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Abstract 

Aircraft technologies and materials have been developing and improving drastically over the last hundred years. 

Over the last three decades, an interest in the use of composites for the external structures has become 

prominent. For this to be possible, thorough research on the performance of composite materials, specifically 

the impact performance, is required. Previous research of impact testing for pristine carbon-reinforced epoxy 

composites describes matrix cracks, fibre fracture and delamination as the failure modes that require 

monitoring. An area of concern with the use of composites for aerostructures is their ability to be repaired and 

retain a suitable level of performance. Currently, since there are limitations in non-destructive testing (NDT) 

methods for adhesive bonding, adhesively joined or repaired composite materials are restricted to being used 

for secondary structures within the aircraft, unless another joining method – such as mechanical fasteners – are 

also implemented. Rigorous research and testing are required in this area because the current technique for 

metals, of bolting an undamaged piece of material over the damaged area, is not effective for composites as it 

introduces detrimental damage.  

There are two main repair techniques for composite materials: scarf and patch repair. Investigating the 

potential of the latter to restore the impact properties of carbon fibre reinforced polymer (CFRP) composite 

panels contributes to a large section of the research in this thesis. Two different types of lay-up (quasi-isotropic 

and cross-ply) were tested, with repair variables such as the patch diameter, patch thickness, inclusion of a plug 

and distance of the impact site from the centre of the patch being adjusted to see how each affects the overall 

performance of the repair. It was seen that the patch diameter has little to no effect on the repair performance, 

with both 55 and 65 mm patches giving similar load traces. The patch thickness and inclusion of a plug had a 

more significant effect on the impact properties of the repairs, with the two best performing repair 

configurations being a thick patch and a thin patch reinforced with a plug. The location of the impact site also 

greatly affected the performance of the panel, with impacting on the patch but not centrally giving the largest 

damage area of all the configurations tested.   

Two primary types of impact will be considered in this thesis: hard and soft. Hard impacts are defined 

as having limited deformation of the impactor upon impact, examples of which include metal debris hitting the 

aircraft. Soft impacts have a significant amount of deformation of the impactor and include hail stones or bird 
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strikes. Considering the transition from a hard to a soft impact and the effect this has on the failure modes seen 

in the CFRP is investigated as part of the research in this thesis. To consider this, a rounded stainless-steel 

impactor, flat ended stainless-steel impactor and a flat ended stainless-steel impactor with different thicknesses 

of neoprene adhered to the end were used to impact pristine quasi-isotropic material. The results suggested 

that, although a lower damage initiation value was observed for the samples impacted with the round-nosed 

impactor in comparison, the samples impacted with the flat-ended impactor had a larger damage area once 

damage did initiate. The addition of rubber reduced the peak load and increased the displacement of the 

samples. It was also seen that the damage area reduced slightly as the thickness of rubber increased.  

Another area of interest is accurately predicting the impact performance of pristine panels under both 

hard and soft impact loading conditions through the use of numerical modelling. This allows for various scenarios 

and the transition between the two types of impact to be considered without the cost and time of experimental 

work. In this thesis, a model has been developed and compared with the experimental results for the hard and 

soft impact research to investigate the potential for it to be used to determine suitable scenarios to test 

experimentally. The numerical analysis results reflected the overall trends observed experimentally when 

increasing impact energy for round-nosed impacts and also when increasing the softness of the impact, with 

excellent agreement between the simulation and experimental testing for the damage area produced by a 7.5 J 

round-nosed impact. This demonstrates the potential to use a model similar to the one in this thesis to predict 

the performance of CFRP panels under impact loading conditions, but also highlights some drawbacks and a 

need for further development and refinement to improve the accuracy.    
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𝐺)$ Mode I interlaminar fracture energy 

𝐺)$|#$ Compressive intralaminar fracture energy in the longitudinal direction 

𝐺)$|#% Tensile intralaminar fracture energy in the longitudinal direction 

𝐺)$|&$ Compressive intralaminar fracture energy in the transverse direction 
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1  Introduction 

1.1 Background 

An area of interest when considering the performance of composite materials for aircraft is the impact 

performance of repaired composites. The performance of the materials after repair are of great interest because 

the life of an aircraft is significantly longer than some of its components, meaning repair is critical. It is especially 

critical for composite materials because the residual strength of the material is significantly reduced after 

damage. To mitigate this drawback, repair can be used to increase the residual strength of the damaged 

composite laminates. However, a restriction of repair is the limited number of NDT methods to monitor the 

performance of the adhesive bonding within it. Currently, repaired composite materials are limited by this and, 

as such, are primarily used for secondary structures in aircraft. If they are to be used in primary aerostructures, 

an additional joining method must be used in conjuncture with the composite repair. The most commonly used 

of these is titanium fasteners, which are expensive, add weight and must be earthed due to the risk of lightning 

strikes. This is because they are easily monitored using NDT methods. Impact performance is of particular 

interest because there are a number of types of impact that an aircraft will be subjected to regularly. For 

example, bird strike and hail stones are both soft impacts whilst runway debris flying up and hitting the aircraft 

is a hard impact. Further examples include ground equipment driving up to the side of the plane and hard 

landings. Clark et al. found that damaged panels loaded under compression-based fatigue experienced an 

increase in the damage area, with the rate of expansion depending on the size of the initial damage from the 

low velocity impact [1]. This implies that impact damage is likely to lead to failure from fatigue if it does not fail 

immediately, meaning considering how to repair or replace composite panels is of interest. For this reason, 

damage monitoring and composite repair is vital to ensure any damage is found and repaired before it causes 

failure. Barely visible damage is of high concern to aircraft designers and so composite components are generally 

over-designed to ensure the risks are mitigated. Another area of interest is to consider the transition from hard 

to soft impacts and how this affects the damage mechanisms and failure modes that occur in the composite 

materials. An impact is classified as hard if the impactor does not significantly deform upon initial impact. This 

type of interaction results in permanent indentation on the impacted surface of the composite laminates, 

whereas soft impacts do not leave any marks on the impacted surface. This is because the impactor deforms 



CHAPTER 1 

19 

while impacting the sample, which causes a reduction in the stress concentration from the impact. Varying the 

hardness of the impactor will change the damage in the sample but there is limited research on how the failure 

modes differ between hard and soft impacts and even less on transitioning between the two and at what point 

the classification changes. Investigating this area will allow for the damage in composites to be categorised more 

easily and for suitable repair techniques to implemented when necessary. In this thesis, research will be 

discussed where different features of patch repairs are varied to investigate the effect each has on the overall 

impact performance and how patch repairs might be used to restore the impact properties of carbon fibre 

reinforced polymer (CFRP) composite materials. Additionally, testing with both hard and soft impactors was 

performed to gain more of an understanding of how the damage mechanisms change between the two. Lastly, 

numerical modelling of pristine and patch repaired composite panels will be explored. 

1.2 Aims and Objectives 

• To review the literature available and consider research that has been performed up to the time of this 

thesis on the impact performance of repaired carbon fibre reinforced polymer composite materials. 

• To review the literature available and consider research that has been performed up to the time of this 

thesis on the damage characteristics of hard and soft impacts and the transition between the two. 

• To consider how the properties of a patch repair affect the impact performance of a carbon fibre 

reinforced polymer composite sample compared to a pristine and a damaged sample of the same lay-

up. 

• To consider the transition between hard and soft impacts on carbon fibre reinforced polymer 

composite materials and how this affects the type of damage observed. 

• To verify a numerical model that is made up of composite damage models and finite element analysis 

with experimental results and use this to further consider the impact response of carbon fibre 

reinforced composite panels. 

1.3 Structure of the Thesis 

The chapters in this thesis are outlined as follows. 
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Chapter 1 introduces the topic of research for this thesis by discussing the background, aims and 

objectives and overall structure. 

Chapter 2 summarises the impact performance of pristine and repaired composite panels, how 

changing variables of the repair can influence the impact properties, some of the differences between hard and 

soft impacts and the damage mechanisms observed, and the use of numerical models to predict the impact 

event of pristine and repaired composite panels through a review of the literature available. 

Chapter 3 details the specific CFRP composite used in testing, how both pristine and repaired panels 

were prepared, and the equipment used to impact the panels and inspect them after impact. The four different 

lay-ups of the unidirectional carbon fibre reinforced epoxy prepreg utilised in this work are discussed in this 

section. Descriptions of the drop-weight tower and c-scanning equipment used for testing and inspecting the 

panels are given. 

Chapter 4 discusses the low-velocity impact testing of pristine and patch repaired quasi-isotropic CFRP 

panels, considering the effect on the repair performance when the patch diameter, patch thickness and inclusion 

of a plug were varied. The samples were impacted, giving load-time and load-displacement traces, and the 

damage area examined to allow for comparison between the different repair scenarios.  

Chapter 5 discusses the low-velocity impact testing of pristine and patch repaired cross-ply CFRP panels, 

considering the effect on the repair performance when the impact site was offset from the centre of the repair. 

The samples were impacted, giving load-time and load-displacement traces, and the damage area examined to 

allow for comparison between the different impact locations. 

Chapter 6 discusses the low-velocity impact testing of pristine quasi-isotropic CFRP panels using round-

nosed and flat-ended stainless-steel impactors, adhering different thicknesses of neoprene to the flat-ended 

impactor for some impacts to allow the differences between hard and soft impacts to be considered. The 

samples were impacted, giving load-time and load-displacement traces, and the damage area examined to allow 

for comparison between the different impactors and types of impact. 
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Chapter 7 explores the use of a numerical model implementing composite damage models and finite 

element analysis to predict the damage produced during both hard and soft impacts of pristine CFRP panels. 

The model was verified using the testing results from Chapter 6.  

Chapter 8 summarises the conclusions drawn from the results of all the testing in this thesis. 

Chapter 9 suggests further work that could be performed to continue the research in this thesis. 
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2 Literature Review 

2.1 Introduction  

There are various ways to repair a composite sample, shown by Rider et al. in Figure 2-1 [2], with the two main 

techniques being patch and scarf repairs. Firstly, patch repairs are when the damaged area is covered by a patch 

of material that is usually only one or two plies thick, shown in Figure 2-1 (a). This repair can be single or double, 

with a single only patching on one side and double patching on both sides of the material. Secondly, scarf repairs 

are performed by removing the damage area with a circular cut and inserting a frustum. This frustum should 

have the same lay-up as the parent material to optimise the stresses through the adhesive [3]. The scarf joints 

used for repair are shown in Figure 2-1 (b) and (c), with the former demonstrating that steps can be used on the 

scarf surface to alter the performance of the repaired composite, with the latter having preferable stress 

distributions but, in practice, there is minimal difference between the two types of scarf repair [4]. It is also 

possible to combine scarf and patch repairs, as can be seen in Figure 2-1 (d), to further improve the repair 

performance. 

 

Figure 2-1. Repair configurations discussed by Rider et al. (a) patch repair, (b) stepped scarf repair, (c) scarf repair and (d) 
scarf and patch repair [2]. 
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Comparing scarf and patch repairs, there are a number of advantages and disadvantages for each. The 

reasoning for choosing scarfed repairs over patch repairs was discussed by Pinto et al., with one of the primary 

reasons being that the former of the two does not result in significant bending when in use. This means that the 

peel stresses experienced by the material are reduced. In continuation, the shape of the scarf repair causes a 

more uniform distribution of shear stress, which adds to the benefits of utilising this repair technique [5]. 

Furthermore, the aerodynamics of the component remain more or less unchanged when this method is utilised 

[5,6]. Alternatively, the patch repair technique is preferable due to the lack of material removal, meaning the 

parent material is subjected to minimal damage [7,8]. Katnam et al. discuss this as being a significant drawback 

for scarf repair, since large amounts of undamaged parent material must be removed, especially with a small 

scarf angle. Material removal in itself is a challenge for composite materials, with traditional machining 

techniques generating too much heat and causing damage [6]. In continuation, research from Baker et al. implies 

that single patch repairs effectively transfer loads from the patch itself to the undamaged parent material, 

allowing the repair to be successful [7]. Furthermore, the join between the patch and parent material is 

lightweight and so does not cause significant stress concentrations, unlike the cut-outs required for scarf repairs 

[8]. Both types of repair require an adhesive and, as a result, both experience the challenges that come with 

this, such as surface preparation and voids. Effective surface preparation is required to ensure the adhesive is 

efficient and free of defects [6,7]. However, factors that compromise the strength of the adhesive are not limited 

to surface preparation, with under-curing increasing the risk of voids [6]. Preau et al. investigated the latter 

phenomenon for scarf repair and their results showed a reduction in strength recovery of 4.5% for every 1% of 

void content in the adhesive. The void content was also said to influence the failure mode, with the more porous 

adhesive joints failing from cohesive failure in comparison to tensile failure for the void-free joints [9]. In general, 

it is commented that automating various processes in this repair technique offers opportunities to improve the 

performance and repeatability of the joints, by removing the factor of human error [6]. 

When considering impacts of composite materials, there is often a focus on those that would be 

categorised as hard rather than soft. This is due to the fact that the damage produced from this type of impact 

is much easier to detect and so is primarily used when testing the impact properties of new materials or repair 

configurations. There is limited testing of soft impacts and very little research considering the transition between 

hard and soft impacts and how the damage mechanisms vary between the two. Abrate considered soft impacts 
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on aerostructures to show that the response is different from hard impacts. It is often assumed in literature that 

numerical models for predicting the damage produced by hard impacts can be applied to soft impact cases, with 

Abrate’s research showing that soft impacts, specifically rain drops, bird strikes and hailstones, require the 

fluidity of the projectile and dissipation on kinetic energy to be considered when simulating the impact, 

demonstrating that these types of impact differ from hard impacts [10]. Furthermore, although there are a large 

number of definitions for how to categorise an impact and determine if it is hard or soft in nature, Koechlin et 

al. found that a lot of these were not precise enough to distinguish between the two types of impact [11]. This 

implies that the first hurdle when considering soft impacts is understanding how they differ from hard impacts 

and understanding the transition between the two might allow for this comparison to be made more clearly.   

2.2 Composite Impact Failure Modes  

2.2.1 Intralaminar failure 

Intralaminar failure is when damage occurs within the composite plies and there are two main types: matrix 

cracking and fibre breakage. Matrix cracking is the first failure mode to be observed within the composite and, 

although it may affect the strength, stiffness and moisture absorption, among other properties, it is the more 

harmful damage mechanisms that it leads to that result in the composite ultimately losing its load carrying 

capacity [12]. Matrix failure can occur from tensile, compressive or shear forces and occurs when the matrix 

element of the composite is the primary load-bearing element of the material leading to cracking through the 

thickness of the material [13] and Figure 2-2 shows a schematic of matrix cracks under these different loading 

conditions. 

 

Figure 2-2. Matrix cracking in composite laminates under (a) tension, (b) compression, and (c) shear loading [14]. 

(a) (b) (c)
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For matrix cracking to initiate, there must first be de-bonding of the fibre from the matrix as these join 

together to form a macroscopic crack [15,16]. At the maximum stress value the material can withstand under 

tension and just before this value under compression, fibre and matrix de-bonding initiates, which causes the 

stress to drop and leads to a matrix crack between two cases of de-bonding that are close together [16], as 

shown in Figure 2-3.  

 

Figure 2-3. Fibre and matrix de-bonding leading to matrix cracking in a fibre reinforced composite loaded under (a) tension, 
and (b) compression [16]. 
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The second type of intralaminar damage is fibre failure and it has been observed that unidirectional 

fibre-reinforced composite materials have a lower compressive strength along the fibre direction value 

compared to their tensile strength value due to micro-buckling of the fibres along the 0° direction [17-20]. This 

failure in compression occurs due to a phenomenon known as kink bands, where the fibre breaks in multiple 

places causing a bend and offset in the fibres [17,21-27], shown in Figure 2-4.  

 

Figure 2-4. Diagram of a kink band [17]. 

 In contrast, the compressive strength is higher than the tensile strength of unidirectional fibre-

reinforced composite materials when the force is not applied along the fibre direction and, when subjected to 

tensile loads, the fibre failure that occurs is primarily fibre pull-out [28]. Fibre pull-out and other features of fibre 

failure under tension are shown in Figure 2-5. 
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Figure 2-5. Fibre failure mechanisms under tension [29]. 

2.2.2 Interlaminar failure 

Interlaminar failure, often referred to as delamination, is when damage occurs between the plies of composite 

within a panel, causing a gap as the two layers de-bond from each other. The matrix cracking through a ply leads 

to interlaminar failure when the crack propagates to a ply interface and continues to grow along this boundary, 

which can then lead to fibre breakage in the load bearing ply [12], as shown in Figure 2-6 below.  

 

Figure 2-6. Diagram of the damage path in a cross-ply composite panel 

Delamination leads to fibre breakage since, when de-bonding occurs, the once joined laminate 

becomes multiple sub-laminates that experience out-of-plane buckling and thus cause a reduction in the 

compressive strength of the laminate as a whole [30-33]. The buckling of sub plies around the delamination 

Fibre breakage

Delamination

Matrix cracking
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applies unsymmetric loading to the rest of the material resulting in greater stresses than would be experienced 

by a laminate with no delaminations [30]. How much the compressive strength is affected depends on the 

location and size of the delamination within the composite and two different modes of buckling: local and global 

[30,32,34,35], shown in Figure 2-7. 

 

Figure 2-7. Modes of buckling caused by delaminations: (a) local mode when the delamination is large and near the surface 
of the laminate, and (b) global mode when the delamination is smaller and further down in the laminate [30]. 

Hashemi et al. [36] state that since a delamination can be regarded as a crack that propagates between 

plies, the toughness of the matrix, and thus the resistance against this failure mode, can be characterised 

through the energy per unit crack area, GC. Depending on the loading conditions, there are three main modes 

of crack propagation i.e., delamination growth: mode I, mode II and a combination of these modes, which are 

denoted by GIC, GIIC and GIC/IIC, respectively [36,37]. There is also a mode III loading type, denoted by GIIIC, with 

loading conditions for modes I, II and III shown in Figure 2-8. 
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Figure 2-8. Loading conditions that can cause delaminations to grow: (a) Mode I -  opening mode, (b) Mode II - sliding 
mode, and (c) Mode III - Tearing mode [38]. 

2.3 Impact Experimental Testing 

The most common impact testing carried out on repaired composites is low velocity, hard impacts, with minimal 

consideration for soft impacts of these materials. Hard impacts have clearer failure modes that are easier to 

detect, whereas soft impacts generally just cause the material to bend slightly, with minimal to no delamination. 

This makes it hard to detect the damage.  

2.3.1 Effect of Repair Type 

2.3.1.1 Scarf Repair 

Liu et al. used a drop test machine to investigate how scarf repaired composite material samples would respond 

to impact. For the sample testing, a critical impact energy of 23 J was found, above which adhesive damage 

occurred and below which delamination and matrix cracking were the only failure modes. This suggests that, 

below a specific impact energy, the repaired joint behaves like a pristine sample in terms of the failure modes 

that are present. The damage above this critical value was seen to primarily initiate at the edge of the scarf 

repair on the rear face, highlighting this as a weak point [39]. 

Low velocity impacts were performed on scarf repaired CFRP composites by Liu et al. using a drop 

weight machine. Impact energies of 3, 4, 5, 6, 8 and 10 J were used, with an energy above 4 J causing damage 
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along the adhesive line. The adhesive damage occurred within steps one to five, which were subjected to tensile 

forces in addition to the shear forces throughout the material. In contrast, steps six to ten had little to no 

adhesive damage due to experiencing compressive forces that do not aid in the progression of the adhesive 

failure. Figure 2-9 below demonstrates where the adhesive damage occurred after undergoing a 10 J impact 

[40]. 

 

Figure 2-9. Location of cracks from 10 J impact done by Liu et al. [40] 

Two observations from the experimentation are that the adhesive failure from the impacts reduces the 

residual strength of the material, since the ability to withstand tensile forces is greatly reduced. Additionally, 

delamination of the composite itself initiates before the adhesive cracking and progresses at a slow rate through 

the material [40]. 

Atas et al. also conducted some low velocity impact testing to compare two techniques of performing 

this type of repair: vacuum assisted resin infusion process and hand lay-up technique. Undamaged samples were 

tested alongside both repair types to allow a comparison, not only between the two repairs, but to the pristine 

composite. The samples repaired using the hand lay-up process were seen to have a lower bending stiffness 

than those repaired with the infusion technique, but this relationship was only observed at low impact energies, 

with higher impact energies resulting in similar performance from both techniques. When comparing the 

pristine and repaired samples, it was seen that the former experienced damage formation in the fibre direction 

while the latter primarily failed along the repair line and the perforation energy for the pristine sample was 

around 30 J higher than that of both repair types [41].  

Considering how pristine and scarf joined composites perform under impact when subjected to a 

tensile preload, Li et al. impacted pre-strained CFRP composites. The pristine samples were deemed to be 

unaffected by the pre-strain, with the impact damage area remaining more or less unchanged for all values of 
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pre-strain [42]. However, the repaired samples were seen to be sensitive to the pre-strain and unpredictable, 

with two specimens loaded at 3000 µe and impacted with projectile momentum values of 2.62 kg m/s and 2.80 

kg m/s, the former failing catastrophically and the latter suffering minor damage [42,43]. In general, it was found 

that the impact tolerance of the scarf joint was lower than that of the pristine material [42,43]. Herszberg et al. 

theorised that there are two failure events, with a weak connection between them, that occur during the 

catastrophic failure: crushing and delamination, from the strains through the material thickness, and vibration 

throughout the sample. Within the range of pre-strain values tested, it is the vibration mode that could cause 

failure of the repaired sample, with this value being dependent on the impact momentum rather than the impact 

energy [43]. 

2.3.1.2 Patch Repair 

Tie et al. tested the performance of single side patch repairs on CFRP composites, looking at different patch 

shapes and sizes. The testing had three stages: cutting out 3 mm radius holes from the parent material to 

represent damage; adhering either a circular or hexagonal patch, with the radius of the circular patch being 

double the side length of the hexagonal patch, which had a value of 3.30 mm; and using a drop weight machine 

to impact the sample. This impact was located in line with, but not directly above, the damage area since the 

repair was located 20 mm from the centre of the sample. It was found that the circular patch had a smaller 

delamination surface area, with a value of 558 mm2 in comparison to 572 mm2 for the hexagonal patch repair. 

This implies that a circular patch is more effective at reducing the damage due to impact [44]. 

How the properties of the external patch affect the performance of the repair was also considered by 

Andrew et al., with glass fibre reinforced epoxy composite samples and looking at how the lay-up influenced the 

results. Three different woven patches were used in a total of five configurations, which can be seen in Figure 

2-10 below [45]. 
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Figure 2-10. Woven glass, kevlar and hybrid patch configurations used by Andrew et al. [45] 

There were multiple findings from this testing. Firstly, as the impact energy levels increased, the energy 

absorbed by the sample became increasingly dependent on the patch composition and lay-up. It was also seen 

that the [G/K]4 patch performed the best, restricting interlaminar delamination more than both [KG]2S and [G]4 

and reducing fibre breakage on the rear face more than the pristine samples as well as both [G]4 and [GK]2S 

patches. Lastly, although both the [GK]2S and [KG]2S patches contained glass and Kevlar in the same quantities, 

their performance was rather different. The former demonstrated rear face fibre breakage prematurely, where 

the latter did not. This result implies that the response of the repair depends on both the mechanical properties 

of the patch material and the lay-up used. Kevlar is more ductile than glass and so can displace more upon 

impact to limit fibre breakage but can be combined with glass in an optimal patch configuration to overcome 

other failure modes at the same time, as demonstrated by the superior performance of the [G/K]4 patches [45]. 

Coelho et al. performed impact tests on single and double patch repaired composites to allow a 

comparison to be made between the two configurations. The composite used was a glass fibre reinforced epoxy 
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and 20 mm diameter holes were cut from the 100 x 100 x 3 mm3 samples to emulate damage. The hole was 

filled with an epoxy resin that was enhanced with nanoclays and the patches, of 40 x 40mm2, were then adhered 

to the surface. It was observed that the double patch can withstand higher loads, with a load value of 97.1% 

higher than the single patch at an impact energy of 6 J. Furthermore, the double patch had an elastic energy 

that was higher by 51.2% at that same impact energy and also had a maximum displacement value of ca. 50% 

less than that of the single patch. These results imply that the double patch is not only superior but significantly 

so, due to its higher stiffness and therefore its higher impact fatigue life [46].  

2.3.1.3 Combination of Scarf and Patch Repair 

Harman et al. considered specimens repaired using the scarf repair method and then with a single patch to raise 

the strength of the scarf repair [47]. The repair technique tested is shown in Figure 2-1 (d) in Section 2.1. This 

repair technique could be used when only one side of the component can be accessed [2], which is likely to be 

the case when repairing aircraft because the internal face is ordinarily covered with other materials that form 

the interior lining of the plane. Patch repairs are theorised to experience increased stress concentrations when 

subjected to non-linear bending, where using a scarf repair reduces these effects [2], hence implementing a 

scarf repair in conjunction with a patch. When impact testing was performed, the impact locations were chosen 

to be on the edge of the patch and over the scarf repair. It was seen that the size of the delamination area was 

greater when impacting on only the patch than the combination repair since the increased thickness of the latter 

aids in the dissipation of energy, thus implying that using scarf and patch repair together has superior impact 

performance than patch repair alone and, where possible, a combination should be implemented [47].  

2.3.2 Effect of Impact Location after Repair 

Liu et al. performed low velocity impact testing of scarf repaired CFRP composites, considering the impact energy 

and location. It was observed that a larger damage area was produced when the impact was applied to the 

connection point between the parent and repair piece and also when a larger impact energy was used. This 

implies that the weakest part of the repaired composite is the join itself and that this is the area with the lowest 

residual strength [48].  
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The effect of the impact location was also considered by Hou et al., who tested the low velocity impact 

performance of patch repaired CFRP composites. Holes with a radius of 3 mm were cut in the 100 x 150 x 3.6 

mm3 samples to represent damage, with the centre of the hole being either 20 or 30 mm from the centre of the 

sample. The holes were filled with an adhesive film and then a circular patch, with a radius twice that of the 

hole, was adhered on one side of the damage. It was seen that the peak impact force and delamination area for 

the 20 mm distance impact were 6124.2 N and 558 mm2 respectively. These can then be compared to values of 

6288.3 N and 536 mm2 for the 30 mm distance impact. This shows that, even though more force was subjected 

to the specimens with the impact further from the damage, there was still a smaller area of delamination. 

