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Abstract. This paper examined the effect of the stiffness of the cohesive elements on the accuracy and 

the computational efficiency of Carbon Fibre Reinforced Polymer (CFRP) stiffened panels under 

Compression After Impact (CAI). Abaqus® software was used and the Cohesive Zone Model (CZM) 

method was applied to capture the damage initiation and propagation of the panels. Various case 

studies were examined and the effect of the stiffness parameters of the cohesive elements was 

critically assessed. Moreover, the required number of cohesive zones to fully capture the damage 

mechanisms of the impacted and pristine panels under compressive loading was examined. The results 

showed that a wrong set of parameters can even lead to neglecting the induced damage and can cause 

severe convergence problems in the numerical model. 

 

1 INTRODUCTION 

 

The beneficial mechanical properties of composite materials have increased their applicability in 

several industries. However, when composite structures and specifically composite stiffened panels are 

damaged from impact events, they have a much lower residual strength from their pristine 

conditioning. Predicting the behavior of composite stiffened panels under the presence of structural 

damage is an important topic that has received great attention from researchers. In general, the 

presence of a pre and/or post-service damage or manufacturing inherited damage can highly affect the 

structural performance of the panels. So far, to prove the structural capability of a panel, physical 

testing is required. Considering the high cost and complexity of this procedure, finite element 

modelling is widely used to reduce the size and scope of physical testing, especially in the early design 

stages. One of the main damage mechanisms of CFRP stiffened panels caused by an impact event is 

delamination. To predict delamination initiation and growth, the cohesive zone model (CZM) is a 

widely used method. However, within the public domain literature, the need for further investigation 

in the modelling parameters of CZM application for increasing the accuracy and computational 

efficiency was evidenced. This paper aimed at contributing to this investigation and a parametric 

analysis was conducted with several models being examined and compared aiming at faster, more 

robust and more accurate simulations. 

2 METHODS 

To investigate an efficient modelling approach for CAI loading scenario, a stiffened panel with 4 I-

type stiffeners was examined (figure 1). The experimental results in the study of Feng et al [1] were 

used. In this study, a CAI loading scenario was investigated, where 12 CFRP panels were tested (nine 

impacted with 50 J impact energy and three pristine). The applied materials were UD carbon 

fiber/epoxy resin BA9916-II/HF10A-3K prepreg and plain woven BA9916-II/HFW220TA with a 

nominal thickness of 0.125 mm and 0.23 mm respectively. The material properties can be found in 
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table 1 and the ply sequence in table 2. The panels were modelled in Abaqus software and the effect of 

the impact damage on the damage initiation and propagation and overall CAI panel strength was 

examined. Dynamic implicit analysis was chosen as the optimal simulation scheme. Continuum shell 

elements were used for the skin and the stiffeners. (linear hexahedral elements of SC8R type). The 

cohesive zones were modelled with cohesive elements COH3D8 with a finite thickness equal to 0.01 

mm and were connected to the three-dimensional shell elements with TIE constraints. Quasistatic 

loading was applied with a displacement of 10 mm. To improve convergence behaviour, viscous 

regularization scheme was used, with a viscosity parameter equal to 10-3 [2]. In all the panels, a 

preliminary linear buckling analysis was conducted for incorporating imperfections in the form of 

panel shape distortions [3]. Twenty eigenvalues were extracted from the analysis and an initial 

imperfection was set for the non-linear models as 10% of the first eigenvalue. The experimental 

impact results of Feng et al. [1] were implemented in the numerical model by removing a rectangular 

cohesion zone. For positions A, B and C the dimensions of the rectangle shape were 30 mm x 15 mm, 

56 mm x 22 mm and 12 mm x 8 mm. Finally, the values of the damage evolution in the composite 

material (GCIc, GTIc, GCIIc, GTIIc) were the following: GCIc = GTIc = 12.5 N/mm and GCIIc = GTIIc = 1.0 

N/mm. [4] 

 

 
Figure 1. Panel Geometry and Impact Positions A, B & C 

 

UD BA9916-II/HF10A-3K 

E11/MPa 124.000 E22/MPa 10.000 E33/MPa 10.000 G12/MPa 4510 

G13/MPa 45.100 G23/MPa 3260 ν12 0.16 ν13 0.16 

ν23 0.2 Xt/MPa 1448 Yt/MPa 55 XC/MPa 1172 

ΥC/MPa 172 S12/MPa 90 S13/MPa 161 S23/MPa 161 

Plain Woven BA9916-II/HFW220TA 

E11/MPa 55.000 E22/MPa 52.000 E33/MPa 56.000 G12/MPa 4140 

G13/MPa 4140 G23/MPa 3760 ν12 0.28 ν13 0.28 

ν23 0.30 Xt/MPa 600 Yt/MPa 540 XC/MPa 631 

ΥC/MPa 584 S12/MPa 60 S13/MPa 60 S23/MPa 116 

 
Table 1. Material Properties of UD & Woven materials 

 

 Ply Sequence Total No. Of Plies Total thickness (mm) 

Skin [45(woven)/45/0/0/0/-45/90/0/90]s 18 2.46 

Stiffener [-45/0/0/45/0/0/-45/0/0//90]s 22 2.75 

 
Table 2. Ply sequence and total thickness of the examined skin and stiffener. 
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3 FINDINGS 

To investigate an accurate and computationally efficient numerical model for CAI behaviour of CFRP 

panels, the stiffness of the cohesive elements and the number of the required cohesive zones were 

examined. To begin with, a sensitivity analysis was conducted to investigate the optimum overall 

meshing factor (OMF). OMF is the ratio between the mesh size of the shell elements and the mesh size 

of the cohesive elements. An OMF equal to four was used, since it provided the optimum results, 

while a greater refinement increased the computational cost without providing more realistic results. 

