there has been 

a problem in the LVDT of the MTS testing machine leading to erroneous readings of displacements. Due to 

this fact, the force - displacement curves have been plotted using the data from the external LVDT 

transducer used between the grips of the testing machine, which in turn was not able to yield accurate 

measurements in all occasions.  

Regarding the failure mechanisms, in all cases debonding initiated from the edges of the composite patch 

and gradually progressed to such an extent that the patch did not contribute to the strength of the structure. 

The first local maximum in the force-crosshead displacement curves was considered as the patch debonding 

load, as it is at this point that substantial debonding has occurred which significantly affects the load carrying 

capacity of the specimens. In reality, the patch was still partially bonded to the plate to a certain extent, but it 

did not contribute to the load bearing capacity of the plate.  

In Figure 3.14 to Figure 3.16 indicative ForceïStrain curves are depicted along with the revealed interface 

in the bondline for the cases that underwent aging. 

 

 

Figure 3.12: Qualitative Force ï Displacement curves of P2D and P2-A specimens. 
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Figure 3.13: Yielding around the holes during testing. 

 

 

Figure 3.14: Force ï Strain curves of P2D1-A specimen. 
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Figure 3.15: Force ï Strain curves of P2D2-A specimen. 

 

 

Figure 3.16: Force ï Strain curves of P2D3-B specimen. 

 

Regarding the measurements from the strain gages, excellent repeatability of the strains was noted for 

the non-aged cases (Figure 3.14). Strains measured on the steel (i.e. SG-1 and SG-2) increased linearly 
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until yielding. The increase of the strains measured at the SG-3 position ensured that there was a proper 

load transfer from the metal substrate to the patch; however, since SG3 was located at the centre of the 

patch, it provided no information concerning the initiation and propagation of debonding which started from 

the edges. In the aged cases, there was a good repeatability of the measured strains. Additionally the 

inflection point in the strains in positions SG-1 and SG-2 is a sign of debonding propagation in the patch-

steel interface, under these sensors. The slightly increased inflection point of the SG-3 curve indicates the 

difference between the time instance when debonding propagated under the edges of the full thickness 

patch (i.e. under SG-1 and SG-2) and the time instance when debonding reached the centre of the patch 

(under SG-3). The patch debonding loads of P2D specimens are shown in Table 3.5 the nominal applied 

stress listed is based on the specimens average dimension measurements considering the thickness 

diminution. Figure 3.17 depicts the propagation of debonding during testing. 

 

 

Figure 3.17: Edge debonding of P2D specimens. 

 

Table 3.5: Patch Debonding Loads of P2D specimens. 

Specimen 
Patch Debonding Load  

[kN] 
Applied Nominal Stress 

[MPa] 

P2D1-A 170.3 321.3 

P2D1-B 168.7 318.3 

P2D2-A 145.6 327.9 

P2D2-B 152.0 357.6 

P2D3-A 166.3 313.8 

P2D3-B 
168.2 

311.5 

P2D4-A 128.8 340.7 

P2D4-B 129.2 337.3 

 

Propagation of debonding 
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Observing the results, there are some variations concerning the patch debonding loads. The two 

specimens that did not undergo the aging procedure (P2D1) showed the highest patch debonding load, as 

expected. Those that had undergone aging without being painted (P2D2 and P2D4) showed the lowest 

patch debonding load. Apart from the thickness reduction in the unprotected steel substrate in these 

specimens, some damage was detected in the bimaterial interface. After testing and complete removal of the 

patch, it was observed that moisture had infiltrated between the patch and the metal substrate, partially 

corroding the steel surface under the patch. Additionally, in all cases, there was no trace of resin or fibre 

bridging on the steel surface and no visible damage of the patch, denoting that failure mode was adhesive. 

This resulted in the reduction of the effective bonding area, shown in Figure 3.19, where the percentage of 

the intact area of the bondline is also presented, after measuring the extend of the affected area by 

analysing the pictures. It must be noticed that at the edges of the patch there was no corrosion. This is 

attributed to the fact that the resin layer (due to the Vacuum Infusion method) extended outside the laminate, 

covering the steel surface beyond the patch and therefore forbidding the ingression of water in the interface 

between the two substrates from these sides. By calculating the non-affected areas, it was noticed that 

specimens P2D2-A and P2D2-B which had the greatest patch debonding loads, had also the largest intact 

bonding areas. 

The average thickness reduction of specimens P2D2-A and B was measured equal to 0.66 mm, while in 

the P2D2-C and D specimens, the thickness reduction was greater, equal to 1.20 mm. This variation in the 

material loss between specimens after aging is another reason for the variation noted in the patch-debonding 

loads. Finally, coated specimen P2D3-A exhibited similar behaviour to the one of the non-aged specimens 

with a failure load equal to 166.3 kN. Reviewing the force displacement curve of specimen P2D3-B it is 

implied that the failure load is equal to 132.2 kN which corresponds to the first local maximum. However, 

examining the force ï strain measurements (Figure 3.16) there is no change in the strain measurements at 

this load. This local maximum is associated with the encountered problems while measuring displacement, 

which in turn rendered the recorded measurement data questionable. Hence the patch debonding load is 

taken equal to 168.2 kN which corresponds to the second local maximum in the force displacement graph 

and is in good accordance with the force strain measurements. Post testing examination of the bond area 

revealed no visible signs of corrosion in the specimens (Figure 3.18). 

 

 
Figure 3.18: Bondline of the two coated aged specimens after testing. 
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Thus, typical marine coating seems to adequately protect the patch and the bondline from the 

environmental effects and protect the steel-patch interface from corrosion. The area underneath the patch 

that was affected from the moisture ingression was 20% of the bond area for the P2D2-A & B specimens, 

whereas in the P2D2-C &D specimens this percentage was equal to 23%. Although the extent and 

morphology of the affected bondline area was very similar, the average thickness reduction differed 

substantially between the specimens (Figure 3.19). These differences are the result of the specimensô 

position inside the environmental chamber. Detailed measurements of the intact area and the average 

thickness diminution in the steel are presented in Figure 3.19, where, additionally the failure load of each 

specimen is also listed. Recapitulating, all results of the P2 specimensô tests are presented in Table 3.6. 

 

 

 

Figure 3.19: Reduction of the effective bonding area due to corrosion in unpainted patched P2 specimens. 
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Table 3.6: Results of P2 plates.
 

Specimen Description Specimen Code Aging Patch Debonding Load [kN] 

Unpatched 
P2A-C 

P2A-D 
N/A 

150.8 
1
 

151.0 
1
 

VI-C/E, GB 

P2D1-A 
P2D1-B 

N/A 
170.3 

168.7 

P2D2-A  
P2D2-B 

A-100 
145.6 

152.0 

P2D3-A  
P2D3-B 

A-100 

(painted) 

166.3 

168.2 

P2D4-A  
P2D4-B 

A-100 
128.8 

129.2 

1 
Yield load of the unpatched specimens. 

 

Based on the yield loads of the milled unpatched specimens P2A-C and D, on the average milled 

thickness of 0.35 mm and on the yield stress of the steel (314.6 MPa), we can estimate that the yield load of 

the intact (non-corroded) plate would be approx. equal to 160 kN. Comparing this value to the ones listed in 

Table 3.6 it can be stated that, in the cases of the non-aged specimens (P2C1 and P2D1) and of the 

properly painted aged specimens (P2D3), the patch application fully reinstated the strength of the corroded 

plate, providing also a slight strength increase of the order of 5%. Failure at lower loads than the yield load of 

the original cross section occurred only in the cases of the non protected, aged specimens (P2D2 and P2D4) 

due to the significant thickness diminution of the exposed steel plate. 