However, both distances have relatively similar values and so no clear conclusions can be drawn from only two 

distances having been tested [49]. 

Glass fibre reinforced epoxy was repaired with the scarf technique and a patch was adhered to the top 

surface by Balaganesan et al. who then performed high velocity impact testing. Various different impact sites 

were tested for the repaired samples: on the patch centre and then 5, 10, 15 and 20 mm offset from the centre. 

In comparison to a pristine sample, it was observed that the energy absorbed during the impact decreased as 

the impact site moved away from the patch centre up to 15 mm offset. At the 20 mm offset, this value began to 

increase again. This suggests that this offset is far enough away from the repair for the performance to be similar 

to that of the undamaged composite. Furthermore, the delamination area on the rear face was highest for the 

pristine sample at 1600 mm2 and the values for 0, 5, 10, 15 and 20 mm offsets were 0, 0, 192, 857 and 947 mm2 

respectively. This shows that the delamination area is greatly affected by repair and location of impact, with the 

area for the pristine sample having a value of around 1.7 times the largest delamination area of a repaired 

composite [50].  

2.3.3 Effect of Impact Hardness 

All of the sources discussed up to this point are impacts performed using a hard impactor. This is because the 

damage from this type of impact is more easily identified and so the suitability of a material can be assessed 

more effectively.  
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2.3.3.1 Soft Impact 

There is limited research on the soft impact of composite materials in comparison to hard impacts, meaning that 

the papers considered in this literature review are not limited to low velocity impact of CFRP panels. Firstly, Dau 

et al. subjected woven carbon fibre/epoxy panels to low velocity impact tests using a rubber impactor that 

deformed upon impact. One of the main findings was that there is a critical threshold energy above which 

perforation occurs, with this value being found to be between 272 and 307 J and the development of this 

damage being shown in Figure 2-11. It was, however, also found that there was a disparity between tests, which 

was concluded to be largely due to a number of factors including the dispersion of fibres in the woven material 

varied largely between samples and the unpredictability of the rubber performance [51]. These results highlight 

the difference between hard and soft impacts in the extreme energy values required for perforation in this 

testing.  

 

Figure 2-11. Damage progression in a CFRP woven panel with an epoxy matrix at an impact energy of 307 J by Dau et al. 
[51] 
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Secondly, assessing some papers on high velocity soft impacts of woven CFRP panels, Liu et al. considered the 

behaviour of woven carbon fibre/epoxy and woven carbon fibre/PEEK samples under high velocity soft impact 

using a gelatine projectile. It was found that the former experiences more damage under soft impact as the 

damage initiation energy fell between 64 and 72 J for the carbon fibre/PEEK samples and below 38 J for the 

carbon fibre/epoxy samples, with the damage observed in the samples being cracking in the matrix with no fibre 

breakage [52]. Previous testing in this area by the same research group found the largest damage area in a 

carbon fibre/epoxy sample was within the depth region of 0.4-1.5 mm, with the damage area spanning ca. 20 

mm, which was significantly larger than the damage area observed in carbon fibre/PEEK samples [53]. Heimbs 

et al. also tested CFRP panels under high velocity soft impact conditions but subjected them to tensile and 

compressive loads before impacting them, with this affecting the damage observed in the samples. Overall, the 

soft impacts were seen to cause the contact of the projectile with the panel to be distributed causing an elastic 

response and, like Liu et al., matrix cracking rather than fibre breakage. Additionally, tensile preloading led to 

less bending upon impact while compressive preloading led to more, meaning that the former had more 

intralaminar damage and less interlaminar damage [54].  

2.3.3.2 Transition 

Liu et al. impacted carbon fibre/epoxy samples at high velocities with both hard and soft projectiles, investigating 

the difference between the two. It was seen that damage, in the form of fibre breakage, was only observed at a 

velocity of 100 m.s-1 and lower velocities resulted in no visible damage apart from some slight damage to the 

paint in some cases. In contrast, damage was observed with a hard projectile from speeds of ca. 30 m.s-1 and 

the sample was perforated and a large hole produced when impacted at ca. 70 m.s-1, the highest velocity for this 

projectile [55]. It is difficult to compare the two types of impact beyond this in this case since a damage area is 

not present at 70 m.s-1 for the soft gelatine projectile but an impact of 100 m.s-1 would likely all but destroy the 

sample with an aluminium projectile. Additionally, the out-of-plane displacement maps produced for the soft 

projectile cannot be produced with the hard projectile as the perforation compromises the images. 

  Liu et al. specifically considered the difference between hard and soft impacts, using HDPE and gelatine 

projectiles respectively. Impacting at a velocity of ca. 60 m.s-1 for both types of impact showed that, when 

impacted with a hard projectile, more out-of-plane displacement was seen in the sample. This was concluded 

to likely be due to the higher contact pressures that are produced by a harder impactor. When considering the 
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theory of soft versus hard impacts, Liu et al. produced Figure 2-12 to show how the contact pressure is reduced 

by the softness of the gelatine projectile. This is because the projectile deforms and the pressure is spread out 

over a larger area, thus reducing the pressure at each point [56].  

 

Figure 2-12. Diagrams of the interaction of soft and hard projectiles by Liu et al. [56] 

2.3.4 Effect of Impactor Geometry 

Mitrevski et al. impacted carbon-fibre reinforced epoxy composite panels with a hemispherical, ogival and 

conical impactor under low velocity conditions at impact energies of 4 and 6 J to compare the damage caused 

by each. It was found that damage initiated at the lowest for the conical and highest for the hemispherical 

impactor, which suggests that the sharper the impactor the less force it takes for damage to be introduced into 

the panel. Furthermore, comparing the sharpest (conical) and bluntest (hemispherical) impactors, the panel 

impacted with the former absorbed the most energy and had the deepest indentation whereas the latter 

resulted in the highest peak force value and least time that the impactor was in contact with the panel [57]. 

Mitrevski et al. continued their research by also including a flat-ended impactor that was now the bluntest of 

the four used, which solidified their findings as the flat impactor resulted in the highest peak load [58]. 

Impactor shape was also investigated by Kazemianfar et al. who impacted glass-fibre reinforced 

polymer composite panels at an impact energy of 21 J with conical, hemispherical and flat-ended impactors. The 

main conclusions of this research were that damage initiated at a lower force value when sharper impactors 
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were used, but the time at which this occurred was not affected by the impactor, and panels impacted with the 

blunter impactors were seen to have less intense damage [59]. 

2.4 Impact Damage Assessment Techniques 

2.4.1 Non-Destructive Testing (NDT) Techniques 

A critical part of repairing composite materials that are used for aerostructures is monitoring and detecting the 

damage, without which the repair can’t be implemented successfully. There are a number of techniques that 

are currently being investigated for their suitability for this use. A technique that is successful, non-intrusive and 

can be performed without removing the composite panels is required. There is currently no technique available 

that can successfully detect all composite damage mechanisms, with the use of multiple methods being required 

to do so [6]. The majority of which entail the removal of the damaged component to allow non-destructive 

testing to occur [60]. Four damage monitoring techniques will be discussed as well as assessing the challenges 

presented by kissing bonds and the research around this. 

2.4.1.1 Visual inspection and the tap test 

The first category of damage monitoring techniques is quick and low-cost, such as visual inspection and the tap 

test. These methods are beneficial due to being relatively inexpensive and easy to implement, however each 

has its own drawbacks [6]. Visual inspection allows surface damage to be identified but is limited as such and 

cannot be used to detect damage below the surface, which is undesirable since composite materials often 

exhibit minimal damage on their external faces, especially if the defect was caused by a soft impact [6, 60]. 

Having said this, coatings, and such, can be utilised to improve the detection success rate of this technique [60]. 

Furthermore, an improvement on the use of visual inspection, called D-sight, was developed and patented by 

Diffracto Ltd., which can provide a higher resolution but requires preparation of the surface to ensure it is 

reflective [61]. Alternatively, the tap test can be used to find through thickness damage due to the higher 

frequency and clearer sound that is given off from damage free areas, in comparison to those with damage, 

when tapped [6]. However, this technique struggles to detect smaller defects and is limited to thinner materials, 

with ultrasound, thermography and shearography being alternatives that show potential [6].  
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2.4.1.2 Ultrasonic techniques 

Ultrasonic techniques are the second category of damage monitoring techniques, where ultrasonic waves are 

transmitted through the material and the reflections can be used to detect subsurface damage [6]. There must 

be a compromise between the sensitivity and the distance through the material the waves can move, due to the 

frequency [6]. The main disadvantage with this technique is that the component must be submerged in a water 

bath to ensure accurate readings of the waveforms, meaning that it is not often possible to perform in situ 

inspection using this technique [6,60]. Alternatively, laser ultrasounds techniques do not require submersion in 

a liquid couplant and the probe doesn’t have to be normal to the component, making it a viable alternative but 

it is more expensive and sensitivity can be an issue [6,60].  

One of the main causes of failure within composites, especially repaired composites, and a potential 

application for ultrasonic NDT techniques is when the adhesive and substrate are in contact but there is no true 

adhesion, and therefore no joint strength. This is known as kissing bonds and development is required to, not 

only allow composite repair techniques to be used for primary aerostructures, but adhesive bonding in general. 

One of the most challenging elements of finding a suitable technique to detect kissing bonds is creating this type 

of failure artificially. The criteria that a bond must meet to be classified as a kissing bond vary slightly from paper 

to paper, but a conservative and concise definition was given by Marty et al. by stating three criteria: ‘1. Their 

strength in a lap shear test must be below 20% of the nominal strength. 2. The mode of failure must be adhesive, 

that is purely at the interface between the adherent and adhesive. 3. They must be undetectable from normal 

bonds with classical amplitude c-scans.’ [62]. A variety of contaminants within the joint have been tested, 

including oil, frekote, baking powder, sand and wax, with sand demonstrating the most potential to help emulate 

kissing bonds as it was not visible from c-scans and allowed the epoxy through minute gaps to achieve partial 

bonding [63]. Having said this, more testing is required to verify the first two criteria since this technique 

currently only meets the final of the three. To detect kissing bonds, the primary techniques that are considered 

involve the use of ultrasound. For example, ultrasonic resonance spectroscopy (URS) equipment is traditionally 

unable to successfully identify kissing bonds, but a broad band version shows promise as it can detect variances 

in the shear wave resonances when the bond is weak in comparison to a good bond [62]. Furthermore, an 

ultrasonic wave of large magnitude can be used to introduce nonlinearities in the adhesively bonded samples, 

with a higher value of the nonlinear parameter occurring for kissing bond samples than for those with a good 
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bond, showing that there is potential for this to aid in detecting this type of adhesive failure [64]. In continuation, 

vibrothermography is an ultrasonic technique that combines the use of ultrasound with the thermography 

methods discussed above, with this combination detecting a simulated kissing bond and, therefore, showing 

potential [65]. Overall, the emulating of kissing bonds and developing of techniques to detect them still requires 

more research and fine-tuning to improve the results enough to be used on aircraft components, with the 

current techniques proving to be promising. 

2.4.1.3 Thermography 

Thirdly, thermography uses infrared radiation to detect damage by measuring the temperature gradients and 

thermal impendence from defects within the material, with both passive and active versions being possible, and 

can be performed when there is only access to one side of a component [6]. The active version requires heating 

the component through the use of an external heat source, which can cause thermal damage if the temperature 

is increased beyond that which the material can withstand [60]. Another disadvantage of this technique is that 

the equipment is relatively expensive, with highly sensitive thermal cameras and external sources being utilised 

[6]. Grammatikos et al. used an infrared thermography technique to identify debonding of a patch repair on a 

composite material by using it to find the stress concentrations that cause this failure mode to occur, showing 

that this method can work in practice [66]. 

2.4.1.4 Shearography 

The fourth and final damage monitoring technique to be discussed in this paper is shearography, which consists 

of shining light on the component, taking images when the object is in a stressed and unstressed state and then 

using these to find stress concentrations [60]. This technique is suitable for composites, including repaired 

composite samples, because it can be set up in such a way that allows failure mechanisms such as delamination 

to automatically be detected and it could be used for the non-destructive testing of repairs to analyse their 

performance and ensure their success [6]. The primary disadvantage is that the results can be largely affected 

by the size and location of the defect, meaning the success might be limited [6].  
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2.4.2 Destructive Testing Techniques 

Damage monitoring techniques are non-destructive methods for detecting and locating damage within 

composite panels, however there are also advantages to techniques that are not non-destructive and so require 

cutting the panel to assess the damage. This option allows for a more thorough inspection and thus a better 

understanding as to how the damage initiates and propagates through the material. Damage monitoring 

techniques are useful for assessing damage when materials are in use and damage detecting techniques are 

useful for analysing and learning about damage when testing and characterising materials. 

2.4.2.1 Optical Microscopy 

One of the most common destructive testing techniques implemented to investigate damage initiation and 

propagation in composite materials is optical microscopy. Samples are prepared for inspection by cutting 

through the damage, grinding and then polishing the surface to be viewed [67-69]. Optical microscopy allows 

for the intralaminar damage to be viewed as well as the interlaminar damage, where techniques such as 

ultrasonic c-scanning only show the delaminations and not the fibre breakage or matrix cracking within a panel. 

However, a major drawback to this method is that it only gives a two-dimensional view of a single section on 

the damage area [67], meaning that the damage through the material is not viewable, even if multiple sections 

are taken. Additionally, it can be difficult to identify areas of damage, depending on the material, but this can 

be overcome by using fluorescent dye that highlights the cracks in the matrix [67]. This technique is most 

beneficial when used in conjunction with another technique, as the damage area cannot be found through 

analysing the cross-section, but it does give an insight into how the damage filtrates through the plies.  

2.4.2.2 Scanning Electron Microscopy 

Scanning Electron Microscopy (SEM) is another technique for viewing the damage cross-section of a composite 

panel. However, unlike optical microscopy, the resolution power of SEM is not limited to visible light, meaning 

that greater magnification is possible [70]. When scanning a sample, it must be cut, ground and polished and 

then coated with a metal, such as gold, to avoid overheating by conducting the electrons away from the 

examination area [67]. Many failure mechanisms can be identified through this technique, including observing 

the fracture path and surface to determine the direction of crack propagation from the crack initiation site 

[67,71,72]. A diagram of the set-up of a scanning electron microscope is shown in Figure 2-13 below. 
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Figure 2-13. Diagram of the set-up of a scanning electron microscope [73]. 

2.5 Modelling of Impact Events 

Simulating impacts, with the use of minimal testing to verify the model, allows optimum variables to be 

calculated prior to investing in complex experimentation. This can save both time and money since the viability 

of research opportunities can be evaluated – and the research halted if necessary – before manufacturing 

materials for testing.  

2.5.1 Pristine Composites 

Xin et al. proposed a progressive damage model to predict the performance of fibre reinforced polymer 

composites under impact. The model is described as having three elements: quadratic stress-based failure 

criteria to predict the onset of failure; a combination of a linear form damage evolution law and the fracture 

energy approach to model the post-damage softening process; and the strain rate dependency of strength and 

modulus are taken into consideration. A number of failure modes are accounted for in this model, including 

matrix fracture, fibre breakage and delamination. This model considered both in-plane and out of plane stresses, 

where other continuum damage mechanics models, at the time this model was developed, only catered for the 
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effect the in-plane stresses had on the matrix and fibre failure modes, ignoring out of plane stresses and their 

effect on the results. The model was said to be in good agreement with the experimental data and it is 

commented that the fracture energy approach can be seen to reduce the mesh dependency [74].  

Fibre reinforced composite laminates were also considered by Ansari et al. who performed a numerical 

investigation into the penetration and perforation behaviour of the composites under impact. There were four 

main conclusions from the modelling. Firstly, the damage in the composite plate and the ease of penetration of 

the projectile are both reduced with the employment of a fully restrained boundary condition. Secondly, for 

high velocity impacts, the damage is primarily located near the impact site and thinner samples had a smaller 

damage area. Thirdly, the length of the composite plate was seen to have an inversely proportional relationship 

with the ballistic limit velocity. Lastly, there was good agreement with the experimental data from literature 

[75].  

Pham et al. considered the low-velocity impact response of fibre reinforced composite materials, as 

well as the compression after impact failure, using an enhanced continuum damage model that incorporated a 

3D maximum stress criterion and then a fracture-energy-based smeared crack model. The interaction between 

delaminations and matrix cracking was investigated, and the model was used to see how these failure modes 

would affect the compressive strength after impact, once it was verified to be in good agreement with 

experimental data from static open-hole tensile testing. The results of this research were that the compressive 

strength is affected by the delaminations caused from impact and the model is successful at giving information 

about impact and post-impact performance of the composite materials, as well as the damage that results from 

the impact event, quickly and efficiently [76]. 

2.5.2 Scarf Repaired Composites 

Simulating a low velocity impact of a scarf repair with a cohesive zone model based on Dugdale-Barenblatt 

model, Liu et al. obtained results that implied that the finite element model used can simulate the damage 

propagation for composites with scarf repairs that are impacted. Experimental data, discussed in Section 2.4.1, 

was used to validate the model. From the model, it was seen that, when the impact energy increased to 10 J, 

composite intralaminar damage grew but adhesive shear fracture no longer did, which is a significant finding 
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because the adhesive shear fracture was seen to be a major failure mode for the other impact energies 

simulated [40]. 

Herszberg et al. modelled the catastrophic failure, discussed in Section 2.4.1, using finite element 

analysis to test the hypothesis of what caused the catastrophic failure. The model used was simplified to only 

allow damage to occur in the adhesive and both simple tensile testing and impacting pre-strained samples were 

modelled. The former was to validate the adhesive damage models, with a conservative cohesive model being 

chosen to be used for the impact studies. This model was worse at predicting the response of the scarf joints 

when compared with an elastic-plastic model and experimental data but had superior numerical stability making 

it more suitable. The results from the impact modelling at different pre-strain values are shown in Figure 2-14 

below [43]. 

 

Figure 2-14. Relationship between damage area, strength and incident momentum of scarf repaired composites by 
Herszberg et al. [43] 

From the data above, it was concluded that, for a given pre-strain value, increasing the incident 

momentum increases the damage area. It can also be seen that, as the residual strength increases, the damage 
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area decreases, from Figure 2-14 above. Finally, the method allowed the critical impact velocity for each pre-

strain to be calculated by seeing at what value the modelled samples failed. 

Cheng et al. considered the effect that the stacking sequence and rotation angle of the scarf repair have 

on the impact performance. Fibre breakage and matrix cracking were modelled using 3D Hashin criteria, whilst 

in- and out-of-plane shear damage was found using maximum strain criteria. The final composite damage 

considered in this model was interface delamination, which was achieved through the use of cohesive elements. 

This finite element analysis model was found to have good agreement with experimental results, with a relative 

error of 8.2% between their average delamination areas. Three different scarf lay-ups were considered, along 

with a sequence of the same order as the parent material: the original lay-up was [45/02/-45/90/45/02/-45/0]S; 

sequence 1 was [0/-45/02/45/90/-45/02/45]S; sequence 2 was [05/90/-45/45/-45/45]S; and sequence 3 was [45/-

45/45/-45/90/05]S. It was found that sequence 2 had the smallest delamination and adhesive damage areas, 

whilst sequence 3 had the largest adhesive damage area. Furthermore, sequence 1 was the most similar lay-up 

to the original lay-up of the parent material, but there was a difference between the sum damage of the original 

patch and the one made with sequence 1, demonstrating that a small change in the stacking sequence causes a 

change in the impact performance of the scarf repair. Ten rotation angles – ±3°, ±5°, ±7°, ±9° and ±11°  – were 

simulated. From the results, it was noted that the patch rotation has an effect on the delamination damage, 

with a positive rotation angle having a bigger effect than the negative angles. Finally, it is said that adjusting the 

rotation angle affects the overall performance of the scarf repair more so than changes in the stacking sequence 

[77]. 

A similar model was utilised by Cheng et al. to consider the effect that scarf angle, adhesive thickness 

and patch off-axis angle have on the overall repair performance. Additionally, the adhesive was modelled using 

a plastic model based on experimentation of the specific adhesive. Comparing the model results to experimental 

data, it was decided that the impact behaviour was predicted to a suitable accuracy. Firstly, the scarf angle was 

considered, with four angles from 5° to 8° being simulated. Both 7° and 8° had minimal delamination in the 

parent material, but 5° and 6° gave better tensile and compressive strength. Of these two angles, 6° gives the 

least adherend delamination, however 7° and 8° scarf angles are still recommended. Secondly, five adhesive 

thickness values were modelled between 0.1 and 0.25 mm, with results implying that thickness values within 
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the range of 0.15 to 0.25 mm gave both better tensile and compressive strengths as well as better impact 

performance. Finally, eight angles between 0° and 180° were simulated for the patch off-axis angle. The 

maximum ultimate impact force was seen at a value of 0° and the minimum occurred at 10°, suggesting that the 

patch off-axis angle has a notable effect on the impact performance. To reduce the damage to both the adhesive 

and adherend, an angle between 135° and 160° is recommended [78].  

2.5.3 Patch Repaired Composites 

Tie et al. used a continuum damage mechanics model, based on 3D Hashin failure criteria, and a cohesive zone 

model to investigate the effect of patch size and shape on the effectiveness of the repair. Five patch shapes 

were modelled: circle, square, rhombus, hexagon and octagon, and it was seen that the initiation of damage 

happens at almost the same time for each sample. Additionally, the circular patch had the minimum impact 

force variation, meaning less impact energy was absorbed and it is therefore the patch shape with the best 

performance, and the rhombus was seen to have the largest variation and therefore the worst performance. To 

consider the effect of patch size on the repair performance, circular patches with radii of 1.5, 2, 2.25, 2.5, 2.75, 

3 and 3.5 times that of the hole radius were modelled. The smallest patch was found to have the worst 

performance, absorbing the most impact energy and having the largest damage area of all the modelled 

samples. All the other patch sizes were difficult to separate from the history curves alone, due to having such 

similar values. However, looking at the specific values of delamination area and energy absorption, it was seen 

that a circular patch with a radius of 2.5 that of the hole had the lowest values for both. This implies that the 

best repair performance is achieved with a circular patch that has a radius 2.5 times the size of the hole radius 

[44]. 

A similar model was used by Hou et al., who also used 3D Hashin damage criteria and a cohesive zone 

model to create a continuum damage mechanics model. The model had 65239 and 3331 elements for the parent 

material and patch respectively, which was to ensure the damage behaviours from the impact would be 

captured to a suitable resolution. It was found that the delamination areas from the numerical simulation for 

both experimental cases, impacting 20 and 30 mm from the damage site, had differences of 3.8% and 2.7% from 

the experimental values respectively, demonstrating that the model is suitably accurate. For this reason, the 

model was used to consider a larger range of distances: 0, 10, 20, 30 and 40 mm from the damage. It was seen 
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that the sample impacted directly on the repair absorbed the most energy and the sample impacted 30 mm 

away from the repair absorbed the least, after which, the impact energy absorbed starts to increase again. The 

delamination area has less of a clear pattern, with a decrease between 0 and 10 mm and then a large increase 

when the distance is increased to 20 mm before then stabilising around 30 mm. Both of these results can be 

seen in Figure 2-15 below and imply more detail is needed through testing of a larger range of distances to 

understand the patterns [49]. 

 

Figure 2-15. Absorbed energy and delamination area of impacts at different distances from the repair by Hou et al. [49] 

2.5.4 Soft Impact 

Firstly, considering the modelling of soft impacts, Liu et al. used experimental work, prior to performing 

numerical modelling, to determine the characteristics of a soft projectile during high velocity impact and found 

that it behaves as a viscoelastic-plastic fluid. From this finding, there was more understanding of how the 

projectile interacts with the composite panel leading to the use of the Smoothed Particle Hydrodynamics (SPH) 

modelling technique, allowing the deformation of the soft projectile to be modelled successfully. To model the 

damage initiation in the panel, tensile and compressive fibre and matrix failure were all considered using 

Hashin’s approach. Comparing the modelling results to those seen in the experimental work, good agreement 
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was found [79]. This same model was used in further simulations by Liu et al. and good agreement was seen, 

but the model predicted values slightly lower than that seen experimentally, which is commented to be likely 

due to the composite panel being woven and the curvature effects that come with this [53].  

 Johnson et al. also modelled soft projectiles with the SPH modelling technique, considering both 

hailstones and bird strikes. The former can be modelled with solid finite elements as there is minimal element 

distortion, but the latter requires a different technique to allow for deformation of the gelatine projectile. This 

realisation led to the use of the SPH modelling technique as it consists of interacting discrete particles rather 

than solid elements. It was decided to utilise this technique for both types of impactor, with reasonably good 

agreement for both. It was concluded that there are elements of the ice projectile that are not covered in the 

model, such as the effect of temperature on the elastic/plastic response [80]. In previous work, Johnson et al. 

found that this modelling technique accurately simulated the impact with a gelatine projectile and showed 

potential to be adapted for predicting damage from other impactor types [81].  

 The SPH modelling technique is a mesh-free Langrangian model, with the removal of the mesh allowing 

for the deformation of the soft projectile to be more accurately predicted. The need for this is shown by Heimbs 

et al. who compared Langrangian and Eulerian models, both of which include meshing, and saw an over-

prediction of the contact force upon impact of 11% and 5% respectively. Having said this, relatively good 

agreement was still seen using both of these methods [54].  

