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Abstract 

 The ingestion of small hard body particles at high velocities leads to Foreign Object 

Damage (FOD), against which composite structures are required to be resilient as the 

development of failure modes and their interactions can result in considerable loss in 

mechanical performance. Extensive knowledge of the damage process in composites and 

advanced numerical simulation tools can help to improve FOD resistance at an early 

design stage. In this work, the behaviour of carbon/epoxy laminates subjected to high 

velocity oblique impacts is studied. Impact tests at the edge and centre of quasi-isotropic 

IM7/8552 laminates using a 3 mm steel cube projectile have been conducted over a range 

of velocities. The extent of impact damage, characterised in terms of fibre failure and 

delamination area, was observed to increase with increasing impact energy. Beyond the 

velocity at which laminate perforation was observed, the delamination area decreased 

with increasing impact energy. To predict the dynamic response of the carbon/epoxy 

laminates, a Hi-Fidelity Finite Element Method was employed, which combines failure 

criteria based on Weibull theory and maximum stress, where multiple split paths and 

delamination were modelled using a cohesive interaction, together with an automated 

unit cell meshing technique. The results from the baseline impact model were in good 

agreement with the experimental results for some impact energies. The baseline impact 

model was further investigated by changing the orientation of the projectile before 

impact and by varying the number and position of cohesive layers. While the extent of 

fibre failure was significantly affected by changes in projectile orientation, the extent of 

delamination was observed to be more dependent on the number of cohesive layers 

utilised.  



II 
 

 The combination of high velocity impacts using small and light projectiles and the 

subsequent reduction in tensile strength has not received much attention, this research 

aims at investigating the residual tensile strength of impacted laminates and the damage 

development due to tension. The tensile strength of the impacted laminates was 

observed to be strongly dependent on the extent of fibre failure. The contribution of 

impact-induced delamination to the residual strength has been discussed. Impacted 

laminates under tension have also been analysed numerically, where the failure stress is 

strongly reliant on the length of 0° splits. To find a simpler and quicker way to assess the 

effect of impact damage, this work takes a new approach in comparing machined notches 

as a potential equivalent for impact damage. As the impact velocity increases, edge 

machined notches are a very good equivalent for edge-impacted laminates. Generally, all 

composite structures are shielded for protection against impacts and/or erosion, and to 

this extent, an experimental high velocity impact study has been conducted on 

carbon/epoxy laminates with an edge shield. At high impact velocities, the edge shield 

was observed to significantly reduce the extent of impact damage and the resulting 

tensile strength.  
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1. Introduction 
 

Driven by economics, logistics and expectations of society, innovation in 

composites is facilitated by the developments in materials, processing methods and 

design tools. Despite the application of flax fibre composite in secondary aircraft 

structures of military aircraft during the 1930s, aluminium alloys have been the material 

of choice until recently. After several years since the first carbon fibre was patented in 

1961, the development of better matrix systems and carbon fibres has propelled fibre 

reinforced plastics to a level where they could compete with metallic airframe structures 

and perform even better. Research and innovation from the past few decades has 

allowed the transition from secondary civil aircraft components manufactured from glass, 

carbon or aramid fibre reinforced composites to large primary aerodynamic structures 

built from carbon fibre composites, such as the vertical and the horizontal stabilizers in 

the A320 family in the late 1980s. Since then, there has been an increasing usage of 

carbon fibre reinforced plastics (CFRP) in civil aircraft replacing aluminium in many 

primary structures. Figure 1.1 shows the mass fraction of composite materials in Airbus 

aircraft generations [1], where composites have overtaken the usage of metals and 

account for more than half of the structural weight. 

Fibre composites are known for their ability to tailor the material to the required 

properties. Their excellent weight-specific stiffness and strength values allow for lighter 

structures and higher load capacity, and hence reduced fuel consumption. CFRP usage in 

primary and secondary aircraft structures allow weight reductions of up to 10% and 20% 

respectively, as compared to aluminium alloys [2]. While these benefits are gained with 
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higher material costs, replacing large amount of parts riveted together with fully 

integrated composite structures, the lower assembly costs can counterbalance the higher 

material costs.  

                     

Figure 1.1: Composite structural mass of Airbus aircraft over the years [1]. 

 

In the design process of fibre reinforced structures, it is more complex to predict 

the strength and failure behaviour than for metallic structures. In the development 

process of an aircraft, many tests are carried out on various structural levels, as shown in 

Figure 1.2 [3]. Using reliable computer models which provide robust and trustworthy 

simulations, the costs of development can be reduced by reducing the number of 

experimental tests done. The aim is to conduct tests on smaller coupons and verify that 

the models are reliable, hence tests can be eventually replaced with simulations on a 

higher structural level. 

Despite their distinct advantages over more conventional engineering materials, 

composite materials do suffer some serious limitations. They have a dramatically lower 
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impact resistance compared to traditional metallic structures. Impact resistance is 

defined as the ability of a material to absorb and dissipate energies under an impact 

loading, where the responses can range from localised damage to total disintegration. In 

comparison to metals, composite materials behave differently to impact loading and 

dissipation of the incident kinetic energy of the projectile. For low impact energies, 

metals absorb energy through elastic and plastic deformation [4]. Even though plastic 

deformation may cause some permanent structural deformation, its consequences on the 

load-carrying capability of the component is usually small [5]. Higher incident energies 

may cause target perforation and while such damage will significantly affect the load-

bearing ability of the structure, its effects can be predicted using fracture mechanics 

principles [6]. In composites, however, the ability to undergo plastic deformation is likely 

to be restricted resulting in large areas of fracture with reductions in strength and 

stiffness [7, 8]. As the damage zone is more complex and thus difficult to characterise, it is 

even more difficult to predict the post-impact load-bearing capability of a damaged 

composite structure.  

 

Figure 1.2: Testing pyramid for airframe development [3]. 



Chapter 1 - Introduction 

21 
 

Foreign Object Damage (FOD) is a significant threat to aircraft components, 

especially in a gas turbine engine, where high rotational speeds can lead to very high 

velocity impacts. Under an impact, the material properties and structural behaviour are 

significantly influenced, which can lead to catastrophic failures and low performance. It is 

therefore important to understand the effect of FOD on component strength and 

structural integrity. While extensive research has been conducted on high velocity 

impacts using larger and heavier projectiles, smaller and lighter projectiles that are 

representative of small, hard and sharp-edged fragments have not been thoroughly 

researched. Studying the literature also revealed that most studies have either focused 

on damage development under high velocity impacts or residual strength of impacted 

laminates separately. While Compression After Impact (CAI) has been the standardised 

strength measurement of post-impact, tension after impact is equally important for any 

engine components which can undergo high tensile forces and there has been very little 

research carried out to investigate the residual tensile strength of thin laminates 

impacted at high velocities. In the early design stages, the associated development costs 

for numerous high velocity impact tests can be very high. Therefore, with a good 

understanding of impact damage mechanisms and powerful simulation tools, it would be 

possible to reduce multiple coupon level tests at the bottom of the testing pyramid and 

move to high-fidelity modelling without the need of conducting impact tests. 

The research presented here looks at the failure mechanisms in carbon/epoxy 

laminates when impacted at high velocities using a small and light projectile and 

addresses the effect of impact damage on the residual tensile strength. The objectives of 

this work are: 
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• To conduct high velocity impacts on thin carbon/epoxy laminates using a gas gun, 

and characterise the impact damage using X-ray Computed Tomography (CT) 

• To develop Finite Element models to simulate the dynamic behaviour of thin 

laminates under high velocity impacts and to predict residual strength of impacted 

laminates under quasi-static tension 

• To investigate similarities to machined notches in terms of residual strength, in 

order to find a quicker way of assessing impact damage, reduce the number of 

tests and to improve design 

• To assess the importance of an edge shield under high velocity impacts. 

An overview of publications studying high and low velocity impacts as well as a 

summary of published papers on numerical models to predict impact damage is 

presented in Chapter 2. An experimental investigation on the damage mechanisms in 

carbon/epoxy laminates due to high velocity oblique impacts over a range of velocities is 

presented in Chapter 3. Impact tests are carried out at two different locations on the 

target as it is of interest to investigate the extent of impact damage close to the edge and 

away from the edge. The dynamic behaviour of carbon/epoxy laminates subjected to high 

velocity oblique impacts is then studied in Chapter 4, where a Finite Element model is 

developed and validated against the impact damage observed during the tests. Post-

impact, the laminates are tested for residual tensile strength and the results are 

presented in Chapter 5. The residual tensile strength of machined notches is also 

determined to investigate if they offer a simpler and quicker way to assess the effect of 

impact damage. In terms of quasi-static tensile modelling, two approaches are considered 

in Chapter 6 – creating a finite element model incorporating the characterised impact 
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damage from Chapter 3 and employing the impact model from Chapter 4 for tensile 

predictions. The residual tensile strength is predicted over a range of impact velocities 

and the results are compared against experimental results from Chapter 5. In addition, 

the predicted residual strengths of machined notches are compared to impacted 

laminates, and the results are detailed in Chapter 6. The threat of FOD on structural 

components found in gas turbine engine is investigated experimentally by carrying out 

high velocity oblique impacts on laminates which have a thin layer of protection on the 

edge. This study is presented in Chapter 7, where the effect of the edge shield on the 

damage development and residual strength is studied. Concluding remarks and future 

works are the presented in Chapter 8. 
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2. Literature Review 

Composite materials have become popular over the last few decades due to their 

advantages over other materials in terms of strength, stiffness, low weight, design 

flexibility, corrosion and chemical resistance. When aircraft structures and aerofoils are 

subjected to FOD under harsh operating environments, they become vulnerable to 

various failure modes [9]. Matrix damage, delamination and fibre failure evolve and 

interact with each other, and these damages can significantly reduce the residual strength 

of an impacted structure. The response of composite structures to various impact loading 

scenarios has been reviewed by several authors over the years, e.g. [9-14]. 

In commercial aircraft, in-flight collisions with birds or hailstones, engine blade 

loss, runway debris or tool drops are most likely to cause dynamic transverse loading 

conditions [15]. The structural response is dependent on impact conditions and can vary 

from elastic impacts without any material damage through barely visible damage to 

catastrophic failure of the structure [15, 16]. Composite materials have low transverse 

strength and are more likely to develop significant damage under an impact loading. The 

impact response of a structure causes different damage behaviour based on the impact 

velocity. High velocity impacts result in damage localised around the point of impact, 

while low velocity impacts cause structural deformation under the load of the impactor 

and the resulting damage can spread to a large area around the impact point [16]. 

The velocity range from which impacts are classified as ‘high velocity’ or ‘low 

velocity’ is not clear in the literature. Some sources defined a maximum impact velocity 

irrespective of the impacted structure. While Cantwell and Morton [13] defined low 
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velocity as impact speed of up to 10 m/s, Abrate [10] drew the line at a significantly 

higher level of 100 m/s. Liu and Malvern [17] and Joshi and Sun [18] classified the velocity 

range as a result of the resulting damage. While impact velocity was classified as high 

when penetration damage occurred, delamination and matrix cracks resulted from low 

velocity impacts. In contrast, Choi [19] reported that high velocity and low velocity impact 

responses were very similar as long as the energies were the same. Another classification 

was based on the structural response of the impacted structure. High velocity or ballistic 

impacts resulted in localised material damage, caused mainly by through thickness stress 

waves (illustrated in Figure 2.1 [14]). On the other hand, low velocity impacts were at 

impact speeds with a long contact duration between the impactor and the target such 

that the structure is deformed in phase with the impactor. Davies and Robinson [20] 

defined low velocity impacts as impact speeds at which stress wave propagation in the 

through thickness direction does not influence the resulting damage process. They were 

able to calculate the transition between low velocity and high velocity impacts for a 

material assuming the stress wave propagates at the speed of sound. Thereby, for a 

material with a compressive strain 𝜀𝑐 and speed of sound Vs, the transition velocity is 

given by: 

                                                                       𝜀𝑐 =  
𝑣𝑡𝑟𝑎𝑛𝑠

𝑉𝑠
                                                                (2.1) 

Using typical failure strains between 0.5% and 1%, and Vs = 2000 m/s (for common 

epoxy composites) [20], the transition velocity between low and high velocity impacts for 

typical epoxy composites is between 10 m/s and 20 m/s. 
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Figure 2.1: Schematic representation of impact response under high and low velocity [14]. 

2.1 Impact damage description 
 

Complex damage mechanisms in composites, such as delamination and intra-laminar 

damage, can result from both high and low velocity impacts. The damage initiation and 

growth are dependent on several factors [21] which include:  

(i) Impact source properties such as shape, mass, stiffness and impact velocity; 

(ii) composite laminate in terms of stacking sequence, ply moduli, ply orientation 

and fracture toughness; 

(iii) fibre and matrix interactions; 

Typically for low velocity impacts, damage is driven by delamination with some fibre 

breakage while complete perforations are likely to occur under high velocity impacts. 

Fibre failure in plies and the debonding between plies are the two main mechanisms from 

which structural failure originates. In addition, the final failure is also affected by other 

subcritical degradations. A typical impact damage is schematically shown in Figure 2.2 

[22]. 
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2.1.1. Matrix cracking 
 

Under an impact event, the composite structure undergoes complex loading 

conditions where the bottom of a laminate is in tension with shear stresses between the 

plies and contact stress at the impact region [23]. Matrix cracking is an early damage 

mechanism usually observed before delamination. Abrate [24] identified two types of 

matrix cracks and they are illustrated in Figure 2.3. Cracks, observed in the bottom ply, 

were termed as tensile-cracks, and they were assumed to be induced by in-plane normal 

stresses due to flexural deformation of the laminate [25, 26]. The second kind of cracks, 

shear cracks, were observed near the centre ply, where the transverse shear stresses 

were maximum. Shear cracks were observed to be inclined at approximately 45° around 

the impact region, where they can also be initiated due to high contact stresses [25, 27]. 

 

Figure 2.2: Schematic representation of typical impact damage mode for composite 

laminates [22]. 
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(a) (b)  

Figure 2.3: Types of matrix cracks: (a) shear crack, (b) tensile crack [24]. 

 

The relationship between a laminate’s flexural deformation and matrix failure was 

assessed in several studies. Cantwell and Morton [14, 28] investigated high and low 

velocity impacts on carbon fibre laminates with different lay-ups. From their results, they 

concluded that the target stiffness is a dominant parameter and controls the mode of 

fracture. Matrix cracks can propagate from the impacted surface or the back surface 

towards the centre of the laminate, depending on the laminate’s bending stiffness. 

Assuming that the global deflection of the impacted laminate is negligible, damage is 

expected to be ruled by contact forces leading to shear stresses within the laminate. 

Matrix failure can cause the crack to propagate through the upper ply until it is deflected 

at the interface, resulting in delamination. This interlaminar fracture is seen to extend 

considerably from the point of impact until it is deflected into a lower ply though matrix 

shear cracking. This represents a pine tree pattern of shear cracks which is developed at 

the impacted surface and propagates down into the laminate, as illustrated in Figure 2.4a 

[24]. Flexible targets respond primarily in a flexural mode as the bending stiffness is 

decreased. The high tensile stresses generated in the lowest ply cause cracks in the 

bottom layers to propagate upwards in an inverse pine tree pattern, as depicted in Figure 

2.4b [24]. These pine tree patterns were confirmed by Jih and Sun [26] and deFreitas et al. 

[29] for carbon-epoxy laminates and by Shyr and Pan [30] for E-glass laminates, where 
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multiple 90° matrix cracks were observed to accumulate in the plies prior to complete 

matrix failure due to tensile loading. Berthelot [31] reported a maximum number of 

cracks per area, also called crack density, in glass and carbon fibre laminates. Damage in 

laminated composite materials was also described in terms of maximum crack density by 

Puck and Schurman [32] together with Williams et al. [33]. While the maximum matrix 

crack density is a material characteristic, its effect on the mechanical performance of the 

composite is quite small. However, matrix cracks play an important role in the formation 

and joining up of delaminations.  

(a)  

(b)  

Figure 2.4: Crack patterns in impacted laminates (a) pine tree, (b) inverse pine tree [24]. 

2.1.2. Delamination 
 

Delamination is of great concern among the several damage modes observed in 

impacted composite materials. Even small areas of delamination can yield a significant 

reduction in residual mechanical properties [10, 25]. Driven by interlaminar shear stress 

and the relatively low mechanical matrix properties, delamination initiates and spreads 

via matrix cracks [34,35]. While Olsson [36] observed delaminations in thin laminates at 

the mid-plane interface where the contact forces were quite small, DeMoura and 

Goncalves [37] observed delaminations close to the impact point in thick laminates. The 

bending stiffness mismatching between adjacent plies of different fibre orientations was 
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how Liu [38] explained the formation of delamination due to impact. He claimed that the 

adjacent plies of different fibre orientations have different bending rigidities, and the 

difference in rigidities causes delamination at the connective interface. With increasing 

fibre angle difference between adjacent plies, delamination area was reported to 

increase. Olsson [36], who also supported this claim, found cross-ply laminates to be most 

likely to delaminate. In 1981, Takeda [39] identified the interactions between matrix 

cracks and delaminations. While investigating [0,90,0] glass/epoxy laminates under 

impact, delaminations were seen to initiate from the through-thickness matrix cracks 

parallel to the 0° fibres. The close relation between matrix cracks and delaminations have 

been confirmed in multiple later papers [24, 30, 40-42].  

2.1.3. Fibre failure 
 

Fibre failure due to low velocity impacts was not extensively considered in the 

literature because most low energy impacts do not cause fibre failure. This damage mode 

only occurs for high impact energies [14]. Fibre failure is closely related to the final failure 

of a structure and typically occurs after the onset of delaminations and/or matrix cracks 

[14, 43]. In the bottom plies, fibre failure is due to the high bending stresses while in the 

top plies, fibres fail due to compression or shear stresses around the impact region [14, 

22, 44]. Fibre failure in thin laminates affects more plies and is more significant as 

compared to fibre failure in thick laminates, thus pointing out the importance of 

membrane stresses for fibre failure initiation [44, 45]. Fibre failure is reported to 

significantly influence the impact response and post-impact behaviour as compared to 

matrix cracks or delaminations, as fibres are the major load carrying constituents in a 

laminate [46].  
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2.1.4. Damage threshold 
 

There exists a certain threshold value for impact energy or contact force above 

which onset of damage occurs. Takeda [39] observed matrix crack formation in 

glass/epoxy cross-ply laminates for impact tests where the impact velocity exceeded a 

certain minimum value. Choi and Chang [24] also reported a threshold value for impact 

energy where only above this threshold could significant damage be observed. Davies et 

al. [46, 47] found a load threshold for delamination damage in quasi-isotropic 

carbon/epoxy laminates of different thicknesses and boundary conditions. Based on their 

observations of a sudden increase in delamination damage when a critical load was 

exceeded, an analytical calculation of the energy release rate for a circular delamination 

within an isotropic plate yielded an equation for delamination threshold load Pc: 

                                                               𝑃𝑐
2 =  

8𝜋2𝐸𝑡3𝐺𝑐

9(1−𝜈2)
                                                                (2.2) 

Based on Eq. (2.2), the damage initiation threshold force, P, varies with t3/2, with t being 

the thickness of the laminate. Cantwell et al. [48] aimed to investigate the damage 

initiation threshold in glass fibre reinforced epoxy plates when impacted at low velocities. 

Experimental data was analysed based on energy and stress models, where the threshold 

force was observed to increase with increasing test temperature and projectile diameter. 

Schoeppner and Abrate [49] evaluated data from more than 500 impact experiments at 

the Air Force Research Laboratory (AFRL), however, they could not find evidence of an 

impact damage energy threshold as the experiments revealed that the damage size grew 

with increasing impact energy. Instead, they identified a load threshold for delamination 

onset.  
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2.1.5. Features influencing impact damage 
 

In addition to impact velocity, impact energy and contact forces, laminate 

thickness and projectile shapes have been studied for their influences on impact damage. 

Ahmadi et al. [50] investigated the resistance of Glass Laminate Aluminium Reinforced 

Epoxy (GLARE) laminates with varying thickness subjected to high velocity impacts. The 

results showed widespread delamination between the glass/epoxy plies during the 

perforation process. The ballistic resistance of the laminate was evaluated by the specific 

perforation energy, which was shown to be highest for a thickness ratio glass/epoxy plies 

to aluminium sheet of 1.45. The findings also revealed that the ballistic resistance 

increased with an increase in the overall thickness of the target, and this increase in 

absorbed energy is due to more fibre fracture, bending and membrane stretching. The 

authors then compared the experimental results against analytical data, where they 

concluded with an overall agreement showing that 82% - 94% of energy absorbed goes 

into the global deformation of the aluminium sheets.  

Gower et al. [51] carried out experimental and numerical studies on the impact 

response of laminated Kevlar at impact velocities ranging from 130 m/s to 250 m/s, 

velocities below the penetration limit of the panels. It was observed that upon impact, 

penetration of the first few plies occurred before delamination of subsequent layers. A 

comparative study on the projectile shape was carried out, where more plies underwent 

deformation with a conical projectile as compared to a hemispherical projectile. The 

influence of projectile shape on aluminium sandwich composite plates has been 

investigated both experimentally and numerically by Kursun et al. [52]. This was a low 

velocity impact carried out using steel conical, ogival, hemispherical and flat impactors. 
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Based on the experiments and a numerical model, the authors concluded that for an 

impactor with a larger contact surface, very large stress waves are distributed over the 

entire surface of the target, and thus cause a bigger damage area. A flat-shaped impactor 

produced a more brittle like damage with low deformation around the contact area, 

whereas plastic deformations with large damage sizes were observed with the other 

impactor shapes.  

Fuoss et al. [53] conducted a parametric study to determine the effects of key 

stacking sequence parameters on the impact damage resistance of composite laminates. 

The three main parameters considered were interface angle, ply orientation relative to a 

fixed axis and ply grouping. Using a linear quasi-static finite element analysis, internal 

stress states in the laminate were investigated and delamination damage was predicted 

for low velocity/high-mass impact. The authors also stated some guidelines to assist 

designers in selecting stacking sequences to improve the impact resistance of composite 

structures. The proposed guidelines were to avoid ply grouping, to avoid stacking 

adjacent plies in similar orientations, particularly at interface angles below 45° and to 

avoid using multiple interface angles to stack plies. Lopez-Puente et al. [54] carried out 

experimental and numerical investigation on the normal and oblique (45°) responses of a 

2.2 mm thick woven CFRP laminates. 90° and 45° impacts between 70 m/s and 531 m/s 

were conducted using a spherical steel projectile of diameter 7.5 mm with a mass of 1.73 

g. Different energy absorption mechanisms were investigated, where the kinetic energy 

of the projectile was assumed to be absorbed in the form of matrix cracking and 

delamination below the ballistic limit. Above the ballistic limit, laminate perforation was 

observed with the extent of fibre failure corresponding to a cylindrical penetration path 

due to the shape of the projectile, As the impact velocity was increased, the damage 
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extension decreased. Above the ballistic limit, the authors observed larger extent of 

damage as impact obliquity is increased. In a more recent study conducted by Cui et al. 

[55], 90° and 45° impacts were conducted on 5 mm thick IM7/8552 composite plates 

using a 32.7 g steel ball of 20 mm diameter for a velocity range of 21 – 157 m/s. Whilst 

delamination was observed as the main failure mode for impact velocities of 59 m/s,  

fibre failure and splitting were dominant at higher velocities of 110 m/s.  

Understanding the mechanism of foreign object damage in composite materials is 

vital to improve the tolerance and reliability of composite structures subjected to high 

velocity impacts. Yashiro et al. [56] characterised the impact damage induced in CFRP 

laminates due to high velocity impacts. High velocity impacts were carried out on Carbon 

Fibre Reinforced Polymer (CFRP) laminates with four different stacking sequences, 

namely a unidirectional laminate, two cross-ply laminates and a quasi-isotropic laminate. 

Detailed impact damage was observed using optical microscopy and soft X-ray 

radiography. All laminates revealed a delamination pattern consisting of pairs of fan-

shaped delaminations symmetrical about the impact point and elongated delamination 

along matrix cracks in the bottom ply. Catastrophic ply failure was observed beneath the 

impact point in the off-axis plies, delaminations were seen to expand from the tips of 

matrix cracks and the projected damage surface area was found to be impact velocity 

dependent. 

2.2 Numerical damage modelling 
 

Impact has been studied using two-dimensional (2D) and three-dimensional (3D) 

finite element analyses. 2D modelling approaches provide significantly lower 

computational costs as compared to 3D analysis. Despite the ability of 2D analysis to 
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model through-thickness failure subject to the 2D simplification, complex 3D damage 

patterns cannot be modelled. Davies and Zhang [46] compared 2D and 3D approaches 

and stated that 2D models are valid provided that there are no stresses in the through-

thickness direction, and recommended 3D models for impact simulations. Kaerger et al. 

[57, 58] also compared 2D and 3D models for damage prediction and they concluded that 

more detailed damage predictions, such as sub-laminate buckling, can only be obtained 

through 3D analysis. 

With increasing demand for advanced and robust numerical models for virtual 

testing in industry and academia, the Finite Element Method (FEM) is employed to study 

and predict failure behaviour and damage mechanisms of laminated composites. Two 

approaches exist for impact-induced damage prediction: discrete and Continuum Damage 

Mechanics (CDM) approaches. The main difference between these two approaches is 

linked to damage being modelled as separate cracks and delaminations using the discrete 

approach rather than being distributed over the volume using the CDM approach. Using 

discrete models for damage, each layer in a composite material is assumed to be linear 

elastic up to a point at which a failure criterion is satisfied and beyond this point, the 

element loses its stress carrying capacity. Several discrete damage models have used 

maximum stress or strain as failure criteria, such as Hashin [59] and Chang-Chang [60] 

where the damage parameters for the failure modes of the laminates usually involve fibre 

fracture in tension, fibre buckling in compression and matrix cracking. On the other hand, 

the use of CDM consists of damage parameters for several failure modes which are 

considered as internal variables of the whole constitutive behaviour of the composite 

material. Thus, the coupling between strain and damage is modelled in a progressive 

manner and it is possible to mention LaRC04 [61] and Martinez et al. [62] among the 
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damage models using CDM. Interlaminar failure or delamination can be modelled using 

numerical techniques such as Virtual Crack Closure Technique (VCCT) [63-65] or the 

Cohesive Zone Modelling (CZM) [66-69].  

2.2.1. Cohesive Zone Modelling 
 

Implementation of interface elements with CZM formulations for interlaminar 

damage has become widespread, eventually leading to a standard feature in most FEA 

software packages. Cohesive elements are 3D interface elements representing the resin 

rich regions between the plies of a composite structure. The behaviour of the interface is 

established using damage mechanics and fracture mechanics, which allow displacement 

discontinuities across the interface. When the strength limit is exceeded, the stiffness of 

the interface elements is slowly reduced to zero. The fracture toughness represents the 

work required to split two adjacent layers [70]. The three different fracture modes, 

shown in Figure 2.5 [71], with corresponding fracture energies are modelled. The 

degradation in all three modes is typically modelled using a bilinear softening constitutive 

law which relates the traction and separation of the cohesive element in a mixed mode 

fracture, with the area under the bilinear curve being the critical Energy Release Rate 

(ERR) [72], as shown in Figure 2.6. The main parameters in cohesive zone modelling are 

the interfacial strength at which damage initiates and the rate at which damage 

propagates. These material properties can be obtained through double cantilever beam 

tests for Mode I according to ASTM D5528 [73], end-notched flexure tests for Mode II 

according to ASTM D7905 [74] and mixed-mode bending tests for mixed-mode loading 

according to ASTM D6671 [75]. Cui et al. [55] who investigated oblique and normal 

impacts on IM7/8552 provided strength and fracture toughness data, where IM7/8552 
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material has been characterised at different strain rates with various combinations of 

stress conditions, including considerable dynamic studies using the split-Hopkinson bar 

test system. Detailed information of some experiments from the literature [76-83] has 

resulted in a relatively complete datasheet representing the rate-dependent failure 

envelope of IM7/8552 laminate [55].  

 

Figure 2.5: Fracture modes: Mode I – tension; Mode II – in-plane shear; Mode III – out-of-

plane shear [71]. 
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Figure 2.6: Mixed-mode traction displacement relationship for cohesive interface elements 

[72]. 

Hallett et al. [84] studied the advantages of using cohesive interface elements to 

simulate inter- and intra-laminar damage in scaled laminates loaded in tension, with good 

agreement in relation to experimental results. Li et al. [85] used a cohesive-layer model to 

simulate crack growth in specimens tested under static loading and low velocity impact. 

