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ABSTRACT 
This paper examines the average stress required for a fractured fibre to penetrate the matrix between other 
fibres, to determine the in-plane compressive stiffness of an impact damaged plate with fractured fibres. 
The paper also uses basic prediction of kink band initiation stress to determine whether fibre penetration 
or kink banding would be more likely to occur in impact damaged laminates in compression, in the region 
of the fibre fractures. Initial studies using 2D and 3D models have been conducted suggesting that fibre 
penetration occurs at a stress 10 times lower than fibre kinking would occur, but matrix material 
properties, fibre spacing, fibre waviness are likely to have large influence over the penetration stress, so 
fibre kinking could still occur under some conditions. The Drucker-Prager plasticity model used in the 
analysis was initially explored in a parametric study of plastic deformation of various polymer resins 
under tri-axial stress.  

1. INTRODUCTION 
Impact damage is often considered one of the fundamental problems with composite 
structures, as it degrades the normally excellent in-plane properties of composite 
laminates. Composites are very susceptible to damage because of their sensitivity to 
load in the out-of-plane direction, [1]. The damage caused by impact at low velocities is 
particularly hard to detect because it leaves no visual surface damage while causing 
severe internal damage which can cause the strength of the structure to drop to less than 
half that of an undamaged structure.  
 
In this study the effect of the dominating in-plane feature of impact damage, namely 
fibre fracture, is being considered in compression of a ply. This follows previous work 
conducted on in-plane damage mechanisms in tension, [2]. The aim of this work is to 
gain an understanding of the behaviour of fractured fibres under compression and their 
effect on the local stress field in the impact damage region.  This is a part of a larger 
project to define a homogenised nonlinear model of the mechanical behaviour of impact 
damaged laminates that can be used to represent impact damage in large structural 
Finite Element (FE) models.  
 
In undamaged laminates compressive failure is caused by microbuckling and kink 
banding. This topic has been widely studied over the past forty years, both 
experimentally and analytically, [3]–[4] and more recently using FE models, [5]. In 
impact damaged laminates, delamination and local/global buckling are considered to be 
the main failure modes, again this has been modelled extensively using analytical, 
experimental and finite element methods, [6]–[8]. These studies have looked at 
replicating impact damage either artificially in experiments or using FE models, and 
have replaced the impact damage with single or multiple circular delaminations. While 



these models predict the global buckling load within a 10-15% range of compared with 
a real impact damage, there is a marked difference between the predicted and observed 
local buckling behaviour of the impact damage, Fig. 1.  

Figure1: Load vs. out-of-plane displacement from experiments, [6] 

This was thought to be due to the circular representation of the delamination rather than 
the peanut shapes that actually occur in real impact. Suemasu [9] attempted more 
realistic shapes with wedge shaped delaminations without success. If delamination 
shape was the only reason for the discrepancy between model and reality the bifurcation 
point, i.e. where the delamination buckling starts, should be much higher for the real 
impact damage as the width of each of the delaminated regions is much smaller. Zeng 
and Olsson [10] approached the problem differently and examined the effect of a single 
circular delamination model with a soft inclusion region representing the damage 
caused by fibre fracture and matrix cracking. The effect on the buckling load was, 
however very limited and did not agree with the experimental observations in Fig.1. 
This suggests that both the shape, number of delaminations and the in-plane damage are 
important to correctly model the compressive failure. The current work is the first stage 
of attempting to accurately model impact damage in compression using Finite Element 
Analysis (FEA).  

2. FRACTURED FIBRE MODEL 
The aim of these models is to gain an understanding of the stress/strain distribution 
within regions of fractured fibres. Then the reduction in compressive stiffness caused by 
these fractures can be quantified and used with a larger homogenised model of impact 
damage and delamination. To determine this information, modelling of individual fibres 
embedded in matrix material is required. Typical fibre fracture cracks would encompass 
hundreds of broken fibres, which is obviously not realistic to model due to 
computational constraints. A smaller number of fibres are modelled to represent a unit 
cell of the larger fibre fracture crack. Simplifications include modelling the fibres as 
perfect cylinders even though in reality they are irregular in cross section. The initial 
fibre spacing is also assumed regular for simplicity of modelling.  
 



