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Abstract  
This paper presents a numerical simulation of impact damage of tapered composite 
laminates. The model is realised in Abaqus Explicit and is capable of reproducing three types 
of impact damage: matrix cracking, delamination and fibre rupture. An experimental impact 
test is performed to compare the results with the simulation. Good correlation between 
experiments and simulations is found in terms of force-displacement response and 
delamination shape. Finally the model is used to analyse the energy dissipated through 
damage. 
 
1. Introduction 
 
In structure design, plate or beam thickness needs to be tailored according to local loads in 
order to optimise material usage. It is achieved by dropping-off plies in the case of composite 
laminates. However, it is known that ply drop-off can initiate damage like matrix crack and 
delamination [1]–[3]. This vulnerability results from the material discontinuities due to local 
curvature of continuous plies and resin pockets. Furthermore, composite laminates show low 
tolerance to impact. Even at low energy, damage propagates far beyond the impact point 
which leads to significant reduction of the residual strength in compression [4], [5]. The 
complexity of the impact phenomenon and the lack of robust method for damage tolerance 
prediction have forced the industries to run expensive experimental campaigns and oversize 
their structure. Many authors have contributed to the development of numerical model of 
damage of composites structures. For example, Ladevèze et al. [6], [7] considered that the 
meso-scale characterized by ply thickness is the proper scale to reproduce the type of damage 
encountered during impact. Both Continuum Damage Mechanics and Fracture Mechanics are 
commonly used to pilot the propagation of damage [8], [9]. Ply drop-off has been largely 
numerically studied in static [10], [11] but there has been no attempt yet to run a simulation of 
impact in presence of ply drop-off. 
This work is a continuation of the effort of Bouvet et al. [12]–[14] to develop a predictive 
numerical model for the impact of composite laminates. Their approach named as Discrete 
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Ply Modelling has already provided good correlation for the simulation of impact of plain 
laminates [13]. Ply drop-off adds new difficulty to the simulation but at the same time 
constitutes a good test case for the robustness of the model. In this study,  an impact test is 
realised on a tapered laminate. Then, the test is simulated using the DPM approach. Finally, 
the numerical data is used to analyse the impact damage mechanism. 
 
2. Experimental study 
 
The study is performed on a specimen with a thickness changing from 4 mm in the thin 
section to 6 mm in the thick section. In the thin section, the staking sequence is [452, -452, 02, 
902]s. Then, 4 groups of plies , all oriented in the 0° direction are added in the middle of the 
specimen which gives a layup of [452, 02, -452, 02, 902, 02]s in the thick section. The groups of 
plies are dropped-off in a staggered way with step spacing of 1.5 mm (table 1). The length of 
the thin section is 125 mm as shown in figure 1. The specimen is made of carbon/epoxy 
T700/M21 material and has a rectangular dimension of 250 x 100 mm².  
 
 
 

specimen AT [452 02 -452 02 902  02]s 
 

termination order - 2nd - - - 1st 
 

Table 1 Specimens layup 
 
 

 
Figure 1: Impact boundary conditions and specimen geometry 

 
The impact tests are performed on a dropped weight testing rig with an impactor mass of 4 kg. 
The indentor has a hemispherical shape of 16 mm-diameter. Impact boundary conditions are 
similar to the Airbus standard AITM 1-0010; specimen is simply supported by a window of 
125 x 75 mm² dimensions (figure 1). The impact target is at the centre of the specimen. 
 