Lastly, Liu at al. modelled both hard and soft high velocity impacts to consider the effect of the projectile 

hardness on the impact response of the composite. Since the two types of projectile behave differently upon 

impact, it was required to create two simulations. As in the papers above, the SPH modelling technique was 

used for the soft projectile. Contrastingly, the hard projectile was much simpler to model, with elastic material 

elements being employed. The good agreement achieved from both simulations can be seen in Figure 2-16 [82]. 
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Figure 2-16. The out-of-plane displacement traces of high velocity impacts on woven carbon fibre/PEEK samples from 
experimental and numerical work for (a) a gelatine projectile, and (b) a HDPE projectile by Liu et al. [82] 

2.6 Summary 

It was found, by multiple sources, that there is a critical energy value for a repaired composite impacted at a low 

velocity, below which the material behaves similarly to a pristine sample and above which the repair is where 

the failure occurs [39, 40]. This implies that repairs are successful to a certain extent. When lower energy impacts 

occur, the repairs mean that the material behaves as though it had not been previously damaged. However, this 

critical value was seen to be relatively low, with values of 23 J [39] and 4 J [40] being concluded to be this turning 

point in the failure mode by the respective sources, and so further improvements to the repairs are required. 

Differences in the critical energies are likely due to variables in each experiment, but further research could be 

carried out to consider how the critical energy value is affected by the properties of the material and the repair 

technique.  

Atas et al. compared two different methods of performing scarf repairs with pristine samples, finding 

that the damage propagated along the repair line for the repaired samples rather than in the fibre direction as 
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was seen for the pristine material and that the perforation energy for the repaired samples was significantly 

lower than that of the pristine samples, being 30 J lower, suggesting that pristine materials perform better than 

repaired materials [41]. This is furthered by the research of Li et al. who performed impact testing on pre-

strained samples, comparing pristine and scarf repaired materials. It was seen that the pristine materials were 

generally unaffected by the pre-strain, but the repaired samples were seen to have a larger damage area when 

a more significant pre-strain was applied [42]. These results show that repaired samples do not perform as well 

as pristine samples when under tension during impact. 

Various research has been carried out considering the effect of patch shape and configuration on the 

performance of the repair. Tie et al. considered the patch shape and size using both experimental and modelling 

means, finding circular patches with a radius of 2.5 times that of the damage hole give the best repair 

performance [44]. Andrew et al. considered the lay-up of the repair patch, varying the order of Kevlar and glass 

fibre reinforced epoxy in woven patches, and found that the mechanical properties and the configuration of the 

patch both change the performance, with a combination of the two materials giving the best performance as 

the ductility and brittleness were balanced [45]. Furthermore, Coelho et al. compared single and double patches, 

finding that the double patch repair could withstand a higher load than that of the single patch repair [46]. 

Finally, Harman et al. performed testing of a combination of a scarf repair with a single patch, impacting both 

on the patch alone and on the patch over the scarf joint, with the latter demonstrating superior impact 

performance [47]. Although there is not much research on how these properties of the patch repair affect the 

performance of the materials when subjected to high velocity impacts, the fact that they have such an influence 

on the results at a low velocity implies that they would have similar effects at a higher velocity. For this reason, 

testing of patch configurations with high velocity impacts would be beneficial to see if there is more or less 

reliance on patch properties than for low velocity impacts. 

Both Liu et al. and Hou et al. considered how the impact location affected the performance of a repaired 

composite at low velocity. Liu et al. tested scarf repaired composites and found that the weakest part of the 

material was the join itself as it was the part with the lowest residual strength [48]. Hou et al. tested single patch 

repairs, impacting 20 mm and 30 mm from the damage site, and the results demonstrated that impacting further 

from the damage results in a smaller delamination area [49]. Balaganesan et al. also researched the impact 

distance from the damage site, but at high velocity and on a sample that was both scarf and patch repaired, 
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which resulted in a larger delamination area the further away it was from the damage site. This is the opposite 

of what was seen in low velocity impacts, with the pristine sample having a delamination area 1.7 times larger 

than any repaired sample [50]. This implies that the repair works to significantly reduce the delamination from 

high velocity impacts and performs better at a higher velocity than at low velocities.   

When comparing hard and soft impacts, the energy required to cause damage and perforation in 

samples is much greater for the latter. This can be seen from the fact damage only occurs at 100 m.s-1 for a soft 

projectile but perforation occurs at 70 m.s-1 for a hard projectile under the same conditions [55] and, when 

looking at the out-of-plane displacement, a greater amount is seen with a hard projectile for the same impact 

velocity [56]. The large energies required is shown by the critical energy for perforation seen by Dau et al. that 

falls between 272 and 307 J [51] and the damage initiation value between 64 and 72 J seen by Liu et al. [52]. 

This is most likely due to the deformation that a soft projectile undergoes when interacting with the sample, 

which results in the contact pressure being applied over a larger area, thus reducing the force on each point 

[56]. Therefore, more energy is required to achieve the same damage as for a projectile that does not deform.  

Research investigating the difference between the damage observed and force-time traces for different 

shapes of impactor under low velocity loading conditions suggests that the sharpness of the impactor has a 

significant effect on the performance of the composite panel. This was shown by Mitrevski et al. who found that 

blunter impactors had higher peak loads while sharper impactors absorbed more energy [57,58]. Additionally, 

at a higher energy value, the bluntest impactor also resulted in the highest load value for damage initiation [59]. 

This is likely due to the fact that the blunt impactors spread the force over a larger area and so the panel can 

withstand more force before damage occurs, whereas the sharper impactor allows the panel to bend more 

around it and thus more energy can be absorbed upon impact.  

With regards to modelling, some simulations of impact events on pristine composites have been 

discussed in this paper. Firstly, Xin et al. developed a model that considered a large number of failure modes, 

catering for both in-plane and out of plane stresses and their effects of the results, finding that the fracture 

energy approach utilised aided in reducing the mesh dependency [74]. Secondly, Ansari et al. used their model 

to find that fully restrained boundary conditions reduce the damage of the composite and the ease of 

penetration of the projectile, as well as the fact that thinner plates had smaller damage areas when impacted at 
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a high velocity [75]. Pham et al. also modelled the impact response of pristine composite materials, but 

considered the compressive strength after the impact itself, with the results implying that the delaminations 

from the impact led to a reduction in the compressive strength [76]. The conclusions found from pristine 

modelling, and the models themselves, could be used to improve repaired composite models.  

Herszberg et al. used a cohesive model for low velocity scarf repair impact simulations, which was 

shown to have worse performance when predicting the response of the repaired materials than the elastic-

plastic model it was chosen over, but the superior numerical stability of this model meant it was more suitable 

for use in the simulations. This implies that there is a compromise between stability and accuracy within this 

model and that the results it gives could be inaccurate when compared to experimental data [43]. Furthermore, 

Cheng et al. [77] and Cheng et al. [78] both also considered low velocity scarf repairs with similar models, both 

implementing the 3D Hashin failure criteria but looking at different outputs. For this reason, each implemented 

slightly different failure criteria and models within their simulations. To check the reliability of the models, the 

results were compared to the small amount of experimental data that had been collected by each respectively, 

with both claiming to have good agreement. Cheng et al. used their model to compare the scarf rotation angle 

with the lay-up and found that the former had a greater effect on the overall performance of the repair [77]. 

However, it would be beneficial to also test this theory experimentally by using the model as a guide for testing.  

To model a hard projectile, simple elastic material elements can be used but, for a soft projectile, a 

different method is required to ensure the deformation is accurately captured [82]. The most commonly used is 

the SPH modelling technique, which is a meshless Langrangian model, that does not have solid elements but 

instead uses discrete particles that interact with each other [52, 79-82]. Heimbs et al. used a standard 

Langrangian method and found that this gave an over-prediction of the initial contact force of 11% [54], showing 

why the SPH modelling technique is preferable as it removes this issue. Overall, modelling a soft projectile is 

more complex than a hard projectile due to the deformation upon impact and the fact that the model has to be 

adjusted for different types of soft projectiles (such as gelatine for bird strike, ice for hailstones etc.). This is 

shown by Johnson et al. who used a model, which was successfully able to predict the impact of samples with a 

gelatine projectile, to simulate an impact with an ice projectile but the results were not as accurate due to the 

need to include the effect of temperature on the projectile behaviour [80]. 
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In conclusion, composite repair techniques have the potential to ensure aerostructure components can 

continue to be used without being fully replaced or failing due to fatigue during use of the aircraft. Of the two 

types of repair discussed, scarf repair has the better performance but requires more complex machinery and 

significant material removal and, depending on the scarf angle, a large amount of good parent material can be 

wasted. All of these factors mean that sometimes a patch repair is more suitable. Having said this, a combination 

of the two can be seen to be the most effective repair. There is a large amount of testing of repaired composite 

performance under low velocity impacts, with the overall result suggesting that the repaired samples are not as 

effective at withstanding the impact as pristine samples. There is also testing to suggest that the join itself is the 

weakest area of the repair and there are a large number of variables in the success of the adhesive, including 

the number of voids present and the adhesive thickness. The most common testing that has been carried out is 

low velocity, hard impacts due to the ease with which they can be performed as well as the fact that the damage 

modes are clearer to identify. There is also limited research into the transition from hard to soft impacts, 

especially at a low velocity, for the same reason. Considering soft impact of pristine materials, it can be seen 

that the results vary significantly from the same tests with a hard projectile. Higher energies are required for 

damage and perforation to occur, which suggests the response to hard impacts is more critical, however the 

damage from a soft impact is harder to detect due to no obvious defects on the surface. This leads to another 

difficulty with composite repair is the damage monitoring techniques available. There are no methods currently 

that allow all damage types to be identified simultaneously, but there are a few that show potential to identify 

defects that are difficult to detect, such as kissing bonds. Further research is required, especially in ensuring 

kissing bonds can be effectively replicated, as this is critical in being able to test the viability of detection 

techniques. Research suggests that the impactor shape significantly affects the performance of composite 

panels under impact conditions. More blunt impactors spreading the force out over a larger area to give higher 

peak force values and sharper impactors allowing for the panel to bend more and thus absorb more energy. 

Finally, modelling is commonly used alongside minimal experimental testing for verification. This allows complex 

variables to be optimised before experimentation begins, thus saving money and time. It can be seen that using 

modelling allows for events to be simulated and data collected that would ordinarily be much more difficult in 

practice. For example, recording the initial and residual velocity throughout the entire impact event and testing 

a large number of patch and scarf repair configurations. It is also possible to model different types of projectiles, 

with the SPH modelling technique allowing for the deformation of a soft projectile to be captured with good 
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agreement to experimental work. Further development of models is required for specific applications, such as 

different repair configurations and hailstone soft projectiles, but those that have been developed thus far 

demonstrate the potential for models to effectively predict the damage that will occur after impact. 
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3 Materials and Experimental Procedures 

Parts of this chapter come from the following paper: ‘The effectiveness of patch repairs to restore the impact 

properties of carbon-fibre reinforced-plastic composites’ [83]. 

3.1 Introduction 

The research summarised by this thesis focused on the testing of carbon fibre reinforced polymer composite 

materials, specifically with an epoxy matrix. Detail is given in this chapter on the mechanical properties of the 

unidirectional prepreg and film adhesive used, the manufacturing processes to make pristine and repaired 

samples, and the methods used for testing and inspecting the samples.  

3.2 Materials 

3.2.1 Unidirectional fibre reinforced composites 

The CFRP panels used for the research in this thesis were manufactured from unidirectional prepreg (MTC510-

UD300-HS-33%RW) supplied by SHD Composite Materials Ltd, UK. This prepreg contains an epoxy matrix 

(MTC510) and T700 carbon fibres at a fibre volume fraction of 60%. Flat panels were prepared using an autoclave 

and cut using a cut-off saw according to ASTM D7136 [84].  

Table 3-1 gives the measured and theoretical properties of the MTC510 unidirectional prepreg material. 

This information was supplied by the material supplier, SHD Composites Ltd, UK.  

Table 3-1. Material properties for MTC510 unidirectional prepreg 

Test Results   Standard 

Fibre volume 
fracture (VF) 

Measured 60.20 % N/A 
Theoretical 57.71 % 

Cured ply thickness 
(CPT) 

Measured 0.286 mm N/A 
Theoretical 0.289 mm 

Tension 0° 
Tensile strength 2282 MPa 

BS EN ISO 527-5 Tensile modulus 119.3 GPa 
Poisson’s Ratio 0.34  

Tension 90° 
Tensile strength 54 MPa 

BS EN ISO 527-5 Tensile modulus 8.2 GPa 
Poisson’s Ratio 0.01  
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Compression 0° 
Compressive strength 1067 MPa 

EN 2850 Type B 
Compressive modulus 113.6 GPa 

Compression 90° 
Compressive strength 200 MPa 

EN 2850 Type B 
Compressive modulus 9.3 GPa 

In-plane shear ±45° 
In-plane shear strength 99 MPa 

ASTM D3518 
In-plane shear modulus 3.60 GPa 

Interlaminar shear 
strength 

Interlaminar shear strength 84.8 MPa BS EN ISO 14130 

DMA 
Tg Onset 123 °C Modified ASTM D7028 

(Single Cantilever) Peak tan delta 133 °C 
 

3.2.2 Film adhesive 

When repairing samples, MTFA-500 film adhesive was used to attach a patch over the removed damage area, 

supplied by SHD Composite Materials Ltd, UK. This particular film adhesive was chosen because it was 

recommended for the purpose by the company who repaired the samples, Polar Manufacturing Ltd, UK. The 

volatile content and voidage after autoclave curing of the adhesive are both given as less than 1% by the supplier. 

Some further properties are given in Table 3-2 below. 

Table 3-2. Material properties for MTFA-500 film adhesive 

Test Results   Standard 

Climbing drum peel 
Peel strength (T) 437 N ASTM D3165 
Peel strength (L) 538 N ASTM D1781 

DMA 
Tg – storage modulus onset 141 °C AITM 1-0003 Issue 3 
Tg – Tan δ peak 150 °C 

 

3.3 Manufacturing Processes 

3.3.1 Pristine sample preparation 

The prepreg was cured in an autoclave under a constant pressure of 6 bar with a 120-minute dwell-time at 

110°C, using a 2°C per minute temperature ramp, and the glass transition temperature of the cured composite 

was 133°C. Figure 3-1 shows a diagram of the curing process and the autoclave used.  
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Figure 3-1. (a) Diagram of the curing process to produce laminates from the prepreg [85] and (b) the autoclave used to cure 
the prepreg and make panels. 

Cross-ply and quasi-isotropic panels were used in the testing in this thesis, with both being manufactured in 

‘thin’ and ‘thick’ variations to allow for various repair configuration. The specific lay-ups and thicknesses of the 

samples made up are given in Table 3-3 below.  

Table 3-3. Material information for samples made from the unidirectional prepreg 

 Thicker cross-ply Thinner cross-ply Thicker QIT Thinner QIT 
Lay-up [02/902]2s [0/90]2s [452/-452/02/902]s [45/-45/0/90]s 
Plies 16 8 16 8 
Thickness 4.58 mm 2.29 mm 4.58 mm 2.29 mm 

 

The blocking lay-ups used for the thicker materials were chosen due to consistency with previous work within 

the research group and being commonly used in work by other researchers, allowing for comparisons to be 

made with other testing results. The 0° plies were aligned with the longer edge of the panels, which had a size 

of 100 mm x 150 mm, with a thickness, t, of 2.29 or 4.58 mm, as shown in Figure 3-2. 
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Figure 3-2. Plan- and side-views of (a) a thinner panel and (b) a thicker panel  

3.3.2 Patch repaired sample preparation 

The patch repair panels were produced by removing a disk from the centre of a pristine panel, which now 

became the parent CFRP composite, and a circular patch of CFRP material was then adhered over the hole using 

one layer of MTFA-500 toughened epoxy-film adhesive, supplied by SHD Composites Ltd, UK, which had a 

nominal thickness of 0.25 mm. The removal of this CFRP disc was performed by Polar Manufacturing Ltd, UK, 

and consisted of two stages: roughing and finishing. A 2 mm diameter carbide corn-cutter, at a spindle speed of 

5000 rpm and feed rate of 300 mm/minute, and a 2 mm diameter carbide 3-flute end mill, at a spindle speed of 

5000 rpm and feed rate of 400 mm/minute, were used for the roughing and finishing stages, respectively. 

Approximately 0.1 to 0.2 mm of CFRP material was left untrimmed after the roughing stage to ensure a high-

quality finish. During machining, each pass only removed 1 mm of material in the Z-plane and started and 

finished away from the hole edge to minimise any damage initiation as far as possible. The machine was run 

without coolant and the panels were fixed to a sacrificial back-plate with double-sided tape and constrained 

with clamps. The surfaces of the parent, patch and plug (where relevant) were prepared prior to bonding using 

50 grit sanding discs and then cleaned with acetone. The adhesive layer was cured under a constant pressure of 

6 bar with a 90-minute dwell time at 130°C and a 3°C per minute temperature ramp, where the curing set up 

and autoclave used are shown in Figure 3-3. Additionally, when no plug was present in the repair, a sacrificial 

plug was used to ensure correct placement and a high quality repair. 
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Figure 3-3. (a) Diagram of the curing process to produce repairs [85] and (b) the autoclave used to cure the adhesive for 
repairs. 

The use of a glass tooling plate over a standard steel or aluminium plate allowed for a smoother release and 

quicker heating [85]. Two different thicknesses of the patch composite were employed, which gave a cured ply 

thickness, 0.5t, of 2.29 mm, and the thicker patch having the same lay-up and thickness, t, of 4.58 mm as that 

of the parent CFRP. Some repairs were made with a push-fit plug of the CFRP parent composite to fill the hole, 

whilst in other repair panels the hole was left unfilled. Where a plug was present, the orientation of the plies 

was identical to the parent panel and, since a disk of the film adhesive was used, both the parent panel and the 

plug were adhered to the patch. However, it was found from manufacturing and testing successive batches of 

patch repair panels, that a relatively easy push-fit of the composite plug was preferable to a very tight fit. Since 

the former enabled the adhesive to flow into the gap between the plug and the parent CFRP, and so prevented 

the patch from being dislodged on a few occasions during impact tests on the repaired panels. Such a failure 

mode resulted in the repaired panel having a relatively poor impact performance. Therefore, all the current tests 

(a)

(b)
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using plugs were conducted on patch repair panels where the composite plug was a relatively easy push-fit into 

the 40 mm diameter hole which had been cut out in the parent CFRP. Two different diameters of CFRP patches 

were used: 55 and 65 mm, as denoted by the dimension ‘D’ in Figure 3-4. The size of the removed material also 

varied depending on the testing and this was governed by the size of the damage area seen in a pristine panel, 

with the material removal size being chosen to contain all detected damage.  

 

Figure 3-4. Plan- and side-views of a repaired panel  

3.4 Overview of Experiments 

3.4.1 Drop-weight testing 

The pristine and patch-repair panels were tested under a low-velocity impact loading using an Instron 9340 

drop-weight tower supplied by CEAST, Italy, shown in Figure 3-5, following the same test method as described 

elsewhere [86-88]. Basically, the panels were held in place with four rubber clamps, one at each corner, over a 

fixture with a 125 x 75 mm2 cut out window. A 16 mm diameter, stainless steel impactor with an overall mass of 

5.27 kg and either a rounded or flat end was used to impact the panels from varying heights. A catching system 

was used to prevent further impact events from occurring after the initial impact. No software filtering was 

applied to the load versus time data that was outputted and the accompanying software, provided by CEAST, 

produced both the impact load and resulting displacement of the panel as a function of time for the impact 

event.  
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Figure 3-5. Drop-weight tower set-up. 

3.4.2 Ultrasonic C-scanning 

The impacted panels were inspected using a Prisma portable ultrasonic C-scanner supplied by Sonatest Ltd, UK 

(see Figure 3-6) to detect any interlaminar damage area. This technique has been discussed in detail elsewhere 

[88]. Essentially, a water spray was applied to the surface to act as a contact agent to ensure effective 

transmission of the ultrasonic waves from the transducer probe through the composite, using a scanning 

frequency of 5 MHz. These waves are reflected back to the transducer upon interacting with any delamination 

damage in the panel, and the position and size of the interlaminar damage can be determined from the total 

travel time and amplitude received by the transducer, respectively. The C-scanning equipment gave images with 

a scale from 0 to 4.58 mm (i.e., the thickness of the pristine and parent panel, and also of the thicker patch) or 

0 to 2.29 mm (i.e., the thickness of the thinner patch). The total damage area was then calculated by counting 

the number of pixels that were not dark blue in colour, since dark blue corresponds to a region of the laminate 

free from interlaminar damage. 

 

Impactor with 
16 mm tup 

Catching system 

Fixture 
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Figure 3-6. Ultrasonic C-scan equipment set-up. 

3.4.3 Microscopic inspection 

An optical microscope was used to inspect the damage in the samples after impact, to give further information 

from that gathered by using the c-scanning equipment.  

 The preparation process used before assessing the damage mechanisms with the microscope are 

described elsewhere [85]. Essentially, samples were prepared for inspection by cutting through the centre of 

the damage area with a diamond-blade circular saw, see Figure 3-7. The cutting blade speed was set to 3500 

revolutions per minute and the panels were fed into the cutter at a rate of 0.3 mm per minute. 
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Figure 3-7. Diamond-bladed circular saw used to cut samples through the damage area in preparation for analysis via 
optical microscopy. 

 Once cut, the samples were ground, using silicon carbide grinding paper, gradually increasing in 

fineness by using: P180, P300, P600/P800, P1200, P2500 and, if available, P4000, and polished, using diamond 

suspension fluid on polishing cloths, gradually decreasing in size by using: 6, 3, 1 and 0.25 micron. Grinding and 

polishing the samples allows for better images to be taken when using the optical microscope to ensure the 

damage mechanisms are clearly visible. The equipment used for this process is shown in Figure 3-8. 
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Figure 3-8.Grinding and polishing equipment with a sheet of silicon carbide grinding paper attached (left) and a polishing 
cloth sprayed with suspension fluid attached (right). 

The samples were then viewed using the optical microscope (see Figure 3-9) and images were saved of 

what was seen. This internal viewing option was chosen over SEM due to less preparation being required as well 

as a lack of need for magnification above 100 times, which the optical microscope was more than suitable for 

[85].  

 

Figure 3-9. Optical microscope and accompanying software used to view damage mechanisms within composite panels 
after impact.  



CHAPTER 4 

65 

4 Experimental study on the effect of patch repair properties on 

quasi-isotropic CFRP panels under low-velocity impact loadings 

This chapter comes from the following paper: ‘The effectiveness of patch repairs to restore the impact properties 

of carbon-fibre reinforced-plastic composites’ [83]. 

4.1 Introduction 

Composite materials based upon carbon-fibre reinforced-plastics (CFRPs) have been widely used in 

aerostructures over the last three decades mainly due to (a) their excellent strength to weight, and stiffness to 

weight, ratios, (b) their very good cyclic fatigue resistance and (c) the ability to control their mechanical 

properties by suitably changing the fibre lay-up. However, an area of particular concern when considering the 

performance of composite materials, such as CFRPs, for aircraft structures is the impact performance of the 

composite. Therefore, firstly, the initial impact performance of the pristine CFRP is of interest because there are 

many impact scenarios. These include impact events which arise from dropped tools, bird strike, hail stones, 

runway debris, airport equipment striking the fuselage and hard landings. Secondly, these impact events may 

lead to damage in the CFRP which now needs to be repaired to recover the mechanical performance of the 

composite material. The two most common repair techniques for composite materials are patch and scarf 

repairs and, for secondary aircraft structures, these repair methodologies involve the use of adhesive bonding 

as the most common joining technology used for the repair. Thirdly, obviously of great interest is the impact 

behaviour of the repaired composite material. 

 Firstly, considering the impact of CFRP panels, and other more complex structures, then this has been 

the subject of much research [e.g., 86-97], since such composite materials are susceptible to impact damage, 

which may not be readily visible but which can lead to a significant loss of structural integrity. There are two 

major damage mechanisms observed when a CFRP composite is impacted at a relatively low velocity which cause 

a loss of mechanical performance. Firstly, there is intralaminar damage which typically involves plastic 

deformation of the matrix, matrix cracking, fibre debonding and localised fibre failure. Secondly, there is 

interlaminar damage which involves the initiation and growth of delaminations, i.e., interlaminar cracking 



CHAPTER 4 

66 

between the layers that form the composite laminate. These two main damage mechanisms are interactive 

during the impact event.  

Secondly, when such intralaminar and interlaminar damage needs to be repaired there are two main 

types of repair techniques for composite materials [2,6,8,98], namely patch and scarf repairs, as shown 

schematically in Figure 4-1.  

 

Figure 4-1. Schematic of the two main types of repair configurations: (a) patch repair and (b) scarf repair. 

In the case of secondary, non-critical structures, the repair material is typically joined to the parent 

composite solely via the use of adhesive-bonding techniques. (If primary, critical structures are repaired then an 

alternative, or additional, joining method, e.g., titanium fasteners, must be used.)  Scarf repairs, see Figure 4-1 

(b), are often the preferred method to restore the load-bearing capacity of a composite structure, since they are 

associated with relatively lower stress-concentrations and are more aerodynamically efficient. However, they 

suffer from several disadvantages. For example, they are far more complex to manufacture and, if a relatively 

large patch is needed, then a great deal of undamaged composite material needs to be removed. Thus, patch 

repairs are also commonly used, and they cover, and overlap, the damaged area and are usually thinner than 

the parent material, as shown schematically in Figure 4-1 (a). The patch repair can be single- or double-sided, 

with the former type having a patch adhesively bonded to only one side of the parent panel, as in Figure 4-1 (a), 

and the latter type having a repair patch bonded onto both sides of the parent panel, which is not always possible 

of course in practice. When manufacturing a patch repair, the damage can either be removed, or the patch 

placed over the top of the damage area. If the damaged area is removed, a polymeric resin or a plug of the 
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parent composite material may often be used to fill the hole so generated. Single-sided patch repairs, which are 

adhesively bonded to the damaged parent composite material, are the focus of the present work since (a) they 

are widely used in repairing aerostructures, (b) they are relatively straightforward to manufacture and (c) their 

effectiveness can be readily assessed by impact testing of the repaired CFRP panel. 

Thirdly, as mentioned above, obviously of great interest is the impact behaviour of the repaired 

composite material. The most common impact tests that have been undertaken on pristine and repaired 

composites have been conducted at a relatively low-velocity using hard impactors and some experimental and 

modelling research [44,46,49,99-102] has been reported. For example, Coelho et al. [46] tested single-sided, 

glass-fibre reinforced-plastic (GFRP) patch repairs which had been adhesively bonded to GFRP parent panels and 

subjected the repairs to impact tests, using impact energies from 2 to 6 J. They also studied the effect of 

repeated, multiple impacts. They concluded that the design of the patch adopted should have a stiffness as close 

as possible to that of the parent GFRP. However, such a design may well suffer from an undue weight penalty. 

