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ABSTRACT 

A three-dimensional (3-D) Finite Element Analysis (FEA) model incorporating an elastic-plastic (EP) 

damage model, which was implemented as a user-defined material (‘VUMAT’) sub-routine in a FEA 

code (‘Abaqus/Explicit’), is developed to simulate the impact response of carbon-fibre reinforced-

plastic (CFRP) composites. The model predicts the load versus time and the load versus 

displacement responses of the composite during the impact event. Further, it predicts the extent, 

shape and direction of any intralaminar damage and interlaminar delaminations, i.e. interlaminar 

cracking, as a function of the depth through the thickness of the impacted CFRP test specimen, as 

well as the extent of permanent indention caused by the impactor striking the composite plate. To 

validate the model, experimental results are obtained from relatively low-velocity impact tests on 

CFRP plates employing either a matrix of a thermoplastic polymer, i.e. poly(ether-ether ketone), or a 

thermosetting epoxy polymer. The 3-D EP model that has been developed is shown to model 

successfully the experimentally-measured impact behaviour of the CFRP composites. 
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1. Introduction 

With low-carbon emissions in mind, modern manufacturing industries are showing an 

increasing interest in lightweight materials for transport applications and very good candidates are 

fibre-reinforced polymer-matrix composites. These materials have demonstrated relatively high 

stiffness-to-weight and strength-to-weight ratios, as well as good fatigue and corrosion resistance, 

compared with more traditional metallic materials. However, such composite materials suffer from 

being susceptible to impact damage, which may not be readily visible, but can lead to a significant 

loss of structural integrity. Thus, accurate models for assessing the damage suffered by fibre-

reinforced polymer-matrix composites upon being impacted by a foreign object would clearly be of 

great assistance to design engineers. It is intended that the model described in the present paper will, 

in the future, be used to predict the impact behaviour of carbon-fibre reinforced-plastic (CFRP) 

composites that have been damaged and then repaired using adhesively-bonded CFRP patches. It 

has, therefore, been formulated with this ultimate use in mind. However, clearly, the first step is to 

validate the new model by comparing the results from the modelling predictions to experimental 

results obtained from impacting a relatively simple geometry, i.e. a basic CFRP plate, at a relatively 

low-velocity and this is the subject of the present paper. 

Numerical models are particularly useful when trying to represent reality more closely and 

should also lead to a better understanding of the impact behaviour of composite laminates. Hence, 

there have been a number of papers [e.g. 1-22] on developing finite-element analysis (FEA) models 

to simulate the impact behaviour of fibre-reinforced polymer-matrix composites, especially for CFRP 

composites struck by a rigid impactor at a relatively low-velocity of typically between about 1 to 15 

m.s-1, with a corresponding impact energy of between about 2 to 25 J. The major damage 

mechanisms observed when a CFRP composite is impacted at a relatively low-velocity are: (a) 

intralaminar damage which typically involves plastic deformation of the matrix, matrix cracking, fibre 

debonding and localised fibre failure and (b) interlaminar damage which typically involves the initiation 

and growth of delaminations, i.e. interlaminar cracking, between the layers that form the composite 

laminate. These two main damage mechanisms are interactive during the impact event. In the 

numerical models, to simulate the impact event and the behaviour of the impacted CFRP composite, 

the usual overall methodology is to combine continuum damage models with a fracture-mechanics 

approach, which are embedded in a commercial FEA software package. 
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For example, in previous work Liu et al. [21,22] have used a typical two-dimensional (2-D) 

elastic model which was implemented in an FEA code for predicting the impact behaviour of CFRPs. 

The initiation of intralaminar damage in the fibre-reinforced composites was captured using the 

Hashin damage approach [23,24] and its evolution was defined via a continuum damage mechanics 

approach [25]. The initiation of interlaminar damage in the CFRPs was captured using a quadratic 

stress criterion [26] and the evolution of the interlaminar damage was modelled using a linear-

softening material model embedded into a bilinear cohesive law [25,27,28] which was implemented as 

interface elements placed between the plies [25,29,30]. The area under the bilinear cohesive law was 

equated to the measured interlaminar fracture energy, allowing for mode-mixity effects [30-32]. Thus, 

a fracture mechanics approach provided the basic criterion for delamination, i.e. interlaminar cracking, 

to occur. This 2-D elastic damage model has been found [21,22] to give good agreement with such 

parameters as the experimentally-measured impact load and the overall delamination areas for 

several different CFRP materials. However, it cannot take into account any plastic deformation of the 

composite material prior to the initiation of damage. Further, since it is only a 2-D model, it therefore 

cannot accommodate a three-dimensional (3-D) stress-state. Thus, the above 2-D elastic damage 

model lacks the ability to characterise fully the damage in the composite and it cannot predict the 

detailed shape and direction of the areas of delamination between the plies of the composite 

laminate. The aim of the present paper is to address these shortcomings and to validate a 3-D elastic-

plastic (EP) model then can subsequently be employed, with confidence, to predict the impact 

response of damaged CFRP plates that have been repaired using adhesively-bonded CFRP patches. 

Now, considering the modelling of the low-velocity impact on fibre-reinforced polymer-matrix 

composites and composite structures, some of the more relevant prior work is that of Sun and Hallett 

[16] who developed a 3-D composite damage model, which incorporated non-linear deformations and 

contacts, to predict the impact behaviour of composite components subjected to a low-velocity impact 

loading. Also, Donadon et al. [4] and Shi et al. [10,13] have developed 3-D models which have 

incorporated non-linear material behaviour via a semi-empirical expression [33,34] to represent the 

shear response. Also, for more complex structures, Faggiani and Falzon [7] have employed a 3-D 

damage model which again incorporated the non-linear shear behaviour to predict the impact damage 

in a stiffened composite plate.  We have adopted a somewhat different approach in the current paper 

and have used the 3-D EP model proposed by Sun et al. [35,36]. Firstly, it has been reported [37] that 

this is a relatively simple and accurate model to incorporate into a continuum damage model based 
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on a FEA approach. Secondly, the Sun et al. [35,36] model can account for the anisotropy in the 

plastic behaviour of the composite and, in the present model, the plastic behaviour in the tensile, 

compressive and shear directions are considered. This may lead, therefore, to a more accurate 

representation of the permanent indentation caused when the impactor strikes the CFRP plate. 

Thirdly, the current model is designed to be used for predicting the impact behaviour of adhesively-

bonded repaired CFRP plates. In such composite structures the adhesive layer, typically based upon 

a rubber-toughened epoxy polymer, is highly ductile and can be most accurately described by the Sun 

et al. [35,36] EP model. Another important feature of any such FEA damage model is the criteria used 

to determine the onset of the initiation of intralaminar damage such as matrix cracking, etc. The 

present model employs the Northwestern University (NU) 3-D failure criteria, which mainly focus on 

transverse and through-thickness matrix failure under tension, compression and shear stresses, as 

developed by Daniel et al. [38-40]. The NU failure criteria have been shown to give accurate 

predictions of multiaxial failure conditions in polymer-matrix composites [41,42] and are readily 

applicable to both multidirectional composite ply lay-ups [39,40,43,44] and woven composite plies [38-

40,45]. It should be noted that alternative such criteria favoured by many leading researchers are 

given by the Puck [46] model. However, the Puck model requires additional information, e.g. the 

orientation of the matrix cracking, and such additional fitting parameters need to be determined 

experimentally to give the model a good predictive capability [42]. Thus, the Puck model is not really 

appropriate for woven composite materials. It was therefore considered that the NU failure criteria are 

more relevant to an FEA model aimed at predicting the impact response of repaired CFRP plates 

when woven composites are to be employed along with multidirectional composites. 

Therefore, in the present paper, the previous 2-D elastic model developed by Liu et al. [20,21] 

is extended to give a 3-D EP FEA model to predict the behaviour of CFRP composites subjected to a 

low-velocity impact. This is achieved by modelling the 3-D EP behaviour of the composite material by 

incorporating the equivalent stress versus equivalent plastic strain relationships proposed by Sun et 

al. [35,36]. These relationships are defined by a power-law and are based upon a 3-D yield function 

that is quadratic in stress, as discussed in detail below and in Appendix A. This approach defines the 

stress components and anisotropic plastic strain components in different directions and is able to very 

readily, and accurately, accommodate a 3-D stress-state and the EP response of the composites. 

This equivalent stress versus equivalent plastic-strain relation is introduced into the FEA code 

(‘Abaqus/Explicit’) via a user-defined material (‘VUMAT’) sub-routine. The present model employs the 
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3-D NU failure criteria [38-40] to determine the initiation of intralaminar damage such as matrix 

cracking, etc. This combination of features in the proposed 3-D elastic-plastic (EP) FEA damage 

model actually represents a novel approach and clearly first needs to be validated against 

experimental data. This is the main aim of the present paper where the results from the 3-D EP 

damage model are validated by a comparison with detailed experimental results on the impact 

behaviour of thermoset- and thermoplastic-matrix CFRP composites subjected to a low-velocity 

impact by a rigid projectile. 

2. Experimental 

Unidirectional ‘AS4’ carbon-fibre reinforced poly(ether-ether ketone) (CF/PEEK) prepregs, 

supplied by Solvay, Belgium, and unidirectional ‘T700’ carbon-fibre reinforced epoxy (CF/Epoxy) 

prepregs, supplied by AVIC Composite Corporation, China, were used to fabricate large flat plates of 

the thermoplastic-matrix and thermoset-matrix composite laminates, respectively, which were cut into 

the smaller test specimens. These test specimens were prepared using a lay-up of [03/903]2s, with the 

0o plies laid along the longer dimension of the rectangular specimens, as shown schematically in Fig. 

1, and the specimens possessed a nominal thickness of 3.0 mm. In Fig. 1, X-Y-Z refer to the global 

coordinate system and, correspondingly, the material coordinate system was defined as 1-2-3. The 

manufacturing details for these carbon-fibre reinforced-plastic (CFRP) specimens have been given 

previously [22,47]. Low-velocity impact tests on the CFRP specimens were undertaken and these 

have also been described in detail elsewhere [22,47]. Essentially, an ‘Instron 9340’ drop-tower 

(CEAST, Italy), was used with an instrumented stainless-steel impactor having a hemispherically-

shaped head with a diameter of 12.7 mm and an overall mass of 3.2 kg. The drop-weight impact 

experiments were conducted at three energy levels, i.e. 4.5 J, 7.5 J and 10.5 J, and three replicate 

CF/PEEK and CF/Epoxy composite specimens were tested at each energy level. The impact energy 

was varied by adjusting the height of the impactor. For the impact energies of 4.5, 7.5 and 10.5 J, with 

the 3.2 kg impactor, then the corresponding impact velocities were 1.68, 2.16 and 2.56 m.s-1, 

respectively. A catching system was used to restrain the impactor at the end of the impact test. No 

software filtering of the output force-signal was employed and the software for the instrumented drop-

weight test equipment provided the impact load and displacement as a function of the time-scale of 

the impact event. The displacement was calculated, via the software supplied by CEAST, by double 

integration of the load versus time response from the load cell in the impactor using Newton’s second 

law.  
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All the impacted composite specimens were examined to evaluate the degree of interlaminar 

delamination, i.e. interlaminar cracking, using a portable ‘Prisma 16:64 TOFD’ ultrasonic C-scan 

device, supplied by Sonatest Ltd., UK [47]. This has a phased-array probe integrated with sixteen 

pulsars/receivers. The probe also equipped with a 16 mm encoder, which is used to provide the 

position of the probe along the scan axis. A water spray was applied as the contact agent on the top 

surface of the CFRP plate to eliminate the effect of air and ensure the effectiveness of the 

transmission of the ultrasonic waves. Ultrasonic C-scan imaging is one the most widespread Non-

Destructive Testing (NDT) techniques for composite damage evaluation. Ultrasonic waves with 

frequencies ranging between 0.5 to 50 MHz are transmitted through the composite to be tested and, 

upon encountering a discontinuity or delamination in the composite, the waves are reflected back to 

the transducer. The position and size of a delamination can be determined by comparing the total 

travel time, which gives the location of the delamination, and the amplitude of the wave, which gives 

the size of the delamination, when the transmitted wave is reflected from both a delamination and the 

back face of the CFRP. The C-scan maps are presented in the form of a colour map providing a 

detailed depth distribution of the damage area but, of course, the C-scan maps can only represent the 

superimposed delamination areas present in the various composite plies. The delaminations tend to 

increase in extent the further one goes from the point of impact, i.e. the smaller delamination areas 

are present between the upper impacted surface plies whilst the largest delamination areas are 

between the lowest plies near the back face. Therefore, it is important to scan from the impacted face 

[47]. 