3. Numerical modelling 
 
The impact is simulated with the non-linear dynamic explicit solver of Abaqus v6.11. A 
detailed description of the concept of the model is available in [13], [15]. The laminate is 
modelled at a meso-scale level where each sequence of plies of the same orientation is 
represented by one element in the thickness. The meshing strategy defined as the Discrete Ply 
Modelling is inspired by the three major impact damage (matrix cracking, delamination and 
fibre rupture). In this approach, each group of plies with the same orientation is modelled by 
strips of 3D volume elements (C3D8) oriented in the ply direction. The strips are then 
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connected by zero thickness intra-ply cohesive elements (COH3D8) in the transverse 
direction (figure2a). Those cohesive elements are there to represent the discontinuity created 
by trans-laminar matrix cracking of the ply. Then, the discrete ply model is stacked one on top 
of the other with zero thickness inter-plies cohesive elements (COH3D8) to model 
delamination. The element size for 0° and 90° plies is 1.5 x 1.5 mm². The use of delamination 
elements to connect two neighbour plies imposes the nodes of volume elements to be 
coincident on either sides of the interface. As a result the shape of 45° and -45° volume 
elements are distorted (figure 2b). 
 

  
Figure 2: a- Element choice for the modelling of damage, b- ply meshing 

 
Figure 3 describes the modelling of the transition region. In this example, plies 1 and 3 are 
continuous and ply 2 is dropped-off. The delamination elements connected to the dropped-off 
ply are also terminated at the same point. Then, in the thin section, a new set of delamination 
elements is created between the continuous plies. The resin pocket is not filled with any 
material in the model. There are no volume elements for the resin or cohesive elements to 
bond the continuous plies. From a structure point of view, it is as if the resin pocket area is 
delaminated before the impact. This choice has already been used for static simulation in the 
literature [11]. It is even more justified in the case of impact simulation since the emphasis is 
more on the propagation of delamination than its initiation. Therefore, the need to implement 
special element for the resin pocket is less important in this study. 
 

 
Figure 3: Modelling of the transition region 
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1600 
kg/m3 

130 
GPa 

100 
GPa 

7.7 
GPa 

4.8 
GPa 

0.33 
48  

MPa 
88  

MPa 

Table 2 Mechanical properties of T700GC/M21 unidirectional ply 
 

Elements material laws are defined in a VUMAT subroutine. The behaviour of all elements 
remains linear before the onset of any damage. The response of the laminate is therefore 
governed by the orthotropic property of the material (table  2). In the model, matrix cracking 
is represented by the failure of intra-ply interface elements. A quadratic criterion computed in 
the volume elements Eq.(1), triggers the failure of a neighbour interface element. 
Delamination presented in the inter-plies interface elements is computed as a linear coupling 
of three modes Eq.(2): inter-laminar opening (mode I), sliding (mode II) and tearing (mode 
III) (figure  4a). There is no parameter to account for the interaction between matrix cracking 
and delamination. It is directly achieved by the discontinuity created by the trans-laminar 
opening. 
 

 �〈	〉�	����
�
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��������
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Figure 4 Material laws a- linear coupling delamination, b- fibre failure 

 
The initiation of fibre rupture is defined by the maximum strain inside the element which is 
obtained by extrapolating the strain at nodes. Then, the damage propagation is computed so 
that the critical energy release rate of the fibre is dissipated inside the element throughout the 
eight integration points. The energy dissipated due to fibre rupture is non-mesh sensitive as 
presented in Eq.(3) [16]. 

 $%
8		 . ( 	�)	.		*+�)
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Where 	�) , +�) 	and	+�) 	are respectively the longitudinal stress, the longitudinal strain the 
longitudinal failure strain at the integration point i. V and S are the volume and the cross 
section normal to the fibre direction of an element and 	��23)4�! is the critical energy release 
rate of the fibre. The same response is also used in compression with an addition of a crushing 
plateau of -270 MPa (figure  4b). The material failure property used in the simulation is given 
in table  3. 

a b 
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Fibre failure delamination 
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0.016 -0.0125 133 40 0.52 1.66 