Tie et al. [44] investigated the impact behaviour of single-sided, CFRP patch repairs which had been adhesively 

bonded to a CFRP parent panel at an impact velocity of 3.25 m.s-1  and an impact energy of 13.2 J. They studied 

the shape of the patch and used patches which had the shapes of a circle, a square, a rhombus, a hexagon and 

an octagon, all with the same nominal area. They found that the use of the circular-shaped patch gave the best 

impact performance and thus circular patches will be used in the present work. Furthermore, Hou et al. [49] 

studied single-sided, CFRP patch repairs adhesively bonded to a CFRP parent panel using circular-shaped 

patches, again using an impact velocity of 3.25 m.s-1 and an impact energy of 13.2 J.  They investigated the effect 

of varying the impact location from 0 to 50 mm, as the distance from the centre of the repaired parent laminate, 

i.e., the centre of the circular patch, to the impact point. Their results showed that this distance had little 

significant effect on the maximum force, or maximum absorbed impact energy, that was recorded. In the present 

work, the impact point is the centre of the repaired parent laminate, i.e., the centre of the circular patch. Finally, 

Sun et al. [100] have studied single-sided CFRP patch repairs adhesively bonded to a CFRP parent panel, 

employing circular-shaped CFRP patches, using impact velocities of 2.82, 3.46 and 4.00 m.s-1, with corresponding 

impact energies of 10, 15 and 20 J. They conducted three repeated multiple impacts per test in the centre of the 

patch and reported that the main damage mechanisms that were observed were intralaminar and interlaminar 

damage in the CFRP patch-repair. Further, by observing the damage profiles of the panels after repeated 
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impacts, it was found that the damage was mainly interlaminar matrix cracking at an impact energy of 10 J. 

However, significant fibre fracture occurred in the patch after repeated impacts at impact energies of 15 and 20 

J. Further, at an impact energy of 20 J, the patch-repair was actually penetrated and damage to the parent panel 

was now also observed. 

 In the present work, single-sided CFRP patch repairs, which are adhesively bonded to the ‘damaged’ 

CFRP parent panel, are subjected to a low-velocity impact with the impact point being the centre of the repaired 

parent laminate, i.e., the centre of the circular patch. However, in the present work a relatively wide range of 

impact energies of 7.5, 10.5 and 30 J are employed. The effect of repeated, multiple impacts at these relatively 

high impact-energies are investigated on the pristine CFRP panel. These tests enable the typical impact-damaged 

area that results in such panels to be defined. For the repair panels, a hole is cut out in the centre of the parent 

panel, which represents removal of the impact damage. A single-sided, circular CFRP patch is then bonded over 

the hole so generated.  The effects of the diameter and thickness of the patch are considered, as is the use of a 

plug of CFRP to fill the hole generated by removal of the ‘damaged area’ in the composite CFRP parent panel. 

Load versus time, and load versus displacement, traces are measured from the impact tests on the pristine CFRP 

panel and the patch-repair CFRP panels, and detailed maps of the interlaminar damage suffered by the various 

panels are also obtained. These experimental measurements are correlated to the various types of pristine and 

patch-repair CFRP panels studied.  

4.2 Test specification and methods 

4.2.1 Repairing samples 

The panels used for this research were manufactured following the method described in Section 3.3. The quasi-

isotropic lay-up used for the pristine panels was [452/-452/02/902]s, where the 0° plies were aligned with the 

longer edge of the panels, which had a size of 100 mm x 150 mm, with a thickness, t, of 4.58 mm, as shown in 

Figure 4-2 (a). 
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Figure 4-2. Plan- and side-views of (a) the pristine panel and (b) the patch-repair CFRP panel. 

 The patch-repair panels were produced by following the method detailed in Section 3.3.2, using quasi-

isotropic lay-ups for the patches. Two different thicknesses of the patch composite were employed, with the 

thinner patch having a lay-up of [45/-45/0/90]s which gave a cured ply thickness of 2.29 mm, and the thicker 

patch having the same lay-up and thickness as that of the parent CFRP. Some repairs were made with a push-fit 

plug of the CFRP parent composite to fill the 40 mm hole, whilst in other repair panels the hole was left unfilled. 

Two different diameters of CFRP patches were used: 55 and 65 mm, as denoted by the dimension ‘D’ in Figure 

4-2 (b).  

4.2.2 Drop weight testing 

The pristine and patch-repair panels were tested under a low-velocity impact loading using an Instron 9340 

drop-weight tower supplied by CEAST, Italy, shown in Figure 3-5, following the same test method as described 

elsewhere [86-88] and in Section 3.4.1 of this thesis. A 16 mm diameter, stainless steel, round-nosed impactor 

with an overall mass of 5.265 kg was used to impact the panels from varying heights to give impact energies of 

7.5, 10.5 or 30 J, with corresponding impact velocities of 1.69, 2.00 and 3.38 m.s-1, respectively.  

 The impacted panels were inspected using a Prisma portable ultrasonic C-scanner supplied by Sonatest 

Ltd, UK to detect any interlaminar damage area. This technique has been discussed in detail elsewhere [88] and 

in Section 3.4.2 of this thesis. 
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4.3 Experimental results 

4.3.1 Pristine samples 

Repeat, i.e., multiple, impact tests were performed on the pristine CFRP panels, using impact energies of either 

7.5, 10.5 or 30 J. Three successive impacts were performed for the highest and lowest impact energies and two 

were performed for the 10.5 J case. Figures 4-3, 4-4 and 4-5 show the load against time, and load against 

displacement, traces for each impact energy value.  

 

Figure 4-3. Load traces for repeated, i.e., multiple, impacts on a pristine QIT CFRP panel at 7.5 J: (a) load versus time traces 
and (b) load versus displacement traces. 

From Figure 4-3, for an impact energy of 7.5 J, it can be seen that, when subjected to a first impact, there 

are relatively small amplitude, sinusoidal oscillations on the rising part of the load versus time, and load versus 

displacement, experimental curves up to a load of 4693 N. These oscillations have been observed previously by 

other researchers and are indicative of mass-spring oscillations, as first analysed in detail in [88, 102-106]. Once 

a local peak of approximately 4693 N is achieved, at a time of 1 ms, there is an appreciable decrease in the load, 
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and an increase in the associated subsequent oscillations. This significant load drop is indicative of the initiation 

of damage in the pristine CFRP panel. These oscillations that occur after the first point of this significant load 

drop, which is often called the initiation load, are typically associated with the first damage of the CFRP panel 

that occurs, e.g., matrix cracking, indentation including plasticity of matrix and subsequent damage propagation, 

but does not exclude the formation of delaminations, as has been described in detail by Liu et al. [88] and Bienias 

et al. [106]. However, both the load traces for the second and third impact events do not show this characteristic, 

implying that additional damage processes are not initiated but instead existing damage propagates due to the 

loading by the second or third impact. Furthermore, the peak (i.e., maximum) impact load is noticeably lower 

for the first impact compared to the second and third impacts. This observation arises because, in the first 

impact, the impact energy is dissipated through the damage that occurs at the load drops. For the subsequent 

second and third impacts, the CFRP panel has become softer and the effective damage threshold has increased 

due to the first impact. Thus, more energy can be stored through elastic deformation and a higher load and 

displacement of the panel are achieved.  

 

Figure 4-4. Load traces for repeated, i.e., multiple, impacts on a pristine QIT CFRP panel at 10.5 J: (a) load versus time traces 
and (b) load versus displacement traces. 
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Similarly, Figure 4-4, for an impact energy of 10.5 J, shows the same trends as for the 7.5 J impact energy 

tests, and the load traces again exhibit a change in gradient, or load drop, at 4800 N at a slightly reduced time 

of approximately 0.8 ms. Again, as for the 7.5 J impacts tests, damage is initiated during the first impact but not 

by the second impact. Both the tests conducted at 7.5 and 10.5 J use a relatively low impact-energy and so a 30 

J impact test was next conducted.  

 

Figure 4-5. Load traces for repeated, i.e., multiple, impacts on a pristine QIT CFRP panel at 30 J: (a) load versus time traces 
and (b) load versus displacement traces. 

From Figure 4-5, it can be seen that the load traces for the 30 J tests show that the first impact results in 

a very clear load drop at 5130 N, at an even shorter time of approximately 0.5 ms, followed by significant 

oscillations, indicative of damage initiation. At this higher impact energy of 30 J, the second and third impacts 

also exhibit a change in gradient and a load drop with accompanying oscillations, at a load of approximately 

9000 N, indicative of further damage initiating. For this increased impact energy of 30 J then after the second 

and third impacts there also appears to be other damage processes that are initiated besides delaminations, 

e.g., transverse cracking along the fibres was observed on the rear face of the panels. 
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Figure 4-6. C-scan images taken from the top (impacted) surface for repeated, i.e., multiple, impacts on pristine QIT CFRP 
panels at various impact energies. (The scales show the depth of the different locations of the interlaminar damage. The 

percentage value, in brackets, is relative to the preceding impact).  

 The C-scan images shown in Figure 4-6 reveal the changes in the area of the interlaminar damage with 

each successive impact. The right-hand side scale in Figure 4-6, and similar figures later, indicates the location 

of the measured interlaminar delaminations as a function of the depth through the thickness of the panel, where 

the dark-red colour represents a reflection from the surface nearest the transducer probe and the dark-blue 

colour represents a reflection from the surface furthest away from the transducer probe, i.e., often the rear 

(non-impacted) surface. The delaminations form between plies of different fibre orientations and the colour 

code indicates their distance from the transducer probe. Each delamination tends to grow along the orientation 

of the ply beneath the delamination on the lower surface. The results show, for example, that the damage area 

footprint, which encompasses all delaminations, appears to grow by ca. 50% following the second impact for all 

the three energy levels studied. For the third impact at 7.5 J, the increase in the damage area is reduced to ca. 

25%. Whilst, for the 30 J impact, the damage area has almost reached a maximum after the second impact and 

there is only a very slight further increase of ca. 5% for the third impact. From these impact tests on the pristine 

CFRP panel, it was decided to cut out a 40 mm diameter hole in the centre of the parent CFRP panel, since this 

is a good representation of the typical extent of impact damage in the CFRP corresponding to an impact energy 

of 7.5 J. Also, the presence of such a hole, i.e., ‘damage area’, gives a significant change in the measured impact 

response of the panel at 7.5 J but is not so large in size that edge-effects will be observed when the patch-repair 

CFRP panels are impacted. 

 First Impact Second Impact Third Impact 

7.5 J 

    
681 mm2 1008 mm2 (+48.0%) 1276 mm2 (+26.6%) 

10.5 J 

   

 

1034 mm2 1500 mm2 (+45.0%)  

30 J 

    
3602 mm2 5304 mm2 (+47.3%) 5588 mm2 (+5.4%) 
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4.3.2 Effect of varying the patch diameter, with a plug present 

Four repair panels with CFRP plugs were manufactured in total: two for each patch diameter, i.e., 55 mm and 

65 mm, with a patch thickness, 0.5t, of 2.29 mm. For these patch-repair panels with a plug present, the load 

versus time, and load versus displacement traces are compared to the performance of the pristine CFRP panel 

in Figure 4-7 for an impact energy of 7.5 J. From these traces, it can be seen that the overall stiffness of the panel 

and the initial damage load are increased, and the maximum displacement is reduced, when a repair is 

undertaken using a plug. This is mainly due to the increase in the overall thickness that the patch and plug 

together add to the patch repaired CFRP parent panel, compared to that of the pristine CFRP panel. However, 

there is a more sudden drop in the load after damage initiation in the repaired panel compared to the pristine 

panel, which could be due to the overall increased stiffness of the panel, but which could also arise from damage 

around the plug.  

 

Figure 4-7. Load traces for a pristine QIT CFRP panel and 55 mm diameter and 65 mm patch-repair panels, with a QIT CFRP 
plug, impacted at 7.5 J. The thickness, t, of the parent and the plug QIT CFRP was 4.58 mm and the thickness, 0.5t, of the 

patch was 2.29 mm. Shown are the: (a) load versus time traces and (b) load versus displacement traces. 
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A notable point about Figure 4-7 is that the load versus time, and load versus displacement, traces for 

the patch-repair panels with a plug have a higher maximum load of just under 7880 N, at a time of approximately 

1.2 ms, for the 65 mm diameter patch and 7550 N, at a time of approximately 1.2 ms, for the 55 mm diameter 

patch, compared to the pristine CFRP panel. In both cases, there is a significant load drop, indicative of damage 

initiation. Thus, an increase in patch diameter to 65 mm is somewhat beneficial in raising this initiation load 

from 7550 to 7880 N, as would be expected. Furthermore, these initiation loads are indeed much higher than 

for a pristine panel, i.e. 4693 N at 1 ms. For all these patch-repair panels with a plug, as for the pristine panel on 

first impact, there are slight oscillations in the load up to the maximum value due to mass-spring oscillations. 

Clearly, adding a patch of thickness, 0.5t, of 2.29 mm, together with a CFRP plug, of thickness, t, of 4.58 mm, is 

very beneficial in restoring the overall structural response of the parent CFRP composite, of thickness, t, of 4.58 

mm, and this is evident by the increase in the initiation load and the stiffness for the patch-repair CFRP panels 

with a plug. 

 

Figure 4-8. C-scan images taken from the top (impacted) face after a 7.5 J impact for: (a) the pristine QIT CFRP panel (of 
thickness, t, of 4.58 mm), (b) the 55 mm patch-repair QIT CFRP panel (of patch thickness, 0.5t, of 2.29 mm, with a plug) and 

(c) the 65 mm patch-repair QIT CFRP panel (of patch thickness, 0.5t, 2.29 mm, with a plug). The plug was 4.58 mm thick, 
i.e., the same thickness as the parent QIT CFRP. (The white-dashed line represents the 40 mm diameter hole that was 

initially cut out in the parent panel). 
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 Figure 4-8 shows the C-scan images of the interlaminar damage area in the 55 and 65 mm diameter patch-

repair CFRP panels containing a plug, compared to that of a pristine CFRP panel. All were impacted at the same 

impact energy of 7.5 J. It is clear that the damage area is greatly reduced when the repairs have been performed. 

If no repair had been performed after a 7.5 J impact and the panel was hit for a second time, the damage in the 

panel in Figure 4-8 (a) would have increased even further, by ca. 50% given the results discussed above. This 

again demonstrates the effectiveness of patch repairs when a plug is also employed at preventing further 

damage and restoring the impact properties even beyond that of the pristine CFRP panel. Additionally, a C-scan 

from the rear-face of the repair panels was performed to allow the damage in the plug to be observed and such 

scans also confirmed that there was no delamination damage in the parent material. Figure 4-9 shows these 

scans, with the damage area in the plug being larger than that in the patch, but still less than that in the pristine 

panel after just one impact. This further demonstrates the success of a patch repair with a plug in restoring the 

impact properties of a damaged panel. 

 

Figure 4-9. C-scan images of the plug and surrounding parent composite taken from the rear (non-impacted) face of the 
panel after a 7.5 J impact of: (a) the 55 mm patch-repair panel (of thickness, 0.5t, of 2.29 mm, with a plug) and (b) the 65 

mm patch-repair panel (of thickness, 0.5t, of 2.29 mm with a plug). The plug was 4.58 mm thick, i.e., the same thickness as 
the parent QIT CFRP. (The solid-white line is 40 mm in diameter and represents the boundary between plug and the parent 

QIT CFRP panel). 

4.3.3 Effect of varying the patch diameter, with no plug present 

To consider the effect of having no plug in the repair, panels were manufactured with patch repairs but with no 

plug present and impacted at 7.5 J, and two different diameters of patch of 55 and 65 mm were used. As before, 
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the patch thickness, 0.5t, was 2.29 mm and the thickness, t, of the parent composite was 4.58 mm. Figure 4-10 

shows the load versus time, and load versus displacement, traces for the two types of patch-repair panels, 

compared to a pristine panel. It can be seen that the loading response for both diameters of patch are similar 

but quite different to that of a pristine panel. For the smaller diameter patch (i.e., 55 mm diameter, with 0.5t of 

2.29 mm), the initiation load is 1771 N at a time of approximately 0.6 ms. Whilst for the larger diameter patch 

(i.e., 65 mm diameter, with 0.5t of 2.29 mm), the initiation load is 1689 N at a time of approximately 0.6 ms. For 

comparison, the initiation load for a pristine sample is 4693 N at a time of approximately 1 ms.  

 

Figure 4-10. Load traces for a pristine QIT CFRP panel and 55 mm diameter and a 65 mm patch-repair panels, with no QIT 
CFRP plug, impacted at 7.5 J. The thickness of the parent was 4.58 mm and the thickness of the patch was 2.29 mm. Shown 

are the: (a) load versus time traces and (b) load versus displacement traces. 

Therefore, for both patch diameters, the thinner patch, when it is not supported by a plug, deforms 

more easily around the drop-weight impact site where the impact stress is initially localised and concentrated. 

Thus, the accompanying localised strain gradients will initiate damage more readily at a lower initiation load. In 

both cases, as is evident in Figure 4-11, there is appreciably more interlaminar damage in the patch with no plug 

present, i.e., 1365 mm2 for a patch diameter of 55 mm and 1252 mm2 for a patch diameter of 65 mm, compared 
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to that in (a) the pristine panel, i.e., 681 mm2, and (b) the patch-repairs containing a plug, see Figure 4-8. For the 

patch repairs containing no plug, then Figure 4-11 shows that the delaminations in the patch extend to, and 

overlap very slightly, the edge of the hole in the parent CFRP, as defined by the white-dashed line. The parent 

CFRP surrounding this white-dashed line supports the patch repair and inhibits further delaminations. C-scans 

were also taken from the rear face of the repair panels on the parent CFRP and, again, these tests revealed that 

there was no delamination damage in the parent CFRP composites. 

 

Figure 4-11. C-scan images taken from the top (impacted) face after a 7.5 J impact for: (a) the pristine QIT CFRP panel (of 
thickness, t, of 4.58 mm), (b) the 55 mm patch-repair panel (of patch thickness, 0.5t, of 2.29 mm, with no plug) and (c) the 
65 mm patch-repair QIT CFRP panel (of patch thickness, 0.5t, 2.29 mm, with no plug). The thickness, t. of the parent QIT 
CFRP was 4.58 mm. (The white-dashed line represents the 40 mm diameter hole that was initially cut out in the parent 

panel). 

4.3.4 Effect of varying the patch thickness, with no plug present 

Another variable for the repair patch was the patch thickness. Two different thicknesses were studied with no 

plug present and the thicknesses, 0.5t, used were 2.29 and 4.58 mm, with the parent composite always having 
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a thickness, t, of 4.58 mm. The patch diameter chosen for this study was 65 mm and neither of the repaired 

panels had a plug inserted into the machined hole. The panels were impacted at an energy of 7.5 J. 

 

Figure 4-12. Load traces for a pristine panel, a 65 mm patch-repair QIT CFRP panel (of patch thickness, t, of 4.58 mm, with 
no plug) and a 65 mm patch-repair QIT CFRP panel (of patch thickness, 0.5t, of 2.29 mm, with no plug). Both patch-repair 

panels were impacted at 7.5 J. Shown are the: (a) load versus time traces and (b) load versus displacement traces. 

Figure 4-12 shows the load versus time, and load versus displacement, traces for both the thicker patch 

(thickness, t, of 4.58 mm) and the thinner patch (thickness, 0.5t, of 2.29 mm) repair panels, all with a patch 

diameter of 65 mm and with no plug present, compared to a pristine panel. It can be seen that, with a thick 

patch and no plug, the loading response is very similar to that of the pristine CFRP panel. In contrast, the thinner 

patch results in a lower stiffness and a peak (i.e., maximum) load of around 1000 N less than both the pristine 

and thick patch-repair panels. For the thick patch, i.e., t = 4.58 mm, the initiation load is 5249 N at a time of 

approximately 0.7 ms and for a thin patch, i.e., 0.5t = 2.29 mm, the initiation load is 1689 N at a time of 

approximately 0.6 ms. For comparison, the initiation load for a pristine sample is 4693 N at a time of 1 ms. In 
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these patch-repair panels, the thin patch, when it is not supported by a plug, deforms more easily and the 

localised strain gradients will initiate damage more readily at a lower initiation load. The thick patch adds 

additional material to the parent panel and, in so doing, increases the stiffness and raises the corresponding 

initiation load. This is clearly very beneficial when no plug is present. The thick patch-repair panel suffers the 

largest drop in the load after damage initiation, which is possibly due to its relatively higher stiffness. On the 

other hand, the repair panel using the thinner patch does not exhibit any significant load drops, although there 

is a slight change in the gradient of the load versus time, and load versus displacement, traces which are 

indicative of damage initiation at 1689 N. This lower damage initiation load for the panel repaired using the 

thinner patch is most likely due to the reduction in stiffness from having a thinner patch and no plug present.  

 

Figure 4-13. C-scan images of patch-repair QIT CFRP panels with no plugs taken from the top (impacted) face after a 7.5 J 
impact for: (a) the 65 mm thin (0.5t = 2.29 mm) patch repair  – Test 1, (b) the 65 mm thin (0.5t = 2.29 mm) patch repair  – 

Test 2, (c) the 65 mm thick (t = 4.58 mm) patch repair – Test 1, and (d) the 65 mm thick (t = 4.58 mm) patch repair – Test 2. 
(Tests 1 and 2 are duplicate tests. The white-dashed line represents the 40 mm diameter hole that was initially cut-out in 

the parent panel). 

The C-scan images from these tests are shown in Figure 4-13, with the damage area in all four panels 

extending up to, and overlapping very slightly, the edge of the 40 mm diameter hole in the parent CFRP beneath 

the patch, which of course contains no plug in these panels. These images demonstrate that, although both the 

thin and thick patches have damage areas that exceed what was recorded in the pristine panels, the thicker 

patch gives an area of around 300 mm2 smaller than the thinner patch. This implies that doubling the patch 

thickness improves the repair performance due to an increase in the stiffness of the repaired panel. C-scan 
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images were also taken for the entire thickness, i.e., for the patch and parent panel together, as well as from 

the rear face, to see if damage was present within the parent laminate or solely the patch. From these C-scan 

tests, yet again, no damage could be seen in the parent CFRP at all in the patch-repair panels, and so it was 

concluded that the damage was confined to the patch alone. 

4.3.5 Comparing patch repairs with and without a plug present 

The final study in this paper was to compare firstly the addition of a plug in the patch-repair panels versus the 

patch-repair panels without a plug, using the pristine panel as a baseline. All tests were conducted at an impact 

energy of 7.5 J. For this study, patches, with diameters of 55 and 65 mm, of half the thickness, 0.5t, of 2.29 mm 

of the parent material were used. The load versus time, and load versus displacement, traces are shown in Figure 

4-14. These results reveal that the presence of a plug increases the stiffness and hence the load before damage 

initiation of the repaired panel occurs. On the other hand, thin patch-repairs of 0.5t = 2.29 mm, for both the 55 

and 65 mm diameter patches, with no plug present, result in the lowest, and least well defined, load drops at 

the initiation of damage in the repaired panels, i.e., of 1771 N and 1689 N, respectively. In cases where the load 

drop was less significant, i.e. least well defined, the change in gradient of the load time curve was used to 

determine the point at which damage initiated. Further, a thin patch-repair (of thickness, 0.5t, = 2.29 mm) panel, 

for both 55 and 65 mm diameter patches, with a plug present, results in the highest values of the peak loads of 

7550 N (for the 55 mm patch) and 7880 N (for the 65 mm patch), and these designs of repair clearly provide very 

impact-resistant repaired panels. Secondly, a 65 mm diameter patch of thickness, t = 4.58 mm, with no plug 

present, results in a load drop which is well defined at 5249 N. The behaviour here is similar to that of the pristine 

panel with a load drop at 4693 N.  
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Figure 4-14. Load traces for the pristine panel, the 55 mm diameter thin (0.5t = 2.29 mm) patch-repair panel with a plug, 
the 65 mm diameter thin (0.5t = 2.29 mm) patch-repair panel with a plug, the 55 mm thin (t = 2.29 mm) patch-repair panel 
with no plug, the 65 mm thin (0.5t = 2.29 mm) patch-repair panel with no plug and the 65 mm thick (t = 4.58 mm) patch-

repair panel with no plug. All impacted at 7.5 J: (a) load versus time traces and (b) load versus displacement traces. 

 Figure 4-15 shows the C-scan images taken of the four panels, as viewed from the top face of the panels. 

For both the 55 mm and 65 mm diameter patches, with no plug present, the damage area increases over six-

fold compared to similar patch repairs but with a plug present. This again demonstrates that the presence of 

the plug is very beneficial to the impact performance of the repaired panel for both diameters of patch.  
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Figure 4-15. C-scan images of patch-repair QIT CFRP panels taken from the top (impacted) face after 7.5 J impact for: (a) 
the 55 mm diameter thin (0.5t = 2.29 mm) patch-repair CFRP panel with a plug present, (b) the 65 mm diameter thin (0.5t = 
2.29 mm) patch-repair QIT CFRP panel with a plug present, (c) the 55 mm diameter thin (0.5t = 2.29 mm) patch-repair QIT 
CFRP panel with no plug present and (d) the 65 mm diameter thin (0.5t = 2.29 mm) patch-repair QIT CFRP panel with no 
plug present. (The white-dashed line represents the 40 mm diameter hole that was initially cut out in the parent panel). 

4.3.6 Discussion 

The repair results are summarised in Table 4-1, which gives the initiation load and time, peak (i.e., maximum) 

load, maximum displacement and damage area for all the pristine and patch-repair CFRP panels tested under a 

single impact at an energy of 7.5 J.  
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Table 4-1. Measured impact behaviour of the pristine and patch-repair QIT CFRP panels, with all panels impacted at 7.5 J. 