3. The Damage Model 

3.1. Introduction 

The implementation of the 3-D FEA numerical model for predicting the intralaminar and 

interlaminar damage suffered by the composite during the impact event is shown schematically in the 

flowcharts in Fig. 2, for one computational time-step and a single integration point. The flowcharts of 

both the main model and the EP model, which was incorporated as a user-defined material (‘VUMAT’) 

sub-routine into the main FEA code (‘Abaqus/Explicit 2018’), are given. The FEA simulation would 

typically be run from 0 to about 6 ms, with about 100 time-steps being employed, and each 

computational time-step was performed for every appropriate single integration point. The numerical 

model runs were stopped when the defined total computation time for the impact simulation event had 

expired. 
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3.2. The intralaminar damage model 

3.2.1. Introduction 

The types of intralaminar damage that are typically observed in composite laminates consist 

of plastic deformation of the matrix, matrix cracking, fibre debonding and localised fibre failure. 

3.2.2. The material response prior to the initiation of intralaminar damage 

In the intralaminar damage modelling studies an extended 3-D EP model [35,36,48-52] has 

been used to capture the elastic-plastic material response prior to the initiation of matrix cracking, etc, 

since this enables a more accurate prediction of the impact behaviour of the composite laminate, see 

Appendix A for full details. The constitutive relation for the EP model can be obtained by combining 

the classic elastic model with the extended plastic model and is given by: 

{
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  (1) 

where 𝑑𝜀𝑖𝑗 and 𝑑𝛾𝑖𝑗  (𝑖, 𝑗 = 1,2,3) are the incremental total strains and 𝑑𝜎𝑖𝑗 and 𝑑𝜏𝑖𝑗  (𝑖, 𝑗 = 1,2,3) are 

the incremental stresses. The parameters 𝜈𝑖𝑗  (𝑖, 𝑗 = 1,2,3, 𝑖 ≠ 𝑗) are the Poisson’s ratios, 𝐸𝑖𝑖  (𝑖, 𝑗 =

1,2,3, 𝑖 = 𝑗) are the Young’s moduli either for tension or compression loading, which are generally 

considered to be similar for composite laminates [25], and 𝐺𝑖𝑗  (𝑖, 𝑗 = 1,2,3, 𝑖 ≠ 𝑗) are the shear moduli. 

The parameters 𝑑𝜀𝑖𝑗
𝑝
 and 𝑑𝛾𝑖𝑗

𝑝
 (𝑖, 𝑗 = 1,2,3) represent the incremental plastic strains, which are related 

to the equivalent stress, 𝜎𝑒𝑞𝑢, and the equivalent plastic strain, 𝜀𝑒𝑞𝑢
𝑝

. The equivalent stress, 𝜎𝑒𝑞𝑢, is 

given by: 

 

𝜎𝑒𝑞𝑢 = √
3

2
(𝜎22

2 + 𝜎33
2 ) − 3𝜎22𝜎33 + 3𝑎44𝜏23

2 + 3𝑎55𝜏13
2 + 3𝑎66𝜏12

2   (2) 

 

where 𝑎44, 𝑎55 and 𝑎66 are coefficients which indicate the extent of anisotropy in the plastic behaviour. 

For transversely isotropic solids which are linearly elastic in the fibre direction, i.e. a unidirectional 

fibre-reinforced composite, the value of the coefficient 𝑎44, associated with the term 𝜏23
2 , can be set as 

having a value of two and the coefficient 𝑎55, associated with 𝜏13
2 , is equal in value to the coefficient 

𝑎66, associated with 𝜏12
2 . Now, the coefficient 𝑎66 can be readily determined from off-axis tension and 

compression stress versus strain experiments conducted at different values of the off-axis angle, 



8 
 

relative to the fibre direction, using a unidirectional composite [e.g. 35,36,51,52], as described in 

Appendix A. The relationship between the equivalent stress, 𝜎𝑒𝑞𝑢, and the equivalent plastic 

strain, 𝜀𝑒𝑞𝑢
𝑝

, can be expressed as a power-law function, given by: 

 𝜀𝑒𝑞𝑢
𝑝

= 𝐴𝜎𝑒𝑞𝑢
𝑛                                  (3) 

where 𝐴 and 𝑛 are material constants, which are determined by fitting to the 𝜎𝑒𝑞𝑢 versus 𝜀𝑒𝑞𝑢
𝑝

 data, as 

obtained from the off-axis experiments when different off-axis angles are employed using a 

unidirectional composite [e.g. 35,36,51,52], again see Appendix A. The determination of the 

coefficient, 𝑎66, and the constants, 𝐴 and 𝑛, allow the calculation of the incremental plastic strains, 
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 (𝑖, 𝑗 = 1,2,3), as given by: 
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𝑑𝜎𝑒𝑞𝑢  (4) 

3.2.3. The initiation of intralaminar damage 

The 3-D damage criteria that were employed to capture the initiation of intralaminar damage 

such as matrix cracking, etc. were proposed by Daniel et al. [38-40,43-45] and are usually referred to 

as the Northwestern University (NU) failure criteria. They are partially interactive damage criteria, 

which means that more than one stress component may be used in them.  These damage criteria 

represent the intralaminar damage that may be induced in a composite ply via: longitudinal tensile 

stresses, longitudinal compressive stresses, transverse tensile stresses, transverse compressive 

stresses, transverse shear stresses, through-thickness tensile stresses, through-thickness 

compressive stresses and through-thickness shear stresses. The mathematical details of the damage 

initiation model for a composite ply are given in Table 1, where 𝜎𝑖𝑗 and 𝜏𝑖𝑗 are the normal and shear 

stresses and 𝐹𝑖𝑇 (𝑖 = 1,2,3), 𝐹𝑖𝐶  (𝑖 = 1,2,3)  and 𝐹𝑖𝑆 (𝑖 = 2,3) are the tensile, compressive and shear 

damage criteria in the three material directions, respectively, and the initiation of damage is predicted 

to occur when 𝐹  1. The terms 𝑆𝑖𝑡  (𝑖 = 1,2,3) are the tensile strengths in the three material directions 

and 𝑆𝑖𝑐  (𝑖 = 1,2,3) are the compressive strengths in the three material directions. Finally, 𝑆12, 𝑆13 and 

𝑆23 represent the shear strengths in the corresponding material directions. The definition of the 

combined stresses at the onset of the initiation of the intralaminar damage and final failure, 𝜎0 and 

 𝜎𝑓, respectively, are given in Table 2. 
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3.2.4. The propagation of intralaminar damage  

Corresponding to the damage initiation mechanisms defined in the damage criteria [38-40], 

eight damage variables, 𝑑1𝑡, 𝑑1𝑐, 𝑑2𝑡, 𝑑2𝑐, 𝑑2𝑠, 𝑑3𝑡, 𝑑3𝑐 and 𝑑3𝑠, may be defined to indicate the 

propagation of intralaminar damage in a composite ply. A general form of the damage variable, 𝑑, for 

all types of damage initiation, is given by [25]: 

 𝑑 =
(𝜀𝑓 − 𝜀𝑝)(𝜀 − 𝜀

0)

(𝜀 − 𝜀𝑝)(𝜀
𝑓 − 𝜀0)

    (5) 

where the strain, 𝜀, is the combined strain in the composite ply and the strain values 𝜀0 and 𝜀𝑓 are the 

combined strains corresponding to the initiation of damage and final failure, respectively. The term 𝜀𝑝 

is the combined plastic strain. The equations for the damage variable for a particular type of damage, 

and the corresponding combined strains, are given in Table 3, noting that  𝛾𝑖𝑗 = 2 𝜀𝑖𝑗. The final failure 

strain, 𝜀𝑖𝑗
𝑓
 (𝑖, 𝑗 = 1,2,3), can be determined by [53,54]: 

𝜀𝑖𝑗
𝑓
=  2𝐺𝑐|𝑖𝑗/(𝜎𝑖𝑗

0 𝑙𝑐)                                                                                                                                                       (6)               

where the respective values of 𝐺𝑐|𝑖𝑗 are the tensile, 𝐺𝐼𝑐|𝑓𝑡, and compressive, 𝐺𝐼𝑐|𝑓𝑐, intralaminar ply 

fracture energies in the longitudinal fibre-direction and the tensile, 𝐺𝐼𝑐|𝑚𝑡, compressive, 𝐺𝐼𝑐|𝑚𝑐, and 

shear, 𝐺𝐼𝐼𝑐|𝑚𝑠, intralaminar ply fracture energies in the transverse directions. The term 𝜎𝑖𝑗
0  is the stress 

corresponding to damage initiation and 𝑙𝑐 is the characteristic length which can be determined based 

on the volume of the elements [53,54]. During the evolution of intralaminar damage, the elasticity 

matrix needs to be degraded to compute the values of the degraded stresses. To achieve this, four 

damage parameters, 𝑑1, 𝑑2, 𝑑3 and 𝑑𝑠, which reflect the longitudinal damage, transverse damage and 

through-thickness damage and shear damage, respectively, were derived from the eight damage 

variables, 𝑑1𝑡, 𝑑1𝑐, 𝑑2𝑡, 𝑑2𝑐, 𝑑2𝑠, 𝑑3𝑡, 𝑑3𝑐 and 𝑑3𝑠, corresponding to the types of damage previously 

discussed, as follows [25]: 

Longitudinal damage: 𝑑1 = {
𝑑1𝑡 , and σ11 ≥ 0
𝑑1𝑐 , and 𝜎11 < 0

  (7) 

Transverse damage: 𝑑2 = {

𝑑2𝑡 , |𝜎22| ≥ |12(23)| and 𝜎22 ≥ 0

𝑑2𝑐 , |𝜎22| ≥ |12(23)| and 𝜎22 < 0

𝑑2𝑠, |σ22| < |12(23)|                        

  (8) 

Through-thickness damage: 𝑑3 = {

𝑑3𝑡 , |𝜎33| ≥ |13(23)| and 𝜎33 ≥ 0

𝑑3𝑐 , |𝜎33| ≥ |13(23)| and 𝜎33 < 0

𝑑3𝑠, |σ33| < |13(23)|                        

   (9) 

Shear damage: 𝑑𝑠 = 1 − (1 − 𝑑1)(1 − 𝑑2)(1 − 𝑑3)  (10) 
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The damage parameters, 𝑑1, 𝑑2, 𝑑3 and 𝑑𝑠, have the value of 0 when the element is 

undamaged and 1 when fully damaged and they were used to degrade the elasticity matrix to form 

the damaged elasticity matrix, 𝐶𝑑, given by [25]: 

𝐶𝑑 =
1

𝐷

[
 
 
 
 
 
 

(1 − 𝑑1)𝐸11 (1 − 𝑑1)(1 − 𝑑2)𝜈21𝐸11 (1 − 𝑑1)(1 − 𝑑3)𝜈31𝐸11 0 0 0
(1 − 𝑑1)(1 − 𝑑2)𝜈12𝐸22 (1 − 𝑑2)𝐸22 (1 − 𝑑2)(1 − 𝑑3)𝜈32𝐸22 0 0 0
(1 − 𝑑1)(1 − 𝑑3)𝜈13𝐸33 (1 − 𝑑2)(1 − 𝑑3)𝜈23𝐸33 (1 − 𝑑3)𝐸33 0 0 0