 

3.4 Numerical modelling 

 

Model Description  

 

Following the experiments, finite element models were created using ANSYS 13.0. These models were 

based on the average dimensions of the non-aged specimens (Table 3.7), as it would be too cumbersome to 

realistically represent the thickness variation and the non-uniformity of the surface of the aged specimens. 

Due to symmetry, only ¼ of the specimens was modelled, omitting the area that was inserted in the fixture. 

The modelled area is depicted with blue in Figure 3.20. In the present model, both material and geometric 

nonlinearities were taken into account. 

  

Figure 3.20: ¼ of the specimen that was modelled in ANSYS. 
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Table 3.7: Average dimensions of the non-aged specimens. 

Geometrical parameters 

Width [mm] 100 

Depth of corrosion [mm] 0.26 

Length full thickness patch [mm] 200 

Total length of patch [mm] 300 

Total specimen length [mm] 400 

Thickness of the steel [mm] 5.07 

Thickness of the patch [mm] 3.45 

 

The applied boundary conditions allowed only for translation in the longitudinal X axis, simulating the 

boundary conditions applied by the fixtures during testing. Symmetry boundary conditions were applied in the 

planes of symmetry YZ and XZ (Figure 3.21). In order to account for geometrical and material nonlinearities, 

the Newton-Raphson method has been utilized together with a line search algorithm. A displacement 

controlled approach is utilized to be in accordance with the one followed in the experimental campaign. 

Additionally, the displacement control approach is well suited for aiding the convergence of the non-linear 

solution and avoiding numerical instability issues involved in debonding analyses, where softening behaviour 

is apparent. SOLID186, which is a higher order 3-D 20-node solid element that exhibits quadratic 

displacement behaviour, was used for the steel and the composite with an average element edge size of 

1mm. 6 elements were used across the thickness of each substrate. Figure 3.21 shows the generated 

model. The elements that represent the composite patch are depicted in red, while those that represent the 

steel substrate with cyan. The transition from the full thickness to the corroded area is achieved by a small 

transitional region inclined by 45
o
. The composite material was modelled as a linear elastic orthotropic 

material with material properties equal to the ones of the VI-CE system (Appendix A). Steel was modelled as 

a bilinear isotropic elastic-plastic material with a hardening equal to 0.015 of the youngôs modulus of the 

material to avoid numerical instabilities. The material properties were the ones mentioned earlier in this 

chapter. 

 

 

Figure 3.21: Generated finite element model of the P2D1 plates. 

X 

Y 
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3D 8-node contact elements CONTA174 and TARGE170 with the option of cohesive surfaces were 

selected to model the bondline area. ANSYS allows the use of contact elements that can model interface 

delamination, using the bilinear cohesive zone model which was described in Chapter 2. The contact 

elements (CONTA174) themselves overlay the solid elements describing the boundary of a deformable body 

and are potentially in contact with the target surface. This target surface is discretized by a set of target 

segment elements (TARGE170) and is paired with its associated contact surface. 

The interfacial separation is defined in terms of contact gap or penetration and tangential slip distance. 

The computation of contact and tangential slip is based on the type of contact element and the location of 

contact detection point. The cohesive zone model can be implemented using the bonded contact option in 

the contact wizard. For mixed-mode debonding a power law based energy criterion is used to define the 

completion of debonding. This is also known as the quadratic criterion (Equation 2.33). 

The bilinear law is well suited for the modelling of resins and non-ductile adhesives. It is of critical 

importance to assign the corresponding material properties that characterize the fracture toughness of the 

bimaterial interface under pure mode and mixed mode conditions. The material properties required to define 

the cohesive law are: the maximum normal stress, the maximum tangential stress (tractions), the critical 

fracture energy for normal separation (mode I) and the critical fracture energy for tangential slip (mode II). 

These properties were taken from the literature (Lee et al 2010) and were implemented in the present model 

(Table 3.8). 

 

Table 3.8: Cohesive law properties. 

 Maximum Stress [MPa] Critical Energy release Rate [N/mm] 

Mode I 7.3 0.14 

Mode II 53.0 0.28 

 

Results 

 

To check the validity of the model, the numerical results were compared to the experimental ones. Due to 

the difficulties associated with the acquisition of valid displacement measurements during the experiments, 

the experimental force displacement graphs were not taken into consideration. The force displacement curve 

of the 3D FEM is presented in Figure 3.22. Interpreting the graph, the stages associated with the initiation 

and evolution of the debonding of the patch can be identified. The force displacement curve is linear up to 

the load of 147.00 kN where the slope changes. This is because the steel substrate which was in the elastic 

linear region enters plasticity at 147.00 kN (Figure 3.23). At that load the bondline remains undamaged. 

Debonding starts at 158.68 kN starting from the edge of the laminate. This load is also the maximum load. 

The debonding increases in size abruptly, reducing the stiffness of the specimen and leading to lower 

reaction forces (135.64 kN). After that point only a small part of the composite substrate remains bonded to 

the steel, which does not effectively contribute to the stiffness or to the load bearing capacity of the 

specimen. With increasing applied displacement, the loading increases and the force displacement curve 
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corresponds to the yielding of the steel substrate. Figure 3.24 presents the contact elements in the bonded 

area, where undamaged elements are marked with red colour and the debonded ones with yellow and 

orange. The left part of this figure shows the initiation of debonding (158.68 kN) while the right part the extent 

of damage at 139.90 kN right after the maximum load has been reached. Comparing the force strain graphs 

in Figure 3.25, it is evident that the numerical results are in very good agreement with the experimental 

results, consolidating the developed model.  

 

  

Figure 3.22: Force displacement curve of the 3D finite element model 

 

 

Figure 3.23: Plastic strain distribution at 147.00 kN. 
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Figure 3.24: Initiation (left) and development of debonding (right) in the 3D model. 

 

 

Figure 3.25: Experimental versus 3D numerical Force ï Strain graph. 

 

Reviewing the displacement field in the FE model, it can be observed that apart from the displacement in the 

longitudinal X axis caused by the imposed displacement, deflection in the vertical Z axis is also present 

(Figure 3.26). The deflection is attributed to the shift of the neutral axis of the specimen from the middle of 

the steel substrate towards the bimaterial interphase due to the existence of the composite substrate. As it is 

widely known the position of the neutral axis is dependent on the geometrical features and the material 

properties that constitute the bimaterial. The distance between the two positions of the neutral axis acts as a 

lever arm inducing a bending moment to the structure. This effect is referred to as secondary bending and 

causes the out of plane deflection. This effect is prominent in asymmetric repairs (such as one sided repairs), 

and should be carefully considered when designing a composite patch repair as it might lead to undesired 
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deformation and to substantial additional loading.  

 

 

Figure 3.26: Deflection at 148.06kN (scale factor of 20). 

 

The 3D finite element incorporating cohesive elements was able to simulate the conducted experiments; 

nevertheless increased computational resources were needed for these simulations. In addition, a series of 

models with different time steps, mesh sizes and solution controls have been investigated before identifying 

the suitable magnitudes for these parameters that would lead to converged solutions. To minimize the 

required time in subsequent simulations, a 2D finite element model of the specimens was additionally 

developed using ANSYS 13.0 software. 2D high order 8-node elements were used to model the steel 

substrate and the patch; these elements are referred to as PLANE183 by ANSYS. The length of the 

elements edges was 0.9 mm. Only half of the specimen was modelled due to symmetry to reduce 

computational time. The generated 2D model and the element size are presented in Figure 3.27. 

