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1 INTRODUCTION 

During the last years, criteria of aircraft projects have been more and more rigorous for component 
development to absorb impact energy. Research on the development of structural components with 
high crashworthiness has been carried by the aeronautical industries. The project concept for structural 
components with high crashworthiness depends on the crash resistance concept described by 
Kindervater and Georgi [1]. The crash resistance concept is based on the energy absorption capacity 
and structural integrity. However, the dynamic behavior of composite laminates is very complex, 
because there are many concurrent phenomena during composite laminate failure under impact load. 
Fiber breakage, delaminations, matrix cracking, plastic deformations due to the contact and large 
displacements are some effects, which should be considered when a structure made from composite 
material is impacted by a foreign object. Therefore, it is very common to find current research works 
about this issue at the literature, for example: Sari et al. [2], Ribeiro et al. [3], Tita et al. [4]. 

In this work, each failure mode has a failure criterion and an associated degradation function, which 
decreases the engineering material properties, turning the process of analysis iterative (Progressive 
Failure Analyses – PFA). Thus, the material model proposal was implemented as Fortran sub-routines 
(UMAT and VUMAT) linked to finite element package AbaqusTM for implicit and explicit numerical 
solution. First, the material parameters were identified and calibrated using 3-point bending tests and 
implicit numerical simulations with UMAT sub-routine. Therefore, finite element analyses were 
performed for a set of parameters. A Matlab program was developed in order to control the parameters 
variability and the post-processing of the results.. After calibration procedure, the material model 
proposal is used to predict the response of thin disks under impact loads using explicit numerical 
simulations with VUMAT sub-routines. Finally, the numerical results are compared to experimental 
data and it is discussed the advantages and limitation of the material model proposal. 

2 MATERIAL MODEL 

 The material model proposal in this work is a new combination of different failure criteria and 
degradation laws adopted by other researchers. Also there is a new method for identification and 
calibration of material model parameters. 

2.1 Mathematical Formulation 

The stress state (in a generic point of the lamina) is evaluated by the constitutive equations, which 
are written for plane stress state. After that, the  failure criteria use the value of the actuating stress and 
allowable in order to determine the occurrence of a failure or not. In fact, the failure occurs when the 
criterion provide a value greater than unit. The material model criteria for fiber failure (FF) are based 
on Hashin’s Theory [5]. The material model criteria for inter-fiber failure (IFF)is based on Puck’s 
Theory [6] [7]. Fiber failure criteria are evaluated for tensile loads (FF-T) and for compressive loads 
(FF-C). Inter-fiber failure criteria are evaluated for three failure modes: Mode-A (IFF-A), Mode-B 
(IFF-B) and Mode-C (IFF-C) (Fig.1). It is important to mention that the Puck’s work nomenclature is 
used in this paper.  

Once the element material point fails (fFF > 1 or fIFF > 1), the material properties are decreased 
according to the failure mode. if the FF is verified, then the properties associated to direction 2 are 
considered null and Young’s modulus in direction 1 is decreased by the parameter ω, considering the 
Matzenmiller’s Theory ( [8]). If the IFF is verified, the mechanical material properties associated to 
direction 2 (matrix direction) are decreased by the parameter η. Moreover, Figure 1 resumes the failure 
criteria and degradation laws for the material model. The equations presented in Fig. 1(a). For 
convenience were hold the same Puck and Sührmann’s notation [7]. 
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Table 4: Results for [0o]10. 

 Max Force (N) Error %* Time (ms) Error %* 
Experimental 2217 - 5.8 - 

Damage model 2583 16.5 4.8 17.8 
No damage 3478 56.9 4.2 28.1 
   

* ( )Error Experimental Simulations Experimental   

Based on the results, it is possible to observe that regarding the impact event on cross-ply laminate, 
the proposed material model was able to capture the small force oscillations in the beginning of the 
impact and to predict with a reasonable accuracy the duration of the event. For quasi-isotropic 
laminates, the proposed material model showed not so good performance to capture the maximum 
force (difference of 18.1% between experimental data and numerical s results). However, the total time 
error is still reasonable (4.9%). For unidirectional laminates, the model performs the worst predictions 
for the overall impact time with error around 17.8% and for maximum force with error of 16.5%.  

 

5 CONCLUSIONS 

The material model proposal is a new model because consists on a combination of different failure 
criteria and damage evolution law. The parameters associated to the degradation of the material 
properties due to fiber failure were deeply investigated. It can be concluded that the investigation of 
these parameters is fundamental to understand how it affects the structural behavior, as well as the 
relevance of one parameter in relation to the other. Also, it can be concluded that the calibration of the 
parameters related to the composite material model needs to be consider for different stacking 
sequences. 

Regardless the difficulties related to three point bending tests (matrix crushing under the load 
applier), the material model performed good numerical predictions for this quasi-static case. However, 
the simulation for an impact event represents a bigger challenge for a material model. As it can be 
observed, the proposed material model could predict very well the behavior of cross-ply laminates, 
determining with accuracy the maximum force peak and the impact duration. On the other hand, the 
model performance for the others lay-up was not so good with error bigger than 16% for force peak. 
This can be partially explained through the calibration process, which is better performed for cross-ply 
laminate. Another reason for the poor model accuracy is due to lack of delamination criteria. The 
simulation of this phenomenon is essential for laminates that presents mainly delaminations during 
impact events. 
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