0 0 0 (1 − 𝑑𝑠)𝐺12𝐷 0 0

0 0 0 0 (1 − 𝑑𝑠)𝐺13𝐷 0

0 0 0 0 0 (1 − 𝑑𝑠)𝐺23𝐷]
 
 
 
 
 
 

 (11) 

where the term 𝐷 is given by [25]: 

𝐷 = 1 − (1 − 𝑑1)(1 − 𝑑2)𝜈12𝜈21 − (1 − 𝑑2)(1 − 𝑑3)𝜈23𝜈32 − (1 − 𝑑3)(1 − 𝑑1)𝜈31𝜈13 

−2(1 − 𝑑1)(1 − 𝑑2)(1 − 𝑑3)𝜈12𝜈23𝜈31 
 (12) 

and the degraded stresses were then calculated from [25]: 

𝜎𝑖𝑗 = 𝐶𝑑𝜀𝑖𝑗
𝑒  (13) 

in which 𝜎𝑖𝑗 is the resulting stress and 𝜀𝑖𝑗
𝑒 is the current elastic strain. It should be noted that 

intralaminar matrix cracks, as such, are not physically present in this ‘smeared-crack’ model but only 

their effects on the stiffness of the ply elements, via Eqs. (7) to (13). These degraded stresses and 

updated strains were then read as being the new material state, for a given element, in the next step 

of the run of the FEA model. In the intralaminar damage model, the criterion used for the deletion of 

elements was based on the determinant of the damage parameters, 𝑑1, 𝑑2, 𝑑3 and 𝑑𝑠. If any of these 

damage parameters met the criterion 𝑑i (𝑖 = 1,2,3, 𝑠) ≥ 0.99, the corresponding elements were 

deleted. For the simulations of the extent of intralaminar damage as a function of the time-scale of the 

impact event that are deduced from the model then, following earlier work [7,22,53], a value for the  

particular damage parameter of equal to, or greater, than 0.9 was used to define the relatively intense 

intralaminar damage, i.e. to calculate the predicted areas of intralaminar damage in the figures shown 

later. 

3.3. The interlaminar damage model 

3.3.1. Introduction 

Interlaminar damage typically involves the initiation and growth of delaminations, i.e. 

interlaminar cracking, between the plies that make up the composite laminate and this was captured 

using the ‘Abaqus/Explicit’ built-in surface-based cohesive (i.e. interface) element, having a zero 

thickness, using a fracture-mechanics approach [25]. Basically, the interface element was described 

via a cohesive (i.e. damage) surface law [28-30] where the traction, 𝑡, is a function of the 

displacement, , as shown schematically in Fig. 3, and is in the form of a bilinear cohesive law for a 
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linear-softening material model. This cohesive surface law was implemented in the FEA code [25] via 

an interface element. In the present work, as noted above, a 3-D approach has been taken, see Fig. 

3, and the traction vector, 𝑡, consists of three components which represent 𝑡33 the normal traction and 

the two shear tractions 𝑡31 and 𝑡32, respectively. The equation, 𝑘 = 𝛼𝐸33/𝑡𝑝, as reported in [30], was 

employed to determine the initial cohesive stiffness, 𝑘𝑖(𝑖 = 33, 31, 32); where  is a constant much 

larger than unity, i.e. 𝛼 ≫ 1, 𝐸33 is the transverse Young’s modulus of the composite and 𝑡𝑝 is the 

thickness of two adjacent three block layers (i.e. 0.750 mm). The values of the cohesive stiffness 

along the normal, 𝑘33, the first shear, 𝑘31, and the second shear, 𝑘32, directions were assumed to be 

equal. The embedded interface element requires a value of the interlaminar fracture energy, 𝐺𝑐, to be 

inputted and this represents the area under the bilinear cohesive law, see Fig. 3. This damage law is 

divided into two steps. Before the initiation of any delamination, the relationship possesses linear-

elastic behaviour with a stiffness of 𝑘. Once the interlaminar damage criterion is satisfied, at a value of 

the displacement of  𝛿𝑜, the cohesive stiffness degrades linearly until separation of the interface 

occurs when the traction, 𝑡, tends to zero. Thus, the interlaminar delamination propagates, i.e. 

interlaminar cracking results, when the maximum failure displacement of 𝛿𝑓 is attained. Finally, the 

initiation and growth of any intralaminar damage, as discussed above, significantly influences the 

extent of interlaminar damage and hence these two damage modes were modelled to be interactive in 

the ‘Abaqus/Explicit’ simulation, see Fig. 2. 

3.3.2. Initiation of interlaminar damage 

In the interlaminar damage model an elastic constitutive relation was employed to capture the 

response prior to delamination initiation and a quadratic-stress criterion was employed to govern 

damage initiation at a composite ply interface [25,26] which states that delamination initiation occurs 

when: 

 (
〈𝑡33〉

𝑡33
0 )

2

+ (
𝑡31

𝑡31
0 )

2

+ (
𝑡32

𝑡32
0 )

2

= 1  (14) 

where the term 𝑡𝑖(𝑖 = 33, 31,32) represents the current normal or shear stresses and 

𝑡𝑖
0 (𝑖 = 33, 31, 32) represents the normal and shear cohesive strengths. The corresponding 

displacements are denoted by 𝛿33, 𝛿31 and 𝛿32, and by 33
0  , 31

0   and 32
0

, respectively. The value of 

the cohesive strength, 𝑡33
0 , was determined from the theory proposed in [30,55], which maintains 

computation accuracy whilst avoiding a very fine mesh and a commensurate increase in 

computational cost, and for the shear cohesive strengths then 𝑡31
0 = 𝑡32

0 . Thus, Eq. (14), for a 3-D 
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model, leads to the onset of damage initiation at 𝛿0, see Fig. 3, being defined at a value of the 

combined displacement in the cohesive law when: 

 √〈𝛿33
2〉 + 𝛿31

2 + 𝛿32
2 = √〈𝛿33

0 2
〉 + 𝛿31

0 2
+ 𝛿32

0 2
   (15) 

as discussed in more detail below. 

3.3.3. Evolution of interlaminar damage 

The energy-based Benzeggagh-Kenane (B-K) [31,32] criterion for Mixed-mode propagation 

was used to derive a total value 𝐺𝑐  for the growth of the delamination between the composite plies 

and is given by [55,56]: 

 𝐺𝑐 = 𝐺𝐼𝑐 + (𝐺𝐼𝐼𝑐 − 𝐺𝐼𝑐) (
𝐺𝐼𝐼 + 𝐺𝐼𝐼𝐼

𝐺𝐼 + 𝐺𝐼𝐼 + 𝐺𝐼𝐼𝐼
)


  (16) 

where 𝐺𝐼𝑐  is the Mode I (opening tensile), 𝐺𝐼𝐼𝑐 is the Mode II (in-plane shear) interlaminar facture 

energy, and  is the B-K Mixed-mode interaction exponent. The values of 𝐺𝐼𝑐, 𝐺𝐼𝐼𝑐 and  may all be 

experimentally measured [31,32,56,57] and so inputted into the FEA model. The parameters 𝐺𝐼, 𝐺𝐼𝐼 

and 𝐺𝐼𝐼𝐼 are the current Mode I, Mode II and Mode III (anti-plane shear) energy-release rates, 

respectively, as calculated from the FEA code. For the node at the interlaminar crack tip, an 

interlaminar damage parameter, 𝑑𝑖𝑛𝑡𝑒𝑟, may be defined from degrading the initial cohesive stiffness,  

𝑘𝑖(𝑖 = 33, 31, 32) , i.e. as the interlaminar damage after initiation now evolves to the point when 

separation occurs, see Fig. 3. This interlaminar damage parameter, 𝑑𝑖𝑛𝑡𝑒𝑟, starts with a value of 0 

when  𝛿 =  𝛿𝑜 and finishes with a value of 1 when 𝛿 =  𝛿𝑓 according to the relationship [25,32]: 

 𝑑𝑖𝑛𝑡𝑒𝑟 =
𝛿𝑓(𝛿 − 𝛿0)

𝛿(𝛿𝑓 − 𝛿0)
  (17) 

where the term 𝛿 is the combined displacement, √〈𝛿33
2〉 + 𝛿31

2 + 𝛿32
2
 , at a delamination interface. In 

the schematic in Fig. 3, the onset of damage initiation at 𝛿0 occurs according to Eq. (15) above, i.e. 

when √〈𝛿33
2〉 + 𝛿31

2 + 𝛿32
2 = √〈𝛿33

0 2
〉 + 𝛿31

0 2
+ 𝛿32

0 2
, and failure of the interface element, i.e. 

interlaminar delamination, i.e. cracking, occurs, at 𝛿𝑓 when [25,32]: 

 √〈𝛿33
2〉 + 𝛿31

2 + 𝛿32
2 = √〈𝛿33

𝑓 2
〉 + 𝛿31

𝑓 2
+ 𝛿32

𝑓 2
                                     (18) 

It should be noted that implementing the concept of the interlaminar damage parameter, 

𝑑𝑖𝑛𝑡𝑒𝑟, (a) ensures that the irreversibility of the damage is taken into account and (b) enables the 
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cohesive tractions, after the damage initiation point has been attained, to be calculated via the 

expression [25]: 

{

𝑡33
𝑡31
𝑡32

} = [

(1 − 𝑑𝑖𝑛𝑡𝑒𝑟)𝑘33 0 0
0 (1 − 𝑑𝑖𝑛𝑡𝑒𝑟)𝑘31 0

0 0 (1 − 𝑑𝑖𝑛𝑡𝑒𝑟)𝑘32

] {

𝛿33
𝛿31
𝛿32

}  (19) 

The importance of calculating the cohesive stress is that the interlaminar damage process 

takes place over many time steps when the model is running and the displacement, , for the node at 

the delamination crack-tip steadily increases. After the damage initiation point of has been attained in 

the cohesive law, there is a subsequent increase of  𝑑𝑖𝑛𝑡𝑒𝑟 and this leads to the steady reduction of 

the cohesive stress to zero for the node at the crack tip, at which point the node is released and the 

interlaminar crack, i.e. delamination, advances to the next node. As a result, the stresses and strains 

in elements surrounding the nodes will also be affected and, hence, nearby elements may now be 

subjected to intralaminar damage, as described above. Of course, there may be more than one 

interlaminar crack tip present and as a result several crack-tip nodes may be subjected to their own 

traction versus displacement relationship, as determined above. The cohesive law properties were 

read into the cohesive surface model, for a given interface element, in each step of the FEA model, 

see Fig. 2. For the simulations of the details of the interlaminar cracking, i.e. delamination, that are 

deduced from the FEA model then, following earlier work [7,22,53], a value of the damage parameter, 

𝑑𝑖𝑛𝑡𝑒𝑟, equal to, or greater, than 0.9 is used, i.e. to calculate the predicted areas of delamination in the 

figures shown later. 

4. The Finite Element Analysis (FEA) Model 

The FEA numerical model was created in ‘Abaqus/Explicit 2018’ [25] to simulate the impact 

behaviour of the composite test specimens. The implementation of the 3-D EP FEA numerical 

simulation is shown schematically in the flowcharts in Fig. 2, for one computational time-step and a 

and a single integration point. The flowcharts of both the main model and the EP damage model, 

which was implemented as a ‘VUMAT’ sub-routine and runs simultaneously alongside the main model 

in the FEA simulation, are given in Fig. 2. In the FEA simulation model, each composite ply was 

modelled as a three-dimensional deformable part and meshed using eight-noded linear-reduced 

integration (C3D8R) solid-elements with a size of 1.5 mm × 1.5 mm, at this element size the FEA 

model gave mesh-independent results. Cohesive surfaces were defined, between composite plies 

with different fibre directions, to capture the delamination [20,58] in the CFRP specimens. The 

hemispherical steel impactor was modelled as an analytical rigid surface and only assigned one 
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degree of freedom, which aligned with the through-thickness direction of the composite specimens. 