 

Patch-repair panels without a plug were manufactured and tested using duplicate specimens, 

employing an impact energy of 7.5 J, and the results from these duplicate patch-repair panels are shown in Table 

4-1. Firstly, all the measured impact properties are seen to be in good agreement from the two tests, i.e., for 

Test 1 versus Test 2, for each type of repair with no plug present. To further illustrate this point, the variation in 

the damage area was calculated between each pair of panels. The percentage variation in the values of the 

measured damage area is found to be ±6.8%, ±0.8% and ±2.4% for the 55 mm thin patch, 65 mm thin patch and 

65 mm thick patch-repair panels respectively, see Table 4-1. The very good agreement in the measured impact 

load traces, and the low degree of variation in the comparative values of the damage area, reveals a very good 

repeatability for the manufacture and testing of these patch-repair panels. Secondly, it can be seen that the 

panels with either plugs, or a thick patch, have relatively high values of the peak load and a lower maximum 

displacement than the pristine panel. However, the patch-repair panels manufactured using a plug are the only 

ones that produce a damage area that is significantly smaller than that of the pristine panel. Thirdly, the patch 

diameter does not seem to significantly affect the impact performance of repaired composites, at least for 55 

mm patches compared to 65 mm patches. Fourthly, on the other hand, the patch thickness has a significant 

effect on the impact performance of the patch-repair composites. Both the thick patch-repair panel, with no 

plug, and the pristine panel had peak (i.e., maximum) load values of around 5000 N, compared with the thinner 

patch, with no plug, that had a peak load value of approximately 1000 N lower. This indicates that the thick 
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patch results, in terms of impact properties, are very similar to that of a pristine panel. Furthermore, the average 

damage area between two panels with the thinner patch was 296 mm2 larger than the average of the two thicker 

patch-repair panels, demonstrating the superior impact properties of a repair with the thicker patch. Since only 

half-thickness and full-thickness patches were considered in this research, it is unclear whether the optimum 

patch thickness is the same thickness as the original parent CFRP, or whether it would fall somewhere between 

these two values. Finally, the inclusion of a CFRP plug, to fill the hole created by the removal of the damaged 

material in the parent CFRP, (a) resulted in a reduction in the damage area of over 1000 mm2 in the patch, (b) 

increased the maximum load by around 3500 N and (c) almost halved the maximum displacement. These results 

therefore show that both the patch thickness and the addition of a plug are repair design features that 

significantly influence the impact performance of the repaired panel, with the latter feature having the largest 

effect of all three design variables that were considered.  

Thus, when considering the peak load, the maximum displacement and the damage area, the panels 

repaired with the presence of a plug exhibited an impact performance significantly better than that of the 

pristine panel, implying that using a thin patch and a plug is the most effective patch repair technique 

investigated in this paper. An alternative would be to use a thicker patch without a plug, as this gives load traces 

similar to that of the pristine panel and results in peak load and maximum displacement values greater than 

those of the pristine panel. A further benefit to this alternative technique is that the initial damage does not 

have to be cut out before the repair is undertaken, thereby reducing the repair time and the risk of inducing 

further damage during machining. However, when superior impact properties are required, such as for a critical 

component, the removal of the initial damage and the inclusion of a plug would be beneficial since this design 

of repair was seen to restore the impact performance to that of a pristine panel. Additionally, it should be noted 

the use of a relatively thicker patch would likely result in inferior aerodynamic performance, thus making a thin 

patch with the inclusion of a plug a potentially more suitable repair technique. 
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5 Experimental study on the effect of impact location on repaired 

cross-ply CFRP panels under low-velocity impact loadings  

5.1 Introduction 

As explained throughout this thesis, the impact resistance of materials for aerostructures is critical due to the 

numerous impact events an aircraft is subjected to in its life. The residual strength of carbon fibre reinforced 

polymer composite materials is greatly reduced after an impact event and the risk of failure due to fatigue is 

increased [1]. When a panel has been previously damaged, the chance that the centre of the repair will be where 

a second impact occurs is extremely unlikely. For this reason, impacts offset from the repair must also be 

considered.  

From previous research [48,49], it has been shown that the weakest part of the repair is not the centre 

but instead a point offset from it. Liu et al. considered scarf repairs and found the weakest part of the repair was 

the adhesive join between the parent panel and the repair [48]. Whereas Hou et al. impacted patch repairs and 

found that the part of the repair most susceptible to damage and that gave the largest damage area was 20 mm 

from the centre of the patch, which was on the parent panel rather than the patch [49]. There is limited research 

in this area, but these sources demonstrate that it is critical to consider offset impacts when testing a repair 

configuration for its suitability. 

In this section, pristine and patch repaired cross-ply CFRP panels are impacted to consider the effect of 

impact location on the response of the panels. There are five repair cases considered: a pristine panel with a 

central patch; a central patch repair with a plug; a central patch repair without a plug; an offset patch repair 

without a plug with the impact site being on the patch and at the edge of the cut-out; and an offset patch repair 

without a plug with the impact site being 15 mm from the edge of the hole. All impacts were in the centre of 

the panel, with the offset cases having the cut-out to one side, and an impact energy of 7.5 J was used. Load 

versus time and load versus displacement traces are measured from the impact tests and detailed maps of the 

resultant interlaminar damage of the various panels are also obtained, allowing the effect of impact location to 

be considered and the weakest part of the repair to be identified. 
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5.2 Test specification and methods 

5.2.1 Repairing samples 

The panels used for the testing in this section were manufactured according to the method in Section 3.3. The 

cross-ply lay-up used for a pristine panel was [02/902]2s, with the 0° plies being aligned with the long edge of the 

panel. The dimensions of a pristine panel are shown in Figure 5-1 (a). 

 

Figure 5-1. Plan- and side-views of (a) the pristine panel, (b) the central patch-repair panel, (c) the edge of hole patch-repair 
panel and (d) the 15 mm offset patch-repair panel. 

 The panels were repaired by removing a 30 mm diameter disk of material and adhering a 55 mm diameter 

patch over the subsequent hole. The patches were cut from half thickness, cross-ply material that had a lay-up 

of [0/90]2s. In one case, no material removal was performed as the repair case was a patched pristine panel. 

Additionally, another repair case included a plug of parent material being implemented to fill the 30 mm 
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diameter hole left from the material removal. In the offset repair cases, the centre of the hole was offset by 15 

and 42.5 mm for the edge of hole impact and the 15 mm offset impact cases, respectively. A diagram of the 

central repair case is shown in Figure 5-1 (b) and the offset repair cases are shown in Figure 5-1 (c) and (d). 

5.2.2 Drop weight testing 

The pristine and repaired panels were tested under low-velocity impact conditions using the Instron 9340 drop-

weight tower shown in Figure 3-5 in Section 3.4.1, where the test method is described in detail. For these 

impacts, a 16 mm diameter, stainless steel, round-nosed impactor with an overall mass of 5.265 kg was 

implemented and impacts were performed at an energy of 7.5 J, with a corresponding impact velocity of 1.69 

m.s-1. 

 After impact, the panels were inspected using the Prisma portable ultrasonic C-scanner shown in Figure 

3-6 in Section 3.4.2 to determine the size of the damage area.  

5.3 Experimental results 

5.3.1 Pristine samples 

Repeat, i.e. multiple, impacts were performed on pristine panels, with two successive impacts at three different 

impact energies: 7.5, 15 and 30 J. This testing demonstrates what might happen if damage is left unrepaired and 

a second impact event occurs. Figures 5-2, 5-3 and 5-4 show the load versus time and load versus displacement 

traces for each of these impact energies.  
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Figure 5-2. Load traces for repeated, i.e., multiple, impacts on a pristine cross-ply CFRP panel at 7.5 J: (a) load versus time 
traces and (b) load versus displacement traces. 

Figure 5-2 shows the load versus time and load versus displacement traces for a pristine cross-ply CFRP 

panel impacted twice at 7.5 J, with the black and red lines showing the first and second impacts, respectively. 

During the first impact event, damage initiation occurs at 4727 N, which is demonstrated by the drop in load 

and change in gradient at this point. Contrastingly, there is not an obvious load drop or change in gradient for 

the second impact. This suggests that no new damage modes are introduced and any difference in the damage 

area comes from a propagation of the damage caused by the first impact rather than damage initiating. 

Additionally, the peak load value is higher for the second impact, which occurs due to the damage initiated 

during the first impact allowing it to absorb more energy due to an increased flexibility. This is also shown by 

the increase in displacement from the first impact event to the second.  
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Figure 5-3. Load traces for repeated, i.e., multiple, impacts on a pristine cross-ply CFRP panel at 15 J: (a) load versus time 
traces and (b) load versus displacement traces. 

Similarly, Figure 5-3 shows the load versus time and load versus displacement traces for repeat impacts 

at 15 J and the same trend as at 7.5 J is observed in this case. During the first impact event, damage initiation 

again occurs at ca. 5000 N, which suggests that this load value is the limit for no damage to occur in this panel. 

In this case, the damage initiation time is just under 1 ms, while it was just over 1 ms for the 7.5 J impact, implying 

that an increase in impact energy causes the damage initiation to occur sooner. As was seen previously, the 

second impact demonstrates no clear damage initiation, but instead implies propagation of the existing damage 

through the panel. Although significantly larger than 7.5 J, 15 J is still a relatively low impact energy and so to 

continue this investigation some repeat impacts were performed at 30 J.  
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Figure 5-4. Load traces for repeated, i.e., multiple, impacts on a pristine cross-ply CFRP panel at 30 J: (a) load versus time 
traces and (b) load versus displacement traces. 

 At 30 J, the force time and force displacement traces are slightly different than for the lower impact 

energies, which can be seen in Figure 5-4. In this case a clear load drop followed by oscillations, indicative of 

damage initiation, occurs at around 5000 N for the first impact, which follows the same trend observed at the 

lower energies, but in this case it happens at a time of roughly 0.5 ms. However, the main difference between 

the 30 J impacts and the 7.5 and 15 J impacts is that, during the second impact event, damage initiation occurs 

at around 10000 N, demonstrated by a clear load drop. This suggests that the second impact doesn’t just 

propagate the existing damage but instead causes new damage mechanisms to be introduced in the panel.  
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Figure 5-5. C-scan images taken from the top (impacted) surface for repeated, i.e., multiple, impacts on pristine cross-ply 
CFRP panels at various impact energies. (The scales show the depth of the different locations of the interlaminar damage. 

The percentage value, in brackets, is relative to the preceding impact). 

 The C-scans after each of the impacts are shown in Figure 5-5 above and, as explained in Section 4.3.1, 

the scale bar to the right demonstrates the depth within the panel that the interlaminar damage occurs, with 

dark blue being nearest the rear surface through to red which is the top surface. The scans demonstrate a 

significant increase in the damage area after the second impact in each case, with an average increase of 28%. 

From this testing, it was decided that a 30 mm diameter hole would be cut from pristine parent panels as this 

would encompass the entirety of the damage from a 7.5 J impact and therefore act as a representation of 

damage or damage removal when assessing the effectiveness of repair techniques. Additionally, using a slightly 

smaller hole than used in the previous section allows for a larger offset distance without introducing edge 

effects.  

5.3.2 Pristine patched versus patch repair with plug 

The first repair configurations that were considered were a pristine panel with a patch adhered on the top 

surface and a central repair with a plug of the same parent cross-ply CFRP. The force time and force displacement 

traces are shown in Figure 5-6 below, as well as that of a pristine panel to allow for comparison.  

 First Impact Second Impact 

7.5 J 

   
501 mm2 597 mm2 (+19.2%) 

10.5 J 

   
1020 mm2 1390 mm2 (+36.3%) 

30 J 

   
1905 mm2 2449 mm2 (28.6+%) 

 



CHAPTER 5 

93 

 

Figure 5-6. Load traces for a pristine cross-ply CFRP panel and pristine patched and central plugged repair panels, impacted 
at 7.5 J. The thickness, t, of the parent and the plug cross-ply CFRP was 4.58 mm and the thickness, 0.5t, of the patch was 

2.29 mm. Shown are the: (a) load versus time traces and (b) load versus displacement traces. 

 Both the repair configurations have a steeper gradient compared to the pristine panel in the traces 

above, which shows that the stiffness is increased and this is likely due to the effective thickness being greater 

at the impact site, in both cases being 1.5t instead of 1t for the pristine panel. In the pristine patched case, 

shown by the red line in Figure 5-6, a maximum load of 8165 N was reached with no clear load drop or change 

in gradient, which suggests that no damage initiated within the panel from the impact. In contrast, the plugged 

repair case, shown by the blue line, had a maximum load value of 6041 N, which is closer to the pristine panel 

maximum load of 4846 N. This, as well as the significant drop in load at this point, implies that dislodgement of 

the plug occurred at this point, leading to a significant reduction in impact strength. Four samples with a central 

plugged repair were tested in total, all of which resulted in dislodgement of the plug. This outcome reduces the 

significance of any trends observed beyond the point of dislodgement, meaning the only clear conclusion to be 

drawn from these results is that both the pristine patched and central plugged repair cases are much stiffer than 

the pristine panel. To investigate the damage in each case, specifically the dislodgement for the plugged repair, 

the optical microscope was utilised and the images from this are shown in Figures 5-8 and 5-9 below.  
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Figure 5-7. C-scan images taken from the top (impacted) face after a 7.5 J impact for: (a) the pristine cross-ply CFRP panel 
(of thickness, t, of 4.58 mm), (b) the pristine patched cross-ply CFRP panel (of patch thickness, 0.5t, of 2.29 mm) and (c) the 
central patch-repair cross-ply CFRP panel (of patch thickness, 0.5t, 2.29 mm, with a plug). The plug was 4.58 mm thick, i.e., 

the same thickness as the parent cross-ply CFRP. (The white-dashed line represents the 30 mm diameter hole that was 
initially cut out in the parent panel). 

Figure 5-7 shows the damage areas in the pristine panel as well as in the patches of the pristine patched 

and central plugged repair panels, with the parent panel for the two repairs not being shown as there was no 

damage for the pristine patched case and the dislodgement in the central plugged repair case meant scanning 

of the rear surface was not possible. It can be seen from these scans that there was more damage in the central 

plugged repair than in the pristine panel, which might suggest that this repair is not entirely effective at restoring 

the impact properties of a damaged panel. However, this is most likely in part due to the dislodgement of the 

plug weakening the repair and causing the effective thickness at the impact site to reduce from 1.5t to only 0.5t 

during the impact event. Contrastingly, the pristine patched case has a damage area of 0 mm2, which 

demonstrates that increasing the thickness by 50% at the site of the impact strengthens the material enough to 

withstand a 7.5 J impact and sustain no damage.  
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Figure 5-8. Optical microscopy images of a pristine cross-ply CFRP panel after a 7.5 J impact, with key features highlighted 
by white boxes shown in images (a), (b) and (c). 

 

Figure 5-9. Optical microscopy images of a central patch-repair cross-ply CFRP panel with a plug after a 7.5 J impact, with 
key features highlighted by white boxes shown in images (a), (b), (c) and (d). 

Figures 5-8 and 5-9 show the microscopy images that were taken of the impact site cross-section for a 

pristine panel and central patch repair panel with a plug. In Figure 5-8 (a), a kink band can be seen at the ply 

interface where the intralaminar damage is propagating into a delamination. Furthermore, Figure 5-8 (b) depicts 

the propagation of intralaminar damage through the rear ply that suggests rear face cracking has occurred 

during this impact event. From Figure 5-9, it can be seen that damage propagates through the plies of the repair 
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patch, through the adhesive and into the first ply of the repair plug, where they cause a delamination across the 

entirety of the plug. This demonstrates that what was thought to be dislodgement of the plug is actually extreme 

interlaminar damage between the first and second ply of the plug. Both figures show the expected damage 

evolution for this type of test, with intralaminar damage transitioning into interlaminar damage when it reaches 

a ply interface.  

5.3.3 Effect of varying impact offset distance 

To consider the effect of the impact location on the repair panel response, three configurations were tested: a 

central repair, a repair offset to give an impact location on the edge of the 30 mm cut out under the patch (edge 

of hole), and a repair offset to give location 15 mm from the edge of the patch (15 mm offset), diagrams of which 

can be seen in Section 5.2.1. The force time and force displacement traces of these three samples, as well as the 

pristine case, are presented in Figure 5-10. 

 

Figure 5-10. Load traces for a pristine cross-ply CFRP panel and central, edge of hole and 15 mm offset patch-repair panels, 
without plugs, impacted at 7.5 J. The thickness, t, of the parent cross-ply CFRP was 4.58 mm and the thickness, 0.5t, of the 

patch was 2.29 mm. Shown are the: (a) load versus time traces and (b) load versus displacement traces. 
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 From the traces in Figure 5-10, it can be seen that both the offset repair cases perform similarly to the 

pristine sample, whereas the central repair is much less stiff and experiences a more extreme displacement 

upon impact, with a displacement of roughly 1 mm more than the other three panels. This is further 

demonstrated by the damage initiation loads and times for each of the four samples, with the central repair 

case having values of 1915 N and 0.6 ms compared to 4727 N and 1.3 ms, 5300 N and 1.2 ms, and 5083 N and 

1.2 ms for the pristine, edge of hole offset repair and 15 mm offset repair panels, respectively. It is likely that 

the offset repair panels perform similarly to the pristine panel because of the effective thickness at the impact 

site being the same as the thickness of a pristine panel. However, although the values are very similar, the 

damage initiation load and stiffness slightly increase for the edge of hole offset impact and then lower again for 

the 15 mm offset impact, which can be seen from the steepest gradient being that of the purple line and then 

the gold and black lines have slightly decreasing gradients. This is likely because the edge of hole offset case has 

an impact site where to one side of the impactor the thickness is only that of the patch, 0.5t, and to the other 

side the thickness is 1.5t, resulting in similar performance to a pristine panel of thickness t but with a slight 

increase in stiffness. In continuation, the 15 mm offset case has the same thickness as the pristine panel, t, at 

the impact site but, due to the repair, that section away from the impact site is stiffer than the rest of the panel, 

causing a slight increase compared to the pristine panel. Lastly, the central repair case has an effective thickness 

of only 0.5t at the impact site, hence this repair having the shallowest gradient. 
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Figure 5-11. C-scan images taken from the top (impacted) face after a 7.5 J impact for: (a) the central patch-repair cross-ply 
CFRP panel (of patch thickness, 0.5t, 2.29 mm), (b) the edge of hole offset patch-repair cross-ply CFRP panel (of patch 

thickness, 0.5t, 2.29 mm) and (c) the 15 mm offset patch-repair cross-ply CFRP panel (of patch thickness, 0.5t, 2.29 mm), all 
without plugs. And c-scan images taken from the bottom face for the same three panels are shown in (d), (e) and (f), 

respectively. (The white-dashed line represents the 30 mm diameter hole that was initially cut out in the parent panel). 

Figure 5-11 shows the c-scan images of the damage in both the patches and parent panels of the 

unplugged repair panels, demonstrating how offsetting the impact site affects the damage initiation and 

propagation when no plug is present. In both of the offset cases, the damage area in the parent panel is ca. 150 

mm2 less than the damage in the patch of the central repair case. However, the total damage area in both the 

patch and parent panel is largest for the edge of hole offset repair case, at 963 mm2, which implies that this is 

the part of the repair that is the most susceptible to damage and should therefore be considered when testing 

other repair configurations. Additionally, although the individual damage area values are less for the offset 

repair cases, the damage is primarily or entirely in the parent panel, which would make further repairs 

challenging. However, in the central case, the patch can be removed and replaced to restore the impact 

properties as no damage occurred in the parent panel.  
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Figure 5-12. Optical microscopy images of a central patch-repair cross-ply CFRP panel without a plug after a 7.5 J impact, 
with key features highlighted by white boxes shown in images (a), (b), (c), (d) and (e). 

 

Figure 5-13. Optical microscopy images of an edge of hole offset patch-repair cross-ply CFRP panel without a plug after a 
7.5 J impact, with key features highlighted by white boxes shown in images (a), (b), (c) and (d). 
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Figure 5-14. Optical microscopy images of a 15 mm offset patch-repair cross-ply CFRP panel without a plug after a 7.5 J 
impact, with key features highlighted by white boxes shown in images (a), (b) and (c). 

Figures 5-12, 5-13 and 5-14 show the microscopy images that were taken of the impact site cross-

section for a central patch repair, edge of hole offset repair and 15 mm offset repair panel without a plug. Figure 

5-12 shows that the damage initiation and propagation in the patch repair panel without a plug is similar to that 

of a pristine panel, but the intralaminar damage in the rear ply that could lead to rear face cracking is much less 

prominent. This is likely due to the patch having the panel as reinforcement outside the 30 mm diameter cut 

out. In continuation, Figure 5-14 has essentially identical damage features to that of a pristine panel. 

Contrastingly, in Figure 5-13 there is no visible intralaminar damage that could lead to rear face cracking in the 

final two plies, demonstrating that the increased thickness at the impact site stiffens the panel to protect against 

this failure mechanism. However, the most significant intralaminar cracks are through the adhesive and into the 

first ply of the panel below, with both cracks forming around or through small voids in the adhesive. This suggests 

that these are areas of weakness in the repair where damage mechanisms will likely initiate.  
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Figure 5-15. Load traces for a pristine cross-ply CFRP panel and central, edge of hole and 15 mm offset patch-repair panels, 
with cross-ply CFRP plugs, impacted at 7.5 J. The thickness, t, of the parent and the plug cross-ply CFRP was 4.58 mm and 

the thickness, 0.5t, of the patch was 2.29 mm. Shown are the: (a) load versus time traces and (b) load versus displacement 
traces. 

 The same repair configurations were tested but this time with plugs under the patches, with Figure 5-

15 showing the force time and force displacement traces for these cases. Similarly to those without plugs, the 

edge of hole offset repair case was slightly stiffer than both the 15 mm offset repair case and pristine panel, but 

the damage initiation load value was significantly larger, with values of 6123, 5176 and 4727 N for the edge of 

hole offset repair, 15 mm offset repair and pristine panel, respectively. This is likely due to the effective thickness 

for the edge of hole offset repair case now being 1.5t on both sides of the impactor. However, the join between 

the plug and parent panel causes the impact response to be slightly less stiff than the central repair case, which 

is demonstrated by the blue line having a steeper gradient than the grey line in Figure 5-15. As was mentioned 

in Section 5.3.2, the central repair case with a plug resulted in plug dislodgement and therefore only the trends 

prior to damage initiation can reasonably be compared with the other repair cases, meaning the initial gradient 

is all that can be assessed.  
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Figure 5-16. C-scan images taken from the top (impacted) face after a 7.5 J impact for: (a) the central patch-repair cross-ply 
CFRP panel (of patch thickness, 0.5t, 2.29 mm), (b) the edge of hole offset patch-repair cross-ply CFRP panel (of patch 

thickness, 0.5t, 2.29 mm) and (c) the 15 mm offset patch-repair cross-ply CFRP panel (of patch thickness, 0.5t, 2.29 mm), all 
with plugs. And c-scan images taken from the bottom face for the latter two panels are shown in (d) and (e), respectively. 

(The white-dashed line represents the 30 mm diameter hole that was initially cut out in the parent panel and the solid white 
line depicts the positioning of the plug). 

Figure 5-16 shows the c-scan images of the damage in the patches of all the repair panel configurations 

with plugs as well as in the parent panel and plug for both offset cases. The rear face could not be scanned for 

the central repair case due to dislodgement of the plug, causing the surface to not be flat enough for the 

equipment. Comparing the damage in the patch, as for the case without a plug, the damage was greatest in the 

central impact case and the 15 mm offset case had less damage in the parent panel than in the patch of the 

central impact case. However, where the plugged cases differ from those without plugs is in the damage area in 

the parent panel and plug of the edge of hole impact case, as the damage area is significantly larger than in the 

patch of the central impact case. Having said this, a large amount of this damage is contained in the plug and 

the damage to the parent panel is closer to 400 mm2, which suggests a similar trend to that of the unplugged 
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cases. Additionally, the combined damage in the edge of hole impact case is the largest, with a value of 748 

mm2, again suggesting that this is the area of the repair that is the most susceptible to damage.  

 

Figure 5-17. Optical microscopy images of an edge of hole offset patch-repair cross-ply CFRP panel with a plug after a 7.5 J 
impact, with key features highlighted by white boxes shown in images (a), (b), (c) and (d). 

 

Figure 5-18. Optical microscopy images of a 15 mm offset patch-repair cross-ply CFRP panel with a plug after a 7.5 J impact, 
with key features highlighted by white boxes shown in images (a), (b), (c) and (d). 

Figures 5-9, 5-17 and 5-18 show the microscopy images that were taken of the impact site cross-section 

for a central patch repair, edge of hole offset repair and 15 mm offset repair panel with a plug. As with the 
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repairs without a plug, Figure 5-18 demonstrates that the 15 mm offset repair case has damage mechanisms 

almost identical to that of a pristine panel, including a kink band forming where the intralaminar damage meets 

the ply interface as a delamination propagates. This implies that, if the impact site is not on the patch, the 

damage evolution occurs similarly to that of a pristine panel as the repair panel at the point of impact is 

essentially the same. In Figure 5-9, there are a lot of small cracks throughout the patch and a separation of plies 

in the plug, showing that the central repair case is very susceptible to intralaminar damage. Lastly, Figure 5-17 

depicts a similar damage propagation to that of the edge of hole offset repair case without a plug, with the most 

prominent intralaminar damage occurring in and around the adhesive layer. There is significant intralaminar 

cracking in this case, but much less extreme than in the 15 mm offset case, with the damage in the rear ply being 

much less likely to lead to rear face cracking. This again suggests that the increased thickness at the impact site 

aids in stiffening the sample and thus reduces bending, causing rear ply damage to be minimised in comparison.  

5.3.4 Effect of plug when varying impact offset distance 

The final variable to be considered in this testing was the effect of the inclusion of a plug on the response of the 

repaired panels impacted at different locations. For this, the repairs discussed separately in Section 5.3.3 were 

now compared with each other. The force time and force displacement traces of all six repair configurations as 

well as the pristine panel are shown in Figure 5-19. 
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Figure 5-19. Load traces for a pristine cross-ply CFRP panel and central, edge of hole and 15 mm offset patch-repair panels, 
with and without cross-ply CFRP plugs, impacted at 7.5 J. The thickness, t, of the parent and the plug cross-ply CFRP was 

4.58 mm and the thickness, 0.5t, of the patch was 2.29 mm. Shown are the: (a) load versus time traces and (b) load versus 
displacement traces. 