 

 

Figure 3.27: Generated 2D finite element model and mesh size 
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Once again contact elements that can be used to simulate interface fracture using the cohesive zone 

model were employed to simulate the bondline. Results indicate that the 2D and the 3D models are in 

excellent agreement between each other in terms of patch debonding load (Figure 3.28), with the difference 

between the two cases being less than 2.5%. More significantly, the FE results were in very good agreement 

with the experimental results, capturing the ultimate load and failure mechanisms that were observed in the 

experiments. Comparing the obtained numerical force displacement curves (Figure 3.28), it appears that 

there is a difference between the 2D model and the 3D model in the vicinity of the maximum load. More 

specifically, the 2D simulation exhibits a more progressive development of damage, with debonding 

gradually expanding as the applied displacement increases. This results in a gradual drop of the reaction 

forces once the maximum load has been reached and damage has initiated. Subsequently the load 

increases until a second local maximum is reached, after which a sudden drop is noted corresponding to the 

full development of the damage. Contrarily, the 3D simulations predict an almost instantaneous evolution of 

debonding after the onset of damage. It is noteworthy that both behaviours were recorded in the 

experimental results (Figure 3.12). 

The patch debonding load obtained from the 2D FE analysis is 162.39 kN and corresponds to the first 

local maximum of the force displacement curve. The average experimental patch debonding load for the two 

non-aged specimens P2D1-ȷ and P2D1-ȸ is equal to 169.51 kN. The deviation between the 2D calculated 

debonding load and the experimental load is only 4%. In addition, the strains calculated from the numerical 

model are in perfect agreement with the experimental results, capturing the plastic strains in the steel (SG-2) 

and the unloading at the centre of the patch due to the evolution in debonding which reduced the load 

carried by the composite laminate (SG-3) (Figure 3.29). 

 

  
Figure 3.28: Force-displacement curves of the 2D and 3D numerical simulations. 
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Figure 3.29: Force strain curves for the experimental and numerical results. 

 
Therefore, having proven the validity of the 2D model, it was decided that all subsequent modelling would 

be carried out using the 2D model to save on computational resources. The 2D FE results showed that yield 

of the steel initiated in the same area as for the 3D case, i.e. at the patch edge and gradually increased in 

size extending towards the centre of the plate after debonding has initiated. The von Mises plastic strain at 

151.1 kN, prior to debonding is depicted in Figure 3.30. The area of the steel that is bonded to the patch 

started yielding only after the patch has debonded. To investigate how the length of the patch affects the 

repair, a different scenario was simulated in which the length of the patch was equal to the length of the 

steel. The remaining dimensions and material properties were kept the same, along with the mesh size and 

the boundary conditions. In Figure 3.31 the force ï displacement curves of the FE models with varying patch 

lengths are depicted. The results indicate that increasing the length of the patch does not contribute to the 

effectiveness of the repair, as the yield of the steel substrate occurs at the same load as for the shorter patch 

case and the patch debonding load is practically the same. Increasing the patch length affects the stiffness 

of the specimen as expected, which is reflected in a slight change of the slope at the elastic region of the 

force - displacement curve. Additionally, it appears that the repair with the full patch was able to deform more 

before the patch debonding, which occurred almost instantaneously.  
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Figure 3.30: Von Mises plastic strain at the steel substrate at 151.11 kN. 

 

 
Figure 3.31: Comparison of FE models with different patch length to the experimental results. 

 

Apart from the patched FE model, two additional models were developed, one for the non-defected (non-

corroded) plate and one for the corroded but unpatched plate. This was done in order to evaluate the effect 

of the patch on the response of the corroded plate, as well as to compare the rehabilitated plate to that of the 

initial, non-defected condition of the plate. The force-displacement results are plotted in Figure 3.32. The 

patched model exhibits a strength increase compared to the unpatched case, whereas it also reaches the 
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yield load of the initial non-defected plate. Concerning the yield loads of the three models, as it was 

expected, the lower yield load is presented in the unpatched, corroded model due to the reduction of the 

cross sectional area and is equal to 150.0 kN. The yield load is the same for the initial plate and the patched 

case and is equal to 158.3 kN. This is due to the fact that, in the repaired case, yielding occurs in the steel 

area that is beyond the patch and since the cross section in this area is the same as the initial non-defected 

plate, the yield load is the same. 

 

 

Figure 3.32: Force ï Displacement curves of the undefected, corroded and repaired models. 
 

Having validated the numerical models, another case was considered for study. In this case the corrosion 

thickness was taken equal to 1 mm. This thickness reduction is equal to 20% of the initial nominal steel 

thickness and is the maximum allowable thickness diminution according to IACS rules (IACS 2010). Once 

again, the patched and the unpatched cases were considered. The geometry, patch and material properties 

are the same as in the previous cases, apart from the thickness reduction in the corroded area. 

The force ï displacement curves for the patched and the unpatched cases for thickness reductions equal 

to 0.26 and 1 mm are presented in Figure 3.33. As it was expected, the unpatched case with 1 mm thickness 

reduction yielded at lower load (125.0 kN). Once again, the yield load of the patched cases and the non-

defected plate was the same (158.3 kN), as yielding occurred in the steel areas beyond the patch for the 

patched cases. Therefore, the conclusion arises that the presence of the patch moves the location where the 

steel plate enters plasticity form the reduced, corroded area, to the full thickness area at the vicinity of the 

patch edges, thus reinstating the original load carrying capacity of the plate. Another significant remark is 

that the studied corrosion thickness reduction of the patched plates has practically no effect as the patch 

repaired cases exhibited the same stiffness and practically the same patch debonding load equal to 162.4 
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kN for the 0.26 mm case versus 162.7 kN for the case with the 1 mm reduction. Therefore, the efficiency of 

the repair is more pronounced in the case where thickness reduction is 1 mm. 

 

 
Figure 3.33: Force-displacement of the intact, corroded, and repaired cases with different thickness 

diminution. 
 

To further study in a larger extent the effect of different parameters, a parametric study has been 

conducted (Koventarou et al, 2013) using the developed 2D model. In this study, the steel thickness 

diminution along with the thickness, material properties and length of the composite were varied. 

Additionally, the properties of the cohesive elements were investigated. It was observed that steel yielding at 

the patch edge preceded debonding in all cases. To enquire further into the effect of plasticity and how it 

relates to the debonding load, an analysis where steel was modelled as a linear elastic material was carried 

out and compared to the model considering plasticity. The results are plotted in Figure 3.34. The linear 

elastic model presents significantly higher debonding loads (at the vicinity of 175 kN) compared to the model 

where plasticity has been considered. This observation, along with the findings of the parametric study, 

signifies that the steel substrate entering plasticity is the main governing parameter for the initiation of 

debonding.   
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Figure 3.34: 2D FE patch model results for steel modelled with and without plasticity. 
 

3.5 Conclusions 

 

The effectiveness of composite patch repairing of corroded steel members was studied both 

experimentally and numerically. To this end, corroded steel specimens that were repaired with a CFRP patch 

were tested in tension. Three different aging scenarios in cyclic corrosion conditions were taken into 

consideration, i.e. non-aged, aged unpainted and aged painted specimens. Results showed that the 

unpainted specimens yielded the lower failure loads due to the degradation of the mechanical properties of 

the patch and the partial ingression of moisture under the patch from the edges. The painted specimens 

showed the same failure load as the non-aged ones, a fact which simplifies the installation procedure of such 

repairs, as it appears that a typical marine paint is sufficient to protect the repair from the aggressive marine 

environment. Yielding of the steel was observed prior to patch debonding, a fact which was later on validated 

with the FE simulations. 