The general contact algorithm was invoked to govern the global interaction between the impactor and 

the composite specimen [54,59]. Friction coefficients of 0.2 and 0.25 were defined in the global 

contact and cohesive contact, respectively [60,61]. The computation accuracy was set as ‘double 

precession’ to reduce the accumulation of errors when running the simulation. The total number of 

elements in the finite element model for the composite specimen was 53,600. The FEA simulation 

would typically be run from 0 to about 6 ms, with about 100 time-steps being employed, and each 

computational time-step was performed for a single integration point. The numerical model run was 

stopped when the defined total computation time for the impact simulation event had expired. 

Computations were completed using 16 CPUs on a Linux Cluster with a run time of 10 to 16 h, 

depending on the properties of the composite laminates. The material input parameters for the 

CF/PEEK and CF/Epoxy composites required for the FEA numerical models are presented in Table 4 

[21,48,52,53,62]. These properties were typically measured at strain-rates in the range of 10-3 to 100 

s-1. The strain-rate for the composite test specimens for the low-velocity drop-weight tests is about 3 s-

1 for an impact velocity of 2.56 m.s-1. From previous work [22], it was considered that this relatively 

low value of strain-rate would not lead to significantly different values of the material properties to 

those shown in Table 4 and these properties were therefore used in the FEA modelling studies for the 

low-velocity impact tests. 

5. Results and Discussions 

5.1. Loading response 

Figs. 4 and 5 show a comparison between the load versus time curves and the load versus 

(out-of-plane) displacement curves, respectively, obtained from the impact experiments and the 3-D 

EP FEA simulations for the CF/PEEK and CF/Epoxy composite specimens, respectively. As may be 

seen, for both the CF/PEEK and CF/Epoxy composites, the overall load response, i.e. the maximum 

loads, impact duration times and maximum out-of-plane displacements, are accurately captured by 

the predictions from the 3-D EP FEA model for all three impact energy levels. The relatively small 

amplitude, sinusoidal oscillations on the initially-rising part of the load versus time experimental 

curves seen for all the impact energies are indicative of mass-spring oscillations, as first analysed in 

detail in [63-67]. These mass-spring oscillations, especially their frequency, are also captured well by 

the predictions from the 3-D EP FEA modelling studies.  
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In Figs. 4c and 5c, for the CF/PEEK composite struck with an impact energy (IE) of 7.5 J, it 

can be seen that the experimental loading responses exhibit an appreciable decrease in the load, and 

an increase in the associated subsequent oscillations, at a load just somewhat higher than 3 kN. (It 

should be noted that these features are more evident when these figures are magnified in scale.) This 

significant load drop is indicative of the initiation of damage in the composite specimen. These 

oscillations that occur after the first point of significant load drop, which is often called the incipient 

force, 𝑃𝑖, are associated with the first failure of the CFRP that occurs, e.g. matrix cracking, and 

subsequent damage propagation, but does not exclude formation of cracks and delamination at an 

earlier stage, as has been described in detail by Bienias et al. [67]. 

Similarly, for the CF/PEEK composite at an IE=10.5 J, see Figs. 4e and 5e, the experimental 

loading responses also show an appreciable decrease in the load, and an increase in the associated 

subsequent oscillations, at approximately just greater than 3 kN, which is again indicative of damage 

initiation. For both an IE=7.5 J and an IE=10.5 J, the 3-D EP FEA model accurately predicts this onset 

of damage. Furthermore, the presence of delaminations at these impact energies is experimentally 

and theoretically confirmed by the C-scan results, as discussed below. However, for the CF/PEEK 

composite at an IE=4.5 J, see Figs. 4a and 5a, all three replicate experiments show no significant 

decreases in the load, near the maximum load. This indicates that no damage occurs in the CF/PEEK 

at an IE=4.5 J. It should be noted that the maximum load for the CF/PEEK at an IE=4.5 J is 

approximately 3 kN, and this maximum load therefore appears to be just below the threshold load for 

damage to initiate, as is confirmed by the lack of delaminations detected from the experimental C-

scan results which are discussed below.  

Figs. 4 and 5 also show the results for the CF/Epoxy composite specimens which reveal 

significant decreases in the measured loads at about 2.6 to 2.8 kN, and an increase in the associated 

subsequent oscillations, indicative of the initiation of damage occurring at all the impact energies 

used. Thus, the impact energies of 4.5, 7.5 and 10.5 J are all sufficient to produce a loading in excess 

of the threshold load for damage initiation in the CF/Epoxy composite specimens. The results from the 

3-D EP FEA model predict these significant load drops, and an increase in the associated subsequent 

oscillations, in agreement with the experimental measurements. Indeed, the presence of 

delaminations at all these impact energies is experimentally and theoretically confirmed by the C-scan 

results, as discussed below. 
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5.2. Energy dissipation 

Fig. 6 shows the average energy dissipation, i.e. the initial kinetic energy minus the final 

kinetic energy of the impactor, versus the impact energy for the CF/PEEK and CF/Epoxy composite 

specimens at impact energy levels of 4.5, 7.5 and 10.5 J. As may be seen, the energy dissipation 

increases monotonically with the impact energy and the results predicted using the 3-D EP FEA 

model are in very good agreement with the experimental results. Indeed, the differences between the 

predicted and experimentally-measured energy dissipations for the CF/PEEK and CF/Epoxy 

composite specimens are within about ±2 to ±10 % at all the impact energy levels investigated. It is of 

interest to note, as discussed in detail below, that as the energy dissipation increases then the extent 

of interlaminar delaminations, as measured from the C-scan tests and as predicted from the 

numerical simulation studies, also increase. 

5.3. Impact-induced damage 

Fig. 7 presents the cross-sectional views of the predicted intralaminar matrix damage 

obtained from the simulation of an impact on the CF/PEEK and CF/Epoxy composite specimens at 

energy levels of 4.5, 7.5 and 10.5 J. The predicted intralaminar damage is shown as the red-coloured 

areas in these schematic cross-sectional views. It can be seen that, at the same energy level, the 

CF/Epoxy composites exhibit more extensive intralaminar matrix damage than the CF/PEEK 

composites. Indeed, the extent of intralaminar damage for the CF/PEEK composite at an IE=4.5 J is 

predicted to be very limited. It should be noted that, with an increasing impact energy, more 

intralaminar damage can be seen in the cross-sectional views of both the CF/PEEK and the 

CF/Epoxy composites and that the intralaminar damage is predicted to be most extensive near the 

rear (non-impacted) face of the specimen, as indeed would be expected since the strains are tensile 

and are highest in this region.  

A comparison between the experimentally-measured and the predicted footprint areas of the 

interlaminar damage, i.e. interlaminar cracking, obtained for the CF/PEEK composite specimens 

impacted at 4.5, 7.5 and 10.5 J is shown in Fig. 8. The right-hand side scale in Fig. 8, and similar 

figures, indicates the location of the measured interlaminar delaminations as a function of the depth 

through the thickness of the specimen, where the dark red colour represents the front (impacted) face 

and the dark blue colour represents the rear (non-impacted) face of the composite specimen. The 0o 

fibre direction is also indicated. The areal footprint of the damage detected from the experimental C-

scan tests is given at the top for each specimen and was determined by counting the number of pixels 
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which had a colour which was not dark blue, as the rear surface simply reflects the ultrasound and 

appears as being dark blue in colour. A white-dashed line has been drawn around the overall area for 

the experimentally-measured delamination footprint, which encompasses the total area of the footprint 

as measured from the C-scan tests. The red solid line is the predicted area of the interlaminar 

delamination footprint from the 3-D EP FEA modelling studies. In Fig. 8, for the CF/PEEK composites 

for an IE of 7.5 and 10.5 J, the agreement between the experimentally-measured and predicted 

delamination areas is very good. However, for an IE of 4.5 J, no delaminations were detected using 

the C-scan tests but the numerical model predicts slight delamination damage. In this respect, it 

should be recalled that the measured loading responses in Fig. 4a and Fig. 5a for an IE of 4.5 J also 

exhibited no evidence of a load drop as the maximum load was approached. However, the modelling 

studies did exhibit a slight load drop near the maximum load, which is consistent with the prediction of 

a small extent of delamination at an IE=4.5 J. Thus, from the modelling studies, an impact at IE= 4.5 J 

is just sufficient to produce a small area of delamination but this is not observed in the actual impact 

experiments. An interpretation of this is that, in the modelling studies, the stress predicted to initiate 

delaminations at an IE of 4.5 J is lower than that actually required in the impact experiments. Hence, 

interlaminar delamination is predicted when none is actually observed experimentally at an IE=4.5 J. 

As pointed out earlier, this is likely to be a consequence of the maximum load for an IE of 4.5 J for the 

CF/PEEK composite being near the threshold load for damage initiation, i.e. just over 3 kN. On the 

other hand, for an IE of 7.5 and 10.5 J for the CF/PEEK composite, the maximum load is significantly 

above the threshold load required for damage initiation and delaminations are therefore correctly 

predicted to occur. Indeed, the predicted areas of the delaminations increase in extent as the impact 

energy is increased from 7.5 to 10.5 J, in excellent agreement with the experimentally-measured 

values. 

A comparison between the experimentally-measured and the predicted footprint area of the 

interlaminar damage, i.e. interlaminar cracking, obtained for the CF/Epoxy composite specimens 

impacted at 4.5, 7.5 and 10.5 J is shown in Fig. 9. This comparison between the areas of the 

delamination footprints demonstrates a very good agreement between the experiments and 

simulations at all the various impact energies that were employed. Indeed, both the predicted and the 

experimentally-measured areas of the delamination footprints increase steadily with the impact 

energy, in agreement with the increasing energy dissipation as shown in Fig. 6b. 



18 
 

To further confirm the predictive capability of the 3-D EP FEA model, the extents of the 

interlaminar delaminations from the experimental and modelling studies obtained at an impact energy 

level of 10.5 J are compared in detail in Figs. 10 and 11. Now, the use of the present 3-D EP model 

enables exploded maps of this interlaminar cracking to be predicted, see Figs. 10b and 11b. In Fig. 

10a a comparison between the experimental and predicted footprint areas of the interlaminar 

delaminations obtained from the CF/PEEK composite specimen struck with an impact energy of 10.5 

J is shown. The exploded view of these predicted delaminations in the CF/PEEK composite 

specimen, impacted at 10.5 J energy level, is shown in Fig. 10b. Likewise, the experimental and 

predicted footprint areas of this interlaminar cracking exhibited by the CF/Epoxy composite specimen, 

struck with an impact energy of 10.5 J, are shown in Fig. 11a and the exploded view of the predicted 

delaminations is shown in Fig. 11b. Several interesting observations arise from these results. Firstly, 

from Figs. 10a and 11a, the agreement between the extents of the measured and predicted areas of 

the delaminations is clearly very good. Further, it may be recalled that from Figs. 8 and 9 there is a 

very good quantitative agreement between the measured areas of the delamination footprints from 

the experimental C-scan results and the predictions from the 3-D EP FEA model. Secondly, 

considering the areas of the interlaminar delaminations shown in the exploded views in Figs. 10b and 

11b, the extent of the delaminations is predicted to increase towards the rear face of the specimen, in 

agreement with the experimental C-scan results shown in Figs. 10a and 11a, respectively. Thirdly, the 

model is able to predict accurately the location and the direction of propagation of the delaminations 

in the CF/PEEK and in the CF/Epoxy composite specimens. As expected, such interlaminar cracking 

is predicted to occur preferentially between the adjacent 0o and 90o ply directions in the [03/903]2s 

cross-ply lay-up, since at these interfaces the values of stiffness, in any one direction, of the adjacent 

ply layers change dramatically from one ply to the next. Thus, the interfacial stresses thereby 

generated tend to initiate and propagate delaminations. Fourthly, the shape and orientation of the 

delaminations are predicted very well by the 3-D EP model simulation, as may be seen from 

comparing Figs. 10a and 10b, and Figs. 11a and 11b, respectively. For example, as may be seen 

from the experimental C-scans and as predicted from the modelling studies, the interlaminar 

delamination that is furthest from the impact face, and is slightly lighter blue in colour than the 

background, occurs at a depth of between 2.0 to 2.5 mm. This delamination is aligned along the 

longer dimension of the rectangular specimen, consistent with the direction of the 0o outer-ply layer, 

i.e. the orientation of the ply beneath the delamination on the rear surface. Thus, a very good 
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correlation is obtained between the details of the experimental and predicted interlaminar 

delaminations for both the CF/PEEK and the CF/Epoxy composites. 