Based on available experimental results of load versus crack length response, critical 

strain-energy release rates were identified and used as input parameters in the model, 

which was then employed to trace the crack growth for given initial crack lengths. For a 

given impact load, the authors concluded that the cracks grow to a greater length under 

dynamic loading than for a quasi-statically applied load and this was due to the result of 

local vibrations that cause higher frequency oscillations of the crack-opening 

displacement.   

The progressive damage evolution at notch tips using the explicit LS-DYNA code 

was studied by Xu et al. [72] on scaled centre-notched carbon/epoxy laminates. Fibre 

failure was accounted for by Weibull statistics and splits within plies and delaminations 
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between plies were simulated using cohesive interface elements. Potential intralaminar 

split paths were defined in the FE mesh, thus simulating the damage zone at the notch 

tips, which includes splitting, delamination and fibre breakage. The authors stated that 

the damage zone is energy-driven, where smaller notches have under-developed damage 

zones due to lower strain-energy release rates as compared to larger notches having 

higher strain-energy release rate.  

Aymerich et al. [86] investigated the potential of cohesive interface elements for 

damage prediction in laminates under low velocity impact. The model was developed 

based on a bilinear cohesive law and was validated by simulation of fracture toughness 

tests, and then employed to model the impact response of cross-ply graphite/epoxy 

laminates. The finite element model was successful in predicting the sequence and 

location of the damage mechanisms under low velocity impact. By studying the influence 

of matrix cracks on the delamination growth, the authors obtained better delamination 

predictions when matrix cracks were modelled as well.  

2.2.2. Impact modelling approaches 
 

There exist many approaches for materials modelling and numerical simulation of 

the impact response of composite structures. Instead of using cohesive interface 

modelling, Johnson et al. [87,88] employed cohesive contact definitions with a stacked-

shell approach in their impact damage model. The cohesive contact definition imposed 

traction forces between master surfaces of the lower ply and slave nodes of the upper 

ply. While the computational costs are drastically reduced as the number of elements 

used is significantly reduced, the interface properties are degraded based on a stress-

displacement model dependent on fracture energies. The impact damage model 



Chapter 2 – Literature Review 

40 
 

developed was successful in distinguishing between the different failure modes in the 

structure, but the authors concluded that the approach was not practical for larger 

structural applications. On the other hand, Heimbs [89] modelled bird strike on aircraft 

components and employed cohesive elements instead of a cohesive contact definition 

because the latter has proven to be much more expensive.  

The simulation of high velocity impact on composite structures has been studied 

by Schueler et al. [90]. A modelling methodology was presented which captured intra- 

and inter- laminar damage and their interactions using shell element layers representing 

sub-laminates that are connected with cohesive interface layers to simulate 

delamination. Their work described numerical algorithms for implementing the Ladaveze 

continuum damage model for the plies and developed a method to derive delamination 

interface properties. The interface stiffness and cohesive material density were obtained 

by investigating the energy conversion during impact from simulations using different 

stacked shell configurations and linear elastic material laws for the sub-laminates and 

interface layers. The softening effect of the cohesive layers was quantified by comparing 

the internal energy of the cohesive layers to the intra-ply internal energy for 

configurations with two, four and eight interface layers for the 17-ply lay-up. Through the 

convergence study, the best compromise between modelling accuracy and simulation run 

time was found. The modelling accuracy was then assessed against experimental impact 

tests using a gas gun. The authors found that the predictive capabilities of the simulation 

approach were limited as the number and position of interface layers in the through 

thickness direction affected the damage patterns, where an increase in the interface 

layers does not result in an increase in modelling accuracy in comparison to the test 

results.  
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Xiao et al. [91] worked previously on relatively thin composite plates and developed a 

quasi-static penetration model for ballistic impacts. Their work was extended to develop a 

combined numerical and experimental methodology for modelling high velocity impact, 

damage and penetration mechanics of thick-section S-2 glass/SC15 laminates for a range 

of impact velocities [92]. The methodology was to use the finite element analysis code LS-

DYNA together with the progressive composite damage model 

MAT_COMPOSITE_DMG_MSC (MAT162). MAT162 accounts for several different failure 

modes for the fibre and matrix phases of the composite material. Material property 

variations with strain rate may be included using simple logarithmic based functions 

included in the model [93]. A set of damage history variables is introduced in MAT162 to 

relate the onset and growth of damage to stiffness loss in the material. MAT162 uses four 

different softening parameters, i.e. AM1 and AM2 for fibre damage along material 

directions 1 and 2, AM3 for fibre shear and crush, and AM4 for matrix crack and 

delamination. The choice of a set of these four AM values is crucial as a poor choice may 

lead to prediction of either higher or lower energy absorption capabilities of the 

composite structure. Softening and element erosion parameters were determined 

through quasi-static punch shear tests. Validated FE parameters were then used for 

detailed analysis of impact, stress wave propagation, damage and penetration mechanics. 

Ballistic experiments over a range of velocities between 50 m/s to 1000 m/s were carried 

out and the 3D finite model was validated, which can also be extended to optimise 

laminated structures for maximum energy dissipation. However, the use of MAT162 

requires a total of 34 material properties and computational modelling parameters, of 

which 9 are elastic constants and 10 are failure properties that require standard ASTM 

tests or composite laminate mechanics theories to be determined. 
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With less restrictions in mesh density in recent years, it is possible to model 

composite laminates with solid elements rather than single though-thickness layered shell 

elements, thus allowing to allocate failure criteria to the solid elements representing the 

fibres and matrix. Pernas-Sanchez et al. [94] developed a numerical methodology to 

predict the damage behaviour of composite unidirectional laminates subjected to high 

velocity impacts using a steel sphere of 7.5 mm diameter, and to analyse the influence of 

projectile’s spherical radius. The results were validated against experimental tests in 

terms of residual velocity and the damage area. Inter- and intra- laminar failures were 

modelled through a cohesive interaction and stress-based damage criteria respectively, 

including fibre failure under tension and compression, matrix failure under compression 

and tension. The geometry of the projectile was found to significantly influence the 

impact process, where the residual velocity was seen to increase with the spherical radius 

for a given impact energy. However, the predicted delamination area was found to be 

smaller than the C-scan images. As delamination spreads via matrix cracks, the stress-

based failure criterion for matrix failure is not enough to capture the matrix crack 

propagation.  

Other works in the literature have taken novel approaches in simulating impact 

damage in composite structures. Nishikawa et al. [95] presented a numerical simulation 

of composite plates subjected to soft-body impact at high velocity for a bird-strike 

problem. They developed a new contact algorithm based on the Lagrange multiplier 

method to appropriately predict the impact forces applied to the plate, without causing 

severe numerical instabilities. The combination of a soft-body impactor and a contact 

algorithm allowed capturing the transition from global bending deformation due to low 

velocity impact to shear deformation localised around the impact point at higher impact 
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velocities. This damage mode transition allowed detecting the threshold velocity for 

extensive fibre failure and perforation, which can be referred to as a ballistic limit and is a 

useful indicator of the bird-strike impact resistance of the composite.  

Xiao et al. [96] proposed an analytical method to predict the low velocity impact-

induced damage area in composite laminates. The novelty of their work lies in the 

definition and analysis of the interlaminar shear strength to predict the interlaminar shear 

failure due to impact, where the interlaminar shear strength was predicted by a 

micromechanical model based on Eshelby’s equivalent inclusion model (EIM), instead of 

carrying out interlaminar shear strength tests. The contact force was estimated based on 

an energy-balance model and a quasi-static assumption (isotropic and circular damage 

area), which allowed the relationship between delamination area and impact energy to 

be obtained. Good damaged area predictions were obtained in comparison to test data, 

however, as the impact energy was increased, large deviations from the test data were 

observed. The authors identified some limitations with their method, where the effect of 

the plate geometrical nonlinearity and energy absorbed in the form of matrix cracking 

and fibre failure were not considered in the analysis.  

The damage initiation and progression in cross-ply CFRP has been experimentally 

and computationally investigated by Topac et al. [97]. The damage growth and strain 

fields in the through thickness direction were recorded using the Digital Image Correlation 

(DIC) technique and a high-speed camera. The matrix failure initiation and propagation 

were modelled via a CDM based failure approach proposed by Christensen [98], which 

assumes matrix crack initiation through the interactions between the tensile and 

compressive failure strengths of a ply in normal orthotropic directions and the absolute 
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values of transverse and longitudinal shear strengths. The authors found two different 

failure modes depending on the stacking sequence. For a [07/904]s lay-up, delamination 

initiates in the bottom 0°/90° interface followed by matrix cracks, which grow towards 

the impact point, thus causing delamination in the upper ply. For a [907/04]s lay-up, 

delamination of the lower interface occurs after vertical matrix cracks initiate on the 

lower 90° layers.  

Studying the literature for high velocity impact modelling approaches, it is worth 

mentioning that none of the cohesive formulations employed takes into consideration the 

enhancement effect of the through-thickness compression on shear behaviour in order to 

correctly capture the Mode II behaviour under an impact loading. In addition, no papers 

were found on modelling potential split paths in laminates subjected to high velocity 

impacts. The use of potential split paths can be particularly interesting for high velocity 

impacts, where the impact damage zone behaviour can be accurately modelled together 

with different failure criteria for intra- and inter-laminar failure. 

2.3 Residual strength 
 

Composite materials offer numerous advantages over their metallic counterparts. 

However, they are prone to a wide range of defects and damage which may significantly 

reduce the residual strength. In the case of a composite structure, the damage caused by 

high velocity impacts involves delamination and fibre failure. Generally, the damage area 

extends to a significantly larger area than the visible damage area. Components found in 

aircraft engines can undergo compressive, tensile and cyclic loads, and it is of interest of 

investigate the residual strength of impacted structures which can be subjected to any of 

these loads.  
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In the early 90’s, Reifsnider et al. [99] predicted the tensile strength after impact 

of composite laminates as a function of the damaged area caused by impact. The model 

developed in their work uses a closed-form solution for an infinite plate containing an 

elliptical inclusion given by Lekhnitskii [100] and an average stress criterion applied at ply 

level. The approach is based on the strength of the laminate being controlled by the 

stress concentration in the undamaged material around the impacted region. The size and 

shape of the damage were measured experimentally, and their values were used as an 

input to the stress analysis of an elastic inclusion and as an input to a ply-level failure 

criterion.  

Dorey and Sidey [101] used a 6mm diameter steel projectile fired from an airgun 

with impact speeds up to 300 m/s to investigate ballistic response of carbon/epoxy 

composite laminates of thickness 3mm with quasi-isotropic layup. Residual tensile tests 

were conducted post impact. It was found that specimens impacted at a ballistic velocity 

of 60 m/s – 80 m/s showed maximum damage area and lowest residual strength 

compared to specimens impacted above the ballistic velocity. The residual tensile 

strength was observed to vary inversely proportionally with the impact energy at low 

impact speeds, until a critical value where it drops rapidly. Above the ballistic limit, 

relatively clean holes were punched and the residual strength was increased. Horsfall et 

al. [102] investigated the residual compressive strength of 10 mm E-glass/polyester 

laminates with ballistic impact damage. The projectile used was NATO standard 7.62 mm 

x 51 mm ammunition with muzzle speed of 841 m/s. The study showed that the reduction 

in residual strength was directly proportional to the amount of kinetic energy absorbed 

by the laminates, irrespective of whether the laminate was perforated or not.  
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Wang and Callinan [103] manufactured tensile, compression and shear specimens 

which were used for ballistic testing at impact velocities between 200 m/s and 1000 m/s. 

Various projectiles with 7.62 mm, 12.7 mm and 20.0 mm calibres were used. The results 

showed that above the ballistic limit, with the overall damage area being significantly 

larger than the projectile size, the residual strength of the specimen with ballistic damage 

is not significantly lower than that of a specimen with a machined hole of the same 

diameter as the projectile calibre. Zhou [104] conducted low velocity impact tests on thick 

glass fibre reinforced woven fabric laminates and investigated the residual compressive 

strength. Damage initiation was identified using damage force and the incident kinetic 

energy. The impacted panels failed by buckling and they retained between 20% - 30 % of 

the strength under compressive loading. 

In the last decade, many works have focussed on the prediction of residual 

strength of composite structures after impact. For a low velocity impact, Koo et al. [105] 

looked at predicting the residual strength of composite structures with impact damage by 

using the characteristic length of the composite with the hole corresponding to the 

impact damage area. The prediction results using the corresponding hole diameter 

showed good agreement with experimental results. Kannan et al. [106] assessed the 

residual strength of completely and partially penetrated laminates due to impact loads by 

idealising the damage locations as holes and cracks [107]. For velocities leading to 

complete perforation, the residual strength was observed to be the same as the static 

strength of a laminate having the same diameter as the impactor. For impact velocities 

lower than the penetration velocity, an empirical relation was proposed to predict the 

residual strength based on the kinetic energy absorbed by the laminates. 
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To predict the residual strength of any impacted composite structure, it is 

important to model the continuous fibre breakage process under a specific loading, 

where the interactions among the different failure mechanisms within the impact 

damage zone can be simulated. Except for a numerical study on residual tensile strength 

of centre-notched laminates [72], there is no evidence found in the literature where the 

progressive damage development has been modelled to predict the residual tensile 

strength of high velocity impacted composite structures.  

2.4 Conclusions 
 

Over the years, there have been many experimental studies on high velocity 

impacts, where impact induced damage has been assessed using numerous techniques 

and has been quantified in terms of damage area, amount of fibre fracture, impact energy 

and residual velocity. A multitude of parametric studies have also been conducted. 

Furthermore, using commercial software packages available, high velocity impact 

simulations have been successful. Based on the two works found in the literature which 

focussed on normal and oblique impacts [54,55], the authors stated that obliquity 

significantly affects the impact damage. As such, this research will look at a combination 

of high velocity oblique impacts, impact damage assessment using non-destructive 

techniques and investigation on the residual strength. While previous studies have 

employed larger and heavier spherical projectiles, a steel cube projectile is chosen for this 

present study as it is more representative of small, hard and sharp-edged fragments 

which may be ingested in aircraft engines. 

In terms of residual strength, the work in the literature mostly looked at low 

velocity impacts or Compression After Impact (CAI). While CAI has been the standardised 
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strength measurement for many composite structures subjected to high velocity impacts, 

it is equally important to investigate the tensile strength degradation for structural 

components subjected to high tensile forces. It is to be noted that carrying out high 

velocity impacts can be an expensive test programme in the early design stages. In terms 

of residual strength, there is no study in the literature comparing impacted laminates to 

laminates with machined notches under quasi-static tension. As such, this research takes 

a new approach in comparing machined notches as a potential equivalent for tension 

after impact tests. While all structural components susceptible to impact damage and/or 

erosion have a protective shield, it is of interest to investigate the effect of the shield on 

the impact damage and residual strength.
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3. Impact study – Experimental  
 

The effect of foreign object damage (FOD) on composite structures represents a 

high level of concern as damage can take various forms such as matrix cracks, 

delamination, fibre/matrix debonding, pull-out and fibre fracture. Since catastrophic 

structural failure arises from a combination of these factors, composite components are 

required to be resilient against FOD induced by localised high velocity impact events. To 

this extent, it is important to understand the mechanisms behind FOD in composite 

materials in order to improve FOD resistance at an early design stage. 

This section describes the experimental works carried out on thin carbon/epoxy 

laminates. Initially, a parametric study was conducted during the Extended Project [108] 

to investigate different impact scenarios in terms of damage induced. Impact tests were 

carried out at high velocity using a gas gun and the damage post-impact was studied using 

Ultrasonic C-scan. Then, a second set of impact tests was conducted for two different 

oblique impact configurations over a range of velocities and the damage process was 

characterised using X-ray Computed Tomography (CT) scans.  

3.1 Initial Impact study 
 

The high impact velocity considered was around 300 m/s, where impacted 

laminates revealed varying damage extent for different configurations considered. As 

such, it was possible to study the effect of thickness, impact position and impact angles 

on thin composite laminates. 

 



Chapter 3 – Impact Study Experimental 

50 
 

3.1.1 Material and procedure 
 

The material used is Hexcel HexPly® IM7/8552 carbon-epoxy pre-preg with ply 

thickness of 0.125 mm. Quasi-isotropic stacking sequences [-45/0/45/90]s and [-45/0/45/ 

90]2s were chosen for the laminates and after curing, the laminates have a nominal fibre 

volume fraction of about 60% according to the manufacturer’s specifications. The 

nominal overall thicknesses are 1 mm and 2 mm, which are very close to the actual 

specimen thickness. Table 1 summarises the test matrix for both high velocity impact 

events. Non-impacted laminates of 1 mm and 2 mm thicknesses were used as baselines. 

The laminates, 140 mm x 20 mm, were hit on the two edges at different angles, using a 

3mm steel cube of mass 0.22 g as the projectile. A cube projectile was chosen for this 

study as it is more representative of small sharp-edged particles ingested in aircraft 

engines, as compared to other previous studies which employed larger and heavier 

projectiles [54,55,109]. The edges of impact points were referred to as the leading edge 

(LE) and trailing edge (TE), as depicted in Figure 3.1. The arrows in Figure 3.1 represent 

the impact angle.  

The gas gun available at University of Oxford, as depicted in Figure 3.2 [110], was 

used for carrying out the high velocity impact tests. The gas gun consists of a compressed 

gas reservoir, a breech, a pair of clamps, a 1.3 m long barrel of 12.5 mm diameter, a sabot 

arrester and a target support. A cylindrical sabot manufactured in the workshop is used to 

support projectile during its acceleration along the barrel. Once the sabot and projectile 

are positioned and clamped inside the breech, the sabot is accelerated by releasing the 

clamps after reaching the desired level of pressure. A sabot arrester, positioned at the 

end of barrel, stops the sabot and allows the projectile to travel by inertia. The projectile 



Chapter 3 – Impact Study Experimental 

51 
 

strikes the target, which is supported at its base as a cantilever. The boundary condition 

imposed 

Table 3-1:Test matrix for impact tests. 

Number of specimens Thickness/ mm Impact position Impact angle/ ° 

5 1 - - 

5 1 LE 90 

5 1 LE 45 

5 1 TE 45 

5 2 - - 

5 2 LE 90 

5 2 LE 45 

5 2 TE 45 

 

 

 

Figure 3.1 :Schematic of specimen and impact configurations, where the front view is 

shown on the left and the top view on the right. The red dot represents impact locations. 
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on one end of the target was achieved through a mechanical fixture. The fixture can 

rotate about the longitudinal specimen axis (Y axis) and translate perpendicular to the 

gun axis (X axis). It can also be adjusted for height (Y axis). Therefore, the laminate can be 

positioned at the required angle and position in front of the barrel. The target is clamped 

over a length of 40 mm from one end onto the mechanical fixture, which is rigidly fixed 

during the tests. 

Two optical sensors placed 50 mm apart along the barrel read the time as the 

sabot passes these two points. The velocity of the projectile was recorded at 300 m/s 

(C.V. 2.0 %). Previous work has shown negligible rotation of the sabot and projectile in the 

barrel of the gun [98], however it was not possible to control the rotation of the cube 

once it leaves the sabot. A high-speed video camera (Photron Ultima APX-RS) was 

employed to record the impact process. A lamp was used to ensure enough lighting and 

the camera was configured to obtain 30000 fps. Figure 3.3 shows an example of a video 

sequence observed from 45° impacts to the LE and TE at 300 m/s. Visually, an impact to 

the LE results in a larger extent of fibre failure compared to an impact at the TE. In the 

present study, the residual velocity of the projectile was not determined.  

Post-impact, ultrasonic C-scans were conducted on one impacted laminate for 

each configuration to investigate the internal damage. This type of scan captures 

reflections coming back from the sample after a wave is emitted from the probe. A probe 

frequency of 10 Hz and focal length of 76 mm was used. Measuring the amplitude and the 

time along the waveform allows gathering information about the internal damage of the 

impacted laminates.
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Figure 3.2: High speed impact test setup [110]. 

 (a)        

(b)                  

Figure 3.3: Impact sequences for (a) 45° impact to the LE and (b) 45° impact to the TE. 

3.1.2 Effect of thickness 
 

The effect of thickness on high velocity impacted laminates can be investigated 

from the internal damage seen in the C-scans as shown in Figures 3.4a and 3.4b. The 

variations in colour around the impact point represent the extent of internal damage, i.e 

delamination. The dark blue background in Figure 3.3a and the orange background in 

Figure 3.4b represent the back surface of the laminate. The delaminated interfaces, 

represented by different colours, are also indicated in Figure 3.4.  A direct comparison 
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between the two C-scan images in Figure 3.4 shows that the 1 mm thick specimen has a 

larger propagated delamination area than the 2 mm thick specimen, as represented by 

the white boundaries. Under an impact event, delamination migrates via tensile cracks 

that form towards the back surface of the laminate due to bending. As thinner laminates 

are less stiff than thicker laminates, delamination propagates to a larger extent.  

(a)     

 

(b)  

 

 

Figure 3.4: C-scan images for high velocity impacted laminates (a) 1 mm thick (b) 2 mm 

thick with impacts at 90° to the leading edge (LE). 
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3.1.3 Effect of impact position 
 

The effect of impact position on the internal damage can be examined from 

Figures 3.5(a-d). 1 mm thick laminates subjected to high velocity impacts at 45° to the 

leading edge (LE) and the trailing edge (TE) are considered. For both LE and TE impacts, 

the closest and furthest surfaces of the laminate from the probe are analysed. For the 

case of LE impact, the projectile strikes the edge of the laminate at an angle and 

perforates the full thickness until it leaves the laminate. For impact at the TE, the 

projectile impacts the edge of the laminate, but only perforates a fraction of the thickness 

before leaving the laminate. This difference is shown by the size of the void present at the 

edges in Figure 3.5a and 3.5c. A leading edge impact showed a larger amount of fibre 

fracture as compared to a trailing edge impact and the extent of delamination is also 

larger in the laminate impacted at 45° to the LE, as depicted in Figures 3.5b and 3.5d.  
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Figure 3.5: C-scan images for high velocity impacted laminates. Laminates are 1mm thick 

and hit at the LE (a, b) and at the TE (c, d) at an angle of 45°

3.1.4 Effect of impact angle  
 

To investigate the effect of normal and oblique impacts on the damage extent, 

microscopic images of the high velocity impacted laminates are shown in Figures 3.6a and 

3.6b. Oblique impacts to the edge of the laminates revealed a larger extent of fibres 

broken as compared to impacts normal to the edge. Visually, this is confirmed by the size 

of the void at the edge of the laminate in Figure 3.6. For normal impacts, the projectile 

strikes the laminate and promotes a damage area equal to the void present at the edge in 

Figure 3.6a. For oblique impacts, the trajectory of the projectile promotes a damage area 

equal to the semi-elliptical void present at the edge, where the edge represents the 

minor axis of the ellipse. The schematic shown in Figure 3.7 illustrates the effect of 

obliquity on the laminate. The extent of impact damage is strongly dependent on the 
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trajectory of the projectile, where the laminate is expected to experience more fibre 

failure when impacted at 45°. 

(a)    

(b)  

Figure 3.6: 1mm thick laminate impacted at (a) LE at an angle of 90° and (b) LE at an 

angle of 45°. 

 

 

Figure 3.7: Sketch of the impact on composite laminate – (a) plan view of laminate and 

projectile, (b) side view showing impact at 90° (purple arrow) and 45° (black arrow). 
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3.2. High velocity impact 
 

Following the initial impact study on thin laminates, a second study on high 

velocity impacts was conducted using the previously described gas gun [111]. The velocity 

considered for this study varies from 100 m/s to 350 m/s, at intervals of 50 m/s. Using the 

ultrasonic C-scan machine to study impact induced damage, it was not possible to 

investigate every interface within the laminate independently. For this study, X-ray 

Computed Tomography (CT) was employed to obtain detailed analysis and 

characterisation of the impact damage. Oblique (45°) impacts were carried out at two 

impact positions. Impact induced damage was characterised in terms of amount of fibres 

broken and delamination area, and the effect of impact position on the impact damage 

zone was also studied. 

3.2.1 Materials and procedure 
 

Quasi-isotropic Hexcel HexPly® IM7/8552laminates with [45/90/-45/0]2s stacking 

sequence was used. Due to a range of impact velocities for this second study, it was 

desirable to double the laminate’s width as delamination can extend in the transverse 

direction. Consequently, for reasonable ratios of gauge length and width to size of impact 

damage, the dimensions of the laminates are: 250 mm x 40 mm x 1.9 mm, with the 

nominal overall thickness very close to the actual specimen thickness.  In this 

experimental study, it is of interest to study the extent of impact damage close to the 

edge of the target and far away from the edge, which is why high velocity impacts were 

made at an angle of 45° to the edge and centre of the laminates, as shown in Figure 3.8. 

For edge impacts, the projectile was aimed to hit the target at a point which is 1.5 mm 

from the edge, to ensure contact between the projectile and the target. For centre 
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impacts, the projectile was aimed to hit the target exactly at the centre of the laminate’s 

width. The test matrix for this high velocity impact study is summarised in Table 3.2. The 

recorded velocities from each impact configuration are shown in Table 3.2, where the 

consistency of the impact tests can be confirmed by the low C.V values (0.5 – 5.4 %). A 

high-speed camera, configured to obtain 30000 fps, was employed to capture the impact 

process. However, on post-processing the camera footage it was not possible to clearly 

capture the projectile before and after impact. 

 

 

Figure 3.8: Oblique impact positions illustrated by the red dots. The image on the left is 

the front view and the image on the right is the plan view [111]. 
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Table 3-2: Test matrix for second high velocity impact study [111].  

Edge Impacts Centre Impacts 

No. of 

specimens 

Recorded impact 

velocity (m/s) (C.V %) 

No. of 

specimens 

Recorded impact 

velocity (m/s) (C.V %) 

4 98.0 (4.3) 5 101 (5.4) 

4 150 (1.4) 4 152 (1.1) 

4 201 (3.5) 5 202 (0.7) 

4 256 (2.5) 5 252 (0.5) 

5 308 (2.2) 5 301 (1.2) 

4 351 (3.3) 5 350 (1.2) 

 

Composite structures are more reliable when the complex mechanisms of impact 

damage are well understood. Because such impact damage can severely degrade the 

structure’s residual strength, characterisation of impact damage is valuable for clarifying 

the energy absorption mechanism and damage states. Over the years, numerous 

techniques have been developed to assess damage within a composite laminate, and 

these non-destructive methods include acoustic emissions, ultrasonic C-scan, scanning 

electron microscopy, X-ray Computed Tomography (CT) and optical techniques [112-

1115]. While the resolution associated with acoustic emission and C-scan may be limited 

and it can be difficult to identify the damage mechanisms, 3D analysis is not possible with 

surface methods such as electron and optical microscopy. X-ray CT has emerged as a key 

imaging tool in material characterisation, which allows 3D visualisation of an object non-

destructively as well as enabling the monitoring of damage accumulation. The use of X-
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ray tomography for analysis and identification of damage and microstructures in 

composites has attracted increasing attention recently [116,117]. This is because sample 

characterisation is carried out in a non-destructive way where there are no preparation 

issues associated with it and the integrity of the sample can be preserved. Secondly, it 

allows capturing a three-dimensional view of the complex morphology of microstructures 

and damage, where the interaction of matrix cracking, fibre failure, fibre/matrix 

debonding or delamination can be studied.  

For this second study on high velocity impacts, X-ray CT was chosen for extensive 

damage characterisation of all impacted laminates. A single specimen from each impact 

configurations was considered. 3D mapping of a given sample was achieved through CT 

reconstruction and this allowed identifying several features such as delamination, fibre 

failure and matrix cracks. To enhance X-ray contrast, all impacted laminates were soaked 

in X-ray dye penetrant over a period of 24 hours. The penetrant consists of 250 g zinc 

iodide, 80 ml distilled water, 80 ml isopropyl alcohol and 1ml kodak photoflo®. Zinc iodide 

is relatively non-toxic and is reasonably X-ray opaque, which is why it was used [118]. 

X-ray CT was performed at the National Composites Centre (NCC) using a Nikon 

XTH225ST 320 kV electron beam machine [118] with a 3 µm focal spot size. One specimen 

was scanned for each impact configuration. Each specimen was mounted on the rotation 

stage and positioned between the X-ray source and the panel detector. The target emits a 

cone of X-rays which travel through the specimen to the detector. During the scan, the 

specimen is rotated through 360° with small increments, and projections are collected at 

each orientation. Employing a filtered back-projection reconstruction algorithm, the 

individual sets of projections are reconstructed into a 3D volume. The scanning voltage 
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was 55 kV and current 145 µA, with an exposure time for each radiograph was 700 ms. 

The Metris CT Pro software was used to reconstruct each scan volume with manipulation 

and analysis performed using the VG Studio® Max 2.1 and Avizo®7 software packages 

[118]. Through visualisation as a 3D map, the local X-ray absorption coefficient of the 

material is represented by the grey scale value. The solid material (fibres and matrix) and 

air (matrix cracks, delamination, voids and other defects) are identified by the two peaks 

on the histogram of the grey scale intensity. Hence, the matrix cracks and delaminations 

could be segmented around the appropriate grey scale values [119]. 