From Figure 5-19 above, it can be seen that, as the offset distance increases, the effect of including a plug 

reduces. When the impact is central with respect to the repair, the panel with no plug, shown by the green line, 

has a very shallow gradient and a displacement of 3.5 mm. This is in comparison to the panel with a plug, shown 

by the blue line, which has the steepest gradient of all the panels in this testing and also a displacement of 2.4 

mm. This demonstrates that the inclusion of a plug greatly increases the stiffness and also appears to strengthen 

the repair at this impact location. However, due to plug dislodgement, the amount of strengthening cannot be 

quantified. When the impact is on the patch and in line with the edge of the 30 mm cut out below, the panel 

with no plug, shown by the purple line, has a damage initiation load of 5300 N and a maximum displacement of 

2.4 mm where the sample with a plug, shown by the grey line, has a steeper gradient as well as values of 6123 

N and 2.2 mm, respectively. This implies that the inclusion of a plug slightly increases the stiffness and strength 

of the repair at this impact location. Lastly, when the impact is 15 mm away from the edge of the patch, the 

panel with no plug and the panel with a plug have very similar values for both damage initiation load and 

maximum displacement, with values of 5083 N and 2.5 mm and 5176 N and 2.5 mm, respectively, which suggests 
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the effect of a plug at this impact location is much less significant. This is further demonstrated by the similarity 

in the gradients for both of these cases, shown by the gold and pink lines, respectively.  

Comparing the c-scan images in Figures 5-11 and 5-16, the reduction in damage in the patches 

demonstrates that the addition of a plug strengthens and stiffens the repair, giving the patch itself more support. 

This is also reflected in the 15 mm offset case as the damage area is 160 mm2 less when a plug is included, 

suggesting that, even with the impact site being away from the repair, the increased stiffness by having both a 

patch and plug cause the panel to be less susceptible to damage. In continuation, the plugged 15 mm offset case 

is the only offset repair configuration with less damage in the parent panel than in a pristine panel at the same 

impact energy, with the central impact cases having no damage in the parent panel but more damage in the 

patches.  

In both the central and edge of hole offset repairs, the microscopy images show more damage in the 

case without a plug. This can be seen by comparing Figures 5-9 and 5-12, with the latter, i.e. the case without a 

plug, having a more obvious divide between plies where delaminations are extending through the panel and this 

interlaminar damage propagating further than when a plug is present. Figures 5-13 and 5-17 depict the edge of 

hole offset repairs without and with a plug, respectively, and it can be seen that, in the case of the former, there 

is not only more cracking throughout the panel in general but also a significant crack through the adhesive and 

ply below on both sides of the impact site. Contrastingly, in Figure 5-17, the inclusion of a plug results in a crack 

through the adhesive on only the right hand side of the microscopy image as well as a reduction in intralaminar 

damage overall. In both of these cases, the addition of a plug stiffens the panel and this reinforcement leads to 

a reduction in damage initiation and propagation. In the case of the 15 mm offset repair panels, shown in Figures 

5-14 and 5-18, the damage evolution is essentially the same with or without a plug and matches that observed 

in a pristine panel in Figure 5-8. This suggests that when the impact site is not on the repair itself the panel 

behaves in a way that is similar to that of a pristine panel, with the addition of a plug making no apparent 

difference to the damage observed.   
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5.3.5 Discussion 

The repair results for all panels impacted at 7.5 J are presented in Table 5-1 below, including all the repeat data. 

The damage initiation load and time, peak load, maximum displacement and damage areas are given and, in the 

case of repeats, the variation in total damage area is also included.  

Table 5-1. Measured impact behaviour of the pristine and repaired cross-ply CFRP panels, with all panels impacted at 7.5 J. 

 

Up to four panels were tested for each repair configuration with the only exceptions being the pristine patched 

case and the two offset plugged repair cases. This was due to no damage in the pristine patched case and no 

plug dislodgement in the offset plugged repair cases, especially since the variation between repeats in other 

cases was generally very minimal. Overall, the similarity in the drop weight trace values across repeats was 

extremely good, with only the central plugged repair and edge of hole repair without a plug having significant 

differences. The former is likely due to the plug dislodgement and this occurring at different points in the impact 

event on each sample. The latter is in reference to the second edge of hole repair case without a plug having 

dissimilar values to the first and third cases, which cannot easily be explained but is most likely an outlier due to 

some inconsistencies in the repair. However, otherwise, these results suggest very good repeatability and give 

confidence in the conclusions drawn. In continuation, the variations in total damage area in the relevant cases 

were ±2.5%, ±10.4%, ±2.8%, ±19.2% and ±11.7%, which further show the repeatability of both the 

Panel and test 
number 

Drop-weight traces Damage area (mm2) Variation in 
total damage 

area Damage initiation 
load (N) 

Damage initiation 
time (ms) 

Peak load 
(N) 

Max. displacement 
(mm) Patch Parent/

Plug 

Pristine (first 
impact) 

1 4727 1.3 4846 2.6 - 501 
±2.5% 2 4837 1.4 4961 2.6 - 477 

Pristine patched - - 8165 1.8 0 0 - 

Central repair 
(with plug) 

1 6041 0.8 6041 2.4 519 - 

±10.4% 
2 4380 0.7 4380 2.6 558 - 
3 4510 0.7 4510 2.4 450 - 
4 4124 0.6 4124 2.8 549 - 

Central repair 
(without plug) 

1 1915 0.6 3997 3.5 799 - 

±2.8% 
2 1862 0.5 4140 3.3 779 - 
3 1788 0.5 3940 3.4 755 - 
4 1819 0.6 3994 3.5 769 - 

Edge of hole repair 
(with plug) 6123 1.7 6123 2.2 107 641 - 

Edge of hole 
repair (without 
plug) 

1 5300 1.2 5300 2.4 325 638 

±19.2% 2 4699 1.2 5243 2.4 126 521 

3 5029 1.2 5029 2.4 248 611 

15 mm offset repair 
(with plug) 5176 1.3 5176 2.4 0 488 - 

15 mm offset 
repair (without 
plug) 

1 5083 1.2 5111 2.5 0 648 
±11.7% 

2 4970 1.2 5105 2.5 0 512 
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manufacturing and testing of these panels, especially since this includes the central plugged repair case as well 

as the potential outlier in the edge of hole repair without a plug case.  

 In comparison to the pristine panel, only the pristine patched and offset repair cases had a higher peak 

load, with the former also having a lower total damage area and the latter having less damage in the patch than 

was in the pristine panel. The central plugged repair case was affected by dislodgement but the central repair 

without a plug did not perform as well as a pristine panel likely due to the effective thickness at the impact site 

being 0.5t rather than the thickness, t, of the pristine panel. The pristine patched case performed the best, with 

the edge of hole plugged repair case performing the second best, which could be a result of the increased 

thickness at the impact site. These observations demonstrate that the thickness at the impact site greatly affects 

the performance of the panel, with a thicker panel being able to withstand more force before damage initiation, 

which suggests that the inclusion of a plug strengthens the repair.  

 A further observation is that, although the patch damage area was less than in the pristine panel and 

the largest individual damage area was in the central repair without a plug, the total damage area is greatest for 

the edge of hole repair without a plug case. This highlights the adhesive join as a potential point of weakness in 

the repair and suggests this impact sight is the most susceptible to damage of those tested in this work, thus 

demonstrating the importance of testing repair panels not only at the central point of the repair. 

 Lastly, the microscopy images show that the 15 mm offset cases, with and without a plug, perform 

similarly to a pristine panel, with the same damage features and propagation. This implies that moving away 

from the repair itself leads to a reduction in the effect the repair has on the performance of the panel and 

suggests that increasing the distance further would continue to minimise this until eventually a point is found 

where the repair behaves like a pristine one.  
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6 Experimental study on the effect of impactor shape and hardness 

on pristine quasi-isotropic CFRP panels under low-velocity impact 

loadings 

6.1 Introduction 

In the last few decades, the use of composites in aerostructures has become more prominent, with modern 

commercial aircraft increasing the percentage of composite components and reducing the content of metals, 

such as aluminium and steel. This adjustment in materials can be seen when comparing the Boeing 777 and 787, 

with the former comprising of 50% aluminium and 12% composite materials but the more modern Dreamliner 

flipping these values to give 50% composites and only 12% aluminium [107]. Although metals are advantageous 

due to being widely available and easy to machine, composites allow for more customisation of their properties 

according to purpose and have excellent weight to strength ratios. To allow composite materials to be used in 

aerostructures, rigorous testing is required, including under impact loading conditions. Aircraft are subjected to 

a variety of impact scenarios during use from tool drop to bird strikes, with the former being an example of a 

hard, low velocity impact and the latter being an example of a soft, high velocity impact. The impact events also 

vary in the sharpness of the impactor, with some cases having a blunter surface that comes into contact with 

the aircraft while others are sharper and thus direct the impact energy on one point rather than over a larger 

area. It is therefore, firstly, important to be able to characterise if an impact is hard or soft or somewhere 

between the two and, if it is the latter, how to classify it appropriately. Secondly, what the difference in damage 

initiation and response within the CFRP panel is for both soft and hard impacts. And, thirdly, it is of interest to 

also consider the shape of the impactor and analyse how the panel is damaged when impacted with a sharper 

impactor in comparison to a blunter one.  

Firstly, considering how to characterise if an impact is hard or soft, Yankelevsky defined a hard impact 

as one where the impactor deforms significantly less than the object it hits and generally remains undamaged 

[108]. However, Koechlin et al. disagreed with this classification as it suggests that the hardness of an impact 

depends only on the material of the impactor rather than the velocity it travels at and instead label this type of 
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impact as an elastic impact. At a low velocity, an impact can be said to be soft if the projectile is damaged and 

the target is not, with a hard impact being one where penetration occurs [11]. Since the impact energies and 

materials used in the experimentation in this chapter don’t result in penetration, hard impacts are defined as 

impacts where the impactor itself does not deform and soft impacts are defined as when the impactor does 

deform, with examples of the former being tool drop and runway debris and examples of the latter being 

hailstones and bird strikes.  

Secondly, the most common impact conditions implemented when testing pristine CFRP panels are 

those that would be characterised as hard, low-velocity impacts and some results [1,96,109-114] have been 

reported. Caprino et al. found that the energy at which penetration occurred when impacting CFRP panels with 

a hard projectile at a low velocity could be as low as 1 J depending, primarily, on the total fibre thickness and 

the impactor diameter, among other factors [113]. Contrastingly, Dau et al. found that panels had a critical 

threshold energy of between 272 and 307 J when impacting with a soft projectile at a low velocity, above which 

perforation was observed [51]. Comparisons between hard and soft impacts at high velocities have been 

considered [55,56]. Liu et al. impacted CFRP panels with both hard and soft projectiles at high velocities and 

found that a velocity of 100 m.s-1 was required for any damage to initiate in the panels impacted with a soft 

projectile. Contrastingly, damage was detected in the panels impacted with a hard projectile at a velocity of 30 

m.s-1 and penetration occurred above 70 m.s-1, showing that more energy is required in the case of the soft 

projectile to cause the same damage as seen when using the hard projectile [55]. This research also highlights 

the large difference in energy required for damage between the two classifications on impact, suggesting that 

using a projectile made of a combination of both gelatine and aluminium or a less soft material than gelatine 

might give an intermediate value. At the time of writing this thesis, there is little to no research on transitioning 

from a hard to a soft impact and comparing hard and soft impacts at a low velocity. These findings demonstrate 

the drastic difference between hard and soft impacts and the need for more research on the transition between 

the two.  

Thirdly, the effect of the impactor shape on the performance of the CFRP panels has been investigated 

previously and some results [57-59] have been reported. Mitrevski et al. found that the sharpest impactor 

resulted in the most energy being absorbed and the deepest indentation, whilst the bluntest impactor gave the 

highest peak force value and the shortest contact time between impactor and panel [57,58]. Kazemianfar et al. 
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found that a sharper impactor resulted in more damage and also that damage initiated at a lower load value 

[59]. These findings show that the impactor shape has a significant effect on the response of the panel, however 

both were at one impact energy or two very similar energies and so further investigation into the effects at 

different impact energies is of interest, especially since aircraft are subjected to a variety of impacts and a variety 

of energy levels during their use.  

In this section, quasi-isotropic CFRP panels are subjected to impacts with flat and round-nosed hard 

impactors as well as with flat impactors with rubber adhered to the end to simulate a softer impact and the 

transition between hard and soft impacts. Impacts are performed at 7.5, 15 and 30 J, with the softer impactors 

being implemented at 30 J only due to the results from the flat-ended impactor at the lower impact energies. 

The effect of the thickness of the rubber layer on the softer impactors on the performance of the panels is 

investigated by employing three thicknesses: 1, 1.5 and 2 mm. Load versus time and load versus displacement 

traces are measured from the impact tests and detailed maps of the resultant interlaminar damage of the 

various panels are also obtained, allowing the effect of impactor shape and hardness to be investigated by 

comparing these findings for each case. 

6.2 Test specification and methods 

6.2.1 Hard low-velocity impacts 

Two different shaped impactors were used in conjunction with the drop weight tower for the hard low-velocity 

impacts, to allow the effect of the impactor shape on the impact performance of the panels to be considered. 

Quasi-isotropic samples were tested under a low-velocity impact loading using an Instron 9340 drop-weight 

tower supplied by CEAST, Italy, shown in Figure 3-5, following the same test method as described elsewhere [86-

88] and in Section 3.4.1 of this thesis. The first of these was a flat-ended impactor and the second was a round-

nosed impactor, with both having diameters of 16 mm, an overall mass of 5.266 and 5.265 kg, respectively, and 

being made from stainless steel. For each impactor, a variety of energy levels were used: 7.5, 15 and 30 J, giving 

impact velocities of: 1.69, 2.39, and 3.38 m.s-1, respectively.  



CHAPTER 6 

112 

 The impacted panels were inspected using a Prisma portable ultrasonic C-scanner supplied by Sonatest 

Ltd, UK to detect any interlaminar damage area. This technique has been discussed in detail elsewhere [88] and 

in Section 3.4.2 of this thesis. 

6.2.2 Soft low-velocity impacts  

For the soft low-velocity impacts, a flat-ended impactor was used, and different thicknesses of rubber were 

adhered to the end. The rubber used was neoprene, with the mechanical properties of which being given in 

Table 6-1 below, with thicknesses of 1, 1.5 and 2 mm being implemented. To adhere the rubber, the surface of 

the flat-ended impactor was cleaned with acetone, to ensure a good join, and two-part Araldite ultra-strong 

adhesive was used. As per the adhesive instructions, the two adhesive components were combined for 30 

seconds, applied to both surfaces, the two surfaces were pressed together, and the impactors were left for at 

least 14 hours to allow the join to harden and strengthen before being used for testing. With the rubber adhered, 

the mass of the impactor was 5.267 kg and impacts were performed at an impact energy of 30 J, which gave an 

impact velocity of 3.38 m.s-1. Only the highest impact energy was used for this testing as the flat-ended impactor 

gave no damage at the lower impact energies. The samples were tested and inspected with the drop weight 

tower and ultrasonic C-scanner in the same way as described for the hard low-velocity impacts. 

Table 6-1. Mechanical properties of neoprene rubber supplied by PVC Tube Online Ltd [115] 

Property Value Units Test Method 
Indentation hardness 60 shore A -4 +5 Degrees ASTM D2240 00 
Specific gravity 1.5 +/- 0.05 g/cm3 ASTM D792 
Tensile strength (minimum) 3 MPa ASTM D412 
Elongation at break (minimum) 250 % - 
Minimum continuous working 
temperature 

-20 °C - 

Maximum continuous working 
temperature 

65 °C - 

Maximum intermittent working 
temperature 

70 °C - 

Compression set 70°C 22 hours 35% max % ASTM D395 Method B 
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6.3 Experimental results 

6.3.1 Hard impacts 

Pristine samples were impacted at 7.5, 15 and 30 J with two different impactors: a round-nosed (sharper) 

impactor and a flat-ended (blunter) impactor. Figures 6-1, 6-2 and 6-3 show the load versus time and load versus 

displacement traces using both impactors at each of these energies. 

 

Figure 6-1. Load traces for the pristine panels impacted with a round-nosed impactor (red line) and a flat-ended impactor 
(black line). Both impacted at 7.5 J: (a) load versus time traces and (b) load versus displacement traces. 

The load response of pristine CFRP panels when impacted with a sharp and blunt impactor at 7.5 J is 

shown in Figure 6-1. For the panel impacted with the sharper impactor, shown by the red line, there was a slight 

load drop at ca. 1 ms, which suggests damage initiated within the panel. Contrastingly, no load drop is clear in 

the traces from the panel impacted with the blunter impactor, which implies that damage did not occur within 

this panel. Additionally, the peak load for the sample impacted with the flat-ended impactor was 7649 N, which 

is significantly greater than the damage initiation load value of 4445 N recorded for the sample impacted with 
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the round-nosed impactor. This suggests that the damage initiation load is larger when impacting with a blunter 

impactor, which is likely due to the round-nosed impactor concentrating the impact energy on one point where 

the flat impactor spreads this energy out over a larger area. However, the round-nosed impactor allowed the 

panel to deform and bend more around it, resulting in the panel behaving in a less stiff manner. This is 

demonstrated by the higher displacement value for the round-nosed impactor, with values of 2.4 and 1.9 mm 

for the round-nosed and flat-ended impactors, respectively.  

 

Figure 6-2. Load traces for the pristine panels impacted with a round-nosed impactor (red line) and a flat-ended impactor 
(black line). Both impacted at 15 J: (a) load versus time traces and (b) load versus displacement traces. 

Figure 6-2 demonstrates the load response of panels impacted with round-nosed and flat-ended 

impactors at 15 J. Both graphs show a very similar trend to that observed in Figure 6-1, with a load drop occurring 

for the panel impacted with the sharper impactor, suggesting damage initiated within the panel, but no such 

event occurring for the panel impacted with the blunt impactor. Furthermore, the damage initiation load for the 

panel impacted with the round-nosed impactor was found to be 4558 N, which is very similar to the value of 
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4445 N that was observed for the impact at 7.5 J. This implies that ca. 4000 N is the load value at which damage 

will initiate within the CFRP panel when impacting with the round-nosed impactor. Since there is no load drop 

in the traces for the panel impacted with the flat impactor, it can be assumed that the damage initiation load 

has not yet been reached, showing that the value is significantly higher than for the sharper impactor.   

 

Figure 6-3. Load traces for the pristine panels impacted with a round-nosed impactor (red line) and a flat-ended impactor 
(black line). Both impacted at 30 J: (a) load versus time traces and (b) load versus displacement traces. 

At an impact energy of 30 J, the damage initiation load when impacting with a flat-ended impactor was 

reached, as can be seen by the clear load drop in the black line in Figure 6-3. The load drop for the panel impacted 

with the round-nosed impactor is ca. 4000 N again, in contrast to 12641 N for the panel impacted with the flat-

ended impactor. This large difference is likely due to the fact that the blunt impactor spreads the impact energy 

over a larger area rather than concentrating it all to one point, like the sharper impactor, and this demonstrates 

that the shape of the impactor has a significant effect on the response of the CFRP panel.  

 The C-scan images of these panels can be seen in Figure 6-4 below. As expected from the load versus 

time and load versus displacement traces, there was no damage in the panels impacted with the flat-ended 
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impactor at 7.5 and 15 J. At these values, however, there was damage observed in the panels impacted with the 

round-nosed impactor, with damage areas of 681 and 1986 mm2, respectively. The damage area at 15 J is 

approximately three times as large as that at 7.5 J, showing that the damage area increases dramatically as the 

impact energy is doubled. Comparing this to the damage area at 30 J, which is 3602 mm2 and so just under 

double the damage area at 15 J, there is not a clear relationship between the impact energy and the damage 

area, beyond the damage area increasing as the impact energy is raised. Lastly, at 30 J, it can be seen that 

damage has initiated and propagated in the panel impacted with the flat-ended impactor, with a damage area 

of 4440 mm2 being observed. This value is roughly 1000 mm2 larger than that for the panel impacted with the 

round-nosed impactor, which suggests that the panel was able to deform more around the sharper impactor 

and thus absorb more of the energy to result in a smaller damage area. Lastly, it is also interesting to compare 

the damage maps for the round-nosed and flat-ended impacts since the centre of the panel impacted with the 

flat-ended impactor is undamaged. This shows that the damage pattern is affected by the shape of the impactor. 

 

Figure 6-4. C-scan images taken from the top (impacted) surface of pristine CFRP panels impacted with a round-nosed 
impactor and a flat-ended impactor at various impact energies. The damage area values are given below each image. (The 

scales show the depth of the different locations of the interlaminar damage). 
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6.3.2 Soft impacts 

Since damage initiated in the panel impacted with the flat-ended impactor at an impact energy value of 30 J, 

the investigation into the effect of softening the impactor was carried out at this impact energy. The aim of this 

investigation was to learn more about how the impact event is affected as the impact transitions from a hard 

impact to a softer impact. Adhering rubber to the impactor in this case would not give a purely soft impact as, 

once the rubber is compressed, the load from the stainless-steel impactor results in a hard impact. However, 

the rubber does soften and dampen the impact and performing this experimentation could allow the transition 

from hard to soft impacts to be defined and categorized more clearly. Figure 6-5 shows the load versus time and 

load versus displacement traces for the panels impacted with a flat-ended impactor without rubber and with 1, 

1.5 and 2 mm of rubber adhered to it.  

 

Figure 6-5. Load traces for the pristine panels impacted with a flat-ended impactor without rubber and with rubber disks of 
1, 1.5 and 2 mm in thickness adhered to the end. All impacted at 30 J: (a) load versus time traces and (b) load versus 

displacement traces. 

From the graphs in Figure 6-5, it can be seen that the addition of rubber to the end of the impactor 

results in a drop in the damage initiation load from 12641 N, for the sample impacted with the flat-ended 
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impactor without rubber, to 11406, 11183 and 11431 N, for the samples impacted with the flat-ended impactors 

with 1, 1.5 and 2 mm of rubber adhered to them, respectively. It also suggests that the peak load value drops 

when rubber is added but does not change as the thickness of rubber increases. However, what does change as 

the thickness of rubber increases is the maximum displacement and the time that damage initiates, with values 

of 4.5, 4.7 and 4.7 mm and 1.0, 1.2 and 1.3 ms for 1, 1.5 and 2 mm of rubber, respectively. This is likely to be 

because the flexibility of the rubber allows the panel to deform more around the impactor as more of it is 

present.  

 

Figure 6-6. C-scan images of pristine CFRP panels taken from the top (impacted) face after 30 J impact for: (a) the panel 
impacted with a flat-ended impactor, (b) the panel impacted with a flat-ended impactor with a 1 mm thick rubber disk 
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adhered to the end, (c) the panel impacted with a flat-ended impactor with a 1.5 mm thick rubber disk adhered to the end 
and (d) the panel impacted with a flat-ended impactor with a 2 mm thick rubber disk adhered to the end. 

Figure 6-6 shows the C-scan images for these panels. Comparing the damage area in each panel, the 

values suggest that the damage area decreases as the thickness of rubber increases. Additionally, the three cases 

where there was rubber adhered to the impactor have significantly less damage at the shallowest depth, shown 

in orange, compared to the case with no rubber. This implies that, even if the damage area is only reduced by 

around 200 mm2, the top plies are much more protected.  

6.3.3 Discussion 

The impact data from the investigation into the effect of impactor shape and hardness on the performance of 

CFRP panels is summarised in Table 6-2 below. The damage initiation load and time, peak load, maximum 

displacement, and damage area are given for all the pristine panels impacted with the four different impactor 

types at all three energies.  

Table 6-2. Measured impact behaviour of the pristine CFRP panels impacted with different impactors at varying energy 
levels. 

 

 Repeat test were performed for the flat-ended impactor cases with 1 and 1.5 mm thick rubber adhered 

to the end due to issues with the c-scans in the first batch, which are shown in Appendix C in Section 11.3 of this 

thesis. The similarity between the drop-weight traces and the low values for the variation in damage area 

Impactor Impact 
Energy (J) 

Drop-weight traces 
Damage area 

(mm2) 
Variation in 

damage area Damage initiation 
load (N) 

Damage initiation 
time (ms) 

Peak load 
(N) 

Max. displacement 
(mm) 

Round-nosed  7.5 4445 1.0 5071 2.4 681 - 

Flat-ended  7.5 - - 7649 1.9 - - 

Round-nosed  15 4558 0.6 7054 3.6 1986 - 

Flat-ended  15 - - 10879 2.6 - - 

Round-nosed  30 4115 0.4 9248 5.6 3602 - 

Flat-ended  30 12641 1.0 12641 4.0 4440 - 

Flat-ended w/ 
1 mm rubber 

1 30 11406 1.0 11406 4.5 4308 
±2.1% 

2 30 11530 1.0 11530 4.4 4490 

Flat-ended w/ 
1.5 mm rubber 

1 30 11183 1.2 11330 4.6 4250 
±5.1% 

2 30 10822 1.1 10822 4.6 4711 

Flat-ended w/ 
2 mm rubber 

 30 11431 1.3 11431 4.6 4144 - 
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demonstrates the repeatability of this testing. There are a number of findings from this testing. Firstly, the 

damage initiation load for the CFRP panels when impacting with a round-nosed impactor can be seen to be ca. 

4000 N, which is much lower than the load required for damage to initiate when impacting with a flat-ended 

impactor that was found to be ca. 12000 N. Having said this, once damage initiated in the panels impacted with 

a flat-ended impactor, the damage area was larger than that for a panel impacted with a round-nosed impactor. 

This shows that the CFRP panels are more susceptible to damage from a sharper impactor at lower impact 

energies however, once higher energies are achieved, a blunter impactor results in more detrimental damage. 