The boundary conditions applied have been chosen so that the model replicates a unit 
cell, surrounded by other broken fibres. The displacement is applied along the axis of 
the fibres, the fibres are prevented from moving sideways (in-plane) but are be allowed 
to move out-of-pane, i.e. in the thickness direction of the laminate. The fibres 
themselves are modelled as linear elastic and assumed not to fail, while the matrix 
material undergoes large plastic deformation, under a triaxial stress state for which the 
Drucker-Prager plasticity model is used, [11]. 
 
To model this phenomenon, and to investigate parameters such as fibre diameter, fibre 
spacing and Drucker-Prager parameters two models have been produced: A Two 
Dimensional (2D) model, Fig. 2a, for parametric studies and a Three dimensional (3D) 
unit cell model, Fig. 2b, to capture the full stress strain distribution of one fibre pushing 
through and deforming the matrix between two other fibres.  

 

Figure 2: a) 2D 3 fibre compression model b) 3D unit cell compression model 

It is also suggested that the fibres could kink rather than push through each other 
forming a chevron shape through the thickness of the laminate, Fig. 3. 
 

Figure 3: Fibre chevron kinking an alternative failure mode 

Rosen [4] derived a formula for compressive strength of composites Equation 1 which 
when divided by an empirical correction factor of 4, is considered good approximation 
of the kinking stress, [12].  

( )fmk vG −= 1σ  (1) 

This would give an approximate kinking stress of σk = 900 MPa, which provides the 
stress at which the fibres supported by an elastic material would buckle, giving an upper 
limit to the stress required for the chevron kinking to occur. A 2D FE model has been 
developed based upon previous kink band models. The model allows kink banding 
and/or fibre push-through to occur, and also investigation of the effects of parameters 



such as fibre spacing, material properties, fibre eccentricity and fibre waviness on the 
failure mode.  

3. DRUCKER-PRAGER MATRIX MODEL 
The stress state within the matrix between the fibres is highly complex due to its triaxial 
nature. The matrix also undergoes large deformations when the fibres push-through, 
causing plastic deformation of the matrix. This means a simple yield criterion such as 
von Mises’ would not accurately capture the matrix behaviour so a more complex yield 
criterion such as Drucker Prager is required. This model has been successfully used to 
model plastic deformation, [11] and has been used in kink band models, [5]. The 
Drucker Prager yielding model is fully implemented within ABAQUS and requires 
three parameters: The angle of friction, β which is a measure of the sensitivity of the 
material yield stress to hydrostatic pressure; the dilation angle, ψ which measures the 
compressibility of yielded polymer, and the flow stress ratio, κ which is the ratio of 
compressive/tensile yield strengths.  
 
The parameters β and κ are determined from the yield stresses; in tension σT, shear σS 
and compression σC. The flow stress ratio κ is the ratio of yield stresses giving a value 
between 0.778 and 1.0 where one represents von Mises’ failure surface, i.e. the yield 
stress is the same for tension and compression. ψ is found from the Poisson’s ratio νP 
under plastic conditions as shown by Equation 4. 

( )[ ]( )133tan 1 −= −

TS σσβ  using tensile and shear test data (2a) 

( ) ( )[ ]( )113tan 1 +−= −

TCTC σσσσβ  using tensile and comp test data (2b) 

[ ]( )CS σσβ 31tan 1 −= −  using shear and comp test data (2c) 

TC σσκ =  (3) 

( ) ( )( )PP ννψ +−= − 12213tan 1  (4) 

Only a limited amount of data required for calculating these parameters for epoxy resins 
was found in the literature. For this reason a parametric study was conducted to 
understand the relationship between β, ψ and κ and the yield stress and plastic Poisson’s 
ratio. ψ and κ showed linear or quasi-linear relationships with their material property 
inputs. β, however, showed a nonlinear behaviour and also proved to be dependent on 
the equation used. The idea behind Equations 2a, b, c is that β can be calculated using 
any two of the yield stresses, but in reality the choice of equation affects the value of β, 
see Fig.4 
 
An FE model of simple cubes loaded in compression and shear under plane stress and 
plane strain was conducted to determine the effect of the different values of β, ψ and κ 
on the material behaviour. The general trend in plane strain was for the compressive 
stress to be higher in the compressive case than in the shear case and for the 
compressive loading to be more sensitive to change in parameters particularly in the 
plane strain condition. ψ was the least significant of the parameters and β the most 
significant, in terms of changing the stress strain behaviour of the cube. 