3.2.2 Impact damage characterisation 
 

In the event of high velocity impact, composite laminates experience different 

complex failure mechanisms, namely fibre failure, delamination, fibre/matrix debonding 

and matrix cracking. Previous works on high velocity impacts found in the literature 

mainly investigated the extent of damaged area as a function of impact velocity or energy 

absorbed. In this work, emphasis is laid upon impact damage characterisation in terms of 

fibre fracture and delamination area. The amount of fibre failure in impacted laminates is 

an important feature to analyse because it is expected that the residual tensile strength 

of impacted laminates will be strongly dependent on the extent fibre fracture. In Chapter 

5, the residual tensile strength of impacted laminates is investigated and the relationship 

between extent of impact damage and residual strength is studied. Taking this into 

consideration and the fact that the post-impact tensile load is mostly carried by the 0° 

plies, the width over which the fibres are broken in the 0° plies were measured. CT scan 

images for edge-impacted laminates at 200 m/s and 350 m/s are shown in Figure 3.9 and 

CT scan images for centre-impacted laminates at 200 m/s and 350 m/s are illustrated in 
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Figure 3.10. The widths, w, of broken 0° fibres are also shown in Figures 3.9 and 3.10. CT 

scanning images were uploaded to the ImageJ® software. The image width is 175 pixels, 

corresponding to 40 mm. By drawing a horizontal line corresponding to w, the length of 

the line was obtained in terms of its number of pixels, after which the equivalent length 

of w, in mm, was determined. From the CT scan images, the definition of w was made by 

considering the light patches, which represent the extent of fibre failure and can be easily 

identified from the surrounding dark patches. The dark areas around the light patches 

represent remaining fibres around the impact point, and were not considered when 

measuring w. The impact induced fibre failure, termed as fibre fracture width, is 

determined as the widths of broken fibres in each of the 0° plies averaged over the 

number of 0° plies broken [111]. Table 3.3 provides details on the number of broken 0° 

plies and the fibre fracture widths for both edge- and centre-impacted laminates. 

Through the thickness, there is a double 0° ply block at the central symmetry 

plane, but outboard only single 0° plies. For an edge-impacted laminate at 100 m/s, fibre 

failure was observed only in the top outboard 0° ply. Fibre failure in all 0° plies was 

observed when the impact velocity was increased to 200 m/s. As the impact velocity was 

further increased to 300 m/s, complete laminate perforation was noticed. For centre 

impacts at 100 m/s and 150 m/s, none of the 0° plies showed fibre failure. With further 

increase in impact velocity up to 300 m/s, three out of the four 0° plies showed fibre 

failure. At 350 m/s, the centre-impacted laminates exhibited broken fibres in all four 0° 

plies and laminate perforation was also observed. As the impact velocity was increased 

above 200 m/s, the extent of fibre failure determined in both edge- and centre-impacted 

laminates were significantly larger than the dimensions of the projectile. This is because 

of the oblique trajectory of the projectile during penetration which promotes a larger 
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extent of fibre failure. In addition, the multiple ply orientations, the local bending and the 

development of different damage modes around the impact site cause a larger extent of 

fibre failure than just the area under the impactor [111]. 

Although fibre fracture width was determined by inspecting CT scan images of 0° 

plies, which is a much quicker way to characterise the extent of impact damage, the 

extent of broken fibres in all plies was analysed as it becomes relevant for cases when the 

applied load post-impact is not aligned with the 0° plies. Using the same method of 

measuring the distance of fibres broken and averaging over the total number of plies 

broken, the fibre fracture widths for edge- and centre-impacted laminates were 

calculated, and the results are presented in Table 3.4. The extent of fibre fracture for both 

edge- and centre-impacted laminates increases with impact velocity and beyond the 

velocity at which a more pronounced shape of the projectile penetrating through the 

specimen is observed, the extent of fibre failure is expected to reach a constant value. 

Detailed measurements of broken fibres in all plies for all impact configurations can be 

found in Appendix A. For edge impacts in Table 3.4, the method of considering only 0° 

plies broken for fibre fracture width determination results in larger fibre fracture widths 

with an average difference of 3.4 % when compared to the fibre fracture widths 

determined by considering all plies in the laminate. For centre impacts, a direct 

comparison between the two methods used to determine fibre fracture widths show that 

considering only 0° plies broken leads to smaller fibre fracture widths with an average 

difference of 4.3 %. With reasonably low percentage differences and the fact that the 0° 

plies which carry most of the subsequent tensile loading, considering only 0° broken 

fibres to determine the fibre fracture width is suitable and time efficient.  
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Figure 3.9: Extent of broken fibres in edge-impacted laminates at 200 m/s (left) and 350 

m/s (right) [111]. 

 

Figure 3.10: Extent of broken fibres in centre-impacted laminates at 200 m/s (left) and 350 

m/s (right) [111]. 
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Table 3-3: Fibre fracture width values for edge and centre impacts [111]. 

 Edge Impacts Centre Impacts 

Impact 

velocity (m/s) 

No. of 0° plies 

broken 

Fibre fracture 

width (mm) 

No. of 0° 

plies broken 

Fibre fracture 

width (mm) 

100 1 1.33 0 - 

150 1 1.83 0 - 

200 4 2.49 3 1.40 

250 4 3.46 3 3.22 

300 4 4.64 3 3.90 

350 4 7.53 4 6.95 

 

Table 3-4: Comparing the fibre fracture widths for edge and centre impacts based on 0° 

plies and all plies. 

 Edge Impacts Centre Impacts 

Impact velocity 

(m/s) 

Fibre fracture width (mm) Fibre fracture width (mm) 

0° plies All plies 0° plies All plies 

100 1.33 1.21 - 1.20 

150 1.83 1.77 - 1.38 

200 2.49 2.48 1.40 1.58 

250 3.46 3.34 3.22 3.36 

300 4.64 4.62 3.90 3.96 

350 7.53 7.32 6.95 7.04 
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The debonding between plies, also known as delamination, is another important 

feature of impact damage, and it is represented by the slightly darker patches in Figure 

3.11, where typical -45°/0° interfaces for edge impacts at 200 m/s and 350 m/s are 

illustrated. All the interfaces within the laminates were inspected from CT scans. The area 

enclosed within the region marked in white, shown in Figure 3.11, represents the 

delaminated area for one interface. Using a freehand option available in the ImageJ® 

software, the white shapes in Figure 3.11 were drawn. One error associated with this 

freehand option is the addition or subtraction of material while sketching. Typical image 

width is 175 pixels, with one pixel corresponding to 228 µm. The image height varies 

between 265 – 340 pixels as different lengths of impacted specimens from different 

configurations were utilised for CT scan. The area within the region showing delamination 

was then determined in terms of its number of pixels and translated to a value equivalent 

to the area, in mm2 [111]. 

The extent of delaminated area for each interface was determined and the 

delamination area was obtained by averaging over the 15 interfaces within the laminate. 

Using X-ray CT scan, it is possible to accurately identify each interface by laminate 

segmentation and for this study, different colours are assigned to every delaminated 

interface. The projected delamination areas observed in edge- and centre-impacted 

laminates over a range of velocities are represented in Figure 3.12 and delamination 

under impact is discussed in the following section, while the effect of impact position on 

the delamination area is studied in section 3.2.4.  
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Figure 3.11: Enclosed within the white regions is the extent of delamination at -45°/0° 

interfaces in edge-impacted laminates at 200 m/s (left) and 350 m/s (right) [99]. 

3.2.3. Delamination under impact 
 

Delamination is a critical damage mode under impact loading as observed from 

the characteristic delamination patterns illustrated in Figure 3.12. There are two 

mechanisms driving the delamination. When the projectile strikes the laminate, 

interlaminar shear arises due to the contact force causing a region of maximum stress 

near the mid-plane, and the stress decreases away from the impact point. Delamination 

occurring at the mid-plane causes a large reduction in bending stiffness as there is less 

material at the neutral plane to resist against bending deformation, which leads to a 

significant energy-release rate. Davies et al [120] proposed a threshold impact force for 

delamination after showing that the energy-release rate was constant with the 

delamination size for an axisymmetric case with a point load in a homogeneous quasi-

isotropic laminate. As the number of delaminated interfaces increases, the energy-release 
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rate also increases [121], thus promoting further delamination once the first one has 

initiated. Through-thickness compressive stresses tend to suppress the delamination right 

under the impact point. Figure 3.13 shows a cross-sectional view of an impacted 

laminates at 200 m/s, where the extent of delamination parallel to the 0° fibres can be 

analysed through the thickness. Impacted laminates revealed shorter delamination 

lengths under the impact point, and their sizes grow further away from the impact point.  

Transverse tensile cracks which appear towards the back surface of the laminate 

due to bending is the second mechanism driving delamination [122]. While bending is the 

dominant mechanism in thin laminates and shear is more important in thicker laminates, 

both mechanisms occur in practice. The staircase pattern of delaminations observed in 

edge- and centre-impacted laminates, as shown by the coloured patterns in Figure 3.12, 

are formed when multiple delaminations through the thickness link up via transverse 

cracks. As the impact velocity is increased, the shapes of the individual delaminations are 

influenced by the matrix cracks, which tend to be elongated along the direction of the 

crack. 
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Figure 3.12: Delamination patterns in edge- and centre-impacted laminates over a range 

of velocities. 
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Figure 3.13: Cross-section CT image of an impacted laminate at 200 m/s showing fibre 

failure and delamination. 

3.2.4. Effect of impact position 
 

The effect of impact position is represented by the extent of fibre fracture and 

delamination area in both impact cases. As impact velocity increases, the fibre fracture 

width of edge-impacted laminates is always larger than the fibre fracture width observed 

in centre-impacted laminates. Under an impact, the laminate is less prone to bending at 

the centre than it is at the edge due to the presence of more material. Consequently, a 

rigid body is more likely to cause extensive fibre failure when penetrating an edge of the 

laminate than the surface of the laminate [111]. The impact position also affects the 

extent of delamination area observed for both edge- and centre-impacted laminates.  

The variation of delamination area with impact velocity for both edge and centre 

impacts is graphically represented in Figure 3.14.  The delamination areas measured from 

all the interfaces for both impact configurations are provided in Appendix B. For both 

edge- and centre-impacted laminates, the delamination areas were observed to be 

smallest in the interfaces close to the impact point. Away from the impact point, the 

delamination area increased in size, as confirmed by the error bars in Figure 3.14. At high 

impact velocities, the delamination area for a centre-impacted laminate is larger than the 

delamination area observed in an edge-impacted laminate. The larger extent of 

delamination in centre-impacted laminate compared to edge-impacted laminate at 350 

Fibre failure Delamination 

0° 
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m/s is the result of more splitting under an impact event, as observed from Figures 3.9 

and 3.10. The large differences in delamination areas for the laminates impacted at the 

edge and the centre may be due to the different amount of energy absorbed. In addition, 

for centre impacts, delamination can grow around the impact point in all directions as 

compared to delamination growth being restricted by the edge for edge impacts. 

Furthermore, the larger delamination area in centre-impacted specimen can be 

associated with the greater constraint at the impact point where, due to symmetry of the 

central impact geometry there is no rotation of the laminate, leading to higher local 

interlaminar shear stresses whereas for edge impacts, the edge is free to rotate upon 

impact [111]. 

The tops of the error bars from Figure 3.14 can also be interpreted to obtain the 

maximum delamination area for any impact configuration. Through inspection of all 

delaminated interfaces, the interfaces showing the maximum delamination area can be 

studied in reference to detailed results in Appendix B. The bottom 90°/45° interface in 

edge-impacted laminates revealed the largest delamination area for impact velocities of 

300 m/s and beyond. Since laminate perforation occurs at 300 m/s with the projectile 

going through the target, the top interfaces have much more localised delamination area 

compared to the bottom interfaces. For centre impacts, the bottom 45°/0° revealed the 

largest delamination area. Despite all plies in the centre-impacted sample at 350 m/s 

showing fibre failure, the largest delamination is not observed in the bottom 90°/45° 

interface. This may be due to the projectile bouncing away from the target after impact 

instead of going through the target.  
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Figure 3.14: Variations in delamination areas in edge- and centre-impacted laminates as 

impact velocity is increased [99]. 

For edge impacts in Figure 3.14, the delamination area increases with increasing 

impact velocity until it reaches a maximum value, after which it decreases in size as 

impact velocity is increased. At impact velocities above 300 m/s, edge-impacted 

laminates show a larger fibre fracture width with decreasing delamination area. For 

centre impacts, delamination area increases with increasing impact velocity and the 

maximum area has not yet been reached at 350 m/s.  Pernas-Sanchez et al. [109] 

experimentally investigated the effect of obliquity on carbon/epoxy laminate response, 

where the extent of damaged area was seen to increase with impact velocity until the 

laminate was perforated. Beyond the velocity at which laminate perforation was 

observed, the damaged area decreased with increasing velocity. A similar trend is 

observed in this work. For edge impacts, complete perforation is observed at an impact 

velocity of 300 m/s. This is due to much more localised impact damage induced by the 
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projectile beyond 300 m/s, which may explain why the delamination area decreases with 

increasing impact velocity.  

For centre impacts, further impacts tests for centre impacts at velocities higher 

than 350 m/s are required to validate the hypothesis of decreasing delamination area 

with increasing impact velocity. Figure 3.15 illustrates cross-sectional CT images of edge- 

and centre-impacted laminates over a range of velocities. Both impacted laminates 

exhibit fibre breakage along the projectile direction, accompanied by multiple 

delaminations. The extent of fibre fracture through the thickness can be analysed, where 

the number of plies showing fibre failure increases with increasing impact velocity. 

Careful examinations of the centre-impacted laminates considering all broken fibres 

through the thickness revealed that complete perforation occurs at 350 m/s. As such, a 

decreasing damaged area may be expected in centre-impacted laminates beyond 350 

m/s.  

3.2.5. Energy absorption mechanisms 
 

 Under high velocity impact events, the mechanisms identified by Pernas-Sanchez 

[109] through which the laminate absorbs the initial kinetic energy of the projectile Ek 

are: 

• Delamination, ED – the energy absorbed by the laminate through delamination can 

be estimated as ED = 𝑘𝐴𝐷𝐺𝐼𝐼𝐶, where the number of delaminated interfaces is 

represented by k, AD is the delamination area and GIIC is the critical energy release 

rate in Mode II, which is a material property. The delamination is assumed to 

occur in Mode II since there is no tensile load normal to the laminate plane. 
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• Fibre failure, EF – the energy consumed in breaking fibres. EF is dependent on the 

fibre strength and the extent to which the projectile penetrates the laminate. 

• Linear momentum transfer, Elm – the energy required to accelerate the plug from 

rest to the residual velocity of the projectile. Hazell et al. [123] observed a 

phenomenon termed as ‘plug’ and the latter refers to a lump of the laminate 

which is detached from the laminate when the projectile perforates the laminate. 
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Figure 3.15: Cross-sectional CT scans of impacted laminates over a range of velocities. 

 

Previous impact studies have shown that the residual velocity of the projectile is an 

important parameter to determine the amount of energy absorbed by the laminate. 

2mm 0 0° Fibre failure 
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However, in this work, it was not possible to capture the trajectory of the projectile after 

the impact and therefore, it is not possible to calculate the residual kinetic energy.  

The delamination areas and number of delaminated interfaces observed in 

impacted laminates are provided in Table 3.5. As such, the energy absorbed due to 

delamination can be calculated. The ratio, ED / EK, between the energy absorbed due to 

delamination and the initial kinetic energy of the projectile is depicted in Figure 3.16 for 

varying impact velocities. Since complete perforation is observed at 300 m/s for edge-

impacted laminates, the energy absorbed by the laminate through linear transfer 

momentum is zero for velocities below 300 m/s. For edge impacts at 100 m/s, more than 

half of the initial kinetic energy of the projectile is absorbed by the laminate through 

delamination, and the rest is contributed to fibre breakage. As impact velocity is 

increased to 150 m/s, the delamination area doubles in size corresponding to an increase 

in ED / EK. As impact velocity is further increased, the delamination area slowly approaches 

its maximum value and ED / EK decreases because the contribution of fibre breakage 

becomes more significant compared to delamination. Beyond the impact velocity where 

laminate perforation occurs, it is expected that most of the initial kinetic energy of the 

projectile will be absorbed in the form of linear transfer momentum and fibre breakage, 

with some contribution from delamination as well. 
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Table 3-5: Number of delaminated interfaces and delamination areas for several impact 

configurations. 

 Edge Impacts Centre Impacts 

Impact 

velocity (m/s) 

Delamination 

area (mm2) 

No. of delaminated 

interfaces 

Delamination 

area (mm2) 

No. of delaminated 

interfaces 

100 52.4 12 4.40 1 

150 107 15 34.4 15 

200 133 15 103 15 

250 150 15 146 15 

300 166 15 319 15 

350 129 15 347 15 

  

 

Figure 3.16: The relationship between energy absorbed due to delamination and initial 

kinetic energy of the projectile over a range of impact velocities. 
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For centre-impacted laminates, Elm is expected to be negligible for impact 

velocities lower than 350 m/s since laminate perforation occurs at 350 m/s. From Figure 

3.16, the ratio ED / EK is almost zero at an impact velocity of 100 m/s. This is because 

centre-impacted laminate at 100 m/s revealed only two broken surface plies and a very 

small delamination area of 4.4 mm2 observed in the top 45°/90° interface. As impact 

velocity is increased up to 200 m/s, the delamination area increases in size with more 

broken fibres. ED / EK is about 35 % at 200 m/s, implying that fibre failure is a dominant 

mechanism in absorbing the projectile’s initial kinetic energy. From 200 m/s to 250 m/s, 

the number of broken fibres is slightly increased while the fibre fracture width is 

increased by 130 %, leading to a reduction in ED / EK. Between 250 m/s and 300 m/s, the 

delamination area grows twice in size while the fibre fracture width experiences a slight 

increase. Consequently, an increase in ED / EK is observed between 250 m/s and 300 m/s. 

Beyond 300 m/s, centre-impacted laminates revealed fibres broken in all plies and the 

extent of fibre fracture is increased by 80 %, causing a reduction in ED / EK.   

3.3 Conclusion  
 

An initial impact study was conducted on 1 mm and 2 mm thick carbon/epoxy 

laminates subjected to high velocity impacts using a gas gun. The delamination areas and 

extent of fibre fracture observed in C-scan images were studied for different impact 

configurations. The effect of thickness, impact position and impact angle on the extent of 

impact damage were investigated. The thickness of the laminate influences the damage 

extent, where thinner laminates showed larger impact damage than thicker laminates. A 

larger damage extent was also observed in laminates impacted at the leading edge. The 
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trajectory of the projectile significantly affects the extent of impact damage, where 

oblique impacts to the leading edge revealed larger damaged area than normal impacts. 

The findings from the initial study allowed the development of a second set of 

high velocity impact tests, where 2 mm thick carbon/epoxy laminates were impacted at 

45° to the edge and centre of the laminates over a range of velocities. For this study, it 

was desirable to study the impact response with varying velocities and impact damage 

was characterised through detailed X-ray Computed Tomography (CT). Two impact 

damage parameters were considered, namely fibre failure and delamination. From the 

results presented and discussed, the main conclusions are as follows: 

• The extent of fibre failure, termed as fibre fracture width, increases with 

increasing impact velocity for both edge- and centre-impacted laminates. 

• Edge-impacted laminates have increasing delamination areas with impact 

velocities up to 300 m/s. Beyond 300 m/s, the delamination area 

decreases. Centre-impacted laminates have increasing delamination areas 

with impact velocities and the maximum delamination area may be 

expected at 350 m/s. 

• For edge impacts, laminate perforation occurs at 300 m/s. This implies that 

the impact damage becomes much localised beyond impact velocities of 

300 m/s. For centre impacts, laminate perforation happens at 350 m/s.  

• The initial kinetic energy of the projectile is assumed to be absorbed by the 

laminate mainly in the form of fibre breakage, delamination and linear 

transfer momentum. The latter becomes increasingly significant only upon 

laminate perforation.  
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• The ratio between energy absorbed by delamination and initial kinetic 

energy of the projectile for both edge- and centre-impacted laminates was 

analysed. Edge-impacted laminates revealed a larger ratio for velocities up 

to 250 m/s. Beyond 250 m/s, centre-impacted laminates showed a larger 

ratio because the extent of delamination was much larger than in edge-

impacted laminates. 

• In edge-impacted laminates, the energy absorbed by the laminate in 

breaking the fibres is the dominant energy absorption mechanism only for 

impact velocities of 200 m/s and beyond. For centre-impacted laminates 

over the full range of velocities considered, most of the initial kinetic 

energy of the projectile is absorbed in breaking the fibres.  
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4. High velocity impact modelling 
 

In the previous section, an experimental investigation on the effect of high 

velocity oblique impacts on carbon/epoxy laminates was carried out. This section 

focusses on developing appropriate finite element models to simulate the impact tests. 

The finite model developed is used to predict the impact damage in terms of fibre failure 

and delamination area over a range of impact velocities and at two impact locations. The 

predicted impact damage is then compared to the experimental data to assess the 

reliability of the model.  

In this current FE analysis, a Hi-fidelity Finite Element Method (Hi-FEM) method is 

used, which combines different failure criteria, with multiple split paths and delamination 

modelled using cohesive elements, together with an automated meshing technique. In 

the follow, the finite element model developed is explained in depth and the failure 

criteria employed to predict impact damage are described. The impact damage is 

characterised in terms of fibre fracture and delamination area, and the effect of impact 

position on the impact damage is also investigated, which is followed by further 

improvements to the impact model.  

4.1. Description of baseline impact model 
 

The finite element model developed for this chapter is employed to simulate the 

high velocity impact experiments as described in Chapter 3. Simulations are carried out in 

LS-DYNA using solid and cohesive elements to represent the IM7/8552 laminates. The 

finite element model consists of a steel cube impactor and a composite plate with 

suitable boundary conditions. As in the experiments, the mass of the impactor is kept 
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constant while the velocity is altered for impacts to the edge and centre of the laminates. 

An eroding type of contact algorithm is used to model the interaction between the 

impactor and the laminate. A surface-to-surface contact is also defined between each ply 

to maintain contact between plies after delamination has initiated. The predicted fibre 

fracture and delamination areas are then validated against the experimental results.   

4.1.1. Impactor 
 

In the experiments, a 3 mm steel cube projectile was used to impact the 250 mm x 

40 mm laminate at 45° to the edge and the centre. The impact configurations have been 

described in Chapter 3. The impactor was aligned to strike the laminate at 1.5 mm from 

the edge and at the centre of the laminate, as represented in Figure 4.1. For the 

simulation, the hardness of the steel impactor is assumed to be significantly higher than 

the target’s hardness. Since recovered projectiles from ballistic experiments showed 

negligible deformation, plastic deformation of the projectile is not considered, and hence 

the steel cube projectile is assumed linear-elastic and is modelled using MAT 01 in LS-

DYNA. The material properties for the impactor are: density (ρ) = 7850 kg/m3, Young’s 

modulus (E) = 210 GPa and Poisson’s ratio (ν) = 0.3.  

The impactor is modelled with 8-noded constant stress solid elements (TYPE 1 in 

LS-DYNA). The projectile should have a reasonably fine mesh to capture its true geometry. 

An overly coarse mesh may result in contact instability. To promote proper distribution of 

contact forces, the node spacing on the contact surface of the projectile should be no 

coarser than the mesh of any deformable part which encounters the impactor. Therefore, 

the impactor is modelled with a mesh size of 0.1 mm. 
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Figure 4.1: Impact positions shown in red on a laminate – front view (left), top view (right). 

4.1.2. Penetration mechanisms 
 

There are three stages in the penetration process of a composite laminate by a 

metal projectile: impact, entry and exit. Shock waves are generated in the projectile and 

target in the impact phase. The amplitude of these waves is dependent on the impact 

velocity, shock impedance of the target and projectile. As the laminate bends, 

delamination arises with the shock waves travelling through the thickness [124]. In the 

next phase, the composite is subjected to compression in the contact region, where fibre 

and matrix failure occur around the impact region. A schematic of the damage processes 

in a composite laminate is presented in Figure 4.2.  

Shear cutting of the fibres and cavity expansion (radial expansion of the target 

material) are the dominant failure modes, which are accompanied by local fibre buckling 

and matrix cracking [125]. There is a transition from compressive to tensile failure in the 

exit phase, accompanied by multiple delaminations. Delamination is initiated earlier in 

the impact phase and propagates until the projectile reaches the delaminated interfaces. 

1
2

5
 m

m
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The plies are pushed ahead of the impactor and tensile fibre failure occurs away from the 

impactor. For all phases considered, part of the projectile’s energy is dissipated in the 

form of fibre failure, delamination and matrix cracking, as well as the transfer of kinetic 

energy to the target. 

 

Figure 4.2: Schematic of the delamination in a composite laminate due to penetration by a 

metal projectile [124]. 

4.1.3. Failure criteria 
 

During an impact, there are several damage mechanisms which take place (as 

described in section 4.1.2) and it is important that the finite element model developed 

can capture all failure mechanisms. In this analysis, three types of damage are 

considered: fibre failure, delamination and matrix cracking. Stress based damage criteria 

have been commonly used to model the damage mechanisms in composites subjected to 

high velocity impacts. For example, in a numerical study conducted by Pernas-Sanchez et 
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al. [94] on high velocity impacts on unidirectional laminates, the damage mechanism for 

fibre failure under tension was given by Eq (4.1).  

                                                           𝑒𝑓,𝑡
2 = (

𝜎11

𝑋𝑇
) + 𝛼(

𝜎12

𝑆12
)2 − 1                                                (4.1) 

where σij are the stress tensor components, XT and S12 are the strengths of the composite 

laminate in tension (in the fibre direction) and under in-plane shear respectively. The 

parameter α allows to calibrate the shear stress interaction, in order not to overestimate 

its contribution as the Hashin criterion does (it assumes α = 1). The authors also provided 

equations for damage mechanisms relating to fibre failure under compression, matrix 

failure under tension and matrix failure under compression.  

4.1.3.1. Fibre failure 
 

The carbon/epoxy plies behave as an orthotropic linear elastic material, with 

elastic material properties listed in Table 4.1 [72]. In this work, the fibre failure criteria 

considered relates to fibre failure under tension with a continuous damage process 

predicted based on Weibull theory. Fibre failure under compression is based on a 

maximum stress criterion relating to the strength of the laminate in the fibre direction 

under compression. Weibull proposed a statistical distribution that is extensively used to 

represent the strength of brittle materials [126]. This statistical method has been widely 

utilised to model fibre failure in polymer matrix composites [127 – 130]. Weibull theory is 

based on a weakest-link principle. Assuming a chain consists of several links and the 

probability of failure at any load applied to a “single” link is found by testing. In order to 

find the probability of failure of a chain consisting of several links, it is assumed that the 

chain has failed if any of its parts has  
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Table 4-1: Properties of lamina elements [72]. 

E11 (GPa)          E22 = E33 (GPa)  G12 = G13(GPa) G23 (GPa)  

161 11.4 5.17 3.98  

 

α22 = α33 (°C-1) 

 

α11 (°C-1) 

 

ν12=ν13 

 

ν 23 

 

 

3x10-5 0.0 0.320 0.436  

 

 

failed. Accordingly, the probability of nonfailure of the chain is equal to the probability of 

the simultaneous nonfailure of all the links. The weakest link in a chain determines the 

strength of a material, and as the number of links increases, the strength tends to 

decrease. The strength of a brittle-like material is related to the stressed volume and is 

controlled by defects which follow a Weibull distribution. Assuming equal probability of 

survival between the model and a unit volume of material, fibre failure occurs when the 

stress on a volume of material reaches the unnotched unidirectional strength. This leads 

to Eq. (4.2). 

               ∫ (
𝜎

𝜎𝑢𝑛𝑖𝑡
)𝑚𝑑𝑉

𝑉
= ∑ (

𝜎𝑖

𝜎𝑢𝑛𝑖𝑡
)𝑚 𝑉𝑖 = 1

𝑇𝑜𝑡𝑎𝑙 𝑁𝑜.𝑜𝑓 𝑠𝑜𝑙𝑖𝑑 𝐸𝑙𝑒𝑚𝑒𝑛𝑡𝑠

𝑖=1
                                 (4.2) 

where σi is the elemental stress, Vi is the elemental volume, σunit is the tensile strength of 

a unit volume of material and m is the Weibull modulus from scaled unnotched 

unidirectional tensile tests of the same material [131]. In V, we can derive the material 

constants as m = 41 and σunit = 3131 MPa for 1 mm3. When the failure criterion is satisfied 

after Eq. (4.2) is checked at each time step, element deletion occurs. After this, the load is 

redistributed to the other remaining elements. The continuous fibre breakage process is 
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achieved when Eq. (4.2) is satisfied again as the stresses in the remaining elements 

increase with increasing applied load [72,132].  