Table 3: Failure mechanism material properties of T700/M21 
 
4. Comparison of numerical simulation with experiment 

 
In this study, the value of impact energy was chosen high enough (30J) to create three types 
of damage: matrix cracking, delamination and fibre rupture. This can be clearly observed in 
the force-displacement curve (figure 5). This curve provides global information regarding the 
damage scenario. For example, in this case it gives the contact force that triggers delamination 
and also indicates the existence of important fibre rupture during the impact.  Therefore, the 
various damage law implemented in the model can be tested.  
The comparison of the force-displacement curves between experiment and simulation shows 
good aptitude of the model to predict the global damage scenario. First, the initiation of 
delamination when the contact force is around 3.75 kN is well estimated. It is important to 
notice that the absence of delamination interface elements at the resin pocket in the model 
does not underestimate this value. Then, the model does reproduce quite well the propagation 
of delamination throughout the impact. Finally, an important fibre rupture appearing at 8.5 kN 
is also well predicted in the simulation. The force drop is more important in the simulation 
compared to the experiment.  
 

 
Figure 5: Comparison of impact force vs displacement curves 

 
Delamination (figure6b) of the plate is obtained from C-scan performed from the impacted 
side. Also, data from the numerical model is processed with the same colour spectrum to 
obtain the predicted delamination map (figure6c). Due to the thickness change on either sides 
of the transition region, it is possible that an interface is represented by two different colours. 
The delamination profile provided in figure6a simplifies the identification of the delaminated 
interfaces. Note that, regardless of the presence of ply drop-off, the direction of propagation 
of delamination still follows the direction of the lower ply. Also, the largest delaminated 
interfaces are between continuous plies. Globally, the predicted morphology of delamination 
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is in good agreement with the experiment. The first and the last interfaces are a little bit 
overestimated though. 

 
 

Figure 6: Comparison of delamination morphology a-profile b- experiment and c- simulation 
 
Figure 7 shows the progression of delamination throughout the impact. The images are taken 
at the four points located in the force-displacement curve. They correspond respectively to an 
out-of-plane displacement of 2.25 mm, 4.10 mm, 4.80 mm and 5.90 mm. Three important 
phases in the delamination process can be distinguished. Firstly, in figure 7-(1), delaminations 
propagate in all directions with more or less the same rate. Secondly, the propagation toward 
the thick section is slowed down and at the same time the propagation rate in the transverse 
direction accelerates (figure 7-(2) and 7-(3)). Thirdly, the onset of fibre rupture stops the 
propagation in the transverse direction and triggers the propagation of the 0/45 and -45/45 
out-most interfaces (figure 7-(4)). 
 

 
Figure 7: Progression of delamination (1): 2.25 mm, (2): 4.10 mm, (3): 4.80 mm, (4): 5.90 mm  
 
Regarding the energy distribution, in the experiment, 18.7 J of the 30 J is transmitted to the 
specimen. A large part of this energy is dissipated through damage but there is still some part 
which cannot be separated from the experimental data that is transformed into kinetic energy 
inside the specimen. In the simulation, 16.2 J is dissipated throughout damage created during 
the impact. 55 % of this energy is dissipated in delamination and 45% in fibre rupture. The 
energy dissipated in the model is slightly lower compared to the experiment because it does 

a 
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not take into account the energy dissipated in matrix cracking. Figure 8 presents the 
contribution of each mode in the delamination propagation. In the centre of the specimen, the 
propagation is predominately in mode II and III while it is in mixed mode I, II and III near to 
the edges. 

 
Figure 8: Distribution of energy dissipated in delamination (a): mode I, (b): mode II and III 

 
5. Conclusion 
 
This study constitutes the first attempt to model the impact of a tapered laminate composite in 
the literature. The Discrete Ply Model approach which has already provided good results in 
the case of plain laminates was used. No specific modelling of the resin pocket was required 
in order to achieve good correlation with the experiment. Both the force-displacement curve 
and delamination morphology are well predicted by the model besides the presence of 
material discontinuity of the ply drop-off and also the existence of different phases of 
delamination propagation. Those results demonstrate that the DPM approach mixed with the 
material law used presents good robustness for the prediction of impact damage. 
This study will be further pursued to integrate the CAI into the model to simulate the damage 
tolerance of this type of specimen. New type of stacking, with different orientation dropped-
off plies will also be studied.  
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