The numerical simulations encompassing interface elements with a bilinear mixed-mode cohesive law 

proved capable of accurately predicting the initiation and propagation of debonding in the patch-steel 

interface, as well as the corresponding patch failure load. The numerical simulation results are in very good 

agreement with the experimental ones. The repaired case was also numerically compared to the non-

defected and the corroded unrepaired steel case. Additionally, a second scenario with a corrosion thickness 

reduction of the steel plate equal to 20% was investigated numerically. Results showed that composite patch 

repairing was able to rehabilitate the defected steel plates and reinstate the original, non-defected condition 

in all cases, with the repair being more effective for the case where the thickness reduction of the steel was 

equal to 20%. Concerning the length of the patch, a numerical investigation of a model with an increased 

patch length showed that the length did not affect the ultimate load of the repair for the studied case study. 
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4.  Experimental and numerical investigation of patch repaired notched 

plates under static loading  

 

4.1 Introduction 

 

This experimental program includes static testing of notched steel plates, which were reinforced with a 

one-sided composite patch. This series of specimens was named P1. The main objective is to experimentally 

prove in a systematic way that the use of a composite patch increases the static strength of a notched steel 

structure. In parallel part of the experimental results presented in this report are used to validate the 

developed finite element models. In general, the tests are categorized considering the type of the plateôs 

defect, the aging scenario and finally the surface preparation method. Additionally, the effectiveness of 

embedding optical fibres in the bimaterial interface and between the composite plies as a structural health 

monitoring method is investigated. 

 

4.2 General characteristics 

 

Specimen Description 

 

The geometry and main dimensions of the P1 type plates tested are presented in Figure 4.1. The 

materials were the same as in the P2 plates, meaning that the patch consisted of unidirectional carbon plies 

in epoxy, laminated using the vacuum infusion method. The steel had a Youngôs modulus of 203 GPa and 

yield stress equal to 314.6 MPa. The nominal thickness of the steel plate, ts, is 5 mm. The central orthogonal 

reference part of the steel plate has length Ls equal to 400 mm and width Ws equal to 200 mm. The total 

length of the plate is equal to 554 mm, which includes the fixtures areas. At the centre of this plate, there is a 

through thickness initial notch, having length 2Ŭ equal to 140 mm which has been opened using a wire 

electric discharge machining (EDM). On one of its sides (front side) the plate has a central composite patch 

with thickness tp, effective length Lp equal to 200 mm and width Wp equal to 200 mm. The total patch length 

is equal to 300 mm, since it additionally includes the tapered edges of the patch. These specimens have 

been manufactured by the Co-Patch project partner AS2CON and the material lay-out and manufacturing 

procedure are exactly the same to those described in Section 3.2 for the P2 corresponding plates. Once 

again the surfaces were grit blasted to SA 2½ prior to lamination. The conditions during the manufacturing of 

the specimens were 35ºC and 30% humidity for the first step and 35ºC and 33% humidity for the second. In 

total five patched specimens were produced; in addition two unpatched notched specimens were tested as 

reference to examine the effectiveness of the repair (P1C and P1D). The actual dimensions of the fabricated 

specimens are shown in Table 4.1 below. As in the P2 series, the specimensô width exceeded that of the 

grips of the testing machine. Therefore, the steel fixtures described in the previous chapter were used once 

again (Figure 4.2). 
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Figure 4.1: P1 plates geometry. 

 
Table 4.1: Dimensions of P1 specimens. 

Specimen 

Dimensions 

Ws Ls ts Lpt Lp tp 

[mm] [mm] [mm] [mm] [mm] [mm] 

P1A-C 199.0 400 5.0 - - - 

P1A-D 198.0 400 5.0 - - - 

P1D1-A 200.6 399 5.1 300.3 200.6 3.5 

P1D1-B 201.0 400 5.1 300.3 204.2 3.2 

P1D1-C 200.9 400 5.1 301.1 201.9 3.3 

P1D2-A 201.0 400 5.1 300.9 201.1 3.6 

P1D2-B 201.0 400 5.1 300.8 202.1 3.6 

 

Similar to the P2 plates, some of the manufactured P1 plates were subjected to accelerated aging 

conditions into an environmental chamber according to ISO 14993:2001. Sealing tapes were used to protect 

the edges that were later inserted in the fixtures; apart from that, the whole specimens were exposed so as 

to investigate the effect of aging on the integrity of the repair and on the specimensô load bearing capacity. 

The specimens subjected to the aging process were exposed for 300 cycles (100 days) under cyclic 

corrosion (including salt mist, dry and wet conditions in different temperatures) and were subsequently tested 

in tension. Once again, to further inquire the effectiveness of typical marine coatings as a protection method, 

two of the specimens, namely P1D2-A and P1D2-B, were painted with common marine grade paint and 
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afterwards placed into the salt spray chamber where they were subjected to cyclic aging conditions for 300 

cycles (100 days). 

 

 

Figure 4.2: P1 specimen mounted on the testing machine. 
 

Table 4.2 shows the code names of all specimens for their identification in this document. Each specimen 

has its own code name depending on the category to which it belongs. The table below also includes the 

case of the applicable (A-100) or not applicable (N/A) aging procedure. 

Table 4.2: Nomenclature of P1 specimens. 

Specimen 
Description 

Code 
Specimen 

code 
Aging 

Unpatched P1A 
P1A-C      
P1A-D 

N/A 

VI-C/E, GB 

P1D1 
P1D1-A 
P1D1-B 
P1D1-C 

N/A 

P1D2 
P1D2-A 
P1D2-B 

A-100 
(painted) 

 

Specimens Instrumentation 

 

During the tests, the force and crosshead displacement were recorded in all specimens. In addition, strain 

gages were used to record strains at different locations. In specimens P1A-C and D only one 5mm strain 

gage was used which was placed in the middle of the plateôs width, 100 mm from the notch, as shown in 

Figure 4.3. 
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Figure 4.3: Instrumentation of specimens P1A-C and P1A-D. 

 

The instrumentation of specimens P1D1-A, P1D1-B and P1D1-C is depicted in Figure 4.4. Two strain 

gages, denoted as SG-1 and SG-5 with gage length 2 mm, were placed at the patch edges in an attempt to 

record the debonding initiation at the edges of the patch. Two strain gages, SG-2 and SG-4 with gage length 

5 mm, were placed at the edges of the maximum thickness of the patch in order to record the propagation of 

damage from the patch edges. Two more strain gages, SG-6 and SG-7 with gage length 5 mm, were placed 

on the steel plate, back to back to gages SG-2 and SG-4, respectively, in order to evaluate the possible 

differences of the axial strains between the steel plate and the patch. Gage SG-3 was located in the centre 

of the patch so as to evaluate the behaviour of the patch debonding. For the instrumentation of specimens 

P1D2-A and P1D2-B, a different approach was followed, as can be seen in Figure 4.5. Based on experience 

from the P1D1 tests, four strain gages were positioned in total. Gages SG-3 and SG-6 remained at the same 

position, while gages SG-8 and SG-9 were positioned on the patch, next to SG-3, at a distance of 70 mm 

and 80 mm, respectively. These two gages (SG-8 and SG-9) are expected to derive further information about 

the patch debonding process. 

 

 

Figure 4.4: Instrumentation of P1D1-A, P1D1-B and P1D1-C specimens. 
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Figure 4.5: Instrumentation of P1D2-A and P1D2-B specimens. 