Fig. 12 shows the interactions of the intralaminar damage, i.e. matrix cracking, (coloured 

orange) and the interlaminar cracking, i.e. delaminations, (coloured red) at about the maximum load 

at an impact event time of 3 ms for the CF/PEEK composite tested at an impact energy of 10.5 J. (As 

explained earlier, the intralaminar damage predictions are for when the damage parameter 𝑑2, 

corresponding to transverse matrix damage, or the damage parameter 𝑑3, corresponding to through-

thickness matrix damage, are greater than 0.9, as this value for these damage parameters 𝑑2 and 𝑑3 

is taken to correspond to matrix cracking damage. Also, of course, it should be noted that intralaminar 

matrix cracks are not shown in fine detail in the typical ‘smeared-crack’ FEA numerical model that has 

been developed but the regions where they would be present are modelled.) There are clearly 

interactions between the regions of matrix cracking and delamination, in the same way as observed 

by Topac et al. [68]. This is where tensile and shear stresses in the matrix are highest on either side 

of the impactor and interlaminar cracking develops between the plies associated with the regions of 

matrix cracking, and then extends even further away from the impact site. This produces ‘tree-like’ 

patterns as experimentally observed in detail by Talreja and Phan [69] which clearly reveal the 

characteristic conical fracture pattern corresponding to lines of matrix damage spreading away from 

the impact site, accompanied by extensive delaminations. 

An interesting observation is that, for the most part, the predicted delamination footprint is 

approximately symmetric with the delaminations having a characteristic butterfly shape aligned along 

the fibre direction (of the lower ply), as is evident in Figs. 10 and 11. However, it is apparent that the 

predicted intralaminar damage and delamination footprint can be slightly asymmetric, for example see 

Figs. 7 to 9 and 12, with somewhat more damage on one side of the impact site than the other. This 

has also been observed in the FEA damage modelling studies reported by other leading researchers 

[e.g. 1,7,8,10,13,19]. It should be noted that the damage processes in the FEA models are 

irreversible. Therefore, when damage does occur in a particular region it absorbs strain energy from 

around that region which can suppress damage development in neighbouring regions. As a result, it is 

not unusual for the damage processes predicted from a numerical FEA model to exhibit some 

asymmetry due to small imperfections in the numerical discretisation and convergence processes, 

e.g. slight imperfections in meshing and rounding errors [70]. However, the asymmetry effects are 
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small and also apparent, of course, in the experimental evaluations and for this reason the predicted 

damage takes on a more realistic appearance. 

5.4. Comparison of 3-D EP and 3-D Elastic models 

An interesting point is how much does the plasticity introduced into the 3-D EP FEA model 

play a role in determining the load response and the area of the delamination footprint. To explore this 

point, Figs. 13 and 14 show the prediction for the 3-D EP model for CF/PEEK compared with a 

prediction for the 3-D EP model with no plasticity, i.e. a 3-D Elastic only model. These simulations 

were undertaken for the CF/PEEK composite at an impact energy of 10.5 J, where any effects of 

plasticity in the composite material would be most marked. Several interesting results may be 

observed. Firstly, in general, the results from the loading response, see Fig. 13, and delamination 

footprint, see Fig. 14, for the 3-D EP model, i.e. with plasticity included, are closer in value to the 

experimental data for CF/PEEK, see Figs. 4e, 5e and 8. Secondly, the 3-D Elastic only model gives a 

slightly lower maximum load and longer impact duration time which are not so consistent with the 

experimental data as for the 3-D EP model, see Fig. 4e. Likewise, the maximum displacement for the 

3-D Elastic only model is somewhat over predicted, see Fig. 5e. Thirdly, the area of the interlaminar 

damage footprint for the 3-D EP model is significantly closer in value to the experimental C-scan 

results, as shown in Fig. 8. Finally, a good feature of the 3-D EP model is that it is firmly based on 

physical processes, i.e. plastic yielding as experimentally determined from off-axis tension and 

compression stress versus strain experiments undertaken on the composite material. As explained 

above and in Appendix A, the coefficient 𝑎66 is determined from different values of the off-axis angle 

using a unidirectional composite and the relationship between the equivalent stress, 𝜎𝑒𝑞𝑢, and the 

equivalent plastic strain, 𝜀𝑒𝑞𝑢
𝑝

, is a power-law function, where 𝐴 and 𝑛 are the non-linear coefficients 

[35,36,51,52]. In contrast, other researchers have applied a non-linear shear approach, with the non-

linear parameters derived from V-notched rail shear tests. However, it is considered that the present 

approach based on off-axis tension and compression stress versus strain experiments, using the Sun 

et al. [35,36] anisotropic plasticity model in the ‘VUMAT’ is more appropriate in some circumstances 

and will be especially valuable in our future work on modelling adhesively-bonded CFRP repairs. 

A point of particular interest is the ability of the 3-D EP model to predict the permanent 

indentation after the impact event that arises from the impactor striking the CFRP. This indentation 

was only evident from the experiments from the highest impact energy of 10.5 J for the CF/PEEK 

composite specimens. The permanent indentation had a depth of 0.20 ± 0.02 mm, as measured with 
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a profilometer, and a photograph of the impacted surface is shown in Fig. 15a with an enlarged view 

of the indentation also shown. The permanent indentation deformation of the impacted surface was 

modelled for the CF/PEEK composite at 10.5 J and the simulation is shown in Fig. 15b for the 3-D EP 

model and in Fig. 15c for the 3-D Elastic only model. It should be noted that even for the 3-D Elastic 

only model, see Fig. 15c, there is a slight indentation due to intralaminar and interlaminar damage but 

the indentation is clearly more extensive using the 3-D EP FEA model, see Fig. 15b. A side-view of 

the predicted damage is shown in Fig. 16a for the 3-D EP model and in Fig. 16b for the 3-D Elastic 

model. It is clearly evident from Figs. 15 and 16 that only the 3-D EP model captures accurately the 

localisation and degree of the permanent indentation and gives a value for the indentation of between 

0.2 to 0.3 mm, which is in very good agreement with the experimentally measured value. 

5.5. Predictions for lower/higher impact energy and reduced specimen thickness 

Now, the 3-D EP FEA model may be used to predict the impact behaviour of the CFRP 

composite plates outside of the range of impact energies that have been experimentally investigated 

in the present paper to validate further the model. For example, Figs. 17 and 18 show the load 

response and delamination footprints, respectively, for impact energies of 1.5 J, 10.5 J and 30 J on 

the CF/PEEK composite. It should be noted, of course, that no tests were conducted at the impact 

energies of 1.5 or 30 J. At an impact energy of 1.5 J, no damage is observed and the load versus time 

trace is indeed approximately parabolic. On the other hand, at an impact energy of 30 J, the load 

response clearly indicates appreciable damage has occurred and, from Fig. 18, there is more than 

twice the interlaminar damage predicted at the impact energy of 10.5 J. These trends are, of course, 

as would indeed be expected. 

Another point of interest is the effect of reducing the thickness of the CFRP composite 

specimen. Therefore, Figs. 19 and 20 show the predicted load response and delamination footprints, 

respectively, for CF/PEEK composite specimens modelled using an impact energy of 10.5 J but with a 

lay-up of [02/902]2s, which gives a nominal thickness of 2.0 mm. These predicted results for a 2 mm 

thick CF/PEEK composite specimen are compared with the lay-up of [03/903]2s, as used previously, 

which resulted in a nominal thickness of 3.0 mm. In both cases, the 0o plies are along the longer 

dimension of the rectangular specimens, as shown schematically in Fig. 1. By reducing the specimen 

thickness from 3 mm to 2 mm, the increased compliance of the thinner CF/PEEK specimens is 

predicted to lead to lower maximum impact loads, accompanied by longer impact event times, and 
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higher displacements, and hence to less delamination damage occurring. Again, these predictions are 

indeed as would be expected [71]. 

5.6. Summary 

The experimentally-measured and predicted values of the maximum load, impact duration 

time, maximum out-of-plane displacement, total energy dissipation and average areas of delamination 

footprint from the low-velocity impact tests, are given in Tables 5 and 6 for the CF/PEEK and 

CF/Epoxy composites, respectively. As may be seen, for both of these composites, there is a very 

good overall agreement between the experimental results and the predictions from the 3-D EP FEA 

model for the delamination areas and for the other important parameters that may be measured 

during the impact event. It should be noted, of course, that other numerical damage models may be 

found in the literature. For example, FEA numerical damage models which are 3-D and incorporate 

non-linear shear behaviour have also been shown to give good agreement with experimental results 

from low-velocity impact tests on CFRP plates and structures [e.g.1,4,8,10,15]. Nevertheless, the 

present model takes a somewhat different approach and models the 3-D EP behaviour of the 

composite material by incorporating the equivalent stress versus equivalent plastic strain relationships 

proposed by Sun et al. [35,36]. This approach has a firm physical basis and can account for 

anisotropic plasticity in the composite material. Furthermore, the present model incorporates the 3-D 

NU failure criteria [38-40,43-45] to determine the initiation of intralaminar damage such as matrix 

cracking, etc, and the NU criteria can readily model complex composite architectures including 

multidirectional ply lay-ups with woven layers. This combination of features in the proposed 3-D EP 

FEA damage model actually represents a novel approach and a methodology which it is considered 

will be of particularly benefit in future work when modelling the impact behaviour of adhesively-

bonded repairs of CFRP composites. However, the proposed 3-D EP model clearly first needed to be 

validated against experimental data and this has been successfully achieved in the present paper.  

5. Conclusions 

In the present research, a three-dimensional (3-D) finite-element analysis (FEA) model 

incorporating an elastic-plastic (EP) damage model has been developed to predict accurately the 

impact behaviour of carbon-fibre fibre-reinforced (CFRP) composite laminates. To validate the model, 

experimental results have been obtained from relatively low-velocity impact tests on CFRP composite 

specimens employing either a matrix of a thermoplastic polymer, i.e. poly(ether-ether ketone), or a 

thermosetting epoxy polymer. The main findings are: 



23 
 

• The model is able to predict very accurately the load versus time and the load versus 

displacement responses of the composite during the low-velocity drop-weight impact tests, 

including (a) the oscillations that arise in the rising load due to dynamic mass-spring effects 

and (b) the significant load drops, and associated subsequent oscillations, due to the initiation 

of intralaminar damage and interlaminar cracking. Indeed, the model predicts the overall 

impact behaviour of the composite specimens with a high degree of accuracy. 

• The model, with its 3-D stress-state and EP material modelling capability, captures the 

through-thickness stress and strain responses, as well as the initiation and propagation of 

damage under the impactor, e.g. intralaminar matrix damage and interlaminar delaminations, 

i.e. interlaminar cracking, arising from the 3-D nature of the loading and the elastic-plastic 

response of the material. 

• The 3-D EP FEA model captures accurately the localisation and degree of the permanent 

indentation in the composite specimen after impact and gives a quantitative value for this 

permanent indentation which is in very good agreement with the experimentally measured 

value, unlike a similar model which only considered the elastic response of the composite 

material. 

• The 3-D EP FEA model predicts accurately the overall area of the delamination footprints of 

the impacted CF/PEEK and CF/Epoxy composite specimens, including the effects of steadily 

increasing the impact energy. Furthermore, the detailed extent, shape and orientation of this 

interlaminar cracking that occurs through the thickness of the composites have been 

predicted and shown to be in very good agreement with the experimental interlaminar 

delamination results as measured from the C-scan tests. However, when the threshold load 

for damage initiation is very close in value to the maximum load generated by the impact, 

there can be an uncertainty as to whether delaminations form, or not. 