The fibre failure under compression is given by Eq. (4.2). It is based on a maximum 

stress criterion relating to the strength of the laminate in the fibre direction under 

compression. When the parameter associated with the failure criteria 𝑒𝑓,𝑐
2  is greater or 

equal to zero, the elements with stresses 𝜎11 are removed from the calculations.  

                                                            𝑒𝑓,𝑐
2 =  (

𝜎11

𝑋𝐶
)2 − 1                                                              (4.3) 

where 𝑋𝐶 = 1690 MPa is the strength of the laminate in the fibre direction under 

compression, as provided by the manufacturer [133].  

4.1.3.2. Inter-laminar failure and matrix cracks 
 

Cohesive interface elements were employed to model delamination between plies 

and intra-ply splitting. Cohesive elements are essentially 2D elements and deformations 

are typically expressed in terms of displacements and tractions (force per unit area) at the 

Gauss points rather than strains and stresses. The insertion of cohesive elements 

between solid elements allows defining the relative opening displacements between the 

upper and lower faces interpolated at the Gauss points in terms of traction using the 

cohesive law. Based on the Cohesive Zone Modelling (CZM) approach, cohesive interface 

elements with finite thicknesses are employed to model the resin-rich regions within the 

laminate. The cohesive formulation developed by Jiang et al. [134] is adopted here and 

implemented into the non-linear explicit solver, LS-DYNA, via a user material subroutine. 

A bi-linear traction-separation law (TSL) governs the cohesive formulation, which is 

associated with the traction and separation of the cohesive element in a mixed-mode 
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behaviour. The formulation is shown in Figure 4.3, where the area under the bi-linear 

curve corresponds to the critical Energy Release Rate (ERR) of the fracture modes.  

The damage onset in mixed-mode loading is governed by a quadratic stress-based 

failure criterion presented in Eq. (4.4), where σI and σI
* are the Mode I (opening) stress 

and strength, σII and σII
* are the Mode II resultant shear stress and strength. A fracture 

energy based mixed-mode power law controls the damage propagation, as presented in 

Eq. (4.5). α is an empirical parameter, whose value is taken as equal to 1.0. GIC and GIIC are 

the critical ERRs for pure Mode I and II loading, and GI and GII are the pure mode 

components of ERR due to the mixed-mode loading. 

 

Figure 4.3: Traction-separation law of a cohesive element [134]. 

To capture the Mode II behaviour in an event such as impact, the enhancement 

effect of though-thickness compression on the shear behaviour is considered. The 

cohesive formulation considers a material-dependent enhancement factor (η) through a 

linear relationship between the shear strength and Mode II critical ERR, as defined by Eq. 

(4.6). This enhancement approach was adopted from Li et al. [135] where they looked at 
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cut-ply and dropped-ply specimens and studied the effect of compressive stress on 

damage initiation and growth of Mode II delamination. The effect of through-thickness 

compression on the shear strength was experimentally and numerically investigated by 

Gan et al. [136] using a modified double-notch shear test. For an in-plane loading such as 

impact, it is important to consider the enhancement effect to accurately capture the 

Mode II behaviour. 

                                                      √(
𝜎𝐼

𝜎𝐼
∗)2 + (

𝜎𝐼𝐼

𝜎𝐼𝐼
∗ )2 = 1                                                                (4.4) 

 

                                                     (
𝐺𝐼

𝐺𝐼𝐶
)𝛼 + (

𝐺𝐼𝐼

𝐺𝐼𝐼𝐶
)𝛼 = 1                                                               (4.5) 

 

                                        {

𝜎𝐼𝐼𝑛   
∗ =  𝜎𝐼𝐼

∗ − 𝜂𝜎𝐼

𝐺𝐼𝐼𝐶𝑛
=  𝐺𝐼𝐼𝐶( 

𝜎𝐼𝐼𝑛   
∗

𝜎𝐼𝐼
∗ )

                𝑤ℎ𝑒𝑛 𝜎𝐼 < 0                                   (4.6)                                         

 

The IM7/8552 material has been characterised at different strain rates with 

various combinations of stress conditions, including considerable dynamic studies using 

the split-Hopkinson bar test system in a study and a relatively complete datasheet 

representing the rate-dependent failure envelope of IM7/8552 laminate can be found in 

[55]. The cohesive interface elements properties are shown in Table 4.2 [55,72,137]. The 

effective elastic properties of the laminate are dependent on the properties of the 

cohesive surfaces and the bulk constitutive relations of the plies. The purpose of the 

cohesive surfaces is to simulate fracture, and several guidelines have been proposed to 

select a value for the interface stiffness. While Zou et al. [138] proposed a stiffness value 

between 104 and 107 multiplied by the value of interfacial strength per unit length, 
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Camanho et al. [139] obtained successful predictions of graphite/epoxy laminates with a 

stiffness of 106 N/mm3. Turon et al. [140] derived a new equation to select the interface 

stiffness, where their approach yielded a stiffness value of 105 N/mm3 to ensure the 

presence of a stiff connection between two adjacent layers whilst maintaining numerical 

stability. To represent a physical stiffness between the plies in this impact study, a value 

of 105 N/mm3 is chosen for the cohesive elements [140]. 

Table 4-2: Cohesive interface element properties. 

GIC (N/mm) GIIC (N/mm) σI 
max (MPa) σII 

max (MPa) 

0.2 [55] 0.9 [55,137] 60 [72] 90 [72] 

 

4.1.4. Boundary conditions 
 

For the impact tests, a mechanical fixture was employed to clamp the laminate as 

a cantilever beam. Since the full length of the laminate is modelled, all the nodes through 

the thickness were selected from one end to represent the mechanical fixture. The 

distance over which the nodes are fixed measures 40 mm in length. The selected nodes 

are illustrated in Figure 4.4 and they are given Single Point Constraint (SPC) boundary 

conditions in LS-DYNA, i.e. all the three translational degrees of freedom are fixed. The 

projectile is oriented such that the surface of the cube strikes the target, as depicted in 

Figure 4.5. This orientation was chosen as the projectile was held in this position inside 

the sabot during the experiments. 
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Figure 4.2=4: Finite element model showing boundary conditions applied to one end of the 

laminate.  

 

Figure 4.5: Schematic showing projectile orientation before an edge impact. 
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4.1.5. Finite element model 
 

Detailed ply-by-ply 3D finite element models were constructed in LS-DYNA to 

represent the targets for edge and centre impacts. The full thickness of the specimen was 

modelled with each ply having one element in the through thickness direction. A single 

layer of 8-noded brick elements with reduced integration (TYPE-1 in LS-DYNA) and with 

elastic orthotropic material properties listed in Table 4.1 were used to model each ply. 

Through the thickness, 8-noded cohesive elements (TYPE-19 in LS-DYNA) with zero 

thickness were assigned to represent the resin-rich regions between the plies, where 

delamination may arise. Cohesive elements were also employed with the Region of 

Interest (RoI) to model potential split paths.  

The RoI measures 40 mm x 40 mm, which is enclosed within the blue box, as 

represented in Figure 4.6. The mesh for the RoI was based on a unit cell [141], where the 

average mesh size is equal to 0.23 mm, and the laminate outside the RoI was defined with 

a coarser mesh size. By inputting the unit mesh size, dimension of each ply, stacking 

sequences and spacing of predefined splits in the plies, the MATLAB-based meshing tool 

generates the basic mesh for each oriented ply. Cohesive elements for inter-laminar 

failure are inserted after every ply and cohesive elements for intra-ply splits are put at 

interfaces between different areas.  

CT scans of impacted laminates revealed multiple matrix cracks around the impact 

point, and the mesh based on a unit cell allows defining the 0° and 90° splits with 0.71 

mm spacing, while the 45° and -45° splits were modelled with 1 mm spacing. The split 

spacings represent the minimum values allowable based on a unit cell. Figure 4.7 
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illustrates the mesh used for the four possible matrix cracking directions using the unit 

cell meshing technique.  

Generally, the solution accuracy is significantly influenced by hourglass 

deformation modes that result from the use of reduced-integration elements. Employing 

fully integrated brick elements can avoid the hourglass problem, but in this case the 

computation becomes inefficient due to the high computational costs associated to their 

usage. The hourglass problem can be controlled by either viscosity or stiffness type 

options in LS-DYNA. In this work, the stiffness based Hourglass control (Type-5 in LS-

DYNA) was used for all reduced-integration elements to suppress zero strain energy 

distortion modes. A thermal load of -160 °C was included in the simulations prior to the 

tensile loading to model the ‘cooling down’ of the laminate from 180 °C to room 

temperature after the curing process and generation of thermal residual stresses. In LS-

DYNA, a thermal load curve is defined with thermal expansion coefficients for IM7/8552 

provided in Table 4.1 [72]. The nodal temperatures are uniform throughout the model 

and vary according to the load curve, where the temperature is defined as a function of 

time. 
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Figure 4.6: Typical FE mesh, showing the mesh defined based on a unit cell enclosed within 

the smaller blue box. 

 

Figure 4.7: A ply-level mesh allowing matrix cracking predictions in four different 

orientations, where the black lines represent (a) 0°, (b) 90°, (c) 45° and (d) -45° splits. 

 

4.1.5. Contact algorithm 
 

LS-DYNA offers three basic contact types, namely single surface contact, nodes-to-

surface contact and surface-to-surface contact. For the problem of high velocity impacts, 

the surface-to-surface contact type was chosen since the surface of the projectile initially 

encounters the surface of the target. A high velocity impact represents a penetration 
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problem and an eroding contact is required when the elements forming one or both 

exterior surfaces experience material failure during contact. For the laminate and/or 

projectile which may rupture as a result of the impact, it is important to define a contact 

formulation which will redefine the contact surfaces to find new contact among elements 

exposed when adjacent elements are eroded. As such, an Eroding Surface-to-Surface 

contact algorithm was defined between the laminate and the projectile.  

 Severe element distortion is likely to occur in high velocity impact simulations, and 

so an additional Automatic Surface-to-Surface contact was defined between each ply to 

limit the extent to which solid elements interpenetrate each other after cohesive 

elements are deleted. Frictional effects between the projectile and target were 

considered based on a basic Coulomb friction model, which is defined by two contacting 

surfaces carrying shear stresses up to a critical shear stress that is dependent on the 

contact pressure [90]. For the steel/composite and composite/composite contacts, the 

coefficient of friction was set to a value of 0.3 [90].  

4.2. High velocity impact simulation 
 

The set of high velocity impact configurations, as illustrated in Figure 4.1, has been 

simulated in LS-DYNA for a duration of 0.5 ms over a range of velocities. Typical runtimes 

for the simulations vary from 10 hours of analysis time for lower velocities to 48 hours for 

higher velocities. The impact process for a typical edge impact at 350 m/s is analysed, 

where the axial strain wave propagation (ɛy) and interlaminar delamination are shown as 

a function of time in Figures 4.8 and 4.9 respectively. As the projectile comes into contact 

with the composite target, the material on either side of the projectile undergoes 

compression (in green) and the rest of the laminate is in tension (yellow). As the 
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simulation progresses, the compressive strain waves propagate in the through thickness 

direction while the bottom part of the laminate is in tension. Fibre failure initiates when 

the stress exceeds the tensile and compressive fibre strengths.  

From Figure 4.9, which shows the delamination area within the RoI, delamination 

initiates at all interfaces as the projectile penetrates the laminate at 10 µs. As the 

projectile continues penetrating through the laminate, delamination growth continues at 

all interfaces and the delamination area increases in size with time. While only an impact 

at 350 m/s is shown in Figure 4.9, the sequence of evolution of delamination is the same 

for all impact velocities. For centre impacts, delamination initiation and propagation is 

observed on all  sides around the impact point. In this work, the modelling accuracy is 

assessed against the experimental results from impacts tests and post-processing of the 

impact simulations includes measuring the extent of fibre failure in all plies and the 

delamination areas at all interfaces within the laminate. 

 

(a)     (b)  
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             (c)    (d)  

Figure 4.3: Axial strain wave propagation (ɛy) for a typical edge impact at 350 m/s at (a) 1 

µs (b) 2 µs (c) 6 µs and (d) 13 µs. 

 

(a)   (b)    

(c)   (d)   

Figure 4.4: Propagated delamination for a typical edge impact at 350 m/s at (a) 10 µs (b) 

20 µs (c) 50 µs and (d) 340 µs. All plies superimposed. 
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4.2.1. Fibre failure 
 

 The extent of fibre failure for all impact configurations is characterised by 

measuring the fibre fracture width from all plies within the laminate. The same method 

employed in Chapter 3 for impact damage characterisation is applied here. Figure 4.10 

shows a typical example of how the width, w, of broken fibres is measured post-impact 

simulation. For edge impacts, the width of broken fibres corresponds to the distance 

between the edge and the furthest failed solid element from the edge for all the plies. For 

the centre impacts, the distance between the two furthest failed solid elements for all the 

plies corresponds to the width of broken fibres.  

Once the widths of broken fibres are measured, the fibre fracture width for a 

laminate impacted at a given velocity is determined as the widths of broken fibres 

averaged over the number of plies showing fibre failure. The results for all impact 

configurations, with respect to impact energy, are summarised in Table 4.3. From the 

recorded incident velocities, the impact energies for each configuration can be calculated 

using the Eq. (4.7).  

                                                    𝐸𝐾 =  
1

2
 𝑚𝑝 𝑣𝑝

2                                                              (4.7) 

where Ek is the incident kinetic energy of the projectile just before impact, mp is the mass 

of the projectile and vp is the recorded impact velocity of the projectile. The extent of 

fibre failure and number of broken plies observed for a given impact position increase 

with impact energy. For a laminate, the fibre fracture width is largest in the top plies, and 

it decreases in size in the through thickness direction.  
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Figure 4.5: Determining the width, w, of broken fibres for (a) edge impact at 350 m/s (90° 

ply on left and 0° ply on right) and (b) centre impact at 350 m/s (90° ply on left and 0° ply 

on right). 

 

The fibre fracture widths for all impact configurations are then compared to 

experimental results from Chapter 3 and the impact results are illustrated in Figures 4.11 

and 4.12 respectively. Also shown in Figures 4.11 and 4.12 are the error bars 

corresponding to the variations in the widths of broken fibres within each ply for a single 

laminate. Large variations in the widths of broken fibres are observed for most impact 
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energies, which are due to a larger extent of fibre failure in the plies close to the impact 

point and a smaller extent of fibre failure in the plies away from the impact point.  

At 1.1 J, the edge impact model revealed fibre failure in the top 45° ply only as 

compared to the first seven plies showing fibre failure from the impact test. Beyond 

impact energy of 1.1 J, the predicted fibre fracture widths differ from the experimental 

fibre fracture widths, with an average difference of 26%. A larger discrepancy between 

test and FE results for low energy edge impacts is observed and this may be associated 

with the fact that the model fails to cause fibre failure in several plies, i.e. at 2.5 J, the 

impact model shows fibre failure in 3 plies as compared to the 7 broken plies in the 

impacted specimen from the experiments. For centre impacts at energy levels beyond 1.1 

J, the predicted fibre fracture widths fluctuate from the experimental results by an 

average difference of 30%. The large differences observed in the predicted and actual 

fibre fracture widths are believed to be due to the orientation of the cube before impact 

and the fact that there might be a slight variation in exactly where the cube strikes the 

target. To further investigate the effect of different projectile orientations on the extent 

of fibre failure, a parametric study is conducted in section 4.3.  
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Table 4-3: Fibre fracture width values for edge and centre impacts – FE. 

 Edge Impacts Centre Impacts 

Impact energy 

(J) 

No. of broken 

plies 

Fibre fracture 

width (mm) 

No. of 

broken plies  

Fibre fracture 

width (mm) 

1.1 1 2.48 1 0.5 

2.5 3 2.71 2 1.06 

4.4 6 3.36 3 2.60 

6.5 11 3.80 8 2.01 

9.9 12 5.03 10 4.55 

13.5 15 5.79 13 5.73 

 

 

Figure 4.6: Fibre fracture widths for all edge-impacted laminates over a range of impact 

energies – Test versus FE. 
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Figure 4.7: Fibre fracture widths for all centre-impacted laminates over a range of impact 

energies – Test versus FE. 

4.2.2. Delamination area 
 

The cohesive interface elements between every ply for all impact configurations 

are analysed, where fully failed cohesive elements correspond to the delamination area. 

To measure the delamination area, an image of the cohesive interface is uploaded to the 

ImageJ® software. Typical 45°/90° interfaces from edge- and centre-impacted laminates 

at 350 m/s are shown in Figure 4.13. The image size is 620 x 620 pixels, corresponding to 

the Region of Interest (RoI) which measures 40 mm x 40 mm. Using the freehand option 

available in ImageJ®, the patterns marked in white in Figure 4.13 are drawn. The area 

enclosed within the white region is determined in terms of its number of pixels and then 

translated to an equivalent value in mm2. This procedure is repeated for all delaminated 

interfaces from all impact configurations. The delamination area for an impacted laminate 

was then obtained by averaging over the number of interfaces showing delamination. 

Detailed results are presented in Table 4.4. 



Chapter 4 – High Velocity Impact Modelling 

103 
 

 

(a) (b)   

 

Figure 4.8: Predicted delamination area marked within the white region for typical 45°/90° 

interfaces as observed in (a) edge-impacted laminate and (b) centre-impacted laminate at 

350 m/s. 

Table 4-4: Predicted delamination area for all impact configurations. 

 Edge Impacts Centre Impacts 

Impact 

energy (J) 

Delamination area 

(mm2) 

Delamination area 

(mm2) 

1.1 15.8 6.77 

2.5 50.3 35.8 

4.4 79.9 82.7 

6.5 130 134 

9.9 177 182 

13.5 182 242 

 

 The impact model predicts delamination at all interfaces for all impact energies. 

From section 3.5, the CT scanning images revealed delamination in 12 interfaces for an 
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edge impact at 1.1 J and only one delaminated interface for centre impacts at 1.1 J. As 

impact energy is increased beyond 1.1 J, the number of delaminated interfaces is 

correctly predicted by the model. As impact energy is increased, the delamination area 

increases for both edge and centre impacts. For edge and centre cases, the variations in 

delamination area with impact energy are plotted in Figures 4.14 and 4.15 respectively. 

The delamination areas determined from CT scanning images are also included in Figures 

4.14 and 4.15.  The error bars in Figures 4.14 and 4.15 are associated with the variations 

in delamination area of the individual interfaces from the mean in a single specimen. 

As impact energy is increased, the predicted delamination area in edge-impacted 

laminates increases and beyond 9.9 J, increases more slowly. A maximum delamination 

area and laminate perforation was observed at 9.9 J from the impact tests, and the 

impact model fails to predict this maximum delamination area, as well as laminate 

perforation. For centre impacts in Figure 4.15, the delamination areas are correctly 

predicted by the impact model for impact energies between 1.1 J and 6.5 J. However, as 

impact energy is increased beyond 6.5 J, the predicted delamination areas lie below the 

experimental results by 46%. The differences in the predicted and experimental 

delamination areas may be related to the number and positions of interface layers and 

the fact that the model consists of only one element per ply in the through thickness 

direction, where the bending stiffness in the through thickness direction is 

underestimated when using elements with reduced integration. Since the extent of 

delamination is dependent on the laminate’s bending stiffness, the impact model fails to 

capture the correct the delamination areas for some impact energies. In addition, the 

smaller predicted delamination areas for some impact cases may be due to the split 
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spacings used in the impact model. The automated unit cell technique has a limitation 

since the smallest split spacings vary from 0.71 mm – 1.0 mm.  

 

Figure 4.9: Delamination area for all edge-impacted laminates over a range of impact 

energies – Test versus FE. 

 

 

Figure 4.10: Delamination area for all centre-impacted laminates over a range of impact 

energies – Test versus FE. 
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4.2.3. Kinetic energy 
 

Post-processing of the finite element simulations allows determining the energy 

transferred to the system, which is equal to the difference between the initial and the 

residual kinetic energies of the projectile. The energy is transferred to the system via 

several failure modes and Figure 4.16 illustrates the relationship between the transferred 

energy and the impact energy for edge and centre impacts. As the impact energy 

increases, the extent of transferred energy increases for both impact configurations, 

which is why both edge- and centre-impacted laminates show increasing impact damage 

size with increasing impact energy. For any given impact energy, Figure 4.16 shows that 

edge-impacted laminates transfer more kinetic energy to the system than centre-

impacted laminates. This implies more energy is available to break the fibres and to 

contribute to delamination. This agrees with the results from Table 4.3, where edge-

impacted laminates have a greater number of broken plies and larger extent of fibre 

failure than centre-impacted laminates.  
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Figure 4.11: Relationship between impact energy and absorbed energy for both impact 

configurations. 

4.2.4. Hourglass energy 
 

As mentioned in section 4.1.3, hourglassing is a spurious deformation mode of the 

finite element mesh, where individual elements are severely distorted. The hourglass 

energy can be computed in the impact simulations and its value should be small relative 

to total and internal energy. The accepted rule-of-thumb is that hourglass energy should 

be less than 10% of internal energy [142]. Here, an investigation into the hourglass and 

internal energies of the whole system is carried out for different impact energies and the 

results are illustrated in Figures 4.17 and 4.18 for edge and centre impacts respectively. 

Edge and centre impacts at 1.1 J and 13.5 J are considered, and the results show that the 

hourglass energy is approximately 4% of the internal energy. As such, the use of Flanagan-

Belytschko stiffness-based hourglass control is justified, which makes the use of more 

expensive elements with full integration unnecessary. 

(13.5,12.9) 

(13.5,9.93) 
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  (a)   

(b)  

Figure 4.12: Hourglass energy and internal energy of the system for edge impacts at (a) 

1.1 J and (b) 13.5 J. 

(a)  

(b)    

Figure 4.13: Hourglass energy and internal energy of the system for centre impacts at (a) 

1.1 J and (b) 13.5 J. 
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4.2.5. Effect of through thickness compression on shear 
 

 As mentioned in section 4.1.3, the enhancement effect of through thickness 

compression is important to consider to accurately capture the Mode II behaviour. The 

enhancement factor, (η) in Eq. (4.3), is critical in controlling the load corresponding to the 

delamination initiation, where it serves as an internal friction coefficient that increases 

the strength in Mode II and the critical energy release rate due to through thickness 

compression [143]. Sun et al. [143] employed an enhancement factor of 0.58 to model 

barely visible impact damage in scaled composite laminates. As an initial trial and due to 

the nature of a high velocity impact which occurs in a short period of time, the 

enhancement factor is set to a higher value equal to 0.7. Because of the strain-rate 

sensitivity of the friction coefficient [144], a parametric study on the enhancement factor 

is conducted here, with η set to 0.6 and 1.5. Edge impacts at 100 m/s and 350 m/s are 

chosen for this parametric study and the predicted impact damage is analysed, where 

Figure 4.19 illustrates the sensitivity of the fibre fracture width with varying enhancement 

factors and Figure 4.20 refers to the predicted delamination areas as the enhancement 

factor is altered. For impacts at 100 m/s and 350 m/s, the fibre fracture width decreases 

as η is set to 0.6 and 1.5, with an average difference of 16%. In comparison to the 

experimental fibre fracture widths, the closest predictions are obtained with η = 1.5 for 

100 m/s and η = 0.7 for 350 m/s. As η is modified, small variations in predicted 

delamination areas are observed at 100 m/s, where the predicted delamination areas are 

underestimated irrespective of the value assigned to η. For impacts at 350 m/s, large 

variations in delamination areas are observed as η is altered, and all predicted areas are 

overestimated.  
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The parametric study conducted here shows that the extent of impact damage 

varies with changes in the enhancement factor and further analysis is required which 

takes into consideration a wider range of enhancement factors. Otherwise, interlaminar 

shear strength tests under dynamic conditions using a split-Hopkinson bar test system 

need to be carried out to determine η. However, for this study, a value of 0.7 for the 

enhancement factor is considered.  

 

Figure 4.14: Fibre fracture width sensitivity to variations in the enhancement factor. 

 

Figure 4.15: Delamination area sensitivity to variations in the enhancement factor. 

 

 



Chapter 4 – High Velocity Impact Modelling 

111 
 

4.3. Development of baseline impact model 
 

The finite element simulation results for both edge and centre impacts, in terms of 

extent of fibre failure and delamination area, differ considerably for some impact energy 

levels. To this extent, this section describes several ways at improving the baseline impact 

model and at the same time, investigating the parameters which may affect the extent of 

impact damage. The possible improvements are: 

• Finer mesh size 

• Different projectile orientations before impact 

• Representative sub-laminates, where the number and positions of 

cohesive layers are varied 

• Through thickness mesh density, i.e. number of elements per ply. 

4.3.1. Mesh sensitivity 
 

The impact model developed in section 4.1 has an average mesh size of 0.23 mm 

in the RoI region, while the region outside the RoI has a much coarser mesh size. To verify 

how sensitive the extent of impact damage is to mesh size, simulations are carried out 

with a finer mesh size for the RoI. The refined RoI has an average mesh size of 0.11 mm. 

Due to a limited of number of elements which can be created for a finite element model 

with the automated unit cell meshing technique, there is a restriction on the size of the 

RoI and the latter is 40 mm wide and 25 mm long. The new RoI is illustrated in Figure 

4.21. High velocity impacts at energy levels of 1.1 J, 4.4 J, 9.9 J and 13.5 J are simulated, 

and the extent of fibre failure and delamination area are investigated and compared to 

the FE model with the baseline mesh size. 
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Figure 4.16: FE model illustrating Region of Interest (RoI) with finer mesh. 

4.3.1.1. Fibre fracture width 
 

The extent of fibre failure in all plies was inspected for edge and centre impacts at 

varying energy levels. The fibre fracture widths from CT scans, FE model with baseline 

mesh and FE model with finer mesh are compared and illustrated in Figures 4.22 and 4.23 

for edge and centre cases respectively. For edge impacts over the range of impact 

energies considered, the predicted fibre fracture widths using the baseline and fine 

meshes differ by an average of 4.1%. At an impact energy of 1.1 J, the predicted fibre 

frature width is lower by 11% as the mesh size is reduced. As impact energy is increased, 

the fine and baseline mesh results converge.  

For centre impacts over the range of impact energies, the predicted fibre fracture 

widths using the baseline and fine meshes differ by an average of 28%. At an impact 

energy of 1.1 J, the predicted fibre fracture width is significantly higher as the mesh size is 
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reduced. With increasing impact energy, the fine and baseline mesh results converge. In 

comparsion to the experimental fibre fracture widths, it is observed that there is no 

significant improvement in the fibre failure predictions as the mesh size is reduced. In 

addition, there are high computational costs associated with using a finer mesh. The 

baseline mesh employed in the impact model is considered adequate.   

 

 

Figure 4.17: Effect of mesh size on fibre fracture widths for edge impacts. 
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Figure 4.18: Effect of mesh size on fibre fracture widths for centre impacts. 

4.3.1.2. Delamination area 
 

The predicted delamination areas for edge and centre impacts over a range of 

impact energies obtained from models with the baseline and fine mesh sizes are 

compared and illustrated in Figures 4.24 and 4.25. The predicted delamination areas 

differ by an average of 5% over the range of impact energies considered. At lower impact 

energies, the fine and baseline mesh results converge. However, as impact energy is 

increased to 13.5 J, the delamination area is higher by 9% as the mesh size is reduced. The 

predicted delamination areas for centre impacts from Figure 4.25 show that the fine and 

baseline mesh results converge over the range of impact energies considered. In 

comparison to the experimental results, an impact model with a finer mesh does not yield 

significant improvements in the predicted delamination areas. As such, for this numerical 
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study, the baseline mesh is assumed sufficient in addition to its lower computational 

costs. 

 

Figure 4.19: Effect of mesh size on delamination areas for edge impacts. 

 

 

Figure 4.20: Effect of mesh size on delamination areas for centre impacts. 
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4.3.2. Effect of projectile’s orientation 
 

The differences observed in the extent of impact damage between the FE and 

experimental results for edge- and centre-impacted laminates could be due to different 

orientations of the projectile before impact and possible variation in exactly where the 

laminate was struck. In the impact test setup, the mechanical fixture was positioned such 

that the projectile strikes the target at 1.5 mm and 20 mm from the edge for the edge 

and centre impacts respectively. However, as mentioned in Chapter 3, it was not possible 

to control the projectile’s rotation once it leaves the sabot. To this end, it is interesting to 

investigate the effect of different projectile orientations on the predicted extent of 

impact damage.  