 

4.3 Experimental testing and results 

 

Test Parameters 

 

A MTS hydraulic testing machine with a capacity of 250 kN was used for the tensile tests. A preloading of 

25 kN was initially applied on the specimens in order to minimize the specimen-fixtures assembly tolerances. 

This preloading was applied as a linearly increasing displacement with rate equal to 0.5 mm/min. Specimens 

were subsequently unloaded and afterwards tested up to failure with the same displacement rate. However, 

after testing one of the patched specimens, it was proven that the load bearing capacity of the testing 

machine was not enough for the specimenôs failure. For this reason, an INSTRON 300 LX testing machine 

with a capacity of 320 kN was used.  

The applied force, the total specimen elongation and the longitudinal strains at various locations on the 

specimen were recorded during each test. In order to precisely measure the specimenôs elongation, a LVDT 

transducer was placed alongside the length between the testing machine fixtures. For monitoring these 

parameters, the data acquisition system of the testing machine itself was used, together with an additional 

external Spider-8 system, synchronized with each other. 
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Figure 4.6: Specimen P1D1-A being tested on MTS testing machine (left) and on INSTRON 300LX testing 

machine (right). 

 

Seven specimens in total were tested in tension. Specimen P1D1-A was initially tested at NTUAôs lab with 

the MTS testing machine up to a 250 kN load, at which it didnôt fail. Therefore, a second test attempted with 

the INSTRON machine up to 315 kN (machineôs maximum load capacity), however once again the specimen 

did not fail. Specimen P1D1-C was also tested by the INSTRON machine but it did not fail either. For this 

reason, all P1D1 and P1D2 specimens were sent to the Co-Patch project partner AIMENôs facilities in O 

Porriño, Spain, for further testing, where a HOYTOM testing machine with a capacity of 600 kN was used. 

That being said, specimen P1D1-A was tested three times (twice at NTUA and once at AIMEN), specimen 

P1D1-C two times (once at NTUA and once at AIMEN), while the remaining specimens only once at AIMEN. 

On tests that took place in AIMEN, only four strain gages could be recorded at a time, thus in corresponding 

Force ï Strain figures of P1D1-A,B and C specimens only four curves are shown. These strain curves 

correspond to positions SG-2,3,4,6 of Figure 4.4. 

In addition, an inspection for patch debonding and delamination detection took place before testing, by 

using an acousto-ultrasonic instrument (BONDMASTER 1000e) to assess if the patch was correctly infused 

and bonded to the plate. The BONDMASTER findings prior to the static testing were marked with a marker. 

In this way, an evaluation of the quality of the bond and the composite patches was made in all P1D2 

specimens. As it will be shown in the following, this instrument proved its effectiveness and trustworthiness 

as well as its limitations, by comparing the initial non-destructive inspection findings with the actual state 

which was revealed after the full debonding of the patch. These findings were very helpful in understanding 

and analyzing the test results. 

Results  

 

Both reference specimens P1C and P1D exhibited the expected behaviour, with an initial linear elastic 
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deformation, followed by plasticity. The loads at which the specimens enter plasticity and the maximum loads 

are shown in Table 4.3. Yield loads have been defined from the load-displacements response. Figure 4.7 

shows the global response of the reference specimens, in the form of total elongation versus applied tensile 

force.  

Table 4.3: Yield and maximum loads for P1 reference specimens. 

Specimen 
Yield Load  

[kN] 

Maximum Load  

[kN] 

Nominal applied 
Maximum stress 

[MPa] 

P1A-C 98.3 110.6 110.6  

P1A-D 93.4 106.6 106.6 

 

 

Figure 4.7: Force ï Strain curves of P1A-C and P1A-D specimens. 

 

The static tests results of the P1D specimens are presented below. The load-displacement responses of 

specimens P1D1-A and P1D1-C (tested at NTUA) are shown in Figure 4.8.The specimens exhibited a linear 

response which was followed by a non-linear behaviour up to the testing machines capacity. This non-

linearity occurred after approx. 250 kN and was the result of yielding in the bolted fixture areas around the 

holes of the specimens. This yielding was also the main reason that specimen P1D1-C was not tested to the 

limits of the INSTRON machine. Yielding at the specimensô fixture areas occurred mainly due to two reasons. 

The first one was the unexpectedly high strength of the patched plate and the second one due to poor initial 
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manufacturing quality, some of the bolt holes were enlarged beyond their initial nominal diameter of 16 mm 

in order for the specimens to fit into the test fixture. This enlargement reduced the effective cross section of 

the specimen at the gripping area, resulting in insufficient gripping and slipping of the specimen. Further 

increasing the applied load led to the shearing of the holes by the bolts which is reflected in the test results. 

Indicative graphs depicting the measured force-displacement and force-strain curves of the P1D1 specimens 

are presented in Figure 4.9 to Figure 4.13. A very good repeatability of the force displacement curves of the 

specimens P1D1-A and P1D1-C is noticed for the tests that have been performed at NTUAôs facilities. 

However the recorded behaviour of the force displacement curves differs significantly from the ones of the 

tests performed at AIMENôs facilities. The reason behind this was the incorrect placing of the specimens in 

the fixture from AIMEN, as no filler plates were used. This affected the load transmission path from the grip 

to the specimens as, instead of the load being transmitted through friction through the filler plates, it was 

transmitted directly from the M16 bolts through shear.  

 

 

Figure 4.8: Force ï Displacement (LVDT) curves of P1D1 specimens tested by NTUA. 
 

In Figure 4.9  the typical Force - Crosshead Displacement curves for each specimen (tested both at 

NTUA and AIMEN) are depicted. The differences between the curves were mainly due to usage of different 

testing machines and preloading procedures. Unlike the non-aged specimens, patch debonding did occur at 

aged specimens as it can be seen by the sudden change of slope of the respective curves. In general, all 

P1D1 specimens exhibited a very good performance, reaching maximum loads that are higher than two 

times the loads reached by the reference unpatched P1A specimens. 
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Figure 4.9: Force ï Displacement (Crosshead) curves of P1D specimens tested both by NTUA and AIMEN. 

 

 

Figure 4.10: Force ï Strain curves of P1D1-A specimenôs first loading by NTUA. 
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Figure 4.11: Force ï Strain curves of P1D1-A specimenôs second loading by NTUA. 

 

 

Figure 4.12: Force ï Strain curves of P1D1-C specimenôs first loading by NTUA. 
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Figure 4.13: Force ï Strain curves of P1D1-C specimenôs second loading by AIMEN. 

 

Figure 4.10 and Figure 4.11 show a very good repeatability of strain measurements among the two 

different loadings of specimen P1D1-A, for the edge strain gages on the patch (SG1, SG2, SG4 and SG5) 

and for the steel strains (SG6 and SG7). In particular, the strain measurements at the edge of the patch 

(SG1 and SG5) slightly differ between each other after 20kN. This is to be expected as the edge of the 

tapering length is prone to geometrical imperfections that may lead to localized debonding. However, apart 

from local damage, it is important to note that no sudden change in the behaviour of these curves is 

depicted, which signifies that damage did not initiate from the edges of the patch. In the second loading of 

the P1D1-A, a discontinuity in the measurements of the SG positioned on the patch is present at around 

250kN. This is attributed to the evolution of damage in the interface or between the plies of the composite. 