Figure 4 Dependence of β on yield strengths and example values of β for different 
epoxies. 

It should also be noted that the model failed to converge for values of β outside of the 
range 15º-65º which would make some of the calculated values of β unusable, so this 
needs to be investigated further on a fibre matrix model to ensure it is not a geometric 
problem. A representative plot of the general trends is shown in Fig. 5, where plane 
stress PS and plane strain PE cases are shown. 

Figure 5 Compressive stress strain plot for varying values of β plane stress and plane 
strain cases.  
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4. FINITE ELEMENT MODELS 
The FE models were constructed in the ABAQUS 6.6 CAE module and solved using 
the ABAQUS 6.6 Explicit solver. The fibres are linear elastic and assumed not to fail. 
The matrix is assumed to be elastic/plastic and the plasticity is modelled using the 
Drucker Prager material model. The material properties for IM7 fibres and 8551-7 
matrix have been taken from [13] and the parameters for the Drucker Prager model 
calculated as described in section 3 with β determined from Eqn. 2a. 
 
The 2D model boundary conditions are encastre at the far end of the fibre and the 
penetrating fibre is allowed to move in the x-direction only. Due to symmetry only one 
wedged fibre and half of the penetrating fibre are modelled. A velocity is initially 
applied in y-direction to separate the wedging fibres before the penetrating fibre pushes 
through into the matrix in the x-direction again under applied velocity, see Fig. 2a.  
 
The 3D model is based on a unit cell of fibres and matrix, wherever possible 
symmetrical boundary conditions are applied. Encastre (clamped) boundary conditions 
are again used at the opposite end of the unit away from the penetration. Velocities in 
the z-direction are initially applied to the top and bottom edges of the unit cell model in 
the same way they are in the 2D model separating the fibres to allow the third fibre to 
penetrate the matrix, Fig. 2b. Note that motion in the y-direction was prevented on the 
boundaries to simulate the conditions in the interior of a laminate, while motion in the 
laminate thickness direction (z) was permitted, but not enforced except during the initial 
separation phase. 
 
The default 3D stress elements C3D8R for ABAQUS Explicit are used and similarly in 
2D CPE4R are used. The fibres are attached to the matrix material using tie constraints, 
which is partly to simplify the model but also because it has been observed from 
published work that with modern toughened resins cracking along the fibre matrix 
interphase does not appear to occur.  

4.1 Two dimensional single fibre model 
The 2D model is optimised to run on a Pentium 4 with 1GB of RAM. The mesh is 
refined to the maximum capability of the computer (by reducing the number of dof) 
which results in a solution time of 30 – 40 minutes for this model. Consequently, the 
model has been used for a parametric study initially looking at the effects of the 
different equations for calculating β for the Drucker Prager model, which was found to 
cause a minimal difference on the stress strain plot to within 5% using Eqns. 2a or 
2b.This suggests there is a limited effect but the equation used should depend on 
available data and the loading conditions of the material in the model. However, as with 
the Drucker Prager cube models the values of β calculated using Eqn. 2c, the model 
fails to converge suggesting that this equation is invalid.  
 
The other parametric study conducted looked at difference in matrix thickness in the 2D 
model, which represents change in local volume fraction of the matrix. This could be 
due to increased fibre volume fraction in the ply, or the variation in fibre spacing within 
a ply of constant fibre volume fraction, see Fig. 6.  



Figure 6: Change in matrix thickness 

This shows that the stress required for fibre penetration is only very slightly increased 
for the thinnest matrix thickness. It should also be noted that the model with the thinner 
matrix material failed at a much lower strain, which was due to numerical errors caused 
by large deformation in the elements in the matrix material. The strain is defined for all 
models, as the distance the penetrating fibre has penetrated divided by ten fibre 
diameters i.e. the approximate thickness of a ply see Eqn. 5. 
 