• The 3-D EP FEA model confirms that employing the relatively tough PEEK matrix reduces the 

extent of interlaminar delaminations for the CF/PEEK composite when subjected to a low-

velocity drop-weight impact, compared with the CF/Epoxy composite, in agreement with the 

experimental results. 

In summary, the present FEA model takes in account the 3-D EP behaviour of the composite 

material by incorporating the equivalent stress versus equivalent plastic strain relationships, proposed 

by Sun et al. [35,36], to analyse anisotropic plasticity in the composite material.  Also, the present 
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FEA model employs the 3-D NU failure criteria [38-40], to determine the onset of the initiation of 

intralaminar damage such as matrix cracking, etc. As a result, the proposed 3-D EP FEA model can 

readily analyse failure processes in complex composite architectures including multidirectional ply lay-

ups with woven layers. This combination of features in the proposed 3-D EP FEA damage model 

actually represents a novel approach and a methodology which it is considered will be of particularly 

benefit in future work when modelling the impact behaviour of adhesively-bonded repairs of CFRP 

composites. However, the present 3-D EP model clearly first needed to be validated against 

experimental data and this has been successfully achieved in the present paper. 
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Appendix A. The Elastic-Plastic (EP) Model of Sun et al. [35,36] 

A.1. Introduction  

To establish the relationship between a complex stress state and a simple experimental 

stress state an equivalent stress, 𝜎𝑒𝑞𝑢, and equivalent plastic strain, 𝜀𝑒𝑞𝑢
𝑝

, for modelling the plastic 

constitutive relationships between the stress and strain need to be derived. 

A.2. The equivalent stress, 𝜎𝑒𝑞𝑢 

A quadratic stress-based yield function, arising from the results of a micromechanical FEA 

approach, has been proposed for a general 3-D fibre-reinforced composite [35,36] where: 

 2𝑓(𝜎𝑖𝑖  ) = 𝑎11𝜎11
2 + 𝑎22𝜎22

2 + 𝑎33𝜎33
2 + 2𝑎12𝜎11𝜎22 

+2𝑎13𝜎11𝜎33 + 2𝑎23𝜎22𝜎33 

+2𝑎44𝜏23
2 + 2𝑎55𝜏13

2 + 2𝑎66𝜏12
2  

 (A-1) 

and 𝑓 is the plastic potential. The coefficients, 𝑎𝑖𝑗  (𝑖, 𝑗 = 1,2,3,4,5,6) describe the extent of anisotropy in 

the composite material and are assumed to be constant. Now, Sun and Chen [36,51,52] have simplified 
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Eq. (A-1) by noting the fact that for most unidirectional fibre composites the stress versus strain relation 

in the fibre direction is basically linearly elastic and also by considering the composite to be transversely 

isotopic material in the 2-3 plane. Further, to establish the relationship between a complex stress state 

and a simple experimental stress state, they defined an equivalent stress for modelling the plastic 

constitutive relationship between the stress and the strain. Thus, the 3-D equivalent stress, 𝜎𝑒𝑞𝑢 , for a 

transversely isotopic composite, and which is linearly-elastic in the fibre direction, is given by [48,50,72]: 

 

𝜎𝑒𝑞𝑢 = √
3

2
(𝜎22

2 + 𝜎33
2 ) − 3𝜎22𝜎33 + 3𝑎44𝜏23

2 + 3𝑎55𝜏13
2 + 3𝑎66𝜏12

2   (A-2) 

where 𝑎44, 𝑎55 and 𝑎66 are coefficients indicating the extent of anisotropy in the plastic behaviour. For 

transversely isotropic composites which are linearly elastic in the fibre direction, i.e. a unidirectional 

fibre-reinforced composite, the value of the coefficient 𝑎44, associated with the term 𝜏23
2 , can be set as 

having a value of two and the coefficient 𝑎55, associated with 𝜏13
2 , is equal in value to the coefficient 𝑎66, 

associated with 𝜏12
2 . Now, the coefficient 𝑎66  can be readily determined from off-axis experiments 

conducted at different values of the off-axis angle using a unidirectional composite [35,36,48], see below. 

However, it may also be noted that in off-axis tension tests of a unidirectional composite laminate a 

state of plane-stress will be present. Hence, the expression in Eq. (A-2) for the equivalent stress can 

be reduced to a 2-D version which gives [35, 36]: 

 

𝜎𝑒𝑞𝑢 = √
3

2
𝜎22
2 + 3𝑎66𝜏12

2   (A-3) 

where the stresses are given by: 

 𝜎11 = 𝑐𝑜𝑠2𝜃𝜎𝑋𝑋  (A-4) 

 𝜎22 = 𝑠𝑖𝑛2𝜃𝜎𝑋𝑋   (A-5) 

 12 = −𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜃𝜎𝑋𝑋  (A-6) 

and 𝜎𝑋𝑋 is the uniaxial applied stress in the loading direction, X, and 𝜃 is the off-axis angle, relative to 

the fibre direction, employed in the test. For tests with various off-axis angles, the in-plane stresses, 𝜎22 

and 𝜏12, and strains, 𝜀22 and 𝛾12, can be calculated using the applied stress, 𝜎𝑋𝑋, via substitution of Eqs. 

(A-5) and (A-6) into Eq. (A-3) gives: 

 𝜎𝑒𝑞𝑢 =  𝐻(𝜃)𝜎𝑋𝑋  (A-7) 

where [36, 48]: 
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𝐻(𝜃) = √
3

2
𝑠𝑖𝑛4𝜃 + 3𝑎66𝑠𝑖𝑛

2𝜃𝑐𝑜𝑠2𝜃 

  
                   (A-8)  

As will be shown later, the value of the coefficient, 𝑎66, which is the only unknown term in Eq. 

(A-8), can be readily determined experimentally from off-axis tests conducted at different values of the 

off-axis angle, 𝜃, relative to the fibre direction. Thus, this allows the value of 𝜎𝑒𝑞𝑢 to be determined from 

Eq. (A-7). 

A.3.  The equivalent plastic strain, 𝜀𝑒𝑞𝑢
𝑝

 

The equivalent plastic strain, 𝜀𝑒𝑞𝑢
𝑝
,  gives a measure of the extent of plastic, i.e. non-linear, strain 

present in the composite. The total strain can be linearly decomposed into the elastic and plastic strains, 

assuming infinitesimal strain conditions, and for the normal strains may be expressed by: 

 𝜀𝑖𝑖 = 𝜀𝑖𝑖
𝑒 + 𝜀𝑖𝑖

𝑝
  (A-9) 

and for the shear strains by: 

 𝜏𝑖𝑗 = 𝜏𝑖𝑗
𝑒 + 𝜏𝑖𝑗

𝑝
  (A-10) 

To define an equivalent plastic strain, 𝜀𝑒𝑞𝑢
𝑝

, a similar approach to that adopted above for the 

equivalent stress may be followed [36] which gives: 

 
𝜀𝑒𝑞𝑢
𝑝

=
𝜀𝑋𝑋
𝑝

𝐻(𝜃)
  (A-11) 

where the term 𝐻(𝜃) is given by Eq. (A-8) and the term 𝜀𝑋𝑋
𝑝

 is the plastic strain resulting from the 

uniaxially applied load in the X-direction, which is given by: 

 𝜀𝑋𝑋
𝑝
= 𝜀𝑋𝑋 −

𝜎𝑋𝑋
𝐸𝑋𝑋

 (A-12) 

In the above equation, 𝐸𝑋𝑋 , is the elastic modulus in the loading direction which can be 

calculated from the material properties and off-axis angle employed in the test as given in [36,72]: 

𝐸𝑋𝑋 =
1

1
𝐸11

𝑐𝑜𝑠4 𝜃 +
1
𝐸22

𝑠𝑖𝑛4 𝜃 + (
1
𝐺12

−
2𝜈12
𝐸11

) 𝑠𝑖𝑛2 𝜃 𝑐𝑜𝑠2 𝜃
 

 (A-13) 

where 𝐸11 and 𝐸22 are the elastic moduli, 𝜈12 is the Poisson’s ratio and 𝐺12 is the elastic shear modulus.  

A.4. Determination of the elastic-plastic constitutive relationship 

As noted above, off-axis experiments conducted at different values of the off-axis angle, relative 

to the fibre direction, using a unidirectional composite may be undertaken and either tensile or 

compressive stresses may be employed [35,36,48]. Based on the above equations, the experimental 

results for the equivalent stress versus equivalent plastic strain, i.e. 𝜎𝑒𝑞𝑢 versus 𝜀𝑒𝑞𝑢
𝑝

, relationships for 
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different off-axis angles may then be extracted. In practice, it was noted that the experimental results 

for the equivalent stress versus equivalent plastic strain, i.e. 𝜎𝑒𝑞𝑢 versus 𝜀𝑒𝑞𝑢
𝑝

, relationship obtained from 

the 90˚ off-axis specimen, were not influenced by the value of the coefficient  𝑎66 . Based on this 

observation, and using a trial and error method, the value of the single unknown coefficient, 𝑎66, which 

enabled all of the experimental results for the equivalent stress versus equivalent plastic strain 

relationships from the 30˚, 45˚ and 60˚ off-axis tests to coincide with the results obtained from the 90˚ 

off-axis test, was determined. Further, as shown by Sun et al. [36,51,72], all the experimental results 

for the equivalent stress versus equivalent plastic strain relationships, measured from such tests using 

different off-axis angles, 𝜃, could be fitted using a power law function, such that: 

 𝜀𝑒𝑞𝑢
𝑝

= 𝐴𝜎𝑒𝑞𝑢
𝑛 (A-14) 

where 𝐴 and 𝑛 are material constants. The determination of the one unknown coefficient, 𝑎66, and the 

constants, 𝐴 and 𝑛, allow the calculation of the incremental plastic strains, 𝑑𝜀𝑖𝑗
𝑝

 and 𝑑𝛾𝑖𝑗
𝑝
 (𝑖, 𝑗 = 1,2,3), 

as given by: 
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𝑑𝜀11

𝑝

𝑑𝜀22
𝑝

𝑑𝜀33
𝑝

𝑑𝛾12
𝑝

𝑑𝛾13
𝑝

𝑑𝛾23
𝑝
}
 
 
 

 
 
 

=
𝐴𝑛

𝜎𝑒𝑞𝑢
1−𝑛

{
  
 

  
 

0
3(𝜎22 − 𝜎33)/2𝜎𝑒𝑞𝑢
3(𝜎33 − 𝜎22)/2𝜎𝑒𝑞𝑢
3𝑎66𝜏12/2𝜎𝑒𝑞𝑢
3𝑎66𝜏13/2𝜎𝑒𝑞𝑢
6𝜏23/2𝜎𝑒𝑞𝑢 }

  
 

  
 

𝑑𝜎𝑒𝑞𝑢  (A-15) 

Hence, the complete constitutive relationship can now be obtained by combining the classical 

elastic model and the plastic model to give: 

{
 
 

 
 
𝑑𝜀11
𝑑𝜀22
𝑑𝜀33
𝑑𝛾12
𝑑𝛾13
𝑑𝛾23}

 
 

 
 

=

[
 
 
 
 
 
1/𝐸11 −𝜈21/𝐸11 −𝜈31/𝐸11 0 0 0

−𝜈12/𝐸22 1/𝐸22 −𝜈32/𝐸22 0 0 0
−𝜈13/𝐸33 −𝜈23/𝐸33 1/𝐸33 0 0 0

0 0 0 1/𝐺12 0 0
0 0 0 0 1/𝐺13 0
0 0 0 0 0 1/𝐺23]
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𝑑𝜏13
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𝑝
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𝑝
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𝑝
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𝑝
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𝑝
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 (A-16) 

where 𝑑𝜀𝑖𝑗
𝑝

 and 𝑑𝛾𝑖𝑗
𝑝
 (𝑖, 𝑗 = 1,2,3) are the incremental plastic strains, and 𝑑𝜀𝑖𝑗 and 𝑑𝛾𝑖𝑗  (𝑖, 𝑗 = 1,2,3) are 

the incremental total strains and 𝑑𝜎𝑖𝑗  and 𝑑𝜏𝑖𝑗  (𝑖, 𝑗 = 1,2,3) are the incremental stresses. The 

parameters 𝜈𝑖𝑗  (𝑖, 𝑗 = 1,2,3, 𝑖 ≠ 𝑗) are the Poisson’s ratios, 𝐸𝑖𝑖  (𝑖, 𝑗 = 1,2,3, 𝑖 = 𝑗) are the Young’s moduli 

either for tension or compression loading, which are generally considered to be similar for composite 

laminates [25], and 𝐺𝑖𝑗  (𝑖, 𝑗 = 1,2,3, 𝑖 ≠ 𝑗) are the shear moduli.  
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Fig. 1. Schematic of the CF/PEEK and CF/Epoxy composite test specimens with dimensions of 

150 x 100 mm. (The arrow indicates the fibre direction of the 0o fibres.) 
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Fig. 2. The implementation of the 3-D EP FEA numerical model showing schematically the overall 

flowchart for one computational time-step and a single integration point. Both the flowcharts for the 

main model and for the elastic-plastic (EP) ‘VUMAT’ sub-routine are shown. This FEA modelling 

simulation of the impact event would be run typically over a time-scale, t, of 0 to ca. 6 ms, with ca. 100 

time-steps being employed. The simulation runs were stopped when the defined total computation 

time for the impact simulation event had expired. 
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Fig. 3. Schematic of the traction versus separation response for the cohesive surface law for 

modelling the interlaminar damage. 