Similar results were obtained for the P1D1-C specimen (Figure 4.12 and Figure 4.13), with the exception of 

SG-2 which exhibits a divergent non-linear behaviour from the first loading. This non-linearity is attributed to 

existing flaws during the laminate infusion process, as revealed by the acousto-ultrasonic inspection. More 

specifically, a poorly bonded area was detected exactly at the area where SG-2 was located, as shown in 

Figure 4.14. 
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Figure 4.14: Existing manufacturing flaw detected during non-destructive evaluation prior to testing. 
 

Contrarily to the good agreement exhibited for the aforementioned strain gages between the two tests, 

the behaviour of the central patch gage SG3 was significantly different. At the first loading of specimens 

P1D1-A and P1D1-C, compressive strains were initially measured, which gradually changed to tensile ones 

after a certain loading. This pattern was not repeated at the subsequent loadings of the specimen, where 

SG3 strains were tensile right from the start of the loading. The cause of the initial compressive strains at the 

centre of the patch (which were measured in all P1D1 specimens) is the secondary bending. This bending 

owes to the eccentricity of the centre of the cross section of the patched plate with respect to the axis of 

loading, and has two components, a global bending and a local one just above the notch due to the fact that 

the cross section has lower bending stiffness at that location. As the load increases, the patch starts to 

debond locally at the notch area and the load is redistributed in such a way that reduces the bending 

stresses in the patch. In the subsequent (beyond the first) tensile tests of specimens P1D1-A and P1D1-C, 

there is already an existing flaw at the central area around the notch and, therefore, SG3 strains become 

tensile right from the start of the test, since the bending effect of the patch has been significantly reduced. 

This was also verified from the findings of the acousto-ultrasonic inspection, which are depicted in Figure 

4.15. As mentioned earlier, the P1D2 specimens were protected by the use of typical marine coating and 

were inserted in the environmental chamber to undergo aging before being tested. Moreover, the 

instrumentation differed from the one employed for the testing of the P1D1 series. These specimens were 

tested only one time at AIMENôs facilities. The obtained force - strain results are plotted in Figure 4.16. 

In the P1D2 series, the trend of the strains measured on the patch (i.e. SG3 SG8 and SG9) is more 

complex than the one measured in the P1D1 tests. Nevertheless, the results exhibited satisfactory 

repeatability. SG-6 exhibits identical behaviour with the strains measured in the P1D1 specimens, being 

tensile and increasing with increasing load. Concerning SG-3, in the case of the aged specimens P1D2-A 

and B, the strains behaviour at the centre of the patch differed from the one described earlier. The 
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compressive strains at the start of the test are much lower, which means that a noticeable smaller local 

bending is taking place for these two specimens. This is the result of inadequate bonding between the patch 

and the plate around the notch or due to extended unwetted fibres in the patch which has been detected 

from the non-destructive evaluation prior to testing (see markings in Figure 4.18 and Figure 4.19) and 

verified from the strain gage measurements. Correlating the markings to the bondline, it was deduced that 

these refer principally to poor wetting of the carbon fibre plies during the infusion process, as the extent of 

the dry areas in the bondline (marked in green) was considerably smaller compared to the original markings. 

This signifies that the major extent of the detected flaws correspond to dry fibres in the laminate. The 

delamination of the insulating layer at the edges of the patch in Figure 4.19 was caused during the complete 

removal of the patch from the steel plate after the completion of the tests.  

 

   
Figure 4.15: Markings denote the debonded/delaminated area after the final testing of specimens.  

 

 

Figure 4.16: Comparison of Force ï Strain curves for P1D2-A and P1D2-B specimens. 
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The effect of secondary bending has been captured also by SG8 and SG9, with SG8 exhibiting higher 

compressive strains. This is to be expected as the strain gage is positioned exactly above the notch tip and 

therefore the bending stiffness is at this point is lower compared to the one in SG9 where the steel section is 

present. It is expected that if it were not for the delamination in the central area of the laminate, SG3 would 

record even larger compressive strains.  

 

 

Figure 4.17: Comparison of Force ï Strain (SG-3) curves for all P1D specimens. 

 

 

Figure 4.18: Acousto-ultrasonic inspection finding in specimens P1D2-A & B prior to testing. 
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Figure 4.19: Correlation of the outer surface markings to the bondline surface  

for P1D2-A (left) and P1D2-B (right). 

 

The patch debonding loads of the P1 specimens are listed in Table 4.4. The patch debonding loads are 

defined as the loads at which the patch ceases to contribute to the load bearing capacity of the specimens. 

Typically this is reflected in the results by a local maximum after which a sudden drop in the recorded force 

takes place. This sudden change occurred only in specimens P1D2, while on specimens P1D1 steel failure 

at bolt holes preceded and therefore the sudden change was not observed. As mentioned earlier, the 

maximum loads achieved by the vacuum infusion carbon/epoxy patched specimens are almost three times 

higher than the maximum load achieved by the reference unpatched specimens (approx. 108.6 kN on 

average). Comparing the results listed in Table 4.4, the lower patch debonding load is greatly influenced by 

the poor manufacturing quality of the specimens and hence no safe conclusion can be made on the effect of 

aging and the effectiveness of the coating on these repairs. Nevertheless inspection of the P1D2 specimens 

after testing revealed no sign of corrosion in the bondline, indicating that the coating provides at least partial 

protection. As a final conclusion regarding the effectiveness of the patches on the static strength of cracked 

plates, it can be stated that it can be significant, if a good bond is achieved and proper protection from the 

environment is applied. More specifically, the patch was still functional at loads three times higher than the 

yield load of the reference specimens. The problems encountered with yielding of the specimen inside the 

grips along with the varying manufacturing quality of the patches undoubtedly interfered with the repeatability 

of the tests. Nevertheless, they were reflected and correctly interpreted in the experimental results. 

Moreover, the fact that some of the test specimens had to be tested multiple times introduced new variables 

and further affected the repeatability of the tests.  
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Table 4.4: Results of P1D specimens. 

Specimen 
Yield Load 

[kN] 
Patch Debonding Load 

[kN] 
Nominal Applied   

[MPa] 

P1A-C 98.3 - 98.3 

P1A-D 93.4 - 93.4 

P1D1-A -
 

>322.1
 1
 322.1

1
 

P1D1-B -
 

>323.1
 1
 323.1

1
 

P1D1-C -
  

>295.6
 1
 295.6

1
 

P1D2-A - 311.1 311.1 

P1D2-B - 305.3 305.3 

1 
Failure at the bolt holes. Not patch debonding load. 

4.4 Additional testing 

 

Due to the aforementioned reasons, it was decided to perform one additional test with an altered design 

to account for the factors that interfered with the repeatability of the obtained results. Additionally, this 

allowed the implementation of optical fibres, which was not possible in the previous tests due to challenges 

associated with logistic complications and the vacuum infusion process. Based on this design, one additional 

specimen was manufactured and tested at NTUAôs facilities (Kotsidis, 2012). In this case, a steel plate with a 

narrower tapered width outside the grip area was considered to avoid yielding at the grips. Moreover, the 

hand lay-up method was used to ensure that there would be no dry spots in the laminate or in the interface 

between the steel and the patch. The work described in this section was carried out within the framework of 

the MSc Diploma Thesis of E. Kotsidis, under main supervision and guidance from the author. Two 

unrepaired notched steel plates with identical geometry to the repaired notch plate were tested in a 

preceding experimental campaign (Mirisiotis et al, 2007) and served as a reference to quantify the efficiency 

of the repair.  