The baseline orientation of the projectile in the baseline impact model, as shown 

in Figure 4.3, relates to the surface of the projectile impacting the target. The first 

variation in the projectile’s orientation considered is where the projectile strikes the 

target in a ‘point first’ configuration, which is referred to as ‘Point’. The second one 

relates to an edge of the projectile striking the target and is referred to as ‘Edge’. As 

before, an oblique impact is to be simulated, where the projectile strikes the target at 1.5 

mm and 20 mm from the edge. Figure 4.26 illustrates the two different projectile 

orientations for a typical edge impact. The finite element model with different 

orientations is simulated for edge and centre impacts at impact energy levels of 1.1 J, 4.4 

J, 9.9 J and 13.5 J. Post-processing includes determining the fibre fracture widths and 

delamination areas.  
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 (a)  

        (b)  

Figure 4.21: FE model showing the two projectile orientations considered where (a) shows 

a ‘Point’ of the projectile striking the target and (b) shows an ‘Edge’ of the projectile 

striking the target.  

 

1.5 mm 

45° 
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4.3.2.1. Fibre fracture width 
 

The extent of fibre failure in all plies was measured using the ImageJ® software. 

Figures 4.27 and 4.28 illustrate the predicted fibre fracture widths for edge and centre 

impacts respectively. Also included on the plots are the results from the impact tests. For 

edge impacts at 1.1 J and 4.4 J, changes in the orientations of the projectile before impact 

do not result in large variations in the predicted fibre fracture widths. However, as the 

impact energy is increased beyond 4.4 J, the predicted fibre fracture widths are 

significantly influenced by the changes in projectile orientations. Between 4.4 J and 13.5 J, 

the orientation ‘Point’ yields the largest fibre fracture width. An interesting observation is 

made at 13.5 J, where the experimental fibre fracture width lies within the range of 

predicted fibre fracture widths with different orientations.  

 

Figure 4.22: Predicted fibre fracture widths for different projectile’s orientations and 

experimental fibre fracture widths for varying energy levels in edge-impacted laminates. 
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As the orientations are altered for centre impacts, the variations in predicted fibre 

fracture width become larger beyond 1.1 J. The ‘Point’ configuration produces the largest 

extent of fibre fracture at any given impact energy and at 1.1 J, the predicted fibre 

fracture width is spot on with the ‘Point’ configuration. At impact energy of 13.5 J, the 

experimental fibre fracture again lies within the range of predicted fibre fracture widths 

with varying orientations. For both edge and centre impacts, it is shown that the 

predicted fibre fracture widths are affected by changes in projectile orientations. While 

the projectile has a mesh size of 0.1 mm and the laminate within the RoI has an average 

mesh size of 0.23 mm, there is a possibility that the effect of sharp contact in the ‘Point’ 

and ‘Edge’ configurations is not simulated as it should be. A finer mesh size for the 

projectile and the laminate represents a possible improvement, however, it is 

computationally expensive. 

 

Figure 4.23: Predicted fibre fracture widths for different projectile’s orientations and 

experimental fibre fracture widths for varying energy levels in centre-impacted laminates. 
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4.3.2.2. Delamination area 
 

The delamination areas for different projectile orientations are predicted and 

compared to the experimental results. The findings are illustrated in Figures 4.29 and 4.30 

for edge and centre impacts respectively. For lower impact energies, the extent of 

delamination area is less affected by changes in the orientation of the projectile as 

compared to impacts at higher energies.  For an edge impact at 9.9 J, the experimental 

delamination area lies within the range of predicted areas as the orientations are varied. 

For a centre impact at 13.5 J, the ‘Point’ configuration yields the closest value with the 

experimental result, however, its associated fibre fracture width is significantly higher 

than the experimental fibre fracture width. 

 

Figure 4.24: Predicted delamination areas for different projectile’s orientations and 

experimental delamination areas for varying energy levels in edge-impacted laminates. 
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Figure 4.25: Predicted delamination areas for different projectile’s orientations and 

experimental delamination areas for varying energy levels in centre-impacted laminates. 

4.3.2.3. Contact force 
 

 The changes in the orientation of the projectile before impact have been shown to 

yield large variations in the extent of fibre failure. These variations in the fibre fracture 

width can be associated with the contact force on impact and the area of contact 

between the projectile and the laminate. Typical force-time histories obtained from the 

numerical models for various projectile orientations and impact energies are illustrated in 

Figures 4.31 for typical centre impacts at 4.4 J and 13.5 J. The time duration of the impact 

event is similar for the impact cases considered and the contact force increases with 

impact energy. For impacts at 4.4 J and 13.5 J, the model with the ‘Point’ orientation 

shows the highest contact force. Given the ‘Point’ configuration has the smallest contact 

area upon impact, the ‘Point’ configuration results in the largest fibre fracture widths as 

shown in Figure 4.28. As the orientation is varied from ‘Point’ to ‘Edge’, the contact force 

decreases and the contact area increases. As such, the predicted fibre fracture widths are 
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smaller compared to the predicted values from the ‘Point’ orientation. The baseline 

orientation has the smallest contact force upon impact, as seen in Figure 4.31, which can 

be associated with the smallest fibre fracture widths observed for this particular 

orientation. 

  

(a)   

(b)  

Figure 4.26: Contact force-time histories for centre impacts with varying projectile 

orientations at impact energy of (a) 1.1 J and (b) 13.5 J. 
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4.3.3. Representative sub-laminates 
 

 Inter-laminar load transfer between plies of different orientations (Mode II) and 

through thickness tensile stress waves (Mode I) lead to interface stresses, which drive 

delamination in impacted laminates [90]. Local delamination mainly occurs close to the 

impact point and further away from the impact point, interface cracks accumulate. While 

cohesive interface elements were defined between every ply in the baseline impact 

model, it is of interest to investigate the effect on the extent of delamination area when 

the position and number of interface layers are reduced. In doing so, the computational 

costs are significantly reduced as the number of equations to be solved is decreased. 

Additionally, since each ply is made up of one layer of single integration point elements, 

once it has delaminated either side, its bending stiffness is incorrect. Therefore, once the 

laminate is separated into layers of multiple elements, the delamination area is expected 

to increase as the extent of delamination is dependent on the local bending stiffness of 

the sub-laminate as discretised. Based on the failure behaviour observed in an 

experimental study conducted by Johnson et al. [145], four sub-laminates each consisting 

of four plies were used to simulate a 16-ply laminate. While Heims et al. [146] studied the 

effect of using two, three, four and six cohesive layers for a 24-ply laminate to simulate 

low velocity impact, Pickett et al. [147] employed eight layers of shell elements to 

simulate a 16-ply laminate. Only the number of interfaces was changed in the above 

studies [145-147], and each single ply was defined by one element with single point 

integration. The authors observed that the amount of energy absorbed by the system is 

significantly influenced by the number of interface layers and an increase in the number 

of interface layers contributed to a reduction in lateral bending stiffness. 
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From the baseline impact model, the delamination area was underpredicted for 

edge impacts at lower impact energies and for centre impacts at higher impact energies. 

This section investigates the effect of the number and position of interface layers on the 

extent of impact damage. Finite element models are created with similar boundary 

conditions, failure criteria, lamina and cohesive properties as in the baseline impact 

model, and the number of elements per ply is kept at one. The number and positions of 

cohesive interface layers are illustrated in Figure 4.32, which shows cohesive elements 

inserted after every two and four plies. The variation in delamination area with impact 

energy for edge-impacted laminates are shown in Figure 4.33, and the delamination 

patterns observed for the different sub-laminate configurations within the RoI are 

illustrated in Figure 4.34. While Figure 4.35 depicts the relationship between 

delamination area and impact energy for centre-impacted laminates, Figure 4.36 shows 

the damage patterns in centre-impacted laminates within the RoI over a range of impact 

energies. To assess the effect of the number of cohesive layers on the delamination area, 

the delamination areas and patterns from the baseline impact model and impact tests are 

also included in Figures 4.33, 4.34, 4.35 and 4.36.  
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Figure 4.27: Definition of cohesive interfaces (a) after every 4 plies and (b) after every 2 

plies. The cohesive interfaces are represented by the red lines. 

 

 

Figure 4.28: Delamination area versus impact energy for different sub-laminate 

configurations in edge-impacted laminates. 
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The results reveal that the changes to the number of interfaces have significant 

effects on the predicted delamination areas. For edge impacts in Figure 4.33, the extent 

of delamination is largest when interface elements are inserted after every 4 plies. At 

lower impact energies, there is a smaller variation in the delamination area compared to 

the variations in the area at higher impact energies as the number of interface layers are 

varied. The predicted delamination patterns from Figure 4.34 when interface layers are 

inserted between all plies differ considerably from the CT scan images. As the number of 

interface layers is decreased, the delamination patterns approach those from CT scans. In 

addition, at 4.4 J, all sub-laminate configurations fail to capture the delamination pattern 

observed in the bottom 45°/90° interface, which extends across more than half of the 

laminate’s width. Similar observations can be made for centre impacts at higher impact 

energies, where the delamination area varies significantly as the number of interface 

layers is increased.  

Throughout this numerical study, delamination areas have been characterised as 

an average value as it clearly represents the extent of internal damage within an 

impacted laminate. Nevertheless, the total delamination area and the projected 

delamination area were also considered. However, neither total delamination area nor 

projected delamination area have yielded closer predictions to the experimental results. 
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Delamination patterns – Edge impacts 
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Figure 4.29: Delamination patterns over a range of impact energies for different sub-

laminate configurations in edge-impacted laminates. 
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Figure 4.30: Delamination area versus impact energy for different sub-laminate 

configurations in centre-impacted laminates. 

Delamination patterns – Centre impacts 
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Figure 4.31: Delamination patterns over a range of impact energies for different sub-

laminate configurations in centre-impacted laminates. 

 

0 40mm 

45° 

0° 

-45° 
90° 



Chapter 4 – High Velocity Impact Modelling 

129 
 

The extent of fibre failure observed in the impacted laminates with the varying 

sub-laminate configurations are investigated and the results for edge and centre impacts 

are presented in Figures 4.37 and 4.38 respectively. For edge impacts, the laminates show 

large differences in the extent of fibre failure as the number of interface layers in 

decreased. In addition, the impact model with different sub-laminate configurations 

overestimates the experimental fibre fracture widths. Likewise, for centre impacts, there 

are large variations in fibre fracture widths as the number of interface layers is decreased.  

 

Figure 4.32: Extent of fibre failure over a range of impact energy with varying sub-

laminate configurations for edge impacts. 
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Figure 4.33: Extent of fibre failure over a range of impact energy with varying sub-

laminate configurations for centre impacts. 

4.3.4. Through-thickness mesh density 
 

 Previous numerical works on high velocity impact [55,84,87,94,148] have reported 

the use of one element per ply in the through-thickness direction. While the baseline 

impact model consists of one element per ply, it is expected that increasing the through-

thickness mesh density will lead to a more accurate load distribution and deformation 

throughout the model, but the run time costs would be significantly higher. It is expected 

that to obtain better delamination area predictions for the different impact 

configurations, each ply needs to be modelled with more than one solid element in the 

through-thickness direction. A simple numerical study is conducted to investigate the 

effect of the through-thickness mesh density on the extent of delamination. The baseline 

impact model has been modified to include two elements per ply in the through-thickness 

direction and all cohesive elements representing potential split paths have been 
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removed. The centre impact case at 350 m/s is considered and Figure 4.39 depicts the 

propagated delamination within the RoI for the two mesh densities considered. An 

increase in the number of elements per ply in the through-thickness direction results in 

an improved delamination area by 5%. With the addition of potential split paths, an 

increase in the delamination area can be expected as delamination spreads via matrix 

cracks. Further numerical analysis using more than two elements per ply in the through-

thickness direction is also required. It is worth mentioning that the run time for the model 

with two elements per ply was approximately 96 hours of analysis time. With more 

elements in the through-thickness direction and multiple split paths, the run time can be 

expected to be greater than 100 of analysis time. Since the aim of this numerical study is 

to obtain a computationally efficient impact model, even though increasing the through-

thickness discretisation may be a potential avenue for obtaining better impact damage 

predictions, it is not considered in this work as it may be less practical for industrial 

application.  

(a)   (b)   

Figure 4.34: Propagated delamination area for centre-impacted laminate at 350 m/s using 

(a) one element per ply and (b) two elements per ply in the through thickness direction. 
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4.4. Conclusion 
 

 A Hi-fidelity Finite Element Method has been employed to simulate high velocity 

impacts over a range of impact energies. The predicted impact damage was validated 

against experimental results from Chapter 3 and the FE model yielded good predictions, 

in terms of fibre fracture width and delamination areas, for some impact energies. In 

order to obtain better impact damage predictions, whilst maintaining the robustness and 

efficiency of the impact model, several improvements were investigated.  

A mesh sensitivity study was conducted, where impact damage predictions were 

not significantly mesh sensitive as impact energy was increased and therefore, the 

automated unit cell meshing technique with an average mesh size of 0.23 mm is deemed 

adequate for this numerical study. It was shown that changes in the projectile’s 

orientation before impact significantly influence the extent of fibre failure. This can be 

associated with the contact force and the contact area during the impact event. Another 

improvement to the impact model was the number and positions of interface layers 

within the laminate. As the number of interface layers is increased, the numerical 

representation of delamination damage becomes less accurate as it is dependent on the 

local bending stiffness of the sub-laminate discretisation. In modelling terms, cohesive 

layers inserted after every ply are an accurate representation of the laminates utilised for 

the impact tests. In order to obtain a single FE model which can accurately predict the 

impact damage over a range of impact velocities, an optimisation study in sub-laminate 

definitions needs to be carried out. This optimisation study will consider a range of 

number and position of interface layers, where plies that were previously neighbours and 

of equal or similar orientation can be grouped together. A fourth plausible enhancement 
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for the impact model is the through-thickness discretisation, however, it was not 

investigated in this study due to its high computational cost.  

The Hi-fidelity Finite Element Method used for the impact study does have some 

limitations, such as the omission of shear stress interactions with the compressive fibre 

failure, restrictions on the split spacings using the automated unit cell meshing technique, 

single integration points for solid elements and a single projectile orientation before 

impact. Since it is unlikely to use different impact models with different projectile 

orientations and different number of interface layers to simulate high velocity impacts 

over a range of velocities, the baseline impact model developed in this work is considered 

for further numerical analysis on the residual tensile strength.  
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5. Residual Tensile Strength – Experimental work 
 

As mentioned in section 2.3, there are some studies published in the literature on 

the relationship between extent of damage due to localised high velocity impacts and 

residual strength. While most authors investigated residual strength of laminates 

subjected to low velocity impacts, some have studied the residual strength of high 

velocity impacted laminates, where Compression After Impact (CAI) has been the 

standardised strength measurement for impacts conducted with large and heavy 

projectiles. However, tension after impact is also important for structural components 

subjected to high tensile forces. 

The effects of fibre fracture and delamination area on the residual strength are 

considered through quasi-static tensile tests on high velocity impacted laminates and this 

chapter explains the methodology behind the tests carried out and investigates the 

reduction in residual tensile strength. In the first instance, the impacted laminates from 

the initial impact study carried out in section 3.1 are loaded under tension. Then, the 

residual tensile strength of impacted laminates from the second impact study (section 

3.2) over a range of velocities is investigated. The relationship between residual tensile 

strength and characterised impact damage is studied. In addition, the residual tensile 

strength of machined notches is investigated experimentally and compared to the 

residual tensile strength of impacted laminates in order to assess the equivalence in 

strength reduction. 
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5.1. Test method 
 

Quasi-static tensile tests, according to the ASTM D3909 standard [149], were 

carried out in the University of Bristol laboratory, using the Instron 100 kN hydraulic-

driven test machine, shown in Figure 5.1. Quasi-isotropic laminates with no impact were 

used as a baseline to determine the reduction in residual strength. With no end tabs 

being used, all specimens were gripped with a pressure of 12 MPa, to minimise the risk of 

slippage.  

All specimens were positioned between the grips and were ensured to be well 

aligned in the test machine before testing. A length of 50 mm on both sides of the 

specimens was allocated for gripping. All specimens were loaded vertically in the 0° fibre 

orientation under displacement control with a loading rate of 1 mm/min. The bottom part 

of the machine is fixed, and the top head moves vertically. The position of the top head is 

recorded during the test through a load cell.  

 

Figure 5.1: Quasi-static tensile test set up. 

 

 

Specimen 
Computer 

collecting data 

Cross-head 
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5.2. Initial impact study  
 

This section investigates the residual tensile strength of the impacted laminates 

considered in section 3.1 (refer to Figure 3.1 for impact configurations). Out of the five 

specimens tested for high velocity impacts, one from each configuration was used for C-

scan and the remaining four were tested for quasi-static tension. Figure 5.2a and 5.2b 

illustrate typical load-crosshead displacement curves for 1 mm and 2 mm thick laminates, 

corresponding to laminates with no impact and laminates impacted at 45° to the leading 

edge (LE). As seen from Figures 5.2a and 5.2b, there is an initial stiffness mismatch 

between impacted and non-impacted laminates. From these load-crosshead 

displacement responses, the highest load level is taken as the failure load, from which the 

tensile strength is calculated using Eq. 5.1. 

                                                    𝜎 =  
𝑃𝑓𝑎𝑖𝑙𝑢𝑟𝑒

𝐴𝑡𝑜𝑡𝑎𝑙
                                                                (5.1) 

where, 𝜎 is the tensile failure stress, Pfailure is the average peak load recorded at 

failure and 𝐴𝑡𝑜𝑡𝑎𝑙  is the total cross-sectional area of the laminate, obtained from the 

measured widths and thicknesses of the laminates. The residual tensile strength data for 

all laminates is provided in Table 5.1. Due to some slippage observed in the unnotched 

specimens, the use of an extensometer would have improved the accuracy of the 

displacement readings. However, as strain values of the specimens loaded in tension are 

not investigated, the crosshead displacements are adequately accurate to determine the 

tensile failure strength.  

The effect of thickness, impact position and angle of impact on the tensile 

strength are represented on the histograms shown in Figure 5.3. The largest reduction in 
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residual tensile strength is observed for impact at 45° to the LE on 1 mm thick laminates. 

This represents the most severe impact case with a 60% reduction in strength. Doubling 

the thickness of the laminate, a reduction of 47% in residual tensile strength is observed 

for the most severe impact case. It is also possible to compare the effect of impact 

position on the residual strength. An oblique (45°) impact to the leading edge of the 

laminate induces a larger extent of impact damage compared to impacts at the trailing 

edge (refer to Section 3.1.3). Consequently, the reduction in residual tensile strength is 

larger for laminates impacted at 45° to the LE. A 45° impact to the LE results in a lower 

residual tensile strength compared to a 90° impact at the same edge.  This is because the 

oblique trajectory of the projectile induces a larger extent of damage at the edge of the 

laminate. For 2 mm thick laminates, the residual tensile strengths of laminates impacted 

at 45° and 90° to the LE differ by 4%. A larger difference of 16% was observed for 1 mm 

thick laminates. As such, the oblique trajectory of the projectile does not significantly 

influence the strength degradation when the laminate’s bending stiffness is increased. 

(a)  
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(b)  

Figure 5.2: Typical load vs crosshead displacement responses of non-impacted and 

impacted laminates, where (a) is for 1 mm thick laminates and (b) is for 2 mm thick 

laminates. 

 

Table 5-1: Residual tensile strength of impacted laminates from Extended Project [96]. 

Thickness 

(mm) 

Impact 

position 

Impact angle 

(°) 

Impact 

Velocity (m/s) 

Residual Tensile 

Strength (MPa) (C.V. %) 

1 - - - 824 (2.7) 

2 - - - 939 (3.0) 

High velocity impacts 

1 Leading edge 45 300 331 (2.3) 

1 Leading edge 90 301 392 (3.1) 

1 Trailing edge 45 304 506 (2.2) 

2 Leading edge 45 304 494 (1.8) 

2 Leading edge 90 302 514 (2.7) 

2 Trailing edge 45 300 594 (2.7) 



Chapter 5 – Residual Tensile Strength – Experimental work 

139 
 

 

 

Figure 5.3: High velocity impacts – Effect of varying thickness, impact position and impact 

angle on the residual tensile strength. 

 

5.3. High velocity impact 
 

As mentioned previously, there have been several works in the literature which 

looked at residual strength of laminates under low velocity impact. While studies of the 

residual strength of laminates subjected to high velocity or ballistic impacts are few, some 

works looked at oblique impacts on thin laminates over a range of impact velocities, 

where the analysis of normal and oblique ballistic impacts on thin carbon/epoxy woven 

laminates was carried out, for example by Lopez-Puente et al. [54]. However, the 

extension of the latter’s work to investigate residual strength has not been published yet. 

The laminates subjected to high velocity impacts between 100 m/s and 350 m/s 

with impacts carried out at two specific points on the laminates were investigated for 
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residual strength through quasi-static tensile tests [111]. The residual strength study was 

extended further to analyse the effect of impact position.  

5.3.1 Load vs. displacement response 
 

Typical load crosshead-displacement responses of the unnotched, edge- and 

centre-impacted laminates at an impact velocity of 350 m/s are shown in Figure 5.4. 

Edge- and centre-impacted laminates show an almost linear response up to failure, where 

a fibre pull-out mechanism is identified near the impact damage front at the failure load. 

The non-impacted laminate shows failure close to the gripping region and its non-linearity 

is due to slippage at the grips during the test [111]. From these load crosshead-

displacement responses, the highest load level is taken as the failure load and the residual 

tensile strength is calculated using Eq. (5.1). Table 5.2 provides details on the residual 

tensile strength for all laminates tested. The tensile strength for unnotched laminates is 

909 MPa (C.V. 2.2%), which is similar to the unnotched tensile test results for a quasi-

isotropic laminate with similar lay-up and volume of 0° plies [150]. 
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Figure 5.4: Typical load-displacement curves of non-impacted laminates and laminates 

impacted at the edge and centre [111]. 

Table 5-2: Calculated values for the tensile strength of baseline and impacted laminates 

[111]. 

Impact velocity 

(m/s) 

Residual tensile strength (MPa) (C.V%) 

Edge No. of specimen Centre No. of specimen 

100  741 (6.0) 3 908 (3.8) 4 

150 604 (15) 3 846 (5.8) 3 

200 525 (12) 3 728 (2.8) 4 

250  463 (4.0) 3 578 (2.7) 4 

300 435 (13) 4 498 (4.3) 4 

350  358 (7.1) 3 318 (9.4) 4 

Non-impacted laminate (5 specimens) = 909 MPa (2.2 %) 

The projectile was aimed to strike the target at 1.5 mm from the edge, and at the 

centre of the laminate’s width. Some of the high C.V values in Table 5.2 may be due to 
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some variability in exactly where the laminates were impacted and possible projectile 

rotation once it leaves the sabot [111]. At 350 m/s, a centre-impacted laminate 

represents the worst impact case with a reduction of 65% in residual tensile strength. For 

lower impact velocities, edge-impacted laminates show larger reductions in residual 

tensile strength. Out of the four specimens tested for residual strength with impact 

carried out at 100 m/s to the centre of the laminate, some specimens either have only 

one surface ply (45°) with broken fibres or no broken fibres at all. Therefore, the 

reduction in residual strength for that impact case is insignificant. The reduction of 7% in 

residual strength for centre-impacted laminates at 150 m/s is due to fibre failure in the 

top 45°, 90° and -45° plies. 

 From the recorded incident velocities, the impact energies for each configuration 

were calculated using the previously described Eq. (4.7) in Chapter 4, section 4.2.1. The 

relationship between the residual strength and the impact energy for edge and centre 

impacts is illustrated in Figure 5.5. The trendlines drawn on the plot in Figure 5.5 indicate 

a steeper reduction in residual tensile strength for centre-impacted laminates as the 

impact energy is increased. This may be due to the large delamination areas that 

accompany the fibre fracture widths observed in centre-impacted laminates at high 

velocities.  
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Figure 5.5: The relationship between residual strength and impact energy in edge- and 

centre-impacted laminates. 

 While the residual tensile strength has been determined per convention, i.e. using 

the total cross-sectional area of the impacted coupons, it is interesting to consider the net 

cross-sectional area of the impacted coupons. Hence, the extent to which the remaining 

fibres can achieve their undamaged strength may be investigated. The net cross-sectional 

area of the impacted coupons is determined using Eq. (5.3) hereunder 

                                                        𝐴𝑛𝑒𝑡 =  𝐴𝑡𝑜𝑡𝑎𝑙 −  𝐴𝑓𝑓                                                            (5.3) 

where 𝐴𝑛𝑒𝑡 is the net cross-sectional area, 𝐴𝑡𝑜𝑡𝑎𝑙  is the total cross-sectional area, 

obtained from the measured width and thickness of the coupons and 𝐴𝑓𝑓 is the area of 

fractured fibres. From CT scans images, the area of fractured fibres can be accurately 

obtained using the measured fibre fracture widths and coupons’ thicknesses. The residual 

tensile strength of the remaining fibres can then be determined using Eq. (5.4). 
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                                                         𝜎 =  
𝑃𝑓𝑎𝑖𝑙𝑢𝑟𝑒

𝐴𝑛𝑒𝑡
                                                               (5.4) 

The extent to which the remaining fibres can achieve the undamaged strength is 

represented in Figure 5.6. The percentage of undamaged strength retained by coupons 

impacted at the edge decreases with impact energy for both edge and centre impacts. For 

edge impact at an energy level of 1.1 J, the coupon strength drops by 18% of the 

undamaged tensile value. As the impact energy is increased to 13.5 J, the coupon can 

achieve 48% of the undamaged strength. For centre impacts, the coupon can achieve 

99.5% of the undamaged strength at an impact energy of 1.1 J. This is because of the 

stress concentration at the grips which is more significant than the top 45° ply showing 

fibre failure. The extent of fibre failure and delamination area in the centre-impacted 

laminate is significantly increased at an energy level of 13.5 J, and the coupon can only 

achieve 42% of the undamaged strength.  

 

Figure 5.6: Percentage of undamaged strength retained by impacted coupons for different 

energy levels. 
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5.3.2 Effect of impact position 
 

Figure 5.6 shows the relationship between the residual tensile strength and 

delamination area for both impact cases. In section 3.2.4, it was shown that edge-

impacted laminates have a decreasing delamination area as impact velocity increases 

above 300 m/s (impact energy = 9.9 J). From Figure 5.7, the residual tensile strength of 

edge-impacted laminates decreases as impact velocity increases beyond 300 m/s. As 

such, it can be deduced that the reduction in tensile strength is mainly governed by the 

amount of fibre failure and the influence of delamination area, if any, on the residual 

strength is insignificant. The same cannot be said for centre impacts because the impact 

velocity after which the delamination area would be expected to decrease has not been 

reached. 

The variation in residual tensile strength with the extent of fibre fracture due to 

edge and centre impacts is shown in Figure 5.8. The residual tensile strength of all 

impacted laminates decreases with increasing fibre fracture width. At the maximum 

velocity of 350 m/s (impact energy = 13.5 J), an edge-impacted laminate shows a larger 

extent of fibre fracture than a centre-impacted laminate. However, a centre-impacted 

laminate shows a delamination area which is more than twice the area observed for an 

edge-impacted laminate at 350 m/s. Although larger fibre fracture and smaller 

delamination area are observed in the edge-impacted laminates at 350 m/s, the residual 

tensile strength of edge-impacted laminates is higher than centre-impacted laminates. 

This difference can be accounted for by the asymmetry of the test. Furthermore, the very 

large delamination areas observed in centre-impacted laminates may affect the residual 

tensile strength and this will be discussed in the following sections. As such, it is 
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important to characterise impact damage in terms of fibre fracture extent and 

delamination area [111]. 

 

Figure 5.7: The relationship between residual strength and extent of delamination in edge-

and centre-impacted laminates [111]. 

 

         

Figure 5.8: The relationship between residual strength and extent of fibre failure in edge- 

and centre-impacted laminates [111]. 

 

350 m/s 

350 m/s 
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5.3.3. Effect of delamination 
 

To investigate the contribution of delamination area to the residual tensile 

strength, a comparison between some of the delaminated interfaces from edge- and 

centre-impacted laminates at 350 m/s is shown in Figure 5.9. As the 0° plies carry most of 

the post-impact tensile load, the delaminated interfaces close to the 0° plies are 

examined. The edge-impacted laminate does not show delamination extending across the 

full width. On the other hand, the centre-impacted laminate shows delamination 

extending across the full width in some interfaces close to the 0° plies.  