Lu fibreAvg =ε  (5) 

 
where εavg is the average strain apparent in the model, ufibre is the distance the 
penetrating fibre has moved into the matrix and L is the normalising length to calculate 
the strain which is assumed to be ten fibre diameters.  

4.2 Three dimensional unit cell model 
The 3D unit cell model provides a more accurate model of the behaviour of matrix 
deformation and fibre penetration because it can fully capture the tri-axial stress state 
that exists within the matrix. However even on an Intel Core 2 Duo processor with 4GB 
of RAM the solution time is 25 – 30 hours which makes this model infeasible for doing 
a large number of runs in a parametric study. The other problem with this model is that 
excessive deformation of the elements describing the matrix material causes numerical 
errors and failures in the model. This means that the results for the 3D model have not 
advanced as far as the results for the 2D model, and the initial results are not a realistic 
measure of the stress because the fibre has yet to penetrate sufficiently so that the fibre 
comes into contact with matrix across the entire width of the fibre. In the current initial 
analysis the contact area between fibre and penetrating matrix is low so that the average 
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stress resulting from matrix yielding is severely underestimated. Fig.7, shows the plastic 
strains in the matrix as the fibre penetration commences. The fibres are modelled as 
linear elastic hence show no plastic strain. The cupping in the matrix caused by the two 
fibres in unit cell being split apart can be clearly seen in this figure. This is what 
prevents an even contact with the flat bottom surface from occurring. 

 Figure 7: Plastic strain in matrix of deformed 3D unit cell model. 

As with the 2D models the stress is the average value taken at the top end of the 
penetrating fibre and averaged over the area of the unit cell, while the strain is the end 
displacement divided by reference length L= 10 fibre diameters. The actual value in a 
laminate would be double as the wedged fibres would also be penetrating matrix 
material surrounding the penetrating fibre in this model. This was not included in this 
model to simplify the problem and reduce the number of elements in the model.  
 

4.3 Two dimensional fibre cluster model 
The two dimensional fibre cluster model is a larger version of the 2D single fibre 
model, with 10 fibres with symmetrical boundary conditions applied to the top and 
bottom of the model, (to replicate the model being part of a larger cluster). The length of 
the fibres is also much longer (100 fibre diameters), as this is the length required for 
kink bands to form, [5].The penetrating fibres are also a cluster identical to the cluster 
on the left hand side, rather than a single fibre as in the previous 2D model, Fig. 8.  
 



Figure 8: 2D Fibre cluster model 

The concept of this model is to determine whether fibre kinking, chevron kinking or 
penetration is likely to occur, for the ideal fibre spacing used in the 2D model. A follow 
up study to this work will consist of a parametric study looking at irregular spacing of 
the fibres, Fig. 9a and different matrix materials, as well as Eccentricity of the broken 
fibres, Fig. 9b, irregularity of the fibre fracture crack surface, Fig. 9c and the initial 
waviness of the fibres represented in the form of a periodic sinusoidal wave.  
 

Figure 9: a) Irregular fibre spacing b) Fibre Eccentricity c) Fracture surface irregularity 

5. CONCLUDING REMARKS 
In conclusion this study is looking at a possible failure mode for impact damage 
composites that has not yet been considered in the literature, to the best of the authors’ 
knowledge. The behaviour of the matrix material requires a fairly complex model which 
needs the input parameters to be carefully calculated and understood. The 2D models 
have produced reasonable results and are suitable for conducting parametric studies 
with relatively quick solution times, although a larger fibre cluster model would be 
required to capture all aspects of the failure mode and to consider the possibilities of 
fibre kinking or fibre chevrons. The 3D model should capture the stress strain 
relationship more closely than the 2D models but the large deformations in the matrix 
result in numerical instabilities causing the model to fail prematurely which needs to be 
addressed. Further refinement and parametric studies also need to be conducted, 
including consideration of friction and cohesive elements to allow for fibre matrix 
debonding.  
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