It is likely that damage initiates sooner for a sharper impact because the energy is concentrated on one point 

rather than over an area, but the damage area is smaller because the panel can bend more around the rounded 

impactor and thus absorb more of the energy than for the case with a blunt impactor. Secondly, the addition of 

rubber on the end of the flat-ended impactor can be seen to reduce the damage area and increase the damage 

initiation time and maximum displacement. This shows that the rubber acts as a dampener in the impact event 

by absorbing some of the energy and, whilst deforming, it allows for the panel to bend more around the impactor 

to give more displacement. These results imply that, even a thin layer of rubber, has an effect on the damage 

initiation and propagation within a panel and that softening impacts where possible will result in less damage in 

the composite. Thirdly, the panels impacted with a flat-ended impactor with rubber had lower damage initiation 

load values, which might suggest that a lower impact energy is required to initiate damage in softer impacts but, 

for the damage to propagate, more energy is required than in harder impacts. 

 Not all impacts can be controlled, such as debris and hail stones, but ground equipment can be and, 

from this research, it is implied that a blunter impact will result in a higher threshold for impact energy thus 

making a blunt surface more appropriate for components that interact with the fuselage of the aircraft than a 

sharper edge. However, once damage does initiate, this type of impact will give a larger damage area and so it 

would be beneficial to have blunter impacts that are softened with a rubber layer. Therefore, when designing 

the connection between the aircraft and ground equipment, rubber layers should be adhered to blunt surfaces 

to ensure the composite panels maintain their strength properties over time.  
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7 Numerical modelling on the impact performance of CFRP panels 

7.1 Introduction 

The ability to numerically model an impact event and obtain accurate results allows for a reduction in testing 

and thus saves both time and money. This is due to the fact that modelling can be performed with minimal 

experimental testing, only what is required to validate the model, and a number of test conditions can be run 

to decide which tests are worthwhile performing experimentally and which ones will provide no useful insight. 

Additionally, scenarios that are complicated, expensive or even impossible to test in a laboratory can be 

considered. Therefore, developing an accurate model is invaluable. To produce such a model requires 

consideration of a number of elements, with various methods available, some of which will give more accurate 

results than others. Firstly, how the damage initiates and propagates through the material must be considered 

and there are numerous criteria that can be chosen for this. Secondly, how to model the rubber layer of the 

impactor for the soft impacts, since Abaqus/Explicit 2018 has built-in options, and it is critical to choose the 

correct one. Thirdly, the FEA model details, such as the element type and material properties, must be defined.  

 Firstly, the damage initiation and propagation can be modelled using the 2D Hashin criterion, which 

considers both the fibre and matrix failure modes [116]. Other criteria that can be used include 3D Hashin and 

Chang-Chang, both of which require VUMAT subroutines, where the 2D Hashin criterion is included in 

Abaqus/Explicit 2018. Although including the effect on the damage within the matrix from the normal stress 

that acts through the thickness of the composite, as done in 3D damage models, does give results that align 

more closely with those obtained experimentally, the 2D Hashin criterion does predict the same trends as seen 

in experiments [117]. The 2D Hashin criterion has been implemented in a number of different scenarios and has 

given good agreement, thus demonstrating its suitability for this application [52, 54, 79, 83, 117, 118].  

 Secondly, there are a number of ways to model the rubber on the impactor for the soft impacts, with 

three potentially suitable options being Mooney-Rivlin, Neo-Hookean and Ogden [119]. The former has been 

shown to be an accurate model for a rubber layer applied to the end of a round-nosed impactor, with conditions 

being set to give the Neo-Hookean simplification, and good agreement between the experimental and numerical 

results was found [120]. Additionally, when considering an alternate application that is based on puncturing 
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rubber gloves rather than compressing rubber disks upon impact, it was seen that the first two methods were 

much more effective at predicting the experimental results than the latter [119]. Overall, using the Mooney-

Rivlin or Neo-Hookean techniques for modelling rubber in numerical analysis give reasonable agreement for a 

number of different applications [119,120]. 

 Paired with the 2D Hashin damage model and the rubber modelling techniques, the fundamentals of 

the simulation are in the Finite Element Analysis (FEA) model that provides the panel and impactor dimensions 

and any properties not defined elsewhere. A mesh is applied to the panel, with the element type and 

characteristic length chosen to give the best prediction based on a compromise between precision and 

computational time, examples of values implemented in other research include: 0.5 mm [52, 79], 1 mm [82, 

117], 1.5 mm [118], and 2.5 mm [54]. To allow the interply contact properties to be applied, the panel is often 

modelled as multiple plies stacked together rather than one solid block [52, 79, 82]. 

 In this thesis chapter, a model has been produced in Abaqus/Explicit 2018 using built-in damage 

initiation and propagation criteria to predict the performance of pristine CFRP panels under a variety of impact 

loading conditions. This includes assessing the performance of a pristine panel under impacts of increasing 

impact energy and comparing the damage between impacts with round and blunt impactors. A rubber disk is 

included in some of the simulations to allow the effect of the thickness of the rubber, and thus the increasing 

softness of the impact event, to be considered as well. These results will then be compared with the 

experimental results collected in Chapter 6 of this thesis to assess the effectiveness of the model for this 

application.  

7.2 Numerical modelling methods 

For the FEA model, Abaqus/Explicit 2018 was used to simulate pristine panels under different impact loading 

conditions. The built-in composite material failure function was utilised, with details of its implementation as 

well as how each ply and impactor was modelled discussed in the following section. The model was given a 

maximum run time of 4, 4.5 and 5 ms for the round nosed, flat ended and flat ended with rubber impactors, 

respectively, with approximately 100 time-steps using 4 CPUs, giving a run time of 2-3 hours. These time periods 

were chosen as they are approximately the length of the impact event according to the experimental data 

recorded.   
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7.2.1 Composite Panel 

The carbon fibre reinforced epoxy panel was simulated in the FEA model as a three-dimensional deformable 

solid and meshed using an 8-node quadrilateral in-plane general-purpose continuum shell with reduced 

integration element (SC8R). Each element had dimensions of 1 mm x 1 mm, giving a total of 105,000 elements 

in the composite panel.  

The composite to be modelled was a pristine QIT CFRP panel with a layup of [452/-452/02/902]s, meaning 

that there are blocked plies. For this reason, when modelling the panel, to save on computation time and simplify 

the model, 7 plies were simulated instead of the 16 present, with the 45, -45 and 0 fibre orientation plies 

modelled as double thickness and the 90 fibre orientation ply modelled as four times thickness due to symmetry. 

Doing so reduces the risk of over complication introducing errors in the simulation and ensures damage will only 

form between plies of differing orientation, as seen in experimental work.  

For the interaction between each ply, to be consistent with previous work, a coefficient of friction of 

0.25 was applied and the normal behaviour was defined as a hard contact with separation after contact being 

allowed. Additionally, to ensure the panel itself would not move upon impact and to simulate the fixture from 

the drop weight tower, the edges of the back face of the rear ply were pinned in place. 

7.2.2 Impactor 

Both the round-nosed and flat-ended steel impactors were modelled as analytical rigid bodies, meaning they 

wouldn’t deform and to avoid unnecessarily meshing the part. The primary difference between the two 

impactors was the mass applied, with the former having a value of 5.265 kg and the latter 5.266 kg. They were 

constrained to only move in the direction normal to the top face of the composite panel, starting at the point 

just before impact with a velocity of 1.69, 2.39, and 3.38 m.s-1 for impact energies of 7.5, 15 and 30 J, 

respectively.  

 For the case of the soft impacts, the rubber disk adhered to the impactors experimentally was modelled 

as a three-dimensional deformable solid and was meshed using 8-node linear brick elements with reduced 

integration (C3D8R). The elements were approximately 1 mm x 1 mm, with one layer for the thinnest rubber 
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disk and two layers for the other two, meaning there were a total of 272, 544 and 544 elements in the 1, 1.5 and 

2 mm rubber disks, respectively.  

The global friction constant, and therefore the value applied to the interaction between the 

impactor/rubber disk and the panel, was set as 0.2 and the normal behaviour was defined as a hard contact with 

separation after contact being allowed, to be consistent with previous work.  

The final meshed assemblies for the round-nosed impactor and the flat-ended impactor with a 1 mm 

disk of rubber cases are shown in Figure 7-1 below. The impactor, composite panel and rubber disk are 

highlighted in blue, green and red, respectively.  

 

Figure 7-1. Meshed assembly with (a) round-nosed impactor and (b) flat-ended impactor with 1 mm of rubber (the 
impactor, rubber disk and composite panel are shown in blue, red and green, respectively).   

7.2.3 Damage Model 

The properties applied to the FE model, described above, are given in Table 7-1 below, including those applied 

to the rubber disk simulated for the soft impacts. 
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Table 7-1. Properties of the unidirectional composite from [52,87,88,101,121] and of the rubber disk from [115,120,122] 

Property Simulation value Units 

COMPOSITE PLY 

Density 1600 kg/m2 

Moduli 
𝐸!! = 115, 𝐸-- = 8.2,		

𝐺-. = 3.6, 𝐺!- = 𝐺!. = 3.6 
GPa 

Poisson’s ratio 𝜐!- = 0.34 - 

Strength values 

𝑆!% = 2282, 𝑆-% = 54,  

𝑆!$ = 1067, 𝑆-$ = 200, 

𝑆!- = 𝑆!. = 99 

MPa 

Intralaminar ply fracture 
energies 

𝐺)$|#% = 133, 𝐺)$|#$ = 40,  

𝐺)$|&% = 0.4, 𝐺)$|&$ = 1.3, 𝐺))$|&' = 1.3 
kJ/m2 

Interlaminar ply fracture 
energies 𝐺)$ = 0.4, 𝐺))$ = 1.3 kJ/m2 

Benzeggagh-Kenane    
(B-K) exponent 𝜂 = 1.45 - 

Cohesive strengths 𝑡.." = 43.0, 𝑡.!" = 𝑡.-" = 50.0 MPa 

Initial cohesive law 
stiffness 𝑘 = 1 × 10/ MPa/mm 

RUBBER DISK 

Density 1500 kg/m2 

Neo Hookean constants 𝑐!" = 0.9, 𝑑! = 0.001 - 

 

7.2.3.1 Intralaminar Damage 

To model the intralaminar damage initiation and propagation, the 2D Hashin Criterion property 

function [116] within Abaqus/Explicit 2018 was implemented. This theory predicts four types of damage: tensile 

fibre failure, compressive fibre failure, tensile matrix failure and compressive matrix failure, where the 

longitudinal and transverse fibre directions are denoted as the 11- and 22-directions, respectively. Therefore, 

the following equations are used to predict the initiation and propagation of these modes [52,54,79,82,116-

118,123]: 

 Tensile fibre failure (𝜎:!! ≥ 0):  𝐹#% = H01!!
2!"
I
-
     (1) 
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 Compressive fibre failure (𝜎:!! ≤ 0): 𝐹#$ = H01!!
2!#
I
-
     (2) 

 Tensile matrix failure (𝜎:-- ≥ 0):  𝐹&% = H01$$
2$"
I
-
     (3) 

 Compressive matrix failure (𝜎:-- ≤ 0): 𝐹&$ = H 01$$
-2!%

I
-
+ LH 2$#

-2!%
I
-
− 1N 01$$

-2!%
+ H34!$

2!$
I
-
  (4) 

where 𝐹#%, 𝐹#$, 𝐹&%  and 𝐹&$  are the damage criteria for the four damage mechanisms, respectively, and a 

value of 𝐹 ≥ 1 is when damage is predicted to initiate. 𝑆!% and 𝑆!$ represent the tensile and compressive 

strengths in the 11-direction, respectively, and 𝑆-% and 𝑆-$ represent the same in the 22-direction, respectively. 

𝑆!- and 𝑆!. = 𝑆-$ 2⁄  represent the shear strength in the 11- and 22-directions, respectively. Lastly, 𝜎:!!, 𝜎:-- and 

�̂�!- are taken from the effective stress tensor, 𝜎:, and are used to evaluate the above equations. As discussed 

elsewhere [52], Equation 4 is derived from the von Mises yield criterion. 

Four damage parameters are calculated, one for each failure mechanisms: 𝑑#% , 𝑑#$, 𝑑&%  and 𝑑&$ . The 

equation for these values is given by the following equation from the Abaqus documentation [124]: 

𝑑 = 5&6575'8
565&75'8

          (5) 

where setting 𝑑 = 𝑑#% , 𝑑 = 𝑑#$, 𝑑 = 𝑑&%  and 𝑑 = 𝑑&$ ,  represents fibre tension, fibre compression, 

matrix tension and matrix compression failures, respectively, and 𝜀 is the equivalent strain of the composite ply. 

The terms 𝜀" and 𝜀# represent the equivalent strain at the initiation of and final point of failure. When 

considering failure in the fibres, the strain values are set to those in the 11-direction, when considering the 

failure in the matrix, the strain values are set to those in the 22-direction, with the 𝜀" terms being calculated 

using Equations 1 to 4 and the 𝜀# terms being calculated using intra- and interlaminar ply fracture energies.  

From the four failure variables, three damage variables are determined, 𝑑#, 𝑑& and 𝑑', as defined in 

Equations 6 to 8 below [52,82]: 

Fibre damage:  𝑑# = P
𝑑#,% 					𝜎:!! ≥ 0
𝑑#$ ,					𝜎:!! < 0       (6) 
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Matrix damage:  𝑑& = R𝑑&,
% 					𝜎:-- ≥ 0
𝑑&$ ,					𝜎:-- < 0       (7) 

Shear damage:  𝑑' = 1 − S1 − 𝑑#%TS1 − 𝑑#$T(1 − 𝑑&% )(1 − 𝑑&$ )    (8) 

Additionally, for intralaminar damage, a maximum degradation value of 0.99 was specified to be 

consistent with previous work, rather than the default value of 1, so that damage evolution stops and elements 

are deleted when the damage variable reaches 𝑑(	(𝑖 = 𝑓,𝑚, 𝑠) ≥ 0.99. 

7.2.3.2 Interlaminar Damage 

The quadratic stress criterion was used to determine the initiation of interlaminar damage, which was 

implemented using the follow equation [52,82,124-128]: 

 H〈%%%〉
%%%'
I
-
+ H%%!

%%!'
I
-
+ H%%$

%%$'
I
-
≥ 1        (9) 

 where 𝑡( 	(𝑖 = 33, 31, 32) and 𝑡("	(𝑖 = 33, 31, 32)  are the current and normal shear stresses and the 

current and normal cohesive law strengths, respectively, with the 33-, 31- and 32-directions being purely normal 

to the interface, the first shear and the second shear, respectively. When the above inequality is met, damage 

is assumed to initiate, allowing the displacement at this point to be calculated.  

 

Figure 7-2. Diagram of the bilinear surface cohesive law, where the area under the curve is 𝐺!. 

How the interlaminar damage propagates during the impact event is simulated using a linear-softening 

material model embedded into a bilinear surface cohesive law [124], demonstrated in Figure 7-2. To simulate 
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this, a value for the interlaminar fracture energy, 𝐺$, must be calculated, which is done using the Benzeggagh-

Kenane (B-K) criterion demonstrated in Equation 10 [52,82,124,128-130]: 

 𝐺$ = 𝐺)$ + (𝐺))$ − 𝐺)$) X
<((

<(=<((
Y
>

        (10) 

 where 𝐺)$ and 𝐺))$ are the Mode I and Mode II interlaminar fracture energies, respectively, and 𝜂 is the 

B-K Mixed-mode interaction exponent. These three variables can be calculated experimentally [127,129,130], 

with the values used, given in Table 7-1, coming from the material supplier or literature. Lastly, 𝐺) and 𝐺)) are 

the Mode I and Mode II energy-release rates, respectively, and are determined by the model. Delamination is 

said to occur when the value of displacement for an interface element is equal to or greater than the 0.9 times 

displacement of that element at failure, i.e. 𝛿/𝛿# ≥ 0.9, with the results in the following section showing a red 

area of delamination for the elements that meet this criterion. This value was chosen to be more stringent in 

predicting the damage area. 

 To demonstrate how these equations are implemented within the model, the flowchart in Figure 7-3 

can be referred to. This is taken from Liu et al. [52] and is very similar to the one implemented elsewhere, 

including [88]. 
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Figure 7-3. Flow chart demonstrating the implementation of Eqs. (1)-(10) to predict the impact response of CFRP panels 
using 2D Hashin Criteria [52]. 

7.2.3.3 Rubber Disk  

From the literature [119,120], it was deemed that implementing the Neo-Hookean hyperelastic model would be 

an effective method to simulate the rubber disks on the impactor in the soft impact testing cases. The following 

equation for the strain energy potential is executed by the software, given in Abaqus documentation [124]: 

𝑈 = 𝑐!"(𝐼!̅ − 3) +
!
?!
(𝐽+, − 1)-         (11) 
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where 𝑈 is the strain energy potential per unit volume, 𝑐!" and 𝑑! are material parameters and 𝐽+, is the elastic 

volume ratio. 𝐼!̅ is the first deviatoric strain invariant and is given by [124]: 

𝐼!̅ = �̅�!- + �̅�-- + �̅�.-          (12) 

where �̅�( = 𝐽7
!
%𝜆(	(𝑖 = 1,2,3) are the deviatoric stretches and then 𝐽 is the total volume ratio and 𝜆(	(𝑖 = 1,2,3) 

are the principal stretches.  

7.3 Numerical modelling results 

7.3.1 Pristine panels 

The first scenarios to be considered when modelling were the round-nosed impacts, with three impact energies 

being simulated: 7.5, 15 and 30 J. The velocity of the impactor was the only variable adjusted between 

simulations to model the three impact energies. Once each simulation had finished, the damage maps were 

produced by colour-coding each point according to the value of the damage variables for each element. To give 

an estimate for the damage area, elements with a damage variable value above 0.9 were highlighted in red and 

the resulting damage maps are shown alongside the respective experimental c-scan images in Figure 7-4. 

Additionally, a plot of the damage variable value in every element for all of the cases presented in this chapter 

is given in Appendix E.  
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Figure 7-4. Damage maps from experimental testing and numerical simulation for impacts at 7.5, 15 and 30 J (with a 
damage variable of 0.9 for the numerical modelling). 

As can be seen from Figure 7-4 above, the increase in impact energy causes the damage area to increase 

significantly. This matches the trends observed in the experimental work in Section 6.3.1, demonstrating the 

suitability of this model to predict how the CFRPs will perform under impact. Table 7-2 below compares the 

damage areas found experimentally and numerically.  

Table 7-2. Damage area values for the experimental testing and numerical simulation results of round-nosed impacts at 
impact energies of 7.5, 15 and 30 J. 

Impact Energy  
Damage Area (mm2) Variation in Damage 

Areas Experimental Numerical 

7.5 J 681 662 ±1.4% 

15 J 1986 1282 ±21.5% 

30 J 3602 2401 ±20.0% 
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As can be seen by the values in Table 7-2, the model is accurate at predicting the damage area at the 

lowest impact energy, but above this the values differ significantly.  

7.3.2 Effect of impactor shape 

The effect of the impactor shape on the performance of the CFRP panels under impact was then considered with 

the model, by simulating both round-nosed and flat-ended impacts at 30 J. The flat-ended impactor was 

modelled with a fillet, as is present in the impactor used experimentally, to ensure as accurate a model as 

possible. As for the different impact energies simulated above, damage maps were produced by colour-coding 

each point according to the value of the damage variables for each element and compared to the respective 

experimental results.  

 

Figure 7-5. Damage maps from experimental testing and numerical simulation for impacts with a round-nosed impactor 
and a flat-ended impactor at 30 J (with a damage variable of 0.9 for the numerical modelling). 

Figure 7-5 demonstrates an opposing trend to that observed in the experimental testing presented in 

Section 6.3.1, as the flat-ended impactor resulted in significantly less damage than the round-nosed impactor at 

the 30 J impact energy. This suggests that the model needs some refinement before it is used to predict the 

damage from these two impactor types at high impact energies, specifically with the simulation of the flat-ended 

impactor requiring some adjusting. However, the model does accurately predict the central area of no damage 

that is also seen experimentally. The experimental and numerical damage areas are given in Table 7-3. 
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Table 7-3. Damage area values for the experimental testing and numerical simulation results of round-nosed and flat-ended 
impacts at an impact energy of 30 J. 

Impact Energy  
Damage Area (mm2) Variation in Damage 

Areas Experimental Numerical 

Round-nosed 3602 2401 20.0% 

Flat-ended 4440 1069 61.2% 

 

The variation in the damage areas recorded experimentally and predicted by the model given in Table 

7-3, especially for the flat-ended impactor case, highlight the limitations of the model. The shape of the damage 

areas in Figure 7-5 demonstrates the potential in this model but these values show that some improvements 

are required before it can be utilised in the place of experimental work to determine how a CFRP panel will 

perform under impact.   

7.3.3 Hard/soft impacts 

The final case to be considered using the model was investigating the effect of implementing different 

thicknesses of rubber disks on the flat-ended impactor to compare hard and soft impact conditions. For this 

investigation, the flat-ended impactor modelled previously was again implemented and this time a rubber disk 

was also included. The only variable adjusted between each simulation was the thickness of the rubber disk, 

with 1, 1.5 and 2 mm all being simulated and all three being considered at an impact energy of 30 J. Again, 

damage maps were produced by colour-coding each point according to the value of the damage variables for 

each element and then compared with the experimental results. Figure 7-6 shows these diagrams to allow a 

comparison to be made between the three thicknesses of rubber.  
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Figure 7-6. Damage maps from experimental testing and numerical simulation for impacts with a flat-ended impactor with 
1, 1.5 and 2 mm of rubber at 30 J (with a damage variable of 0.9 for the numerical modelling). 

Figure 7-6 generally shows the same trend as observed experimentally, with an increase in rubber 

thickness resulting in a reduction in the central damage. However, the model also results in significant 

delaminations on the top and bottom edge of the panel, which affect the damage areas presented in Table 7-4 

below.  

Table 7-4. Damage area values for the experimental testing and numerical simulation results of flat-ended impacts with 1, 
1.5 and 2 mm rubber disks at an impact energy of 30 J. 

Impactor  
Damage Area (mm2) Variation in Damage 

Areas Experimental Numerical 

1 mm rubber 4308 1465 ±49.2% 

1.5 mm rubber 4250 1582 ±45.7% 

2 mm rubber 4144 1299 ±52.2% 
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 From the results in Table 11, it can be seen that the predictions of damage area are largely different 

from those observed experimentally and also that the numerical analysis of the case with 1.5 mm of rubber is 

an outlier with regards to the trend observed. The models of the 1 and 2 mm rubber disks give a difference in 

damage area of 166 mm2, which has good agreement with the difference of 164 mm2 measured experimentally. 

This suggests that this model is an effective method of predicting the performance of CFRP panels under impact 

loading conditions, but just that some refinement and adjustments are required to improve the accuracy in 

certain areas.  

7.3.4 Discussion 

Although the modelling results presented in the chapter do not have good agreement with the size of damage 

areas observed experimentally, the general trends and damage footprints found show the potential 

effectiveness of this simulation for predicting experimental results if further development is carried out. The 

model can be seen to be very effective at an impact energy of 7.5 J, with only a variation in damage area of 

±1.4%, and also at predicting the general trends when comparing impact energies and the effect of increasing 

the softness of the impact. Additionally, the difference in damage areas between the impact cases with 1 and 2 

mm of rubber adhered to the flat-ended impactor only varied by 2 mm2 between the experimental and 

numerical results. These results show that the 2D Hashin criterion and other formulae used to determine 

damage initiation and evolution are a viable option for simulating the testing performed in other sections in this 

thesis, but that further iterations and optimisation is required for more accurate results in the areas that are 

currently significantly dissimilar to the experimental results, namely the damage area values.  
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8 Conclusions 

8.1 Introduction 

From the research in this thesis, a number of conclusions can be drawn about the performance of CFRP panels 

under a variety of impact conditions. These conclusions are laid out in this section and a short summary of what 

the main points are that can be taken from this work is given for each chapter. 

8.2 Effects of the patch properties on the impact performance of repaired quasi-

isotropic CFRPs 

These conclusions come from the following paper: ‘The effectiveness of patch repairs to restore the impact 

properties of carbon-fibre reinforced-plastic composites’ [83]. 

In conclusion, impact testing on pristine CFRP and CFRP patch-repair panels has been performed to investigate 

the suitability of a single-sided, adhesively bonded CFRP patch to restore the impact properties of damaged 

CFRP panels. The primary findings were: 

• Interlaminar damage observed from the ultrasonic C-scans is clearly linked to a marked initiation load 

drop in the load versus time and load versus displacement traces. The delaminations form between 

plies of different fibre orientations and tend to grow along the orientation of the ply beneath the 

delamination. 

• Repeat impacts on pristine panels at 7.5, 10.5 and 30 J demonstrated that the damage area increases 

by almost 50% when impacted for a second time. Impacting for a third time at 30 J implied an upper-

damage threshold that the panel can sustain, with only a small (i.e., 5.4%) incremental increase in the 

damage area in comparison to the third impact at 7.5 J. 

• Using a patch-repair of half the thickness of the parent panel, with no plug, produced delamination 

damage greater in extent than the pristine panel incurred, but it was all contained within the patch and 

did not spread into the parent panel. These observations arise since the thin patch, when it is not 

supported by a plug, deforms relatively easily and the localised strain gradients that result initiate 

damage more readily at a lower initiation load. 
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• Using a thicker patch of the same thickness as the parent material, but with no plug, resulted in a lower 

extent of delamination damage, at 7.5 J, but this was still more than that observed for the pristine panel 

for the same impact energy. Again, the delamination damage was contained within the patch and thus 

protected the surrounding parent material.  

• Using a patch of half the thickness of the parent panel, together with a plug of identical thickness and 

lay-up to the parent panel, resulted in impact properties superior to that of the pristine CFRP panel, 

suggesting that this is a very good patch-repair configuration. Indeed, the delamination area in the 

patch was found to be less than that seen in the pristine panel for the same impact energy. 

• For a given design, there were found to be no clear, major overall benefits to be gained by increasing 

the patch diameter from 55 mm to 65 mm.  