 

  



33 
 

 

  

(a) (IE=4.5 J) (b) (IE=4.5 J) 

  

(c) (IE=7.5 J) (d) (IE=7.5 J) 

  

(e) (IE=10.5 J) (f) (IE=10.5 J) 

Fig. 4. Experimental and predicted load versus time curves for the CF/PEEK composite specimens 

at: (a) 4.5, (c) 7.5 and (e) 10.5 J impact energy levels, and for the CF/Epoxy composite specimens 

at: (b) 4.5, (d) 7.5 and (f) 10.5 J impact energy levels. (The corresponding impact velocities were 

1.68, 2.16 and 2.56 m.s-1, respectively. Experimental results from the three replicate tests are 

shown.) 
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(a) (IE=4.5 J) (b) (IE=4.5 J) 

  

(c) (IE=7.5 J) (d) (IE=7.5 J) 

  

(e) (IE=10.5 J) (f) (IE=10.5 J) 

 

Fig. 5. Experimental and predicted load versus displacement curves for the CF/PEEK composite 

specimens at: (a) 4.5, (c) 7.5 and (e) 10.5 J impact energy levels, and for the CF/Epoxy composite 

specimens at: (b) 4.5, (d) 7.5 and (f) 10.5 J impact energy levels. (The corresponding impact 

velocities were 1.68, 2.16 and 2.56 m.s-1, respectively. Experimental results from the three replicate 

tests are shown.) 
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(a) (b) 

Fig. 6. Comparison between the average experimental and predicted energy dissipation versus the 

impact energy relationships for: (a) the CF/PEEK composite specimens and (b) the CF/Epoxy 

composite specimens. 

 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Fig. 7. Predicted intralaminar damage for the CF/PEEK composite specimens at: (a) 4.5, (c) 7.5 

and (e) 10.5 J impact energy levels, and for the CF/Epoxy composite specimens at: (b) 4.5, (d) 7.5 

and (f) 10.5 J impact energy levels. (The predicted intralaminar damage is shown as the red-

coloured areas.) 
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Fig. 8. Comparison between the experimentally-measured and the predicted footprint areas of the 

interlaminar delaminations, i.e. interlaminar cracking, for the CF/PEEK composite specimens 

impacted at 4.5, 7.5 and 10.5 J. (Experimental results from the three replicate tests are shown.) 

 

 

Fig. 9. Comparison between the experimentally-measured and the predicted footprint areas of the 

interlaminar delaminations, i.e. interlaminar cracking, for the CF/Epoxy composite specimens 

impacted at 4.5, 7.5 and 10.5 J. (Experimental results from the three replicate tests are shown.) 
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(a) (b) 

Fig. 10. Comparison between the experimentally-measured (test replicate-01) and the predicted 

interlaminar delaminations, i.e. interlaminar cracking, for the CF/PEEK composite specimens at an 

impact energy of 10.5 J: (a) the experimental and predicted footprint areas of the delaminations 

and (b) the exploded view of the predicted areal delaminations.  

 

 

(a) (b) 

Fig. 11. Comparison between the experimentally-measured (test replicate-01) and the predicted 

interlaminar delaminations, i.e. interlaminar cracking, for the CF/Epoxy composite specimens at an 

impact energy of 10.5 J: (a) the experimental and predicted footprint areas of delaminations and (b) 

the exploded view of the predicted areal delaminations. 
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Fig. 12. The interactions of intralaminar matrix cracking and interlaminar cracking when damage 
has fully propagated in the CF/PEEK composite specimens when tested at an impact energy of 
10.5 J. (The impact event time is t = 3 ms.) 

 

  

(a) (b) 

Fig. 13. (a) Load versus time and (b) load versus displacement curves obtained for the CF/PEEK 

composite specimens at an impact energy of 10.5 J from the 3-D EP model and the 3-D Elastic 

only model. 

 

 

(a) (b) 

Fig. 14. Predictions for the CF/PEEK composite for the interlaminar cracking, i.e. delamination, 

areal footprints at an impact energy of 10.5 J from: (a) the 3-D EP model and (b) the 3-D Elastic 

only model at an impact energy of 10.5 J. 
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(a) (b) (c) 

Fig. 15. Plan view of the permanent indentation of the CF/PEEK composite specimen from: (a) the experiments, (b) the 3-D EP model and (c) the 3-D 

Elastic only model using an impact energy of 10.5 J. (In (a) and (b) the scale bar gives the predicted displacement, U33, in the through-thickness direction.) 

 

  

(a) (b) 

Fig. 16. Side view of the permanent indentation of the CF/PEEK composite specimen from: (a) the 3-D EP model and (b) the 3-D Elastic only model using 

an impact energy of 10.5 J. (In (a) and (b) the scale bar gives the predicted displacement, U33, in the through-thickness direction.) 
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(a) (b) 

Fig. 17. Predictions for the CF/PEEK composite specimens from the 3-D EP model at impact 

energies of 1.5, 10.5 J and 30 J: (a) load versus time traces and (b) load versus displacement 

traces. 

 

 

Fig. 18. Predictions for the CF/PEEK composite specimens from the 3-D EP model of the 

interlaminar cracking, i.e. delamination, areal footprints at impact energies of 1.5, 10.5 J and 30 J. 
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(a) (b) 

Fig. 19. Predicted (a) load versus time and (b) load versus displacement curves for the CF/PEEK 

composite from the 3-D EP model at an impact energy of 10.5 J for two different thickness of the 

CFRP composite specimen. 

 

 

(a) (b) 

Fig. 20. Predictions for the CF/PEEK composite from the 3-D EP model of the interlaminar 

cracking, i.e. delamination, areal footprints at an impact energy of 10.5 J for two different thickness 

of the CFRP composite specimen. 
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Table 1 

The mathematical definitions for the initiation of intralaminar damage. 

Damage induced by  Criteria for damage initiation 

Longitudinal tensile stresses   𝐹1𝑇 = (
𝜎11
𝑆1𝑡
)
2

+
𝜏12
2 + 𝜏13

2

𝑆12
2   for 𝜎11 ≥ 0  (20) 

Longitudinal compressive stresses   𝐹1𝐶 = (
𝜎11
𝑆1𝑐
)
2

 for 𝜎11 < 0  (21) 

Transverse tensile stresses   
𝐹2𝑇 =

𝜎22
𝑆2𝑡

+ (
𝐸22
2𝐺12

)
2

(
𝜏12
𝑆2𝑡
)
2

+ (
𝐸22
2𝐺23

)
2

(
𝜏23
𝑆2𝑡
)
2

 

for |𝜎22| ≥ |𝜏12(𝜏23)| and 𝜎22 ≥ 0 

 (22) 

Transverse compressive stresses   
𝐹2𝐶 = (

𝜎22
𝑆2𝑐
)
2

+ (
𝐸22
𝐺12

)
2

(
𝜏12
𝑆2𝑐
)
2

+ (
𝐸22
𝐺23

)
2

(
𝜏23
𝑆2𝑐
)
2

 

for |𝜎22| ≥ |𝜏12(𝜏23)| and 𝜎22 < 0 

 (23) 

Transverse shear stresses  
𝐹2𝑆 = (

𝜏12
𝑆12
)
2

+ (
𝜏23
𝑆23
)
2

+
2𝐺12
𝐸22

𝜎22
𝑆12

 

for |𝜎22| < |𝜏12(𝜏23)| 

 (24) 

Through-thickness tensile stresses   
𝐹3𝑇 =

𝜎33
𝑆3𝑡

+ (
𝐸33
2𝐺13

)
2

(
𝜏13
𝑆3𝑡
)
2

+ (
𝐸33
2𝐺23

)
2

(
𝜏23
𝑆3𝑡
)
2

 

for |𝜎33| ≥ |𝜏13(𝜏23)| and 𝜎33 ≥ 0 

 (25) 

Through-thickness compressive 

stresses  
 

𝐹3𝐶 = (
𝜎33
𝑆3𝑐
)
2

+ (
𝐸33
𝐺13

)
2

(
𝜏13
𝑆3𝑐
)
2

+ (
𝐸33
𝐺23

)
2

(
𝜏23
𝑆3𝑐
)
2

 

for |𝜎33| ≥ |𝜏13(𝜏23)| and 𝜎33 < 0 

 (26) 

Through-thickness shear stresses  
𝐹3𝑆 = (

𝜏13
𝑆13
)
2

+ (
𝜏23
𝑆23
)
2

+
2𝐺13
𝐸33

𝜎33
𝑆13

 

for |𝜎33| < |𝜏13(𝜏23)| 

 (27) 
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Table 2 

Definition of the combined stresses at the initiation of intralaminar damage and final failure, 𝜎0 and  𝜎𝑓, respectively. 

Damage induced by  

Combined stress, 

 𝜎 

Combined stress at damage 

initiation, 𝜎0 

Combined stress at final 

failure, 𝜎𝑓 
  

Longitudinal tensile strains  𝜎1 = 𝜎11 1
0𝑡 = 11

0  1
𝑓𝑡
= 11

𝑓
  (28) 

Longitudinal compressive strains  𝜎1 = 𝜎11 1
0𝑐 = 11

0  1
𝑓𝑐
= 11

𝑓
  (29) 

Transverse tensile strains  𝜎2 = √𝜎22
2 + 𝜏12

2 + 𝜏23
2 2

0𝑡 = √𝜎22
0 2

+ 𝜏12
0 2

+ 𝜏23
0 2

 2
𝑓𝑡
= √𝜎22

𝑓 2
+ 𝜏12

𝑓 2
+ 𝜏23

𝑓 2
  (30) 

Transverse compressive strains  𝜎2 = √𝜎22
2 + 𝜏12

2 + 𝜏23
2 2

0𝑐 = √𝜎22
0 2

+ 𝜏12
0 2

+ 𝜏23
0 2

 2
𝑓𝑐
= √𝜎22

𝑓 2
+ 𝜏12

𝑓 2
+ 𝜏23

𝑓 2
  (31) 

Transverse shear strains  𝜎2 = √𝜎22
2 + 𝜏12

2 + 𝜏23
2 2

0𝑠 = √𝜎22
0 2

+ 𝜏12
0 2

+ 𝜏23
0 2

 2
𝑓𝑠
= √𝜎22

𝑓 2
+ 𝜏12

𝑓 2
+ 𝜏23

𝑓 2
  (32) 

Through-thickness tensile strains  𝜎3 = √𝜎33
2 + 𝜏13

2 + 𝜏23
2 3

0𝑡 = √𝜎33
0 2

+ 𝜏13
0 2

+ 𝜏23
0 2

 3
𝑓𝑡
= √𝜎33

𝑓 2
+ 𝜏13

𝑓 2
+ 𝜏23

𝑓 2
  (33) 

Through-thickness compressive strains  𝜎3 = √𝜎33
2 + 𝜏13

2 + 𝜏23
2 3

0𝑐 = √𝜎33
0 2

+ 𝜏13
0 2

+ 𝜏23
0 2

 3
𝑓𝑐
= √𝜎33

𝑓 2
+ 𝜏13

𝑓 2
+ 𝜏23

𝑓 2
  (34) 

Through-thickness shear strains  𝜎3 = √𝜎33
2 + 𝜏13

2 + 𝜏23
2 3

0𝑠 = √𝜎33
0 2

+ 𝜏13
0 2

+ 𝜏23
0 2

 3
𝑓𝑠
= √𝜎33

𝑓 2
+ 𝜏13

𝑓 2
+ 𝜏23

𝑓 2
  (35) 
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Table 3 

The mathematical definitions of the combined strains and damage variables for the intralaminar damage model. 