The amount of the initial kinetic energy of the projectile absorbed due to 

delamination was analysed in section 3.2.5, where the ratio of energy absorbed by 

delamination to initial kinetic energy of the projectile for edge-impacted laminates is 

smaller than centre-impacted laminates at 350 m/s, and this is consistent with the extent 

of delamination observed in Figure 5.9. At the maximum impact velocity, the 

delamination is much more localised around the impact point for edge cases, but for 

centre impacts the delamination spreads across the full width in some interfaces close to 

the 0° ply. Schematics of edge- and centre-impacted laminates showing 0° plies and the 

adjacent -45°/0° interface are provided in Figure 5.10 to assess the effect of delaminated 

interfaces under tensile loading. For both laminates, splits are expected to grow as the 

applied load is increased. As the load is further increased, fibre failure occurs, and the 

crack tip is expected to be at the boundary up to which delamination has propagated 

across the width. While fibre failure propagates in a single direction across the width in an 

edge-impacted specimen under tension, centre-impacted laminate has fibre failure 

propagation in both directions. In addition to the very large delamination areas, the fibre 
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failure propagation across the whole width happens sooner in centre-impacted laminates 

than in edge-impacted laminates.  

Hence, only when the delamination area is large enough and extends across the 

full width at several interfaces that its contribution to the residual strength may become 

significant. When its value is small and does not extend across the full width at more than 

one interface, the reductions in residual tensile strength can be accounted for by the fibre 

fracture width.  

 

Figure 5.9: Comparison between delaminated interfaces for edge and centre impacts at 

350 m/s. 
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(a)  

(b)  

Figure 5.10: Schematic showing 0° ply, -45°/0° interface and delamination boundary in (a) 

edge- and (b) centre-impacted laminates. 

5.4. Machined notches 
 

The residual strength of composites subjected to any kind of impact is a critical 

design driver. Generally, it is mandatory to carry out impact tests, and then tension or 

compression tests to investigate the residual strength. Carrying out high velocity impact 

testing for several configurations can be an expensive test programme, especially during 

the preliminary design phase. As such, it is interesting to investigate the equivalence in 

strength degradation between impacted and notched laminates to see if this might offer 

a simpler and quicker way to assess the effect of impact damage [111]. In addition, the 

equivalence study aids in analysing the contribution of large delamination areas to the 

-45°/0° interface 

Boundary of 

delamination 

0° ply 

Boundary of 

delamination 

0° ply 

-45°/0° interface 
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residual tensile strength, as extensive delamination is not present in notched laminates 

prior to strength tests. Quasi-isotropic open-hole and centre-notched specimens have 

been extensively tested, for example to study strength scaling [151-153] and some 

studies have looked at tensile strength comparison between open-hole and equivalent 

centre-notched specimens [154,155]. Several studies exist which investigated the 

equivalence in strength degradation between impacted laminates and laminates with a 

circular hole [156-158] or an elliptical hole [159]. The studies conducted in [156-159] 

referred to Compression After Impact (CAI) where drop weight impact tests were carried 

out.  

Components found in aircraft engines may be subject to compression, tension and 

cyclic loads. While CAI has been the standardised strength measurement of post-impact, 

it is also important to determine the residual strength of impacted components which 

may undergo high tensile forces, where the strength reduction is expected to be strongly 

dependent on the extent of fibre failure. Currently, there are no available studies from 

the literature which looked at comparing the tensile strength of impacted laminates to 

that of notched specimens of equivalent sizes. Therefore, machined notches were made 

at the edge and at the centre of the laminate, as shown in Figure 5.11. The width of the 

notch was 1 mm as it is sharp enough not to affect the measured fracture toughness, as 

concluded by Camanho and Catalanotti [160] who tested quasi-isotropic IM7/8552 

carbon/epoxy laminates. Laminates with the same notch length were stacked together 

and then cut on a Computer Numerical Control (CNC) machine using a 1 mm diameter 

end mill. For centre-notched laminates with small notch length, holes were made at the 

notch tips using a 0.5 mm diameter drill bit prior to cutting on the CNC machine. The 

configurations for the machined notches are detailed in Table 5.3. The laminates with 
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machined notches were tested for residual strength through quasi-static tensile tests 

(according to the ASTM D3909 standard) using a 100 kN Instron hydraulic machine under 

displacement control, with a loading rate of 1 mm/min. 

 

Figure 5.11:  Machined notch at the (a) edge and (b) centre of the laminate. 

Table 5-3: Machined notch configurations [111]. 

Edge Centre 

Notch length (mm) No. of specimens Notch length (mm) No. of specimens 

1.33 5 1.40 5 

2.49 5 3.22 5 

4.64 5 3.90 5 

7.53 5 6.95 5 

 

5.4.1. Residual tensile strength comparison 
 

The residual tensile strength is plotted against the fibre fracture width for edge 

and centre cases, as shown in Figures 5.12 and 5.13 respectively [111]. The residual 

tensile strength of impacted laminates is strongly dependent on the impact velocity up to 

a certain limit, after which it reaches a plateau. As the impact velocity increases, the 
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extent of fibre fracture observed in the two impact cases increases, which leads to a 

decrease in the residual tensile strength. From Figure 5.12, there is a good correlation 

between the results for large fibre fracture widths, where the edge-notched laminates 

slightly overpredict the residual tensile strength by an average 5.4%. For the fibre fracture 

width equal to 1.33 mm, the difference in the residual strengths between edge-impacted 

and edge-notched laminates is due to there being only one 0° ply broken for the edge 

impact case, while edge-notched laminates have all four 0° plies with broken fibres 

through the thickness.  

For centre-impacted laminates with small fibre fracture widths, where impacted 

laminates have three out of four 0° plies broken, the residual tensile strengths are quite 

close to centre machined notches of equivalent sizes, with an average difference of 7%. 

However, as the fibre fracture width is increased at higher impact velocities, centre 

machined notches are unconservative due to the large delamination areas in the 

impacted laminates. As such, the reduction in residual tensile strength of centre-impacted 

specimens at high impact velocities is governed by the extent of fibre failure and 

delamination. 
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Figure 5.12: The relationship between residual strength and extent of fibre failure in edge-

impacted and edge-notched laminates [111].  

 

Figure 5.13: The relationship between residual strength and extent of fibre failure in 

centre-impacted and centre-notched laminates [111].  
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5.4.2. Damage zones in notched specimens 
 

In addition to the tensile tests on notched specimens, interrupted tests of notched 

specimens in which the tests were stopped at 95% of the average failure load together 

with CT scanning were carried out. Interrupted tests with CT scanning can provide 

promising images of the damage zones at the crack tips with a large amount of detail 

[155]. All notched specimens tested under tension have a mean C.V. value of 3.9% on 

strength, which indicates a high consistency of the test results. Therefore, the damage 

zones at 95% of the failure load in the other specimens should be similar to the CT scan 

images of the specimens from the interrupted tests. 

There is a double 0° ply block at the central symmetry plane through the thickness 

and only single 0° plies outboard. Typical CT scans of 0° plies in edge- and centre-notched 

specimens are shown in Figures 5.14 and 5.15 respectively, where the CT images were 

enlarged around the notches to better illustrate the damage zone. For edge notch of 1.33 

mm and centre notch of 1.40 mm, there is no fibre failure in the central double 0° ply 

block. By comparison, local fibre failure occurs at the crack tips in the outboard single 0° 

plies. This is because the thicker 0° ply block has more energy available to cause the splits 

to propagate than the outboard single 0° plies [155] and this is consistent with the longer 

0° splits in the central 0° ply block compared to the outboard single 0° plies. In the central 

double ply block, local fibre breakage is delayed as the longer 0° splits blunt the stress 

concentration. In the outboard single 0° plies, local fibre failure is arrested, and other 

splits start to grow at the new crack front. For the rest of the notched specimens, the 

central double 0° ply block has longer splits than the single outboard 0° plies. However, 

local fibre  
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Edge-notched laminates 

Notch length (mm) Outboard single 0° ply Central double 0° ply block 
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Figure 5.14: CT scanning images showing damage zones in edge-notched laminates for 

several notch lengths. 
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Centre-notched laminates 

Notch length (mm) Outboard single 0° ply Central double 0° ply block 
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Figure 5.15: CT scanning images showing damage zones in centre-notched laminates for 

several notch lengths. 
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failure is already present in the central double 0° ply block. All other 0° plies show similar 

damage except the differences in the central double 0° ply block. 

5.4.3. Damage zones comparison 
 

It was shown that for large fibre fracture widths, an edge notch is a reasonable 

representation of edge-impacted laminate in terms of residual tensile strength. However, 

for larger fibre fracture widths, centre-notched laminates have higher residual strength 

compared to centre-impacted laminates. The damage zones in impacted and notched 

laminates are analysed to explain the similarities and differences observed in their 

residual tensile strengths.  

In notched specimens, the damage zone is defined as the average distance 

between the notch tip and the last split in the 0° plies. For impacted laminates, the 

damage zone is quantified as the average distance ahead of the impact damage front up 

to the furthest split in the 0° plies. The damage zones in the outboard single 0° plies and 

central double 0° ply block of the impacted and notched laminates are studied. While 

Figure 5.16  illustrates the comparison of damage zones between a laminate impacted at 

the edge at 350 m/s (fibre fracture width = 7.53 mm) and an edge-notched laminate with 

notch length 7.53 mm, Figure 5.17 shows the comparison of damage zone between a 

laminate impacted at the centre at 350 m/s (fibre fracture width = 6.95 mm) and a 

centre-notched laminate with notch length 6.95 mm. The residual tensile strengths of the 

impacted and notched laminates can be explained by the sizes of the damage zones in the 

impacted laminates prior to tensile loading and in the notched laminates at 95% of the 

failure load. Table 5.4 provides details on the sizes of the damage zones within the 0° 

plies in the impacted and notched laminates.  
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The size of the damage zone within the 0° plies in an edge-impacted laminate 

corresponding to an impact velocity of 200 m/s is 1.92 mm, which is 20% smaller than the 

size of the damage zone within the 0° plies in the laminate with an edge notch of length 

2.49 mm. Consequently, an edge-impacted laminate at 200 m/s has a residual tensile 

strength which is about 14% higher than an edge-notched laminate for the same extent of 

fibre fracture. From Figure 5.12, the residual strength of an edge-impacted laminate at 

350 m/s is slightly higher by 3% compared to an edge-notched laminate with the same 

extent of fibre fracture. The similarity in residual strength between these two laminates 

can be explained by the damage zone sizes, where an edge-impacted laminate at 350 m/s 

has a damage zone of 2.21 mm, while an edge-notched laminate with a notch length of 

7.53 mm has a damage zone of 2.23 mm.  

For small fibre fracture widths in Figure 5.13, centre-impacted laminates have 

approximately similar residual tensile strength as centre-notched laminates, differing by 

7%. This difference in residual strengths was previously explained by the difference in the 

number of 0° broken plies observed between these two laminates. In addition, the sizes 

of damage zones observed in these two laminates which differ by 14% may also explain 

the difference in their residual strengths. However, as the extent of fibre fracture is 

further increased, the damage zones observed in centre-impacted laminates are much 

larger than those observed in centre-notched laminates, differing by 55%. As such, the 

lower residual tensile strength of centre-impacted laminates compared to centre-notched 

laminates can be explained by the much larger damage zone. 
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Figure 5.16: Comparison in damage zones, D, between a laminate impacted at the edge at 

350 m/s (fibre fracture width = 7.53 mm) and a laminate with an edge notch of 7.53 mm. 

 

Figure 5.17: Comparison in damage zones, D, between a laminate impacted at the centre 

at 350 m/s (fibre fracture width = 6.95 mm) and a laminate with a centre notch of 6.95 

mm. 
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Table 5-4: Damage zone sizes measured in impacted and notched laminates. 

Configurations Damage zone size, D (mm) 

Edge impact 200/s 
(fibre fracture width = 2.49 mm) 

 

1.92 

Edge Notch 
(Notch length = 2.49 mm) 

 

2.32 

Edge impact 350/s 
(fibre fracture width = 7.53 mm) 

 

2.21 

Edge Notch 
(Notch length = 7.53 mm) 

 

2.32 

Centre impact 200/s 
(fibre fracture width = 1.40 mm) 

 

1.12 

Centre Notch 
(Notch length = 1.40 mm) 

 

0.98 

Centre impact 350/s 
(fibre fracture width = 6.95 mm) 

 

8.38 

Centre Notch 
(Notch length = 6.95 mm) 

 
3.76 

 

 

5.4.4. Comparison with open-hole laminates 
 

Whilst machined notches provide a reasonable approximation to impacted 

laminates in terms of residual strength for some impact configurations, it is also of 

interest to look at open-hole test data available from the literature [161]. This is to 

investigate whether open-hole laminates can provide a better equivalence to centre-

impacted laminates than centre-notched laminates. Figure 5.18 shows the tensile 

strength results for centre-impacted, centre-notched and open-hole laminates, with the 

dashed lines as trendlines. The fibre fracture widths for open-hole laminates are 

equivalent to the hole diameters. The plot indicates that most open-hole results have 
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lower strength than centre-impacted laminates, except for the largest fibre fracture width 

(6.95 mm). For small fibre fracture widths, the centre-impacted laminates have residual 

strength close to the centre-notched laminates. As the fibre fracture width increases, the 

residual strength of centre-impacted laminates deviates from the centre-notched 

laminates and approaches the trendline of the open-hole laminates. With further increase 

in fibre fracture width, the strength of centre-impacted laminate falls below the trendline 

of the open-hole laminates. 

Xu et al. [155] looked at a comparison in damage zones in open-hole and centre-

notched laminates at 95% of the failure load. The authors stated that the 0° splits in 

notched laminates can grow longer compared to open-hole laminates, where longer 0° 

splits blunt stress concentrations, and therefore result in higher tensile failure stresses. 

When the fibre fracture width is equal to 1.4 mm, centre-impacted laminates have higher 

residual strength than centre-notched and open-hole laminates. This may be associated 

with a significant growth of the 0° splits in impacted laminates and thus, blunting the 

stress concentrations. At the maximum fibre fracture width of 6.95 mm, centre-impacted 

laminates have lower residual strength than centre-notched and open-hole laminates. 

This may be linked to the 0° splits in impacted laminates which are restricted to grow 

longer with increasing applied stress and thus, the lower tensile failure stresses. Further 

discussions on the growth of the 0° splits under tension in impacted laminates are 

provided in Chapter 6. While Figure 5.18 is applicable to smaller structural components, a 

study on size effects is important for application on a higher structural level. 
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Figure 5.18: Residual tensile strength data for centre-impacted, centre-notched and open-

hole laminates. 

5.5 Conclusion 
 

The residual tensile strength of impacted laminates is driven by the impact 

velocity. Increasing impact velocity leads to an increase in both fibre fracture width and 

delamination area, except for edge impacts beyond 300 m/s which show decreasing 

delamination area. For most impact cases, where the delamination areas are not large 

and do not propagate across the full width of the specimen, the degradation in tensile 

strength is mainly governed by the extent of fibre fracture. For centre impacts at higher 

velocities, if the residual tensile strength was governed by the extent of fibre fracture 

only, then the residual strength of centre-notched and impacted laminates would have 

been expected to be approximately similar. Therefore, the residual strength of centre-

impacted laminates at higher velocities is driven by the extent of fibre failure and 

delamination area.  
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For edge-impacted laminates, it is only when the fibre fracture widths are large 

that edge machined notches are a reasonable approximation. The same can be said for 

small fibre fracture widths in centre-impacted and notched laminates. The similarities in 

damage zone sizes observed in impacted and notched laminates make this approximation 

apt. Further comparisons in residual strength between centre-impacted, centre-notched 

and open-hole laminates were carried out. The results reveal that both centre-notched 

and open-hole laminates fail to match the residual strength of centre-impacted laminates 

for large fibre fracture widths. Due to the occurrence of numerous failure modes under 

high velocity impact, it is unlikely to find a suitable substitute for impacted laminates in 

terms of residual tensile strength for the range impact velocities considered in this study. 
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6. Predicting residual tensile strength  
 

The finite element (FE) commercial code LS-DYNA was employed to predict the 

residual tensile strength of impacted and notched laminates, and to understand the 

damage development under tension. A Hi-FEM is employed for this numerical study, with 

an automated unit cell meshing technique, a cohesive formulation based on a bi-linear 

traction-separation law and a fibre failure criterion based on the Weibull statistics. Two 

approaches for residual strength prediction are considered and are as follows: 

a. Method 1 (M1): Post-process impact model from Chapter 4 for tensile simulations. 

b. Method 2 (M2): Incorporate the characterised impact damage from CT scans (Chapter 

3) into the FE model before quasi-static tensile simulations, 

Since the predicted impact damage (from Chapter 4) differs from the experimental 

impact damage for some impact energies, the second approach is of interest to examine 

the differences in tensile strength predictions. All the tensile strength predictions from 

both approaches are then discussed in comparison with the experimental results from 

Chapter 5.  

6.1 FE model setup 
 

The laminate model, cohesive formulation and the failure criterion have been 

presented in detail in Chapter 4, and pertinent information will not be repeated except 

for the description of some key features of the laminate and tensile simulation setup. 
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6.1.1. Cohesive law formulation 
 

The cohesive formulation developed by Jiang et al. [134] was implemented into 

LS-DYNA, via a user-material subroutine. The formulation is based on a bi-linear traction-

separation law, where cohesive elements are deleted when the critical Energy Release 

Rate (ERR) of the fracture modes is reached. Damage initiation is governed by a quadratic 

stress-based failure criterion and a fracture energy based mixed-mode power law controls 

the damage propagation. Damage initiation and damage propagation are given by Eq. 

(6.1) and Eq. (6.2) respectively. Detailed descriptions of the parameters can be found in 

Chapter 4 (Section 4.1.6). 

                                                    √(
𝜎𝐼

𝜎𝐼
∗)2 + (

𝜎𝐼𝐼

𝜎𝐼𝐼
∗ )2 = 1                                                                  (6.1) 

                                                      (
𝐺𝐼

𝐺𝐼𝐶
)𝛼 + (

𝐺𝐼𝐼

𝐺𝐼𝐼𝐶
)𝛼 = 1                                                              (6.2) 

 

6.1.2. Laminate model 
 

Detailed ply-by-ply 3D FE models with 8-node constant stress solid elements 

(Type-1 in LS-DYNA) and 8-node cohesive elements (Type-19 in LS-DYNA) were 

constructed in LS-DYNA for the impacted and notched laminates. The full thickness of 

each specimen was modelled with one element per ply. For M1 simulations, a keyword 

file was written from the LS-DYNA impact simulations after the damage had fully formed. 

The keyword file includes all nodal coordinates with constraints and element topology 

and Figure 6.1a illustrates an example FE model post-impact simulation. All failed 

elements were removed from the model and the latter is shown in Figure 6.1b. 
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From CT scan images, impact damage was characterised in terms of fibre fracture 

width and delamination area. For M2, these two parameters were included in the FE 

models to represent the impacted laminates. For edge and centre impacts, solid elements 

were deleted to represent the fibre fracture widths, as characterised in Chapter 3. The 

fibre fracture width corresponding to an edge impact at 350 m/s is illustrated in Figure 

6.2. To represent the impact-induced delamination between plies, only cohesive 

elements between plies were deleted. The extent of deleted cohesive elements was 

determined from the X-ray CT scan results. In Figure 6.2, the delaminated area at each 

interface within the laminate is represented by several coloured patterns, while the 45° 

blue striped pattern in the background represents the laminate within the Region of 

Interest (RoI). For machined notches at the edge and centre of the laminates, solid and 

cohesive elements were removed through the full thickness to represent the notch, 

where a typical edge notch equivalent to the fibre fracture width due to an edge impact 

at 350 m/s is shown in Figure 6.3.  

 

(a)       (b)     

Figure 6.1: Finite element model of an edge-impacted laminate at 350 m/s (a) post-impact 

and (b) after removal of all distorted elements. 
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Figure 6.2: Fibre fracture width and delamination definitions for FE model in an edge 

impact at 350 m/s case. Note that the blue striped region is the background laminate and 

that coloured areas are delamination. 

 

Figure 6.3: Machined notch representation in FE model. 

In order to minimise the computational time whilst maintaining the accuracy of 

the results, the densities of all materials were scaled up by three orders of magnitude to 

increase the minimum time step size in the residual tensile strength models [143]. 

Hourglass control (Type-6 in LS-DYNA) was used for all reduced-integration elements to 

suppress zero strain energy distortion modes. In addition, an initial thermal load of -160 

°C was included in the simulations prior to the tensile loading to model the ‘cooling down’ 

of the laminate from 180 °C to room temperature after the curing process and generation 

of thermal residual stresses.  
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6.1.3. FE mesh 
 

As described in section 4.1.3, while the RoI was defined with a fine mesh size of 

0.23 mm, a coarser mesh density was used for the rest for the laminate outside the ROI. 

The mesh for the ROI was done based on a unit cell [141]. The automated unit cell 

meshing technique allows 0° and 90° splits with 0.71 mm spacing and 45° and -45° splits 

with 1 mm spacing. The split spacings represent the minimum values based on a unit cell. 

In addition, the split spacings are considered sufficient based on the observation made by 

Xu et al. [72], who demonstrated that the predicted stress-strain curves for notched 

tensile tests were not sensitive to the density of the split paths for a spacing of 1 mm or 

less. 

6.1.4. Boundary conditions 
 

During quasi-static tensile tests, the laminate was gripped over a length of 50 mm 

in the test machine, and the specimen was loaded with a displacement rate of 1 mm/min. 

To represent the boundary conditions of the quasi-static tests, all the nodes through the 

thickness at both ends of the laminate were given Single Point Constraints (SPC) and 

Prescribed Motion boundary conditions in LS-DYNA. Figure 6.4 illustrates the nodes used 

to implement the boundary conditions for a typical edge-impacted laminate. All nodes 

were allowed to translate in the 0° fibre direction corresponding to the loading direction 

and SPCs were applied to the other directions. For the Prescribed Motion, the sets of 

nodes were assigned a displacement translational degree of freedom in the loading 

direction. The sets of nodes were given Prescribed Motion boundary conditions in 

opposite directions to represent tension. 
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Figure 6.4: Selected nodes, represented by ‘X’, which are employed to define the boundary 

conditions for quasi-static tensile test simulation. 

6.2. Residual tensile strength 
 

In this section, the residual tensile strength of laminates with impact damage is 

predicted and compared against experimental results together with the predicted 

residual tensile strength of machined notches. The residual strength of machined notches 

is investigated mainly to provide a quicker and simpler way to assess the effect of impact 

damage on the residual strength. 

6.2.1. Laminate response 
 

 By examining the reaction forces on the selected groups of nodes where the 

boundary conditions were applied, typical load-strain curves can be obtained once the 

tensile simulations are completed and these curves are shown in Figures 6.5a and 6.5b for 

edge and centre impacts respectively at an impact velocity of 300 m/s. The load-strain 

curves from both approaches considered for strength predictions and from experimental 

results are included in Figure 6.5. Impacted laminates show a linear response up to failure 

both experimentally and numerically. For both edge and centre impacts, there is a 

stiffness mismatch between test and FE results. This is believed to be due to the different 

250 mm 

50 mm 50 mm 

0° 
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extent of impact damage in the FE models, as illustrated in Figure 6.6. From these curves, 

the highest load level is taken as the failure load, from which the failure stress can be 

determined by averaging over the width and thickness of the specimen. This procedure is 

repeated for all impacted and notched laminates. 

 

 

(a)  

(b)  

Figure 6.5: Load-strain curves from simulations and test for (a) edge impact at 350 m/s 

and (b) centre impact at 350 m/s. 
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(a)  

(b)  

Figure 6.6: Differences in the extent of fibre fracture for FE model from (a) M1 and (b) M2. 

6.2.2. Mesh sensitivity 

 
The mesh size of 0.23 mm has been used for all the finite element models created 

for diverse impact cases. To verify how sensitive the residual strength model is to mesh 

size, the current mesh density is almost doubled to form a mesh size of 0.11 mm for the 

Region of Interest (ROI). The number of splits and the split spacings are unchanged in the 

fine mesh model. FE models with finer mesh in the RoIs from approach M2 were created 

to represent edge impact scenarios at 100 m/s and 350 m/s. The resulting stress versus 

strain plots in Figure 6.7 show the effect of mesh refinement on the post edge impact 

tensile stress for 100 m/s and 350 m/s cases.  

For an edge impact at 100 m/s, there is an increase of 3% in the tensile failure 

stress for the finer mesh compared to the baseline mesh. At 350 m/s, there is a difference 

of 7.8% in tensile stress at failure between the fine mesh and baseline mesh. This rather 
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large difference in the tensile stress at failure is due to the differences the extent of 

impact damage that was manually included in the FE models prior to tensile simulations, 

where the fibre fracture width in the standard mesh model is slightly larger by 4% than 

that in the fine mesh model. Further mesh refinement was not considered as the size of 

the RoI would be too small, due to a limitation in the number of elements associated with 

the automated unit cell meshing technique. While the finer mesh does give a slightly 

improved result by an average of 5.4%, typical simulations are approximately 140 hours 

of analysis time which are twice the duration using the standard mesh. As such, to 

minimise the computational time whilst maintaining the efficiency of the FE models, the 

baseline mesh density is considered to be sufficiently refined. 

 

 

 

 

 

 

 

 

 

 

 



Chapter 6 – Predicting residual tensile strength 

173 
 

 

 

  

Figure 6.7: Effect of mesh density on the residual tensile stress for edge impact cases of 

100 m/s and 350 m/s. The 0° plies are also shown at different points on the stress-strain 

curve. 

6.2.3. Residual strength comparison 
 

The predicted residual tensile strength using both approaches and the strength 

data from the quasi-static tensile tests is illustrated in Figures 6.8 and 6.9, for edge and 

centre cases respectively. The strength results are plotted against impact velocity. From 

Figure 6.8, the strength predictions using M1 and M2 differ by an average of 12%. For M1, 

the predicted results vary from the experimental results by an average difference of 8%. 

Using M2, there is an average difference of 5% between predicted strengths and 

experimental results.  



Chapter 6 – Predicting residual tensile strength 

174 
 

For centre impacts in Figure 6.9, the predicted strength using M1 and M2 differ by 

an average of 17%. The predicted residual strength using Method 1 show large deviations 

from the experimental results at 100 m/s, 150 m/s and 350 m/s, with an average 

difference of 27%. However, at an impact velocity of 200 m/s, 250 m/s and 300 m/s, the 

predicted strength using M1 differs from the experimental value by an average of 5%. 

Using M2, there is a good correlation between test and FE results where the predicted 

strengths differ from the tests by an average of 3%.  

 

 

Figure 6.8: Residual tensile strength versus impact velocity for edge impacts – Test and FE. 
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Figure 6.9:Residual tensile strength versus impact velocity for centre impacts – Test and 

FE. 

 The strength predictions using Method 1 differ from the experimental results due 

to the differences in the actual and predicted extent of impact damage. The differences 

between the predicted residual strengths using M1 and M2 are believed to be due to the 

different extent of predicted fibre failure and differences in the growth of 0° splits when 

the impacted laminates are loaded in tension. Further investigation into 0° split 

development is provided in section 6.4. 

The predicted residual tensile strengths of machined notches of equivalent sizes 

corresponding to the fibre fracture widths observed in the impacted laminates are 

presented in Tables 6.1 and 6.2, together with experimental results from Chapter 5 – 

section 5.4.1. For edge notches, the predicted strengths differ from the experimental 

results by an average difference of 5.6%. For centre notches, the predicted strengths vary 

from the experimental results by an average difference of 4.6%. In Chapter 5, it was 
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shown that while edge notches are reasonable approximations for edge-impacted 

laminates at impact velocities of 300 m/s and above, centre notches have residual 

strength close to centre-impacted laminates for impact velocities below 250 m/s. These 

approximations were previously validated by comparing the damage zones in impacted 

and notched laminates under tension. Further validations are provided in section 6.4 by 

analysing the growth of 0° splits in impacted and notched laminates under tension. 

Table 6-1: Residual strengths of edge-impacted and edge-notched laminates. 

Impact velocity 

(m/s) 

Residual tensile strength (MPa) (C.V%) 

Edge impact - Test Edge notch - Test Edge notch - FE 

100  741 (6.0) 

604 (15) 

525 (12) 

 463 (4.0) 

435 (13) 

 358 (7.1) 

 634 (3.3) 619 

150 - - 

200 578 (1.9) 555 

250  - - 

300 447 (7.2) 482 

350  370 (6.1) 399 
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Table 6-2: Residual strengths of centre-impacted and centre-notched laminates. 

Impact velocity 

(m/s) 

Residual tensile strength (MPa) (C.V%) 

Centre impact - Test Centre notch - Test Centre notch - FE 

100 908 (3.8) 

846 (5.8) 

728 (2.8) 

578 (2.7) 

498 (4.3) 

318 (9.4) 

 - - 

150 - - 

200 676 (3.1) 747 

250  619 (4.4) 591 

300 597 (1.9) 603 

350  506 (3.0) 516 

 

6.3. Numerical damage development 
 

The damage development of edge- and centre-impacted laminates under quasi-

static tension is numerically investigated and compared against the numerical damage 

development in laminates with machined notches. Further investigation of fibre failure 

initiation and growth of 0° splits in impacted and notched laminates under tension is 

carried out. This is to understand the damage process under tensile loading and to 

validate the equivalence drawn between impacted and notched laminates.  