 

Specimen Description 

 

The geometry and main dimensions of the steel plates are presented in Figure 4.20. The nominal 

thickness, ts, is 4 mm. The central orthogonal reference part has length Ls equal to 400 mm and width Ws 

equal to 140 mm. The total length of each plate is equal to 662 mm, which includes the transitional and 

fixtures areas. At their centre, a through thickness initial notch, having length 2Ŭ equal to 80 mm was 

machined using a plasma cutting equipment. In one of the steel plates, on one of its sides (front side) a 

central composite patch with thickness tp equal to 5.3 mm, effective length Lp equal to 200 mm and width Wp 

equal to 200 mm was laminated. The total patch length, including the tapered edges is equal to 300 mm. The 
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patched specimen is referred to as P1F. The notched steel plates which comprised the reference specimens 

are referred to as S-C-1 and S-C-2. 

 

Figure 4.20: Schematic of specimen P1F 

 

The steel plates used for the specimens were provided by ELEFSIS shipyards with Youngôs modulus equal 

to 200 GPa and yield stress equal to 348 MPa. The patch consisted of plain weave carbon fibre in epoxy 

matrix laminated using the hand lay-up method. In total 16 plies of 0/90 plain weave carbon fibres with areal 

weight equal to 240 g/m
2
 were used. Unlike previous cases, a glass isolating layer was not positioned 

between the steel and the patch.  

 

Manufacturing Procedure and Instrumentation 

 

Prior to manufacturing, the positions where strain readings would be measured had to be decided. After 

careful consideration, four Fabry-Perot optical fibres and two 5mm KYOWA strain gages were used to 

monitor the test. The position of each sensor along with the rationale for choosing it is described in detail 

below. 

- Optical fibre 1 (OF-1) was positioned at the interface between the patch and the steel surface, in the 

middle of the specimens width, 5 mm from the patch edge. 

- Optical fibre 2 (OF-2) was positioned in the interface between the patch and the steel surface, in the 

middle of the width, 50 mm from the patch edge towards the centre of the specimen 

- Optical fibre 3 (OF-3) was embedded between the fourth and the fifth ply of the patch, in the middle of 

the length of the specimen, 10 mm from the notch edge 

- Optical fibre 4 (OF-4) was embedded once again between the fourth and the fifth ply of the patch, in 
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the middle of the length and the width of the laminate, right above the centre of the crack . 

- SG-1 was positioned on top of the patch, exactly at its centre 

- SG-2 was positioned on the back face in the centre of the specimensô length, 10 mm from the notch 

tip. 

The optic fibres embedded in the steel/patch interface aim at providing more insight on the evolution of 

debonding and how the change in the bondline condition is reflected to the sensors in the laminate. The 

sensors on the surface of the patch and the steel surface are placed for the validation of the numerical 

models that were developed after the experiments. The P1F instrumentation is illustrated in Figure 4.21. 

 

 

Figure 4.21: Instrumentation of the P1F specimen. 
 

The diameter of the optical fibres was 0.88 mm including the protective layer which could not be removed 

without damaging the sensor. The steel surface was grit blasted to SA 2½ prior to the lamination and the 

achieved roughness was measured according to ISO 4287:1997. The value of the Ra parameter was equal 

to 4.49 ɛm and for the Rz equal to 30.28 ɛm. The surface was cleaned with the use of Loctite 7063 

immediately prior to the lamination to remove any traces of dust or grease from handling the plate. The room 

temperature was 19.4 
o
C and the humidity 51% during lamination. The carbon fibre plies were divided in four 

groups with varying lengths to achieve the desired tapering. After lamination the patch was left to cure in 

ambient conditions for five days. To accurately position the optical fibres, two fixed laser pointers where used 

(Figure 4.22). The optical fibres were recording measurements during the lamination and curing processes. 

This served to detect whether any damage occurred to the fibres from the use of the laminating roller and 
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secondly to monitor the magnitude of the remaining strains in the laminate due to curing. The measurements 

indicated that no damage was done to the fibres during the lamination and handling of the specimen, the 

recorded remaining strains were compressive and ranging from -60ɛŮ to -90ɛŮ. Unfortunately the acousto-

ultrasonic equipment was not available at the time of testing and therefore the non destructive evaluation of 

the laminate/bondline was not possible. However, by using the hand lay-up technique the wetting of the 

laminates was easier to control compared to the vacuum infusion process. This ensured that no dry spots or 

poorly wetted areas existed. 

 

   

Figure 4.22: Positioning of the optical fibres with the aid of laser pointers. 
 

Experimental Testing 

 

A MTS hydraulic testing machine with a capacity of 250 kN was used for this additional test. A preloading 

of 25 kN was initially applied on the specimens, in order to minimize the specimen-fixtures assembly 

tolerances. This preloading was applied as a slow linearly increasing displacement with rate equal to 0.5 

mm/min. Then, the specimens were unloaded and afterwards subjected to the final loading in the form of a 

linearly increasing tensile displacement with the same rate. 

The applied force, the total specimen elongation and the longitudinal strains at various locations on the 

specimen were recorded during each test. In order to precisely measure the specimenôs elongation, a LVDT 

transducer was placed alongside the length between the testing machine fixtures. For monitoring these 

parameters, the data acquisition system of the testing machine itself was used, together with an additional 

external Spider-8 system. Moreover a camera was recording the test procedure, focused on the notch area 

from the free side of the plate. 

 

Results  

 

The force displacement curve for the patched and the reference specimens are plotted in Figure 4.23. 

The force-strain measurements of both the optical fibres and the strain gages for P1F are concentrated in 

Figure 4.24. The yield load of the reference specimens and the ultimate load of P1F are listed in Table 4.6. 
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Figure 4.23: Force - displacement curve of the reference and P1F specimen. 
 

  

Figure 4.24: Force-strain measurements of P1F specimen. 
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Table 4.5: Results of reference and P1F specimens. 

Specimen 
Yield Load 

[kN] 
Patch Debonding Load 

[kN] 
Nominal Applied Stress 

[MPa] 

S-C-1 84.6 - 151.1 

S-C-2 82.5 - 147.3 

P1F -
 

167.7 299.5 

 

The behaviour of the reference specimens is straightforward exhibiting a linear response until about 84 kN 

after which the specimens yield. Interpreting the force displacement diagram for P1F, the specimenôs 

response is practically linear elastic up to the load of 80 kN. At this point the slope gradually changes 

assuming a non linear behaviour. The slope changes more notably around 140 kN. The maximum load is 

achieved at 167.7 kN, at which point the patch stops contributing to the load transfer due to extensive 

debonding from the steel. The latter leads to the abrupt change of the specimenôs stiffness and the 

redirection of the exerted load in the steel substrate. This is reflected by the sudden drop in the measured 

load and is clearly visible also in the video frames exactly before and after the failure of the repair (Figure 

4.25). Optical inspection and coin tapping of the debonded laminate revealed no visible damage at the 

composite substrate (Figure 4.26). The latter remark suggests that the evolution of damage was confined at 

the bimaterial interface between the composite and the metal substrate. Comparing the force displacement 

curves of the reference specimens to the one of P1F it is evident that the patch increases the load bearing 

capacity substantially. 

 

 

Figure 4.25: Notch at the back side immediately before and after patch debonding. 
 

 

Figure 4.26: P1F specimen after testing. 
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The changes in the slope of the Force-Displacement curve of the specimen can be explained when 

combined with the measured strain data (Figure 4.24). The strain measurements after debonding have not 

been plotted to keep the graph legible. The interpretation of the behaviour of the specimenôs strain sensors 

after patch debonding is straightforward with the strains dropping to zero in the patch and the strains in the 

steel rising dramatically due to the load redirection. Before analysing the results, an assessment of the 

position of the optical sensorôs measuring gauge was performed where possible after testing, to see whether 

the fibres dislocated from their nominal positions during the lamination. The detection of the measuring tips 

was not possible for optical fibres 3 and 4, as these were embedded inside the laminate. Optical fibre 1 was 

in its predefined position (i.e. 5 mm from the tapered edge) with a slight inclination along the longitudinal 

axis. Optical fibre 2 was lying in the interface between the first ply and the steel as intended, but 4 mm 

towards the centre with respect to its predefined position, and slightly inclined. These dislocations (Figure 

4.27) were caused by the roller used during lamination.  