Damage induced by  

Combined strain, 

 𝜀 

Combined strain at 

damage initiation, 𝜀0 

Combined strain at final 

failure, 𝜀𝑓 

Damage variable, 

𝑑 
 

Longitudinal tensile strains  𝜀1 = 𝜀11 𝜀1
0𝑡 = 𝜀11

0  𝜀1
𝑓𝑡
= 𝜀11

𝑓
 𝑑1𝑡 =

𝜀1
𝑓𝑡
(𝜀1 − 𝜀1

0𝑡)

𝜀1(𝜀1
𝑓𝑡
− 𝜀1

0𝑡)
 (36) 

Longitudinal compressive 

strains 
 𝜀1 = 𝜀11 𝜀1

0𝑐 = 𝜀11
0  𝜀1

𝑓𝑐
= 𝜀11

𝑓
 𝑑1𝑐 =

𝜀1
𝑓𝑐
(𝜀1 − 𝜀1

0𝑐)

𝜀1(𝜀1
𝑓𝑐
− 𝜀1

0𝑐)
 (37) 

Transverse tensile strains  𝜀2 = √𝜀22
2 + 𝛾12

2 + 𝛾23
2 𝜀2

0𝑡 = √𝜀22
0 2

+ 𝛾12
0 2 + 𝛾23

0 2 𝜀2
𝑓𝑡
= √𝜀22

𝑓 2
+ 𝛾12

𝑓 2
+ 𝛾23

𝑓 2
 𝑑2𝑡 =

(𝜀2
𝑓𝑡
− 𝜀2𝑝)(𝜀2 − 𝜀2

0𝑡)

(𝜀2 − 𝜀2𝑝)(𝜀2
𝑓𝑡
− 𝜀2

0𝑡)
 (38) 

Transverse compressive strains  𝜀2 = √𝜀22
2 + 𝛾12

2 + 𝛾23
2 𝜀2

0𝑐 = √𝜀22
0 2

+ 𝛾12
0 2 + 𝛾23

0 2 𝜀2
𝑓𝑐
= √𝜀22

𝑓 2
+ 𝛾12

𝑓 2
+ 𝛾23

𝑓 2
 𝑑2𝑐 =

(𝜀2
𝑓𝑐
− 𝜀2𝑝)(𝜀2 − 𝜀2

0𝑐)

(𝜀2 − 𝜀2𝑝)(𝜀2
𝑓𝑐
− 𝜀2

0𝑐)
 (39) 

Transverse shear strains  𝜀2 = √𝜀22
2 + 𝛾12

2 + 𝛾23
2 𝜀2

0𝑠 = √𝜀22
0 2

+ 𝛾12
0 2 + 𝛾23

0 2 𝜀2
𝑓𝑠
= √𝜀22

𝑓 2
+ 𝛾12

𝑓 2
+ 𝛾23

𝑓 2
 𝑑2𝑠 =

(𝜀2
𝑓𝑠
− 𝜀2𝑝)(𝜀2 − 𝜀2

0𝑠)

(𝜀2 − 𝜀2𝑝)(𝜀2
𝑓𝑠
− 𝜀2

0𝑠)
 (40) 

Through-thickness tensile 

strains 
 𝜀3 = √𝜀33

2 + 𝛾13
2 + 𝛾23

2 𝜀3
0𝑡 = √𝜀33

0 2
+ 𝛾13

0 2 + 𝛾23
0 2 𝜀3

𝑓𝑡
= √𝜀33

𝑓 2
+ 𝛾13

𝑓 2
+ 𝛾23

𝑓 2
 𝑑3𝑡 =

(𝜀3
𝑓𝑡
− 𝜀3𝑝)(𝜀3 − 𝜀3

0𝑡)

(𝜀3 − 𝜀3𝑝)(𝜀3
𝑓𝑡
− 𝜀3

0𝑡)
 (41) 

Through-thickness compressive 

strains 
 𝜀3 = √𝜀33

2 + 𝛾13
2 + 𝛾23

2 𝜀3
0𝑐 = √𝜀33

0 2
+ 𝛾13

0 2 + 𝛾23
0 2 𝜀3

𝑓𝑐
= √𝜀33

𝑓 2
+ 𝛾13

𝑓 2
+ 𝛾23

𝑓 2
 𝑑3𝑐 =

(𝜀3
𝑓𝑐
− 𝜀3𝑝)(𝜀3 − 𝜀3

0𝑐)

(𝜀3 − 𝜀3𝑝)(𝜀3
𝑓𝑐
− 𝜀3

0𝑐)
 (42) 

Through-thickness shear strains  𝜀3 = √𝜀33
2 + 𝛾13

2 + 𝛾23
2 𝜀3

0𝑠 = √𝜀33
0 2

+ 𝛾13
0 2 + 𝛾23

0 2 𝜀3
𝑓𝑠
= √𝜀33

𝑓 2
+ 𝛾13

𝑓 2
+ 𝛾23

𝑓 2
 𝑑3𝑠 =

(𝜀3
𝑓𝑠
− 𝜀3𝑝)(𝜀3 − 𝜀3

0𝑠)

(𝜀3 − 𝜀3𝑝)(𝜀3
𝑓𝑠
− 𝜀3

0𝑠)
 (43) 
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Table 4  

Properties of the unidirectional ply of the composite materials [21,48,52,53,62]. 

Property  CF/PEEK CF/Epoxy 

Moduli (GPa)  
𝐸11 = 127; 𝐸22 = 𝐸33 = 10.3 

𝐺23 = 5.7; 𝐺12 = 𝐺13 = 5.7 

𝐸11 = 130; 𝐸22 = 𝐸33 = 7.7 

𝐺23 = 3.8; 𝐺12 = 𝐺13 = 4.8  

Poisson`s ratio  𝜈23 = 0.3; 𝜈12 = 𝜈13 = 0.3 𝜈23 = 0.33; 𝜈12 = 𝜈13 = 0.3 

Strength, S, values (MPa) 

 𝑆1𝑡 = 2070; 𝑆2𝑡 = 𝑆3𝑡 = 85  

𝑆1𝑐 = 1360; 𝑆2𝑐 = 𝑆3𝑐 = 276  

𝑆12 = 𝑆13 = 𝑆23 = 186  

𝑆1𝑡 = 1950; 𝑆2𝑡 = 𝑆3𝑡 = 75 

𝑆1𝑐 = 1015; 𝑆2𝑐 = 𝑆3𝑐 = 220 

 𝑆12 = 𝑆13 = 𝑆23 = 150 

Intralaminar ply fracture 

energies (kJ/m2) 

 𝐺𝐼𝑐|𝑓𝑡 = 218; 𝐺𝐼𝑐|𝑓𝑐 = 104  

𝐺𝐼𝑐|𝑚𝑡 = 1.7; 𝐺𝐼𝑐|𝑚𝑐 = 2.0 

𝐺𝐼𝐼𝑐|𝑚𝑠 = 2.0   

𝐺𝐼𝑐|𝑓𝑡 = 133; 𝐺𝐼𝑐|𝑓𝑐 = 40  

𝐺𝐼𝑐|𝑚𝑡 = 0.5; 𝐺𝐼𝑐|𝑚𝑐 = 1.6 

𝐺𝐼𝐼𝑐|𝑚𝑠 = 1.6   

Interlaminar fracture  

energies (kJ/m2) 

 
𝐺𝐼𝑐 = 1.7; 𝐺𝐼𝐼𝑐 = 2.0 𝐺𝐼𝑐 = 0.5; 𝐺𝐼𝐼𝑐 = 1.6 

Benzeggagh–Kenane 

exponent 

 
𝜂 = 1.09  𝜂 = 1.45 

Cohesive strengths (MPa)  𝑡33
0 = 43.0; 𝑡31

0 = 𝑡32
0 = 50.0  𝑡33

0 = 43.0; 𝑡31
0 = 𝑡32

0 = 50.0  

Initial cohesive law stiffness 

(MPa/mm) 

 
𝑘𝑖 = 6.4 × 10

5  𝑘𝑖 = 6.4 × 10
5 

EP model: coefficient, 𝑎66, 

and material constants, 𝐴 

and 𝑛 

 𝑎66 = 1.5 

𝐴 = 3.06 𝑥 10−19 MPa−𝑛  

𝑛 = 7.5 

𝑎66 = 2.7 

𝐴 = 3.14 𝑥 10−13 MPa−𝑛 

𝑛 = 4.19 
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Table 5  

Comparison of the experimental and predicted results for the CF/PEEK composite tested at impact 

energies of 4.5 J, 7.5 J and 10.5 J. (The impact velocity used is also shown. The error given is the 

coefficient of variation from the replicate experiments.) 

 
4.5 J (1.68 m.s-1) 7.5 J (2.16 m.s-1) 10.5 J (2.56 m.s-1) 

Experiment Simulation Experiment Simulation Experiment Simulation 

Maximum load (kN) 3.1 ± 7% 2.9 3.6 ± 4% 3.7 3.9 ± 3% 4.2 

Impact duration time (ms) 5.2 ± 2% 5.1 5.4 ± 2% 5.2 5.2 ± 2% 5.1 

Maximum out-of-plane 

displacement (mm) 
3.0 ± 1% 3.1 4.0 ± 1% 3.9 4.8 ± 2% 4.9 

Total energy  

dissipation (J) 
2.1 ± 9% 1.9 5 ± 6% 4.7 8.8 ± 5% 8.2 

Average area of the 

delamination footprint 

(mm2) 

0 ± 0% 110 274 ± 11% 270 335 ± 5% 360 

 

 

Table 6  

Comparison of the experimental and predicted results for the CF/Epoxy composite tested at impact 

energies of 4.5 J, 7.5 J and 10.5 J. (The impact velocity used is also shown. The error given is the 

coefficient of variation from the replicate experiments.) 

 
4.5 J (1.68 m.s-1) 7.5 J (2.16 m.s-1) 10.5 J (2.56 m.s-1) 

Experiment Simulation Experiment Simulation Experiment Simulation 

Maximum load (kN) 2.8 ± 6% 3.0 3.4 ± 2% 3.6 3.9 ± 2% 4.0 

Impact duration time (ms) 5.9 ± 1% 5.7 5.5 ± 2% 5.6 5.5 ± 2% 5.3 

Maximum out-of-plane 

displacement (mm) 
3.2 ± 1% 3.1 4.1 ± 1% 4.2 4.9 ± 1% 4.8 

Total energy  

dissipation (J) 
1.6 ± 8% 1.5 4.8 ± 5% 4.5 8.1 ± 3% 7.9 

Average area of the 

delamination footprint 

(mm2) 

267 ± 6% 270 395 ± 3% 410 517 ± 6% 560 

 

 