6.3.1. Edge-impacted laminates under tension 
 

The damage development is investigated at different load levels up to failure. The 

damage development in a typical edge-impacted laminate under tension for M1 is 

illustrated in Figure 6.10 using the 350 m/s case. For M2, which corresponds to defining 

the impact damage characteristics from CT scans into the FE model, the damage 

development observed in a typical edge-impacted laminate corresponding to an impact 
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velocity of 350 m/s is shown in Figure 6.11. The degraded elements representing fibre 

failure are marked as small patches over the striped background, which represents the 

superimposed 0° plies. The failed cohesive interface elements where the critical strain 

energy release rate has been exceeded are marked as shown in Figures 6.10 and 6.11. 

The failed cohesive elements correspond to the growth of the impact-induced 

delamination area. Prior to tensile simulations, there is a fundamental difference 

between the models obtained using M1 and M2, which is related to the split lengths. The 

0° splits are represented by the white lines in Figure 6.12 for a typical edge-impacted 

laminate corresponding to 350 m/s. 

For M1, the damage develops in the following sequence: The initial 0° splits are 

long due to the impact induced damage, as depicted in Figure 6.12. As the simulation 

begins, 0° splits are restricted to grow around the impact damage zone. With increase in 

applied stress, fibre failure occurs at the impact damage front. Fibre failure propagates 

across the width with the crack tip reaching the boundary of the impact-induced 

delamination area before it is arrested. As the stress is further increased, secondary 0° 

splits start to grow at the crack tip and the impact-induced delamination area starts to 

grow slowly. Fibre breakage continues to grow, and the simulation is terminated when 

fibre failure has propagated unstably across the width. 
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Stress (MPa) Fibre failure in 0° plies Delamination 
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Figure 6.10: Damage development in an edge-impacted laminate corresponding to an 

impact velocity of 350 m/s (all layers superimposed) – M1 case. Tensile failure stress = 412 

MPa. 

 

For M2, the damage due to tensile loading develops in the following sequence: 

Around the damage zone, splits grow in all plies with increasing applied stress. Around 

the damage zone, splits grow in all plies with applied stress. The impact-induced 

delamination area starts to grow slowly, and splits of different fibre orientations can join 

up. With an increase in applied stress, fibre failure and further delamination occur ahead 

of the impact damage front at the boundary of the impact-induced delamination area. 

The crack tip, defined by the fibre failure at the boundary of the impact-induced 
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delamination area, is then arrested and when the applied stress is increased again, 

secondary 0° splits grow at the new crack front, and fibre breakage continues to grow. 

The simulation is terminated after fibre failure has propagated unstably across the full 

width. The damage process for centre-impacted laminates subjected to tensile loading 

(considering both M1 and M2) follows the sequences described in section 6.3.1. The only 

obvious difference is related to the fibre failure propagation in both directions as applied 

stress is increased. 

Stress (MPa) Fibre failure in 0° plies Delamination 
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Figure 6.11: Damage development in an edge-impacted laminate corresponding to an 

impact velocity of 350 m/s (all layers superimposed) – M2. Tensile failure stress = 357 

MPa. 
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(a)  

(b)  

Figure 6.12: Difference in split lengths within the RoI in models using (a) approach M1 and 

(b) approach M2 prior to tensile simulations. All 0° splits are superimposed and 

represented by the white lines. 

6.3.2. Notched laminates under tension 
 

With the numerical model, it is possible to study the damage development in 

edge- and centre-notched laminates under tension at different load levels up to failure, as 

shown in Figures 6.13 and 6.14. The notch lengths considered correspond to the fibre 

fracture widths observed in edge- and centre-impacted laminates at an impact velocity of 

350 m/s. The damage sequence is as follows: Initial splits grow in all plies with increase in 

applied stress. At a higher stress level, delamination starts to grow, and splits of different 

fibre orientations can join up. Fibre failure occurs in some 0° plies as the applied stress is 
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increased and the crack is arrested. With further increase in applied stress, secondary 0° 

splits grow at the new crack front and fibre failure in 0° plies occur until the simulation is 

terminated as fibre propagates unstably across the full width.  

 

Stress (MPa) Fibre breakage in 0° plies Delamination 
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Figure 6.13: Damage development in an edge-notched laminate (fibre fracture width = 

7.32 mm) with all layers superimposed. Tensile failure stress = 399 MPa. 
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Stress (MPa) Fibre breakage in 0° plies Delamination 
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Figure 6.14: Damage development in centre-notched laminate (fibre fracture width = 7.04 

mm) with all layers superimposed. Tensile failure stress = 516 MPa. 

 

In section 5.4.2, the damage zones in notched specimens at 95% of the tensile 

failure load were analysed. Here, a comparison is made between the damage zones in the 

0° plies from the model and the test data, as shown in Figures 6.15 and 6.16 for edge and 

centre notches respectively. The notch cases considered are equivalent to impacted 

laminates at 350 m/s. The damage zone, D, is defined as the distance from the notch tip 

to the furthest 0° split in the test, while in the model, it is defined as the distance 

between the notch tip to the furthest fibre failure. For the edge notch case, the damage 
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zone in the single outboard 0° ply is larger by 6% in the model compared to the test. The 

damage zones in the double central 0° ply block from the test and the model are similar. 

For the centre notch case, the damage zone in the single outboard 0° ply is larger by 6% in 

the model compared to the test. For the central double 0° ply block in centre-notched 

laminates, the damage zone in the model is smaller by 11% compared to the damage 

zone in the test. The predicted damage zones are in good agreement with the CT scans at 

95% of the failure load, except for the central 0° ply block in the centre notch case, where 

the damage is underpredicted. 

 

Figure 6.15: Damage zone, D, comparisons at 95% of the failure load in edge-notched 

laminates from single outboard 0° ply in test (top left), central double 0° plies in test (top 

right), single outboard 0° ply in model (bottom left) and double central 0° plies in model 

(bottom right). 
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Figure 6.16: Damage zone comparisons at 95% of the failure load in centre-notched 

laminates from single outboard 0° ply in test (top left), central double 0° plies in test (top 

right), single outboard 0° ply in model (bottom left) and double central 0° plies in model 

(bottom right). 

6.3.3. Fibre failure initiation 
 

With the available FE data, it is possible to investigate the stress concentrations in 

the 0° plies up to failure. Figure 6.17 shows the axial stress (σy) plots for edge-impacted 

and edge-notched laminates under tension (at same scale on each row). The models using 

approaches M1 and M2 are considered. The stress plots provided in Figure 6.17 are for 

laminates with fibre fracture width and notch length corresponding to an impact velocity 

of 350 m/s. Also shown in Figure 6.17 are the regions of maximum stress concentrations, 

enclosed within the black box. For M1, there is a region of maximum stress 

concentrations at the impact damage front. As the stress is further increased, fibre failure 

Fibre failure 

0° splits 
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occurs at the impact damage front and the region of maximum stress concentration is 

situated at the crack tip. With further increase in applied stress, the region of maximum 

stress concentration shifts across the width as fibre failure propagates. 

For M2, an edge-impacted laminate shows a region of maximum stress 

concentration at the impact damage front. 0° splits start to grow with applied stress. As 

the stress is further increased, the region of maximum stress is concentrated ahead of the 

impact damage front at the impact-induced delamination area boundary, where fibre 

failure initiates. The region of maximum stress travels across the width as fibre breakage 

continues. For the notched case, stress concentrations build up at the notch tip and 0° 

splits grow. With further increase in applied stress, fibre failure occurs, and the region of 

maximum stress is located where the crack tip is arrested, thus promoting the growth of 

secondary 0° splits. While edge cases have been shown here, it is expected that centre 

cases will follow similar trends with the regions of maximum stress concentrations 

located on both sides of the impact damage and notch. 
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Figure 6.17: Axial stress (σy) plots of superimposed 0° plies in edge-impacted and edge-

notched laminates. Impact velocity = 350 m/s and fibre fracture width = 7.32 mm. 
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6.4. Propagation of 0° splits   
 

In section 6.2, for edge impacts, it was shown that the residual tensile strengths 

predicted using both Method 1 (M1) and Method (M2) differ by an average of 12%. While 

the predicted strength using M1 is higher by 15% from the experimental result at 350 

m/s, the predicted strength using M2 is spot on. For the centre impact at 300 m/s, while 

the predicted residual strength using M1 is closest to the experimental value, the 

predicted strength using M2 is within 5% of the experimental value. In addition, it was 

shown that the tensile strength of an edge-notched laminate approaches the strength of 

an edge-impacted laminate at higher velocities. For centre cases at higher velocities, 

there is a large difference in tensile strength between notched and impacted laminates. 

With the fibre failure criterion switched off in the model, an investigation into the growth 

of 0° splits is conducted for the impacted laminates, using results from both M1 and M2 

in order to explain the similarities and differences observed in the predicted tensile 

strengths. Furthermore, the development of 0° splits in notched laminates is analysed to 

validate the equivalence drawn between edge-impacted and edge-notched laminates.  

The growth of 0° splits is analysed against the strain energy release rate, G. The 

strain energy release rate, G is calculated according to Eq. (6.3) [162], which is valid for 

quasi-isotropic laminates ignoring ply level effects such as free edge stresses and damage. 

                                                                      𝐺 =  
𝜋 𝐶 𝑓2𝜎𝑔

2

2𝐸
                                                              (6.3) 

where 𝜎𝑔 is the applied gross section stress, f is a geometric parameter to account for the 

effect of finite width and with f = 1.38 for edge cases, while f = 1.02 for centre cases. C is 

the fibre fracture width and E = 61.6 GPa is the in-plane Young’s modulus.  
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 The equivalent Stress Concentration Factors (SCFs) in the 0° plies were also 

studied for the impacted and notched laminates. The maximum elemental stress in the 0° 

plies is divided by a factor of 2.61 to obtain an equivalent value for the laminate. This 

factor represents the ratio between the stress in the 0° ply and the average stress in the 

laminate according to Classical Laminate Theory (CLT). The equivalent SCF is then 

calculated using the equivalent laminate stress divided by the applied gross section stress.  

 The growth of 0° splits together with the length of the splits at failure influence 

the equivalent SCF under tensile loading [72]. The equivalent SCFs at failure are 

investigated and the argument is that if the equivalent SCFs between any two comparable 

laminates do not differ by more than 10%, the predicted residual tensile strengths are 

expected to be similar within 10% unless there is a significant difference in the fibre 

fracture prior to tensile simulations. The development of 0° splits for edge impact at 350 

m/s, centre impacts at 150 m/s and 300 m/s and edge machined notch equivalence are 

considered hereunder. 

6.4.1. Edge impact at 350 m/s 
 

 The development of 0° splits based on models from M1 and M2 is presented 

against G in Figure 6.18. Before the tensile simulation begins, the initial 0° splits are much 

longer in M1 than those in M2. The 0° splits in M2 grow as the simulation begins. As G is 

increased, the 0° splits in both M1 and M2 show a negligible growth in length. For both 

M1 and M2, the central double 0° plies have longer splits than the outboard single 0° 

plies.  

 The equivalent SCFs in the double central and single outboard 0° plies were 

analysed against applied nominal stress and the results are shown in Figure 6.19. For M1 
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and M2, the equivalent SCF increases with applied stress because there is very small or 

negligible growth in the 0° splits. At the failure point, the equivalent SCFs in the 0° plies 

from M1 are lower than those from M2, which is due to longer 0° splits in M1. In addition, 

the central double 0° plies have a lower SCF than the outboard single 0° plies at failure 

point, which is due to the splits being longer in the central 0° plies than those in the 

outboard single 0° plies. Since the equivalent SCFs at failure for both M1 and M2 differ by 

13%, in addition to the smaller fibre fracture width in M1, the predicted residual tensile 

strength using M1 is higher by 15%. While an edge impact at 350 m/s is considered here, 

the predicted strength when using M1 and M2 differ by 55% for centre impact at 350 

m/s. This is because of the differences in the extent of impact damage and the 

development of 0° splits between the models from M1 and M2. 

 

 

Figure 6.18: Development of the initial splits in the 0° plies for models from Methods 1 and 

2. Edge impact at velocity of 350 m/s. 
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(a)  (b)  

Figure 6.19: Development of equivalent SCFs in (a) central double and (b) single outboard 

0° plies for models from Methods 1 and 2. Edge impact at a velocity of 350 m/s. 

 

6.4.2. Centre impact at 300 m/s 
 

 From Figure 6.9, the predicted strength using M1 is very close to the experimental 

value. On the other hand, the predicted strength using M1 is higher by 6% compared to 

the predicted strength using M2. This small difference is due to dissimilar extent of fibre 

fracture widths, number of broken plies and the development of 0° splits. The latter is 

studied here and the equivalent SCFs in the central double and single outboard 0° plies 

from the models using M1 and M2 are presented in Figure 6.20. For M1, the equivalent 

SCFs increase with applied nominal stress. This is due to small or negligible growth in the 

0° splits as G is increased. For M2, the equivalent SCFs decrease with applied stress in 

both the central double and outboard single 0° plies as the 0° splits grow with increasing 

G. At failure, the equivalent SCFs in the 0° plies from M1 is lower than those from M2, by 

an average difference of 7%. The lower equivalent SCF from M1 at failure, due to the 

longer 0° splits, explains why the 0° plies in M1 break at a stress level higher by 6%. In 

addition, the central double 0° plies have a lower equivalent SCFs at failure than the 

outboard single 0° plies, which is due to longer 0° splits in the central 0° plies. 

Failure point 

Failure point 

Failure point 

Failure point 
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(a) (b)  

Figure 6.20: Development of equivalent SCFs in (a) central double and (b) single outboard 

0° plies for models from Methods 1 and 2. Centre impact at a velocity of 300 m/s. 

 

6.4.3. Centre impact at 150 m/s  
 

To further investigate the influence of the development of 0° splits on the tensile 

strength, the centre impact case at 150 m/s is considered. The predicted impact damage 

from the baseline impact model yielded fibre fracture width and delamination area values 

very close to the experimental results. However, the tensile failure stress using M1 is 

lower than the experimental results by 15%. This difference is believed to be due to the 

growth of 0° splits. In M1, the 0° splits are initially long and as G is increased, the 0° splits 

show very small or negligible growth. As such, the equivalent SCFs increase with applied 

stress. For the impacted laminate from the experiment, it is believed that the 0° splits are 

able to grow longer as G is increased and consequently, the equivalent SCFs decrease 

with applied stress. At failure, it is believed that the equivalent SCFs in the 0° plies from 

M1 and the specimen differ, which may explain the lower tensile failure stress in M1. 
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6.4.4. Machined notch equivalence 
 

 Machined notches were investigated to see if they offer a quicker way to assess 

the effect of impact damage in terms of residual strength. Edge notches were found to be 

good approximations to edge-impacted laminates at high velocities. However, the 

residual strength of centre notches was found to be unconservative when compared to 

the residual strength of centre-impacted laminates at high velocities, and therefore 

centre notches are not useful as approximations. To further investigate why edge notches 

are good approximations, the development of 0° splits and equivalent SCFs are provided 

hereunder. Predicted strength data from M2 and only the central double 0° plies are 

considered as Xu et al. [74] observed longer 0° splits in the central double 0° plies than in 

the outboard single 0° plies.  

 The development of 0° splits in the edge-notched laminate are compared to those 

from M2 (edge-impacted laminate), as shown in Figure 6.21a. Figure 6.21b illustrates the 

comparison in equivalent SCFs for the two laminates considered. In the notched 

laminates, the initial 0° split lengths increase with increasing G. For the impacted 

laminates, the initial 0° splits are long and there is then only a small growth in the 0° splits 

as G is further increased. The 0° splits in notched laminates, by comparison, grow 

significantly with further increase in G.  

 For notched laminates, the equivalent SCF decreases with applied stress because 

0° splits grow with increasing G. For impacted laminates, the equivalent SCF increases 

with applied stress due to very small or negligible growth of the 0° splits with increasing 

G. At failure, the equivalent SCFs of edge-impacted and edge-notched laminates differ by 

7%, which is due to the 0° splits being longer in the impacted laminate. Since the 
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difference in equivalent SCFs is less than 10%, an edge notch can represent an edge-

impacted laminate corresponding to an impact velocity of 350 m/s. 

 

(a) (b)  

Figure 6.21: (a) Development of the initial splits in the central double 0° plies. (b) 

Development of SCFs in the central double 0° plies. The results are for edge-impacted and 

notched laminates, corresponding to an impact velocity of 350 m/s. 
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6.5. Conclusion 
 

The Hi-FEM modelling technique allows representing the delamination shapes, 

split lengths and continuous fibre breakage process within the damage zone through pre-

defined multiple split paths and the Weibull criterion for fibre failure. By employing 

cohesive interface elements, the interactions between fibre failure, delamination and 

splitting can be simulated. The Hi-FEM also provides a powerful tool for understanding 

the damage development and growth of 0° splits in impacted and notched laminates 

under quasi-static tension.  

In terms of predicting the residual tensile strength of impacted laminates, two 

approaches were considered. Firstly, the proposed impact models from Chapter 4 were 

post-processed and then loaded under tension. Secondly, characterised impact damage 

from CT scans was manually inserted into FE models prior to tensile simulations. For edge 

and centre impacts, the predicted strengths from the two different approaches 

considered vary for some impact velocities, with the largest difference observed for a 

centre impact at 350 m/s. The first approach (M1) has been shown to yield reasonable 

strength predictions for intermediate velocities, however, the predictions are 

unconservative for edge impacts at 100 m/s and 350 m/s, and centre impacts at 100 m/s, 

150 m/s and 350 m/s. Although the process in the second approach (M2) is not as 

computationally efficient as M1, the predicted strengths were found to be closest to the 

experimental strengths, where it is possible to assess the interactions of different failure 

modes under tensile loading. The strength predictions obtained when using these two 

approaches are affected by the extent of impact damage and by the development of 0° 

splits. It was found that the growth of 0° splits when the laminates are subjected to 
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tensile loading significantly affects the stress levels at which the 0° plies break. If further 

improvements in the baseline impact model in section 4.4 could be made, then the M1 

approach could become more suitable than M2 for tensile strength predictions, since 

impact tests will not have to be conducted.  

Machined notches were also investigated for their residual strengths. While edge 

notches provide a reasonable approximation for edge-impacted laminates at high impact 

velocities, the residual strengths of centre-notched laminates are unconservative in 

comparison to centre-impacted laminates at higher velocities. The equivalence was 

validated by inspecting the growth of 0° splits in impacted and notched laminates. The 

edge machined notch approach can be very useful in the early design stages, where 

development costs can be reduced by reducing the number of impact tests to be carried 

out.  
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7. Effect of edge shield under impact 
 

In aircraft structures such as blades, stator vanes and nozzle guide vanes, the 

edges are usually protected with metal sheet in order to act against impact and erosion. 

This chapter experimentally investigates the importance of an edge shield under impact, 

where a thin sheet of metal is bonded to the edge of the carbon/epoxy laminate. Several 

high velocity oblique impacts are carried out to the edge of the laminates. The effect of 

the shield on the impact damage and residual tensile strength is investigated via X-ray 

Computed Tomography (CT) scans and quasi-static tension tests. 

7.1. Introduction 
 

Foreign object damage (FOD) is a significant threat to gas turbine components. 

Such engines generate powerful suction, which can draw in small hard objects. The hard 

body particles can hit the rotating blades and travel further down the engines with high 

speeds. Therefore, any engine components downstream of the blades may be impacted 

at high velocity by these small hard body particles. The impacts can occur over a range of 

velocity and anywhere on the components. As such, when manufacturing these 

components from composite materials or even metal, a protective layer is typically 

applied onto the surface of the components to prevent significant impact damage or 

erosion. While aluminium coatings are not good for erosion and due to potential galvanic 

corrosion with composite components, the addition of platinum to the aluminium 

coating, through electroplating, has become popular over the years despite the high costs 

associated to it.  
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Core materials (honeycomb, foam, hollow spheres) are of great interest as they 

have good specific resistance and enhanced energy absorption capabilities. For protection 

against bird strikes, some aircraft cockpits have a layer of aluminium honeycomb covered 

by a skin of aluminium to improve energy absorption capacity. The energy absorption 

increases when the relative density of the honeycomb cores is increased [163-166]. Li et 

al. [167] conducted hypervelocity velocity impacts on different types of sandwich, which 

involved several material systems: - fabric-reinforced silicon carbide ceramic-matrix 

composite as impact-facing sheet, hollow sphere energy absorption materials, carbon 

fabric and Kevlar fabric reinforced epoxy matrix composites as pressure walls. They 

investigated the energy absorption capability of the sandwich materials which were 

subjected to 1 – 7 km/s impact loading. Of interest, when stainless metal fibre reinforced 

silicon carbon matrix composites were used as impact-facing sheets, they absorbed and 

translated energy in a much better way than polymer matrix composites as the projectiles 

disintegrated into smaller particles on impact. Hart and Ubels [168] used protective layers 

consisting of epoxy filled with glass microballoons covered with one or more layers of 

aluminium gauze. Their work has shown that the protective surface layer improved the 

resistance to impact damage. Rahme et al. [169] used a low-density energy absorbent 

material (hollow spheres) of a certain thickness and a thin layer of Kevlar for the 

protective surface against low velocity impacts. This concept of protective layers has been 

shown to be a good candidate against impact, and despite some weight addition to the 

whole structure, the concept is applicable to components that are expensive to replace or 

repair. The use of a thermal protection layer, such as cork, in a study conducted by Petit 

et al. [170] showed good mechanical protection resistance against impact and the use of 

such protection increases the residual compressive strength after impact tests. 
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In this experimental study, the protective layer considered is a thin mild steel 

sheet bonded to the edges of the carbon/epoxy laminates. The effect of the shield on the 

extent of impact damage is investigated, and the impacted laminates are examined for 

residual tensile strength through quasi-static tension. As such, the residual strength of 

impacted laminates with protective layers can be compared with the residual strength of 

impacted laminates without the protective layers. 

7.2. Material, manufacture and test set-up 
 

The laminates are made of Hexcel HexPly® IM7/8552 carbon-epoxy pre-preg with 

ply thickness of 0.125 mm. A quasi-isotropic stacking sequence [45/0/-45/ 90]2s is used 

and the cured laminates have a nominal fibre volume fraction of about 60%. A 0.1 mm 

steel shim is employed for the shield and the metal shim is bonded to the edges of the 

laminates using Redux®319 adhesive. Redux®319 is a high-performance modified epoxy 

film adhesive which has a curing temperature of 175 °C.  

The surface of the laminate to be bonded is grid-blasted to provide a rough 

surface such that there is good adhesion between the bonding interfaces. A fixture was 

manufactured which allows aligning the protective layer, the adhesive film and the 

laminate together. A schematic of the procedure is shown in Figure 7.1. The adhesive film 

is placed over the laminate and the protective layer is folded manually over the adhesive 

film. The fixture is positioned on a vice tool which allows the alignment of five specimens 

at a time, by applying pressure at the top and pushing downwards until the laminate is 

completely slotted into the fixture. The laminates are removed from the slots and the 

process is repeated. The laminates with protective layers and adhesive films are then 

carefully bagged, keeping enough space between them to avoid contact with the 



Chapter 7 – Effect of Edge Shield under Impact 

200 
 

adhesive overflow when curing in the oven for 5 hours. Figure 7.2 shows an image of a 

laminate with the protective layer bonded to the edge over three-quarter of the chord. 

After curing, the laminates showed an overflow of adhesive to the sides. 

 

 

 

 

 

 

 

Figure 7.1: Schematic of laminate preparation for metal sheet addition to the edge. 

 

 

 

Figure 7.2: Bonded metal sheet over the edge of the laminate. 

To ensure that the adhesive was properly cured and to check for any irregularities 

in the bonding interface, one specimen was inspected using the ultrasonic full-matrix 
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capture (FMC) [171], where B-scan slices were reconstructed using the total focusing 

method (TFM) [172]. This was accomplished using a 5MHz array probe connected to a 

Diagnostic Sonar ‘FIToolbox’ array controller working with the proprietary Matlab-based 

BRAIN software developed at the University of Bristol [173]. In array imaging, FMC refers 

to how the array collects and stores raw data, while TFM is a high-resolution imaging 

technique which is only feasible as a post-processing operation on the FMC data. The 

inspection setup is illustrated in Figure 7.3. Two different locations on a single surface of 

the laminate were chosen to inspect for the quality of the bonding interface, namely 

location 1 with the probe close to the edge and location 2 with the probe further away 

from the edge.  

 

 

 

 

 

 

Figure 7.3: Inspection setup with probe positioned at location 2. 
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 The instantaneous amplitudes obtained when positioning the probe at the two 

different locations are shown in Figure 7.4. The positions of the steel sheet and the top 

surface of the laminate are also indicated in Figure 7.4. As the waves emitted from the 

probe travel through the inspected area, the amplitude of the wave varies from red 

(highest) to blue (lowest). From Figure 7.4a, the regions enclosed within the black ellipses 

indicate voids between the steel sheet and the top surface of the laminate. There are 

several voids identified at location 1 compared to location 2. Therefore, the inspected 

laminate showed relatively poorer bonding interface at the edge of the laminate than 

further away from the edge.  

 

 

       (a)  

(b)      

 

 

(c)     

Figure 7.4: The schematic shown in (a) illustrates the region of interest, in shaded colour, 

corresponding to the region with the steel and the adhesive. The instantaneous 

amplitudes at 5MHz of the specimen are provided for (b) location 1 and (c) location 2. 
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Due to unavailability of the gas gun at Oxford, arrangements were made to 

conduct high velocity impact tests at Imperial College London. As in the previous impact 

tests carried out in Chapter 3, a 3 mm steel cube of mass 0.22 g was used as projectile, 

the same mechanical fixture which holds the target was utilised and impacts were carried 

out at 45° to the edge. The test set up is shown in Figure 7.5 and impacts were carried out 

for impact velocities of 125 m/s, 226 m/s and 301 m/s, equivalent to 1.72 J, 5.62 J and 9.9 

J. A cylindrical sabot of diameter 24.9 mm is used to support the projectile during the 

acceleration along the barrel. A stopper is fitted at the end of the barrel, which stops the 

sabot and allows the projectile to travel and exit via the nozzle. It is important to mention 

that it was not possible to control the rotation of the cube once it leaves the sabot. Two 

sensors placed 10 mm apart along the barrel records the time as the sabot travels 

through these two points. The edge of the target was aligned carefully with the axis of the 

nozzle and the impacts made at a point on the target which is 1.5 mm from the edge, to 

ensure contact between the projectile and the target. The target is clamped over a length 

of 40 mm from one end onto the fixture, which is rigidly fixed during the tests. A high-

speed camera (Photron Ultima APX-RS) was used to record the impact process. A lamp 

was also utilised to ensure enough lighting and the camera was configured to obtain 

39000 fps. 

Post impact, impact damage was characterised using X-ray Computed 

Tomography (CT), and quasi-static tests (according to the ASTM D3909 standard) were 

carried out to determine the residual strength of the impacted laminates. The procedures 

for impact damage characterisation and tensile tests, as described in Chapter 3 and 5, are 

applied here. 
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Figure 7.5: Impact test setup showing target in desired position before impact. 

 

7.3. High velocity impact tests 
 

This section describes the impact process by inspecting images from the high-

speed video camera. In addition, the impact damage is characterised in terms of fibre 

fracture width and delamination area. The relationship between impact damage and 

residual tensile strength is further investigated. 

7.3.1. Impact process 
 

At impact velocity of 125 m/s, the projectile indents the edge of the laminate and 

the protective layer remains bonded to the edge. For impacts at 226 m/s and 301 m/s, 

the shield is detached from the laminate after the projectile strikes the target. Figure 7.6 

illustrates captured images from video sequences for impacts at 226 m/s and 301 m/s, 

and the far-right images in Figure 7.6 show the shield being detached from the laminate. 

This may be because, as the impact velocity is increased, the shock waves upon impact 
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also increase in intensity. With high-intensity shock waves propagating through weaker 

bonding interfaces, the shield is more prone to become detached from the laminate.   