 

  

Figure 4.27: Position of optical fibres OF1 (left) and OF-2 (right). 
 

The first inflection point at approximately 77.5 kN is the result of localized debonding between the steel and 

the composite substrate in the notch area. This is more pronouncedly reflected to the change in the readings 

of OF-4 which is embedded between the 4
th
 and the 5

th
 layer of the patch. The stiffness reduction of the 

specimen leads to the alleviation of the compressive bending effect and that is also reflected to the change 

of the slope of SG-1. This phenomenon has been already observed also in the case of the previously tested 

P1 plates and was correlated well with the findings of the non-destructive inspections. The effect of the 

secondary bending is more pronounced at the top of the composite plate (SG-1), as it is more remotely 

located with respect to the neutral axis. The effect of the load redistribution is also reflected in OF-3 with the 

slope gradually changing after 80 kN. Moreover, sensors OF-1, OF-3 and OF-4 demonstrated that they were 

able to capture the evolution of damage at higher loads. The reduction of the strain measured from OF-1 at 

143 kN is attributed to the initiation of debonding at the edge of the patch which was also visually validated 

during the test. The increase of the applied loading led to further propagation of debonding which is signified 

by the substantial strain reduction from 158 kN until the ultimate load.  

Assessing the position of the strain gage and the optical fibres, it appears that OF-1 and OF-4 reflect the 

evolution of damage more pronouncedly compared to the other positions, as they are positioned in the 
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vicinity of possible debonding initiation areas i.e. the edge of the patch and on the top of the notch. In 

particular debonding initiates at the vicinity of the notch and increases in size however at around 145 kN 

debonding initiates at the tapered edges of the patch as well. The unchanged behaviour of OF-2 and OF-3 

denotes that total debonding occurred abruptly rather than progressively. Inflection points at the strain 

measurements mainly captured by OF-4 OF-3 and SG-1 are associated with the redistribution of the load 

due to the evolution of damage in the bondline, as the ultimate load is gradually reached. 

4.5 Numerical simulations 

 

Numerical simulations were performed based on the specifications of the last experimental test, due to 

the problems associated with the testing of the previous ones. For the simulations the commercial finite 

element Program ANSYS 15.0 was used and non-linear analyses were performed incorporating material and 

geometrical non-linearities. Moreover, to better correlate the numerical results with the experimental ones 

and in order to understand the damage initiation, evolution and how it affects the overall specimen response 

two different approaches were followed. The first one consisted of modelling the bondline using continuum 

elements and ignoring any damage mechanisms. Contrarily, in the second one the bondline was modelled 

using the cohesive zone modelling approach. Once again the cohesive properties were taken from the 

literature and were the ones used for the modelling of the P2 plates (Section 3.4), having already proven 

their validity. In the latter case, no strain results were available for the positions inside the bondline. The 

generated models were three dimensional and only ¼ of the actual specimen was modelled due to 

symmetry, using hexahedral 20 node elements (SOLID95), whereas the area inserted in the fixture was not 

included in the finite element analyses. The generated model geometry is illustrated in Figure 4.28, where 

the composite laminate is represented in blue and the steel in grey. The element edge length varied from 

0.625 mm to 5 mm with the mesh being finer at the patch area and coarser at the steel area away from the 

repair to reduce the computational cost of the analyses. 

The displacements in the transverse (Y axis) and vertical/thickness (Z axis) directions were constrained at 

the end of the plate and a displacement in the longitudinal direction was applied. Symmetry boundary 

conditions were applied in the XY and YZ planes, except for the areas in the notch flanks which were left 

unconstrained. 

The mechanical properties of the materials have been experimentally measured in a preceding 

experimental campaign. Material properties that were not measured experimentally were derived using data 

from the literature [Tsouvalis et al, 2009]. In the case of the non-linear analysis with no debonding modelling, 

the bondline was modelled as a separate linear isotropic layer with material properties equal to the 

unreinforced matrix of the laminate. The Youngôs modulus of elasticity of the adhesive was taken equal to 

4500MPa and the Poissonôs ratio equal to 0.25. The composite laminate was modelled as a linear orthotropic 

material, with properties shown in Table 4.5. Steel was modelled as bilinear elastic plastic with modulus of 

elasticity equal to 200 GPa and yield stress equal to 348 MPa. The hardening was taken equal to 0.015 

times the Youngôs modulus. 
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Table 4.6: Patch material properties for the FE model of specimen P1F. 

E1 

(MPa) 

E2 

(MPa) 

E3 

(MPa) 

ɜ12 v23 v13 G12 

(MPa) 

G23 

(MPa) 

G13 

(MPa) 

42950 42950 5000 0.30 0.02 0.30 2400 1600 2400 

 

Convergence difficulties were encountered for the model where cohesive elements were employed. Different 

strategies were investigated to enhance convergence such as changing the element type, the mesh size and 

the minimum and automatic time stepping that is associated with non-linear analyses, to name but a few. 

However, it was not possible to obtain a fully converged solution up to the maximum patch failure load 

without significantly changing the tolerances for convergence. Therefore only partial data are available for 

the cohesive zone model. Nevertheless, the results obtained are in good accordance with the experimental 

results, validating the explanation given earlier for the force strain curves. This is further consolidated by 

comparing the results of the finite element model where no cohesive elements were employed. The 

comparison between the experimental and numerical results is presented in the following. No strain results 

were available for the positions inside the bondline for the model which encompassed cohesive elements. 

 

 

Figure 4.28: FE model of the ¼ of the specimen. 
 

In Figure 4.29  the force displacement curve is plotted. The behaviour of the continuum, non linear finite 

element model is straightforward as localised plasticity starts appearing at the notch area at 86 kN, but as 

the model does not account for debonding and the plastic zone is relatively small, there is no significant 

change in the slope of the curve. The curve changes slope at around 185 kN when the cross section of the 

steel plate beyond the patch yields. The results obtained from the finite element model which accounts for 

debonding are closer to the experimental measurements. Debonding initiates at 108 kN from the vicinity of 

the crack, but it does not affect the overall behaviour of the specimen as the debonded area is negligible. 

The slope of the curve starts changing with the propagation of debonding (Figure 4.30) rendering the 

specimen more compliant and closer to the experimental curve. 

In addition, the von Mises stress on both sides of the steel plate are depicted in Figure 4.31 at 157 kN, 

illustrating that the steel areas have entered plasticity (depicted in grey colour) in the vicinity of the notch 

area in greater extent in the unpatched side, which is reasonable. Apart from the force displacement curves, 
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the force strain curves are depicted in Figure 4.32 to Figure 4.35. Comparing these, it is evident that the 

model encompassing the cohesive elements can represent accurately the experimentally recorded 

measurements. 

 

 

Figure 4.29: Force displacement curves. 
 

 

Figure 4.30: Debonding status at 157 kN. 
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Figure 4.31: Von Mises stress distribution on the unreinforced side (left) and on the reinforced side (right) of 
the steel plate, at 157 kN. 

 

 

Figure 4.32: Strain gage-1 measurements. 
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