• To summarise, patch-repair panels with either a plug, or having a relatively thick patch, give higher 

values of peak load and a lower maximum displacement than that recorded for the pristine panel upon 

testing at a given impact energy. However, the patch-repair panels manufactured using a plug are the 

only designs that produce a resulting interlaminar damage area that is smaller than that seen in the 

pristine panels, tested at the same impact energy.  Thus, adding a CFRP plug when undertaking a patch-

repair clearly increases the structural performance of the repaired CFRP panel. 

8.3 Effects of impact location on repaired cross-ply CFRPs under low-velocity impact 

loading 

In conclusion, pristine and patch repaired CFRP panels have been tested under impact loading conditions to 

assess the effect of impact location on the performance of the repair in restoring the impact properties after 

damage. The primary findings were: 

• At the two lower impact energy values a pristine panel was repeat impacted at, the second impact only 

led to propagation of the damage initiated by the first impact rather than introducing new damage 

mechanisms. Contrastingly, at 30 J, new damage mechanisms were introduced on the second impact, 

as is demonstrated by the load drop and change in gradient on the load versus time trace, which is 

indicative of damage initiation.  
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• The further from the centre of the repair that the impact location is, the more similarly the repair 

performs to a pristine panel impacted at the same energy. This is likely due to the effective thickness 

at the impact site and, at the impact site furthest from the centre of the repair, this being the same as 

a pristine panel. 

• The nearer to the centre of the repair that the impact location is, the more effect the inclusion of a plug 

has on the performance of the repair. This is again likely to do with the effective thickness at the impact 

site as, with a central repair, the thickness increases from 0.5t to 1.5t with the addition of a plug. At the 

edge of the hole, the thickness also increases from 0.5t to 1.5t but only on one side of the impact site, 

with the other side having a thickness of 1.5t with and without a plug. And, at an impact site off the 

patch, the thickness is a constant with or without a plug.  

• The largest total damage area was found to be in the edge of hole offset repair case without a plug as 

damage occurred in both the patch and the parent panel. Contrastingly, in both other repair cases, the 

damage was limited to either the patch or the parent panel. This highlights that the adhesive join of 

the repair and an impact site that results in damage in both the patch and the parent panel is the point 

in the repair that is the most susceptible to damage. 

• What was thought to be dislodgement of the plug for the central repair case was seen to be a 

delamination that extended across the diameter of the plug between the first and second ply, causing 

a split and for the remaining plies to be pushed out from underneath the patch. This shows that damage 

was introduced in the plug in this case and to prevent this failure in the future the diameter of the plug 

or the thickness of the patch would potentially need to be increased.  

8.4 Effects of impactor shape and hardness on the failure modes in CFRPs 

In conclusion, impact testing has been performed on pristine CFRP panels using five different impactors to 

investigate the effect of the impactor shape and hardness on the performance of CFRPs under impact. The 

primary findings were: 

• Both the hardness and the shape of the impactor affect the performance of the panels under low 

velocity impact conditions. 



CHAPTER 8 

139 

• The round-nosed impactor was found to have a much lower damage initiation energy than the flat-

ended impactor, which is most likely due to the blunt impactor distributing the energy more evenly 

over the surface rather than concentrating it at one point. 

• At the impact energy where damage did occur from the flat-ended impactor, the round-nosed impactor 

gave a smaller damage area and displaced the panel further. This suggests that, although damage 

initiated at a lower energy, the panel was able to deform more around the impactor and thus absorb 

more of the energy. 

• The addition of rubber caused the peak load, and therefore the damage initiation load, to decrease and 

the displacement to increase whilst also potentially reducing the damage area. This implies that the 

rubber absorbed some of the energy by acting as a dampener. 

8.5 Numerical modelling of hard and soft impacts 

In conclusion, a FEA model in conjunction with damage criteria has been implemented to produce a numerical 

simulation to investigate the effect of the impactor shape and hardness on the performance of CFRPs under 

impact. The primary findings were: 

• At low impact energies, specifically 7.5 J, the model predicts a damage area very similar to that of the 

experimental testing, with a variation of ±1.4%. This demonstrates the effectiveness of the model to 

simulate the experiments presented in Chapter 6. 

• The general trends observed experimentally when considering increasing the impact energy and 

softness of the impactor are reflected in the numerical analysis results. This suggests that the model, 

as it stands, could be used to predict the trends that will be seen in experimentation, even if the damage 

areas outputted are not in good agreement.  

• When simulating the effect of softening the impact, the variation in damage area between an impact 

with a 1 mm rubber disk and a 2 mm one was seen to be 166 mm2 and, in the case of the experimental 

testing, this value was measured to be 164 mm2. This gives a difference between the numerical and 

experimental results for this value of only 2 mm2, highlighting further the promising results of the 

modelling performed in this chapter.  
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• The damage areas are significantly different for the higher impact energies and not all trends observed 

experimentally were reflected numerically, implying that further development and optimisation of this 

model is required for it to be implemented as a method of predicting experimental results and 

determining what experiments should be performed.  

8.6 Summary 

In summary, the work in this thesis demonstrates the potential of patch repairs to restore the impact properties 

of CFRP panels, the effect of different impactor properties on the performance of the panels and also the 

strengths and weaknesses of the FEA model developed as part of this research.  
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9 Future Work 

9.1 Introduction 

The work in this thesis lends itself to further work continuing the research to allow more of an understanding 

about the response of CFRP panels under different types of impacts. Only a small number of variables have been 

considered and evaluated and building on this would be invaluable. Two potential areas for further research are 

outlined in this section. 

9.2 Performance of repaired CFRP panels under high-velocity impact loading 

This thesis focused on the performance of pristine and patch repaired CFRP panels under low-velocity impacts, 

but it would be of interest to consider the performance of repaired panels under high-velocity impact as the 

research in this area is currently very limited. Looking at patch repaired panels subjected to high velocity impacts 

might show some very interesting results with regards to how the adhesive joint performs and whether it 

remains intact enough to ensure the patch does not detach from the panel.  

9.3 Quasi-static testing of repaired CFRP panels 

Another area that would be interesting to consider would be quasi-static testing of pristine and repaired CFRP 

panels and then comparing this to the testing in this thesis. Loading the panels at a slower rate might give some 

interesting results and the opportunity to observe how the damage progresses over time.  

9.4 Patch repair of biodegradable composites 

Composite materials as a concept are not extremely environmentally friendly since two different materials are 

combined and cannot then be separated at the end of their use. This means that, often, the composite 

components are buried as a means of disposal with the hope that future generations might be able to find a 

solution to the problem. However, the fact they are often more lightweight than alternative materials results in 

a reduction in emissions, which is extremely beneficial both economically and environmentally. For this reason, 

developing a composite material that retains the lightweight quality and strength characteristics of the current 

options but is produced from biodegradable materials is an area of interest. Current research includes 
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biodegradable polymers, such as PLA, reinforced with natural fibres, such as hemp. These studies have found 

that there is potential in these bio-composites to meet the requirements, however their performance is still 

lacking in comparison to conventional composites, such as CFRPs. In the development of bio-composites, it 

would be beneficial and crucial to consider the repair process and perform similar testing to that in this thesis. 

This would allow for further advantages environmentally but might also show the durability of bio-composites 

and adhesive joints between them or highlight weaknesses that need further consideration.  

9.5 Model development 

The model produced and utilised in Chapter 7 showed a lot of potential for predicting the damage areas for 

different levels of hardness of impactor and impact energy. However, the variation between experimental and 

numerical results highlights the limitations of this model and the importance of continuing development to 

reduce the difference in results before implementation. The aim is to produce a model that can be used to 

predict experimental results before testing begins to inform the decisions on what testing cases are considered. 

To reach this point, a 3D Hashin model could be utilised instead of the current 2D Hashin model. This would 

allow for more variables that can be adjusted to give the most accurate simulation results since, in the 2D case, 

all the relevant variables have already been considered. Using the 3D Hashin criteria has already been 

implemented with excellent results in other testing cases, but not yet for this work as these initial results were 

critical to obtain and will be extremely useful to dictate the properties used in the 3D case.  
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11 Appendices 

11.1 Appendix A – Repeat data for Chapter 4 

Figure 11-1 below shows the repeat cases for the testing summarised in Section 4. Figure 11-1 (b) and (c) were 

both presented in Section 4.3.4 when comparing the effect of patch thickness but are included here for 

completeness. 

 

 

Figure 11-1. C-scan images of patch-repair QIT CFRP panels with no plugs taken from the top (impacted) face after a 7.5 J 
impact for: (a) the 55 mm thin (0.5t = 2.29 mm) patch repair – Test 2, (b) the 65 mm thin (0.5t = 2.29 mm) patch repair – 

Test 2, and (c) the 65 mm thick (t = 4.58 mm) patch repair – Test 2. (The white-dashed line represents the 40 mm diameter 
hole that was initially cut-out in the parent panel).  

 

DA = 1191 mm2 

DA = 1232 mm2 

(a) 

(b) 

 

DA = 969 mm2 

(c) 
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11.2 Appendix B – Repeat data for Chapter 5 

Due to issues when repairing the panels for the offset impact testing presented in Section 5, a large number of 

repeat cases were tested. The issues came from the curing cycle used, with the maximum temperature 

exceeding the glass transition temperature of the panels and causing a slight depression on the patch surface 

that was an imprint of the cut out hole beneath. This affected the c-scan images, meaning some filtering was 

required in the first batch of tests, hence why repeats were used to verify the damage areas were correct. Figure 

11-2 shows an example of the filtering by showing the initial and edited c-scans.  

         

Figure 11-2. C-scan images of an edge of hole offset repaired cross-ply CFRP panel impacted at 7.5 J (a) before and (b) after 
editing to remove noise from surface impurities. (The white-dashed line represents the 30 mm diameter hole that was 

initially cut-out in the parent panel). 

For the pristine impact, a duplicate case of the first impact at 7.5 J was performed, with the drop weight data 

and c-scan shown in Figures 11-3 and 11-4, respectively. The load versus time and load versus displacement 

traces can be seen to be very similar between the two tests, with almost negligible difference. The damage area 

recorded was very similar to that of the sample presented in Section 5.3. 
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Figure 11-3. Load traces for both pristine cross-ply CFRP panel impacts at 7.5 J, with Test 1 represented by the black line and 
Test 2, the duplicate case, represented by the red line.  

 

Figure 11-4. C-scan of pristine cross-ply CFRP panel impacted at 7.5 J, Test 2. 

Figures 11-5 and 11-6 show the load traces and c-scan images for the duplicate cases of the central repair with 

a plug, respectively. This case was tested four separate times due to the plug dislodgement causing a sudden 

and significant drop in the load and affecting the performance of the panel. This occurred in all cases, potentially 

due to the plug diameter, adhesive thickness or some other factors causing the plug to be the weakest part of 

the repair, with the damage initiation load varying for each case.  
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Figure 11-5. Load traces for all four central cross-ply CFRP patch repaired panels with a plug, with Test 1 represented by the 
black line and Tests 2, 3 and 4, the duplicate cases, represented by the red, green and blue lines, respectively.  

 

Figure 11-6. C-scans of central cross-ply CFRP patch repaired panels with a plug, (a) Test 2, (b) Test 3, and (c) Test 4. 
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Three repeats of the central repair without a plug were tested, giving four sets of data for this repair 

configuration. The load traces and c-scans are shown in Figures 11-7 and 11-8, respectively. There is very good 

agreement between all four data sets.  

 

Figure 11-7. Load traces for all four central cross-ply CFRP patch repaired panels without a plug, with Test 1 represented by 
the black line and Tests 2, 3 and 4, the duplicate cases, represented by the red, green and blue lines, respectively. 
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Figure 11-8. C-scans of central cross-ply CFRP patch repaired panels without a plug, (a) Test 2, (b) Test 3, and (c) Test 4. 

Three samples repaired with an edge of hole offset patch without a plug were tested, with the repeat load, time 

and displacement data and c-scans shown in Figures 11-9 and 11-10. Comparing the load traces and c-scans of 

the two repeat cases with the data presented in the main body of this thesis, it can be seen that Tests 1 and 3 

compare well and demonstrate repeatability and validity in the conclusions drawn. However, Test 2 is slightly 

different from both of the other samples, suggesting this may be an outlier.  



CHAPTER 11 

158 

 

Figure 11-9. Load traces for all three edge of hole offset cross-ply CFRP patch repaired panels without a plug, with Test 1 
represented by the black line and Tests 2 and 3, the duplicate cases, represented by the red and green lines, respectively. 

 

Figure 11-10. C-scans of the edge of hole offset cross-ply CFRP patch repaired panels without a plug, (a) Test 2 patch, (b) 
Test 3 patch, (c) Test 2 parent panel, and (d) Test 3 parent panel. 
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Figures 11-11 and 11-12 show the load traces and c-scan for the duplicate case of the 15 mm offset repair case, 

respectively. Good agreement is demonstrated. Note that the c-scan of the patch was not shown as there was 

no damage detected.  

 

Figure 11-11. Load traces for both 15 mm offset cross-ply CFRP patch repaired panels without a plug, with Test 1 
represented by the black line and Test 2 represented by the red line. 

 

Figure 11-12. C-scan of a 15 mm offset cross-ply CFRP patch repaired panel without a plug, Test 2. 
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11.3 Appendix C – Repeat data for Chapter 6 

The first sample impacted with 1 and 1.5 mm thick disks of rubber adhered to the end of the flat ended impactor 

had damage that extended to the edge of the panel. Due to the size of the damage areas in this testing, this 

phenomenon was a probable outcome as once damage is close to the edge it can very easily propagate quickly 

to give damage maps such as those in Figures 11-13 and 11-14 below. For this reason, another sample was tested 

in each of these cases and these were the ones presented in Section 6.3.2 as they did not have the same issue. 

 

Figure 11-13. C-scan of a panel impacted with a flat-ended impactor with a 1 mm thick rubber disk adhered to the end, Test 
1. 

 

Figure 11-14. C-scan of a panel impacted with a flat-ended impactor with a 1.5 mm thick rubber disk adhered to the end, 
Test 1. 

Additionally, Figures 11-15 and 11-16 show the load traces for both of the samples tested with 1 and 1.5 mm 

thick rubber. These results demonstrate the repeatability of these experiments due to the good agreement in 

both cases.  
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Figure 11-15. Load traces of a panel impacted with a flat-ended impactor with a 1 mm thick rubber disk adhered to the end, 
Test 1. 

 

Figure 11-16. Load traces of a panel impacted with a flat-ended impactor with a 1.5 mm thick rubber disk adhered to the 
end, Test 1. 
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11.4 Appendix D – Abaqus Tutorial 

When learning to model the composite panels in Abaqus and creating my model presented in Section 7, I 

produced a document detailing how to produce my model step by step. Additionally, I made a video tutorial that 

will be used by my research group for future modelling. The information contained in the document is as follows: 

Making an Abaqus model of a composite drop weight impact test 

1. Create a New Model Database with Standard/Explicit Model 

IN PART MODULE 

2. Create a new part – 3D, deformable, solid, extrusion, approx. size 200 – and name it composite *ply 

orientation*, e.g. composite 45 

3. Use the rectangle tool to draw the composite ply and add dimensions in mm e.g. 150 x 100 

4. Enter thickness in mm, using the thickness of two plies if panel has blocked plies e.g. 0.572 

5. Create a new part – 3D, analytical rigid, revolution – and name it impactor 

6. Draw a centre line down the middle and then use the line (and circle if doing a round impactor) tool to 

draw half the outline of the impactor to the right of the centre line 

7. Revolve around 360 degrees 

IN PROPERTY MODULE, IMPACTOR 

8. Tools > reference point > select the centre point of the impacting face of the impactor 

9. Special > inertia > create > name it mass > select the reference point as the region and set the mass 

value in tonnes e.g. 0.005266 

IN PROPERTY MODULE, COMPOSITE PLY 

10. Create material > name it composite > add Hashin Damage (MPa), with Damage Evolution (kJ/m2), 

Density (tonnes/mm3) and Elastic, lamina (MPa) > input values e.g. in Table 11-1 below 
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Table 11-1. Modelling properties for CFRP. 

HASHIN DAMAGE 
Longitudinal tensile strength 2282 MPa 
Longitudinal compressive strength 1067 MPa 
Transverse tensile strength 54 MPa 
Transverse compressive strength 200 MPa 
Longitudinal shear strength 99 MPa 
Transverse shear strength 99 MPa 

DAMAGE EVOLUTION 
Longitudinal tensile fracture energy 100 kJ/m2 
Longitudinal compressive fracture energy 50 kJ/m2 
Transverse tensile fracture energy 1 kJ/m2 
Transverse compressive fracture energy 2 kJ/m2 

DENSITY 
Density 1.6 e-9  tonnes/mm3 

ELASTIC (lamina) 
E1 115 GPa 
E2 8.2 GPa 
Nu12 0.34 - 
G12 3.6 GPa 
G13 3.6 GPa 
G23 3.6 GPa 

 

11. Create composite layup > continuum shell > 1 ply count > select panel as region, material as composite, 

relative thickness same as ply thickness e.g. 0.572, rotation angle as ply orientation e.g. 45 

12. Copy composite ply to give one for each ply orientation e.g. composite 45, composite -45, composite 0 

and composite 90 

13. For central ply, change thickness to be double all the other plies due to symmetry causing blocking in 

the centre e.g. 1.144 

14. In each ply, edit composite layup > change rotation angle to correct value e.g. -45, 0, 90, and change 

relative thickness in central ply to double e.g. 1.144 for composite 90 

15. In each ply, create two surfaces, one top and one bottom and name as such 

IN ASSEMBLY MODULE 

16. Create instance ply by ply, naming them accordingly e.g. ply 1 (45), ply 2 (-45) etc.  

17. Translate the first ply to have the front, bottom left corner at the origin 

18. Translate each added ply to be behind the previous one until your full panel is simulated 
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19. Create instance inserting impactor > rotate instance by 90 degrees around line on top face > translate 

instance to the origin and then to the centre of the panel by inputting half the height and width e.g. 

(75,50,0) 

IN STEP MODULE 

20. Create step > set time period e.g. 0.002  

21. Create field output > CFAILURE, CSDMG, CSTRESS, DAMAGEC, DAMAGEFC, DAMAGEFT, DAMAGEMC, 

DAMAGEMT, DAMAGESHR, DAMAGET, DMICRT, E, EVF, RF, S, SDEG, STATUS, U > interval 100 

IN INTERACTION MODULE 

22. Create interaction property > name impact > contact > tangential behaviour (penalty) friction 

coefficient value e.g. 0.25, normal behaviour 

23. Create interaction property > name interply > contact > tangential behaviour (penalty) friction 

coefficient value e.g. 0.2, normal behaviour, cohesive behaviour (any slave nodes, specify stiffness 

coefficients e.g. 10000, 10000, 10000), damage (specify damage evolution) initiation e.g. 40, 60, 60, 

and evolution e.g. energy, linear, specify mixed mode behaviour, benzeggagh-kenane, specify BK 

exponent e.g. 2, fracture energy e.g. 1, 2, 2 

24. Create constraint > rigid body > select impactor as region for region type analytical surface > select 

reference point as point 

25. Find contact pairs > find contact pairs 

26. Interaction manager > delete all 

27. Create interaction > general contact > set global assignment to impact > individual assignments select 

bottom of ply and top of next ply and set as interply, do for all touching ply faces 

IN LOAD MODULE 

28. Create boundary condition > symmetry/antisymmetry/encastre > step-1 > region select rear ply rear 

edges > pinned 

29. Create boundary condition > displacement/rotation > step-1 > region select reference point > tick all 

except U3 
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30. Create predefined field > initial > velocity > region select reference point > input impactor velocity in 

V3, in mm/s e.g. -3350 

IN MESH MODULE, COMPOSITE PLY 

31. Seed part > set approximate size e.g. 1 > apply 

32. Assign mesh controls > hex > structured 

33. Assign element type > explicit, continuum shell, stiffness, yes, specify, 0.99 

34. Mesh part  

35. Repeat for all composite ply parts 

IN JOB MODULE 

36. Job manager > create > submit  
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11.5 Appendix E – Preliminary Modelling Results 

As mentioned in Section 7.2.3, the model was run with a variety of different parameters to optimise the 

simulation. A number of these iterations are presented below.  

The first version of the model run had the property values given in Table 11-2 and delamination was 

defined as occurring when 𝛿/𝛿# ≥ 0.85.  

Table 11-2. Preliminary properties of the unidirectional composite from [66,87,88,101,131-133] and of the rubber disk from 
[115,120,134] 

Property Simulation value Units 

COMPOSITE PLY 

Density 1600 kg/m2 

Moduli 
𝐸!! = 115, 𝐸-- = 8.2,		

𝐺-. = 3.6, 𝐺!- = 𝐺!. = 3.6 
GPa 

Poisson’s ratio 𝜐!- = 0.34 - 

Strength values 

𝑆!% = 2282, 𝑆-% = 54,  

𝑆!$ = 1067, 𝑆-$ = 200, 

𝑆!- = 𝑆!. = 99 

MPa 

Intralaminar ply fracture 
energies 

𝐺)$|#% = 100, 𝐺)$|#$ = 50,  

𝐺)$|&% = 1, 𝐺)$|&$ = 2, 𝐺))$|&' = 2 
kJ/m2 

Interlaminar ply fracture 
energies 𝐺)$ = 1, 𝐺))$ = 2 kJ/m2 

Benzeggagh-Kenane    
(B-K) exponent 𝜂 = 2 - 

Cohesive strengths 𝑡.." = 40, 𝑡.!" = 𝑡.-" = 60 MPa 

Initial cohesive law 
stiffness 𝑘 = 1 × 10/ MPa/mm 

RUBBER DISK 

Density 1500 kg/m2 

Neo Hookean constants 𝑐!" = 0.9, 𝑑! = 0.001 - 
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This model was used to simulate a 30 J impact with all five impactors. The resulting damage areas are 

presented in Figures 11-17 and 11-18 below.   

 

Figure 11-17. Damage maps from 30 J impacts using the preliminary model with damage variables above 0.85 shown in red 
for (a) round-nosed and (b) flat-ended impactors, and with damage variables according to the scale bar on the right for (c) 

round-nosed and (d) flat-ended impactors. 

 

Figure 11-18. Damage maps from 30 J impacts using the preliminary model, and c10 = 0.9, d1 = 0.001 and c1 = 0, with 
damage variables above 0.85 shown in red for a flat-ended impactor with (a) 1 mm, (b) 1.5 mm, and (c) 2 mm of rubber and 
with damage variables according to the scale bar on the right for a flat-ended impactor with (d) 1 mm, (e) 1.5 mm, and (f) 2 

mm of rubber. 
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Using this preliminary model, the properties used to simulate the rubber disk in the soft impacts were 

adjusted to determine their effect on the modelling results and allow the optimal values to be chosen. Initially 

the rubber disk was modelled as Neo-Hookean, meaning that the variable 𝑐! is equal to zero and only the 

variables 𝑐!" and 𝑑! are given values. Numerous values for both of the latter variables were simulated before 

then considering the Mooney-Rivlin model, where 𝑐! is non-zero. For all the combinations of variables 

considered, the simulation was only run for the 1 mm rubber disk flat-ended impactor case, with the damage 

area in each case given in Table 11-3.  

Table 11-3. Damage area values calculated by implementing the preliminary model and varying the rubber model variables 
for a flat-ended impactor with 1 mm of rubber adhered to the end. 

Impactor  𝑐!" 𝑑! 𝑐! Damage Area (mm2) 

1 mm rubber 0.1 0.001 0 44 

1 mm rubber 0.5 0.001 0 164 

1 mm rubber 0.9 0.001 0 1293 

1 mm rubber 0.9 0.005 0 96 

1 mm rubber 0.9 0.01 0 142 

1 mm rubber 0.9 0.001 0.1 156 

1 mm rubber 0.9 0.001 0.5 517 

1 mm rubber 0.9 0.001 1 1137 

 

From the above, it was chosen to use 𝑐!" = 0.9, 𝑑! = 0.001 and 𝑐! = 0 as the main issue with the 

model was a damage area that is less than that observed experimentally and every other variation of values 

gave a smaller damage area. The model was then adjusted to use the properties given in Section 7.2.3 and, with 

delamination occurring when 𝛿/𝛿# ≥ 0.85, the damage maps presented in Figures 11-19, 11-20 and 11-21 were 

produced. 
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Figure 11-19. Damage maps using the final model with damage variables above 0.85 shown in red for (a) 7.5 J, (b) 15 J, and 
(c) 30 J and with damage variables according to the scale bar on the right for (d) 7.5 J, (e) 15 J, and (f) 30 J. 

 

Figure 11-20. Damage maps from 30 J impacts using the final model with damage variables above 0.85 shown in red for (a) 
round-nosed and (b) flat-ended impactors, and with damage variables according to the scale bar on the right for (c) round-

nosed and (d) flat-ended impactors. 
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Figure 11-21. Damage maps from 30 J impacts using the final model, and c10 = 0.9, d1 = 0.001 and c1 = 0, with damage 
variables above 0.85 shown in red for a flat-ended impactor with (a) 1 mm, (b) 1.5 mm, and (c) 2 mm of rubber and with 

damage variables according to the scale bar on the right for a flat-ended impactor with (d) 1 mm, (e) 1.5 mm, and (f) 2 mm 
of rubber. 

The damage areas of the preliminary model versus the final model are given in Table 11-4 below. 

Considering this data, the second variation of the model was chosen and the delamination damage ratio was 

adjusted to 0.9 instead of 0.85, causing a reduction in damage area values for the damage maps presented from 

Table 11-4 to those in Chapter 7.  

Table 11-4. Damage area values calculated by implementing the preliminary model and final model for all cases simulated. 

Impactor  Impact Energy (J) Damage Area (mm2) 

Preliminary Model 

Round 30  265 

Flat 30  239 

Preliminary Model (𝑐!" = 0.9, 𝑑! = 0.001) 

1 mm rubber 30  1293 
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1.5 mm rubber 30  1101 

2 mm rubber 30  1011 

Final Model 

Round 7.5 1605 

Round 15 3375 

Round 30  8788 

Flat 30  3060 

Final Model (𝑐!" = 0.9, 𝑑! = 0.001) 

1 mm rubber 30  2048 

1.5 mm rubber 30  1947 

2 mm rubber 30  1766 

 