The recorded velocities for this experimental study are provided in Table 7.1. From 

Table 7.1, the consistency of velocities at 226 m/s and beyond can be confirmed by the 

low C.V values in the recorded impact velocities. To operate the gas gun, the applied 

pressure was increased to the desired level using a ‘push’ button and the readings 

dropped quickly up to the desired value. During the tests, the gas gun was activated with 

some fluctuations around the desired pressure value and this error is associated with the 

high C.V value for impact velocity of 125 m/s. To further verify the consistency of the 

impact tests, the orientation of the cube just before impact and/or on impact was 

inspected as shown in Figure 7.7. The images show some variations in the orientation of 

the cube before or on impact, which may influence the extent of impact damage and the 

residual tensile strength. 

(a)       

Detached 
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(b)       

Figure 7.6: Impact sequences from impacts at (a) 226 m/s and (b) 301 m/s. 

 Table 7-1: Recorded impact velocities before impact. 

No. of 

specimens 

Recorded impact velocity 

(m/s) (C.V %) 

5 125 (9.2) 

4 226 (4.0) 

4             301 (3.4) 

 

(a)    

Detached 
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(b)    

Figure 7.7: Typical images from high speed camera showing orientation of the cube before 

and/or on impact for impact velocity of (a) 125 m/s and (b) 226 m/s. 

7.3.2. Fibre failure 
 

 The extent of fibre failure in all the plies for all impact configurations was 

determined based on the CT scan images. Figure 7.8 illustrates CT images of impacted 

laminates at 125 m/s and 301 m/s. Using the method of measuring the width, w, of 

broken fibres in all plies and averaging over the number of plies showing broken fibres, 

the fibre fracture width was determined, and the results are illustrated in Figure 7.9. 

Through the thickness, there is a double 0° ply block at the central symmetry plane with 

single 0° plies outboard. For impact velocity of 125 m/s, the top three plies showed fibre 

failure. As the impact velocity was increased to 226 m/s, fibre failure was observed in the 

top five plies. With further increase in impact velocity, the laminate showed perforation 

with fibre failure in all the 16 plies.  
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Figure 7.8: Widths of broken fibres, w, observed in different plies for impacted laminates 

at velocities 125 m/s (left) and 301 m/s (right). 

 

Figure 7.9: Measured fibre fracture widths in all plies. 
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 From Figure 7.9, the extent of fibre failure measured in some of the plies is larger 

than the size of the projectile. This is because of the oblique trajectory of the projectile 

during penetration which promotes a larger extent of fibre fracture. In addition, the 

interactions between different failure modes, different ply orientations and local bending 

around the impact point cause a larger extent of fibre fracture than just the area under 

the impactor. Due to the projectile’s oblique trajectory, the top 45° ply showed the 

largest extent of fibre failure for all impact velocities and the fibre fracture width 

decreases in size in the through thickness direction. 

7.3.3. Delamination  
 

 The extent of the damaged area in the impacted laminates was inspected from CT 

scans. Figure 7.10 illustrates typical -45°/0° interfaces observed in laminates impacted at 

125 m/s and 226 m/s. The methodology behind determining the delamination area using 

the ImageJ® software has been explained in detail in section 3.2.2. The measured area 

from all interfaces for all impact configurations are provided in Figure 7.11. For all 

laminates impacted at velocities of 125 m/s, 226 m/s and 301 m/s, every interface is 

delaminated. The delamination area was observed to be smallest at the interfaces close 

to the impact point, and its size increased away from the impact point. Just beneath the 

impact point, the delamination area is smallest because of the effect of through-thickness 

compressive stresses which suppress delamination. The largest delamination area was 

observed at the -45°/0° interfaces, adjacent to the central 0° ply block. When the 

projectile strikes the laminate, interlaminar shear arises due to the contact force and the 

stress reaches a maximum value near the mid-plane, hence inducing a larger 
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delamination area. The stress decreases further away from the impact point, thus leading 

to smaller delamination area away from the central 0° ply block. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.10: Delamination area at different -45°/0° interfaces in the through thickness 

direction represented within the white region for impacts at 125 m/s (left) and 226 m/s 

(right). 
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Figure 7.11: Measured delamination areas for all interfaces. 

 

Cross-sectional CT images are provided in Figure 7.12, where the locations of 

delamination through the thickness can be observed. Impacted laminates exhibit fibre 

breakage in different plies through the thickness, which is accompanied by several 

delaminations. The damaged area is much more localised just beneath the impact point. 

Away from the impact point, the laminates revealed longer extent of delamination, as 

confirmed from Figure 7.11. The delamination area determined from all interfaces within 

the laminate increases with impact velocity. Beyond 226 m/s, the delamination area 

increases at a slower rate and laminate perforation is observed at 301 m/s. Beyond 301 

m/s, as a result of laminate perforation, the impact damage is expected to be much more 

localised around the impact point and hence, the delamination area may decrease. 

Further impact tests beyond 301 m/s are required to verify this hypothesis. 
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Figure 7.12: Cross-sectional CT scans of impacted laminates over a range of velocities. 

7.3.4. Residual tensile strength 
 

A non-impacted laminate without the edge shield was chosen as the baseline 

because it was shown that non-impacted laminates fail at the grips, and hence the 

residual strength of non-impacted laminate is expected to be unaffected by the edge 

shield. Typical load crosshead-displacement responses of non-impacted and impacted 

laminates are illustrated in Figure 7.13. The non-impacted laminate has a non-linear 

response and failure occurs at the grips. The non-linearity in the non-impacted specimen 

is due to slippage at the grips during the tests. Impacted laminates show a linear response 

up to failure, where a fibre pull-out mechanism is identified around the impact damage 

front at the failure load. From the load crosshead-displacement responses, the highest 

load level is taken as the failure load and the residual tensile strength is calculated using 

Eq. (7.1). Table 7.2 provides details on the residual tensile strength for all laminates 

tested.   

                                                     𝜎 =  
𝑃𝑓𝑎𝑖𝑙𝑢𝑟𝑒

𝐴
                                                                 (7.1) 

2mm 0 0° 

Fibre failure 
Delamination 
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where 𝜎 is the tensile failure stress, Pfailure is the peak load recorded at failure and A is the 

total cross-sectional area of the laminate, obtained from the measured widths and 

thicknesses of the laminates. 

 

 

Figure 7.13: Load vs crosshead-displacement responses of laminates under tension. 

The fibre fracture width and delamination area in the impacted laminates increase 

with increasing velocity, and hence the residual tensile strength decreases. At 125 m/s, 

there is a reduction of 7.9% in residual strength, which is mainly governed by the extent 

of fibre failure. For an impact at 301 m/s, a reduction of 38% in residual tensile strength is 

observed. The projectile was aimed to strike the target at 1.5 mm from the edge, and the 

high C.V values in Table 7.2 may be due to some variability in exactly where the samples 

were impacted. In addition, the fact that the projectile can rotate before impact may be 

linked with the high C.V values.  
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Table 7-2: Residual tensile strength of laminates with edge protection and the baseline 

laminate. 

No. of 

specimens 

Residual tensile Strength 

(MPa) (C.V. %) 

4 837 (2.9) 

3 683 (7.4) 

3   562 (11.0) 

Un-notched (5 samples) = 909 MPa (2.2 C.V. %) 

 

7.4. Importance of edge shield 
 

 The importance of the protective layer on the edge of the laminate is investigated 

in this section and comparison is drawn against results from Chapter 3 and 5, where 

impacts were carried out on laminates without the shield.   

7.4.1. Effect on impact damage 
 

 For laminates with and without the edge protection, the extent of fibre failure 

observed increases with increasing impact energy and Figure 7.14 shows the comparison 

of the extent of fibre failure with varying impact energy between laminates with and 

without the edge shield. The impact energy is equal to the incident kinetic energy of the 

projectile, which was determined using the previously described Eq. (5.2). For lower 

impact energies, there is only a slight difference in the fibre fracture widths between 

laminates with and without the protective layer. However, as the impact energy is 

increased to 9.9 J, the presence of the protective layer on the edge results in a fibre 

fracture width which is 35% lower than the fibre fracture width observed in the laminate 
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without the protective layer. The general trend drawn on Figure 7.14 for laminates with 

edge shields also indicates that the extent of fibre failure is slowly approaching a constant 

value as the impact energy increases.  

 Figure 7.15 depicts the relationship between the extent of delamination with 

impact energy for laminates with and without the edge shield. From Figure 7.15, the 

importance of the protective layer is clearly shown by the large reductions in 

delamination areas for all impact energies. At an impact energy of 9.9 J, the presence of 

the protective layer attenuates the extent of delamination by 60%. A further comparison 

between all the superimposed delaminated surfaces in the laminates with and without 

the edge protection is shown in Figure 7.16. For the specimen without the edge shield at 

impact energy of 9.9 J, the delamination is seen to extend across the whole width in the 

bottom 90°/45° interface and across half of the width in some of the other lower 

interfaces. For the same impact energy, the laminate with edge shield reveals a 

delamination area which propagates across approximately 40% of the width of the 

laminate in the bottom 90°/45° interface, while most of the remaining interfaces showed 

delamination extending across nearly a quarter of the width. 
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Figure 7.14: Extent of fibre fracture with varying impact energy for laminates with and 

without edge protection. 

 

 

Figure 7.15: Variations in delamination area with respect to impact energy for laminates 

with and without edge protection. 
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(a)    (b)   

 

 

 

 

 

 

 

Figure 7.16: Delamination patterns observed in impacted laminates (a) without edge 

shield and (b) with edge shield, at an impact energy of 9.9 J. 

 

During an impact event, shock waves propagate in the impacted bodies. The shock 

wave transfers the impact energy [174], which is absorbed by the composite mainly as a 

result of the failure modes, such as fibre failure and delamination, and by the steel 

through plastic deformation. As the presence of the steel sheet acts as a supplement to 

the laminate in absorbing part of the impact energy, the extent of impact damage on 

laminates with edge protection is smaller than that observed in laminates without the 

edge protection. In addition, although the impact force has not been determined in this 

current study, it can be argued that the differences in delamination areas between 

laminates with and without the edge shield may be associated with the impact force 

being reduced by the steel sheet at the edge, hence promoting a smaller extent of impact 

damage in laminates with the edge shield. 
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7.4.2. Effect on residual strength 
 

The relationship between the residual tensile strength and impact energy of 

impacted laminates with the edge shield is shown in Figure 7.17. Figure 7.17 also includes 

the residual tensile strength of impacted laminates without the edge shield. For any 

impacted laminates, tensile strength reduction increases with increasing impact energy. 

 The effect of the edge shield can be observed in Figure 7.17, where the residual 

strength of laminates with the shield is approximately 30% higher than laminates without 

the shield for all impact energy levels between 1.7 J and 9.9 J. The reduction in tensile 

strength is mainly governed by the extent of fibre failure provided that the delamination 

areas are not large and does not extend across the width of the specimen (as discussed in 

Chapter 5). The presence of the protective layer on the edge of the laminate restricts the 

extent of impact damage, and therefore, the reduction in residual strength is more 

significant in laminates without the edge protection for any given impact energy.  

 While the edge shield was ripped off the laminate for impacts at 5.6 J and 9.9 J, it 

is of interest to investigate the contribution of the steel in carrying additional tensile load 

after it yielded. The impact at 1.7 J is considered here, and the 0.2% proof strength of 

steel is used, which is typically around 250 MPa. A = (2 x 0.1 x 25) mm2 is the total cross-

sectional area of the edge shield subjected to tensile loading. Beyond 0.2% proof strength 

of steel, the edge shield can carry an additional load of 1.25 kN. The additional load 

carried by the edge shield is approximately 2% of the tensile failure load for the impacted 

laminate at 1.7 J.  
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Figure 7.17: Residual tensile strength versus impact energy for impacted laminates with 

and without edge protection.  

7.5. Conclusion 
 

 An experimental study investigating the effect and importance of having a 

protective layer bonded to the edge of the laminate before high velocity oblique impacts 

has been carried out. A 0.1 mm steel shim was used as the shield and impact tests were 

carried out for velocities of 125 m/s, 226 m/s and 301 m/s. Increasing the impact velocity 

results in increases in extent of fibre failure and delamination and laminate perforation 

was observed at 301 m/s. 

The extent of impact damage was compared against experimental results from 

previous chapters, where impacts were conducted at the edge of the laminate with no 

protective layer. The protective layer at the edge of the laminate reduces the extent of 
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fibre failure and significantly reduces the extent of delamination. For impact velocities 

between 125 m/s – 301 m/s, the residual strength of laminates with the edge shield is 

enhanced by 30% in comparison to the strength for laminates without the edge shield, 

which is due to the smaller extent of impact damage with the edge shield. On its own, the 

edge shield carries only a small amount of the tensile load due to its small cross-sectional 

area compared to the laminate. Nonetheless, the edge protective layer is important in the 

design of composite components which may be subject to high velocity impacts. 
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8. Conclusions and Perspectives 
 

This chapter presents the conclusions extracted from this work as well as the 

recommendations for future work. 

8.1. Conclusions 
 

 High velocity impact events represent a serious threat to laminated composite 

structures and can reduce load bearing capacity severely. The resulting failure modes are 

complex and not intuitive. The research presented in this work has thus allowed a better 

understanding of the development of different failure modes and their interactions under 

two scenarios, namely impact and tension after impact. The key outcomes and points of 

learning from this work are: 

• For composite laminates which are FOD prone, it is important to assess the impact 

damage in terms of fibre failure and delamination. The use of non-destructive 

testing is essential for internal damage detection. 

• The trajectory of the projectile significantly affects the extent of impact damage, 

where oblique impacts revealed larger damaged area than normal impacts.  

• Ballistic limits for 2 mm thick edge- and centre-impacted IM7/8552 laminates can 

be deduced based on the impact velocity at which laminate perforation is 

observed. 

• The Hi-FEM employed in this work provides a powerful tool for understanding and 

predicting the damage development of carbon/epoxy laminates under high 

velocity impacts and tension after impact. As such, it can be recommended to 

simulate the dynamic and quasi-static responses of IM7/8552 laminates.  
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• Impacted laminates at 350 m/s were found to retain between 35 – 39% of the 

unnotched tensile strength.  

• From a residual tensile strength point of view, edge machined notches are very 

good equivalents to composite laminates impacted on the edge at very high 

velocities as the reduction in strength is mainly driven by the extent of fibre 

fracture. However, centre notches are not good approximations to centre-

impacted laminates because the reduction in strength is influenced by the large 

impact-induced delamination areas which restrict the growth of 0° splits under 

tensile loading. 

• The use of a protective shield on the edge of composite structures is vital as the 

extent of impact damage is significantly reduced at higher impact velocities.  

Small, hard body and sharp-edged fragments which may be ingested in aircraft 

engines are a significant threat to composite components. This limits the insertion of 

composite material components in engine applications and increases the cost of 

inspection, repair and replacement. The work in this thesis was motivated to address high 

velocity impact loading scenario using a 3 mm cube projectile. Since the damage area 

generally extends to a larger area that is very difficult to detect by visual inspection, the 

use of non-destructive testing (Ultrasonic C-scan and X-ray CT scan) is critical for internal 

damage detection. Following impact tests at 300 m/s at two different angles on flat 

rectangular quasi-isotropic laminates, oblique (45°) impacts were the more severe impact 

scenario in terms of the extent of damage induced. As such, a second set of oblique 

impact study was conducted where a range of impact velocities between 100 m/s and 

350 m/s were considered and impacts close to the edge (referred to as edge) and away 
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from the edge (referred to as centre) were investigated. The impact damage was 

characterised in terms of fibre fracture width and delamination area using X-Ray CT scan 

images. The extent of fibre failure was seen to increase with impact velocity. For edge 

impacts, the delamination area was observed to initially increase but then decrease 

beyond 300 m/s as a result of laminate perforation, where the impact damage becomes 

much more localised around the impact point. For centre impacts, the delamination area 

was observed to increase with impact velocity. CT scan images for the centre-impacted 

laminate at 350 m/s revealed fibre failure in all plies and the delamination area is 

therefore expected to decrease beyond 350 m/s. Based on the boundary conditions 

applied to the high velocity impact tests in this work and laminate perforation, ballistic 

limits of 300 m/s and 350 m/s can be defined for 2 mm thick IM7/8552 laminates 

impacted at the edge and centre of the laminate respectively.  

The findings from the experimental impact study have led to the validation of the 

high velocity oblique impact models. A High-fidelity Finite Element Method (Hi-FEM) was 

employed to capture the dynamic response of carbon/epoxy laminates subjected to 

oblique impacts over a range of velocities. This Hi-FEM takes a new approach in modelling 

high velocity impacts, where fibre failure was modelled using the Weibull theory and a 

maximum stress criterion, and multiple split paths and delamination were modelled using 

cohesive interface elements, together with an automated unit cell meshing technique. In 

comparison to the experimental results, the impact model yielded good predictions for 

some impact energies. For most impact energies, the delamination area was 

underpredicted. To investigate the reason behind the differences between predicted and 

experimental results, the baseline impact model was further studied by changing the 

orientation of the projectile before impact and by varying the number and position of 
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interface layers. While the changes in the projectile’s orientation were observed to 

significantly affect the extent of fibre failure, the delamination area was influenced to a 

greater extent by the number of interface layers. Several limitations of the baseline 

impact model were identified, such as restrictions in the split spacings, the omission of 

shear stress in the fibre failure criterion under compression, single projectile orientation 

before impact and the use of single integration point for solid elements in the through 

thickness direction. The ability of the Hi-FEM to model different failure modes and their 

interactions under a high velocity impact makes it suitable for investigating the dynamic 

response of IM7/8552 laminates over a range of impact velocities.  

 The combination of visible and internal impact damage can severely degrade the 

strength of a composite structure. While most works in the literature have focused on 

CAI, the residual tensile strength is considered equally important as structural 

components in aircraft engines are required to withstand high tensile forces. The residual 

tensile strength, both from an experimental and numerical point of view, was 

investigated and reductions of 61 – 65% in the residual strength were observed for 

carbon/epoxy laminates impacted at 350 m/s. The residual tensile strength of impacted 

laminates was observed to be strongly dependent on the extent of fibre failure. For 

centre impacts at higher velocities, the large delamination areas may affect the residual 

tensile strength. This is because the 0° splits show restricted growth in the presence of 

the large impact-induced delamination areas. The strength predictions using 

characterised damage from CT scan images were in very good agreement with the 

experimental results although it was a time-consuming process. The strength predictions 

based on the baseline impact model agreed with experimental results for some impact 

velocities. The lack of agreement for the other impact velocities is associated with the 
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differences in the extent of fibre fracture prior to tensile simulations and the 

development of 0° splits from the two approaches. The length of 0° splits is an important 

driving factor for tensile failure stress, where longer 0° splits blunt the stress 

concentrations, resulting in higher tensile failure stress. The Hi-FEM modelling technique 

is excellent at predicting the quasi-static tensile response of IM7/8552 laminates. This 

strength study can be applied to industrial inspection and replacement procedures, 

where the residual tensile strengths of edge- or centre-impacted IM7/8552 components 

over a range of impact damage dimensions can be extracted from this work. Hereby, 

making the process efficient and more cost effective.  

 Generally, it is mandatory to carry out impact tests and then tension or 

compression tests to determine the residual strength of an impacted composite 

structure. This work has taken a new approach for a simpler and quicker way to assess 

the effect of impact damage, where machined notches were studied as a potential 

equivalent for tension after impact tests. The damage zones in notched laminates at 95% 

of the tensile failure load and in impacted laminates prior to tensile tests were studied. 

For large fibre fracture widths, edge-impacted and edge-notched laminates have 

relatively similar damage zone sizes. Furthermore, investigations on the propagation of 0° 

splits and the equivalent Stress Concentration Factors at failure have led to draw the 

equivalence between edge machined notches and edge-impacted laminates at high 

velocities. On the other hand, centre notches are not good approximations to centre-

impacted laminates as the damage zone sizes in centre-impacted and centre-notched 

laminates differ by 55% due to the large impact-induced delamination areas in the centre-

impacted specimen. Modelling impact damage initiation and its progression under load 

can be particularly expensive in the preliminary design phase. Consequently, simplified 
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damage models with edge notches can avoid the high costs associated with intensive 

computational analysis. 

 An experimental study was conducted to investigate the influence of a steel edge 

shield on the extent of impact damage and the residual tensile strength. Although the 

edge shield was observed to carry a small amount of the tensile load beyond the yielding 

point of the steel, it significantly reduced the extent of impact damage and hence, 

provided an enhancement in the residual tensile strength as compared to impacted 

laminates without the edge shield. Therefore, for a greater lifetime, composite structures 

benefit from being protected by a shield against the effects of FOD.  

8.2. Future work 
 

Whilst maintaining the aim for a robust and computationally efficient FE model, 

the baseline impact model could be refined by including the interactions of shear stresses 

to the compressive fibre failure and a further investigation into an optimisation study, 

related to the number and position of cohesive interface layers, could be carried out. As 

the automated unit cell meshing technique is limited in its minimum allowable split 

spacings, investigation on the FE mesh with smaller split spacings may represent suitable 

avenue for further numerical analysis. In doing so, better delamination area predictions 

may be obtained for a range of impact velocities.  

With the intensive usage of composite materials, it is often asked whether small 

coupon tests can yield reliable results for the behaviour of large structures. In this work, 

high velocity impacts have been carried out on small scale coupons and for future work, it 

is of interest to investigate the influence of size effects on the extent of impact damage. 

While carrying out impact tests and non-destructive testing on larger structural 
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components can be both very expensive and difficult, numerical investigation on size 

effects may be an appropriate avenue. By understanding the relationship between the 

impact damage of small coupons and that of large structures, the gap between small-

scale and large-scale can be bridged. Another serious concern for an impacted structure 

in service is related to its life and by carrying out a fatigue investigation, it would be 

possible to determine how long an impacted structure can be further utilised until it must 

be replaced or repaired. Therefore, experimental and numerical investigation of impacted 

laminates under cyclic loads could be the subject for future studies. 
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A. Appendix A 
 

The extent of fibre failure, termed as fibre fracture width, in all the plies 

corresponding to edge- and centre-impacted laminates over a range of impact velocities 

are presented in the tables below.  

 

Table A-1: Measured fibre fracture widths for all plies in edge impacts (100 – 200 m/s). 

 

 

 

 

 

 

 

 

  100 m/s 150 m/s 200 m/s 

Ply angle (°) Fibre fracture width 
(mm) 

Fibre fracture width 
(mm) 

Fibre fracture width 
(mm) 

 45 1.72 3.31 3.34 
90 1.67 2.29 3.17 
-45 1.54 1.97 3.01 
0 1.33 1.83 3.02 

45 1.29 1.27 2.85 
90 0.69 1.11 2.77 
-45 0.24 0.62 2.68 
0 - - 2.65 
0 - - 2.65 

-45 - - 2.18 
90 - - 1.94 
45 - - 1.74 
0 - - 1.64 

-45 - - 1.01 
90 - - - 
45 - - - 

Average: 1.21 1.77 2.48 
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Table A-2: Measured fibre fracture widths for all plies in edge impacts (250 – 350 m/s). 

 

Table A-3: Measured fibre fracture widths for all plies in centre impacts (100 – 200 m/s). 

 250 m/s 300 m/s 350 m/s 

Ply angle (°) Fibre fracture width 
(mm) 

Fibre fracture width 
(mm) 

Fibre fracture width 
(mm) 

 45 4.32 6.80 9.49 
90 4.16 6.34 8.28 
-45 4.01 5.65 8.21 
0 3.83 5.45 8.16 

45 3.81 5.12 8.01 
90 3.76 4.83 7.98 
-45 3.69 4.75 7.98 
0 3.67 4.60 7.93 
0 3.67 4.60 7.93 

-45 3.52 4.38 7.43 
90 2.99 4.19 6.74 
45 2.71 3.97 6.18 
0 2.67 3.91 6.10 

-45 1.98 3.51 5.82 
90 1.33 3.08 5.79 
45 - 2.81 5.13 

Average: 3.34 4.62 7.32 

 100 m/s 150 m/s 200 m/s 

Ply angle (°) Fibre fracture width 
(mm) 

Fibre fracture width 
(mm) 

Fibre fracture width 
(mm) 

 45 1.31 1.61 2.57 
90 1.06 1.05 2.42 
-45 - 0.99 2.26 
0 - - 2.18 

45 - - 1.49 
90 - - 1.32 
-45 - - 1.08 
0 - - 1.03 
0 - - 1.03 

-45 - - 0.45 
90 - - - 
45 - - - 
0 - - - 

-45 - - - 
90 - - - 
45 - - - 

Average: 1.20 1.21 1.58 
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Table A-4: Measured fibre fracture widths for all plies in centre impacts (250 – 350 m/s). 

 250 m/s 300 m/s 350 m/s 

Ply angle (°) Fibre fracture width 
(mm) 

Fibre fracture width 
(mm) 

Fibre fracture width 
(mm) 

 45 6.49 7.47 13.4 
90 5.23 5.81 11.6 
-45 4.05 4.56 9.99 
0 4.07 4.37 9.60 

45 3.61 4.02 8.50 
90 3.23 3.73 8.12 
-45 2.99 3.70 7.03 
0 2.77 3.67 6.85 
0 2.77 3.67 6.85 

-45 1.22 1.47 5.66 
90 0.69 1.12 4.94 
45 - - 4.76 
0 - - 4.51 

-45 - - 4.04 
90 - - 3.75 
45 - - 3.07 

Average: 3.36 3.96 7.04 
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B. Appendix B 
 

The extent of delamination at all interfaces within the laminates corresponding to 

edge and centre impacts over a range of velocities are presented in the tables below.  

 

Table B-1: Measured delamination areas for all interfaces in edge impacts (100–200 m/s). 

 

 

 

 

 

 

 

 

 

 100 m/s 150 m/s 200 m/s 

Interface Delamination area 
(mm2) 

Delamination area 
(mm2) 

Delamination area 
(mm2) 

 45°/90° 9.40 52.0 8.60 
90°/-45° 12.1 60.9 8.80 
-45°/0° 22.8 79.5 45.2 
0°/45° 59.8 89.0 16.9 

45°/90° 63.8 35.9 23.3 
90°/-45° 70.8 41.4 110 
-45°/0° 164 104 84.7 
0°/0° - 115 61.0 

0°/-45° 22.2 184 295 
-45°/90° 41.1 130 122 
90°/45° 52.7 88.2 273 
45°/0° 58.1 308 234 
0°/-45° - 182 335 

-45°/90° - 84.1 152 
90°/45° - 64.4 225 

Average: 52.4 107 133 
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Table B-2: Measured delamination areas for all interfaces in edge impacts (250–350m/s). 

 

Table B-3: Measured delamination areas for all interfaces in centre impacts (100–200 

m/s). 

 250 m/s 300 m/s 350 m/s 

Interface Delamination area 
(mm2) 

Delamination area 
(mm2) 

Delamination area 
(mm2) 

 45°/90° 55.7 51.2 26.0 
90°/-45° 56.3 64.6 49.0 
-45°/0° 58.3 97.8 81.0 
0°/45° 60.1 94.0 127 

45°/90° 64.0 87.4 85.0 
90°/-45° 102 88.1 53.0 
-45°/0° 161 172 103 
0°/0° 138 134 147 

0°/-45° 221 260 213 
-45°/90° 160 178 127 
90°/45° 92.7 154 80.6 
45°/0° 245 251 116 
0°/-45° 313 315 250 

-45°/90° 193 213 129 
90°/45° 281 328 383 

Average: 150 166 129 

 100 m/s 150 m/s 200 m/s 

Interface Delamination area 
(mm2) 

Delamination area 
(mm2) 

Delamination area 
(mm2) 

 45°/90° 4.40 37.0 46.8 
90°/-45° - 35.9 50.3 
-45°/0° - 18.3 92.2 
0°/45° - 29.7 85.6 

45°/90° - 28.3 123 
90°/-45° - 39.6 106 
-45°/0° - 82.4 131 
0°/0° - 15.3 53.7 

0°/-45° - 40.4 163 
-45°/90° - 26.8 191 
90°/45° - 40.8 129 
45°/0° - 55.2 128 
0°/-45° - 29.7 52.2 

-45°/90° - 23.5 58.2 
90°/45° - 12.4 136 

Average: 4.40 34.4 103 
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Table B-4: Measured delamination areas for all interfaces in centre impacts (250 – 350 

m/s). 

 

 

 250 m/s 300 m/s 350 m/s 

Interface Delamination area 
(mm2) 

Delamination area 
(mm2) 

Delamination area 
(mm2) 

 45°/90° 57.0 129 175 
90°/-45° 46.8 165 191 
-45°/0° 78.7 210 184 
0°/45° 103 288 161 

45°/90° 128 324 238 
90°/-45° 147 374 344 
-45°/0° 122 421 412 
0°/0° 187 457 582 

0°/-45° 163 255 493 
-45°/90° 283 459 420 
90°/45° 392 343 305 
45°/0° 137 543 552 
0°/-45° 109 138 423 

-45°/90° 65.2 213 311 
90°/45° 177 460 409 

Average: 146 319 347 