To examine the effect of the stiffness of the cohesive elements, eight models were investigated. 

Different values for the cohesive elements were applied in the initial four models, and those values 

were derived from existing studies from other researchers. It must be mentioned that in the initial four 

models the same values were used for the evolution of the existing damage under the compressive 

loading. In table 3 the initial four models are presented and the results are presented in figure 2. 

 

Parameters 
KNN 

(N/mm3) 

KSS = KTT 

(N/mm3) 

NMAX 

(N/mm2) 

SMAX = TMAX 

(N/mm2) 

Model 1, [5] 3,250 24,920 54 80 

Model 2, [6] 240,000 86,000 64 121 

Model 3, [7] 1,000,000 1,000,000 60 90 

Model 4, [4] 1,150,000 600,000 54 80 

GIc = 0.325 N/mm,   GIIc = GIIIc = 2.492 N/mm,         η = 2,193 
 

Table 3. Initial four examined models – Properties of the cohesive elements 

 

 
 

Figure 2. Matrix Compression Damage in the four initial models 

 
All the models had the same induced damage in position C (figure 1). According to the conducted 

compression test [1], the damage was expected to initiate and develop from the impacted position. 

However, as it can be seen in figure 2, a wrong combination of CZM properties can even sideline the 

existing delamination within a model. For instance, in models 1 & 4 the damage was neglected. After 

comparing those numerical results with the existing experimental results, a further investigation was 

applied in two of the four initial models to define the optimum numerical recipe. Even though model 1 

was not accurate it showed the optimum convergence behaviour. For the reason stated above, models 1 

and 2 were further examined to improve the accuracy of model 1 and the computational efficiency of 

model 2. The 4 new models are presented in table 4. Models 5, 6, 7 are variations of model 1 and 

model 8 is a variation of model 2. In greater detail, even though in model 1 the damage initiated from 

the impact point, the damage propagation was stable after a specific point of the simulation. For the 

reason stated above and the effective computational behaviour this model was further examined.  
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In all, three versions of model 1 were examined with the already applied elastic properties. Damage 

initiation criteria of models 2 and 3 (table 3) were implemented in the first two new versions and in the 

third model, different properties for the damage evolution were applied. [3] A version of model 2 with 

those damage evolution properties [4] was examined as well to improve its convergence behaviour. 

The exact properties of the four new models are presented in table 4. 

 

Models 

Elastic Parameters Damage Initiation Damage Evolution 

KNN 

(N/mm3) 

KSS = KTT 

(N/mm3) 

NMAX 

(N/mm2) 

SMAX = TMAX 

(N/mm2) 

GIc 

(N/mm) 

GIΙc = GIΙΙc 

(N/mm) 
η 

Model 

5 
3,250 24,920 60 90 0.325 2.492 2.193 

Model 

6 
3,250 24,920 64 121 0.325 2.492 2.193 

Model 

7 
3,250 24,920 54 80 0.243 0.514 4.6 

Model 

8 
240,000 86,000 64 121 0.243 0.514 4.6 

 
Table 4. Properties of the cohesive elements of the new examined models 

 
To analyse the damage initiation and propagation of the models the quadratic nominal stress criterion 

was applied, and the results can be seen in the figures below. 

 

 
Figure 3. QUADS Criterion in models 5 & 6  

 

As it can be seen from figure 3, the damage initiates from the impact point but does not propagate 

throughout the whole simulation. By applying different damage evolution properties this issue is 

overcome. In model 7 the damage initiates from the impact point and propagates through the whole 

simulation. However, the damage propagates in a more severe way in the quarter length of the panel as 

it does in the pristine panel (figure 4). As a result, a definite answer whether the model is accurate or 

not, cannot be given and further physical experiments should take place. It must be mentioned that the 

implemented impact damage within the model in position C is 12 x 8 mm. It must be mentioned that in 

the experimental research of Feng et al, this damage caused by the applied 50J impact did not affect 

the damage mechanics of several of the examined panels under compression. Those panels followed 

the same damage pattern as the pristine panel. [1] 
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Figure 4. QUADS Criterion in model 7 

 

Model 8 with higher elastic properties showed a different behaviour. The damage initiated from the 

impact point, but the damage initiation criterion was reached within the model more globally. This was 

the reason that the model showed inefficient computational behaviour. (figure 5) 

 

 
 

Figure 5. QUADS Criterion in model 8 
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In general, it was observed from the study that higher elastic properties of the cohesive elements do 

not favour the convergence behaviour of the models. The reason for this is that a greater number of 

elements reaches the peak values for the damage initiation criterion in the CZM method and the model 

gets computationally inefficient. A comparison of several models with increasing elastic properties is 

shown in table 5. 

 

Parameters Model 5 Model 8 Model 3 Model 4 

KNN 3,250 240,000 1,000,000 1,150,000 

KSS, KTT 24,920 86,000 1,000,000 600,000 

Increment 2450 1140 1430 1270 

Applied displacement (mm) 6,802 4,737 4,563 4,555 

Increment 1050 5,256 4,677 4,518 4,531 

 
Table 5. Convergence behaviour of examined models with increasing elastic properties 

 
Each time step refers to ten increments. From table 5, model 4 with the highest elastic properties 

developed in 2200 increments only 0,024 mm. On the other hand, model 1 had surpassed the 5,25 mm 

applied displacement in increment 1050. This phenomenon is due to a greater number of elements 

reaching the damage initiation criterion simultaneously when higher elastic parameters are applied. 

 

Moreover, the required number of cohesive zones was critically assessed to obtain accurate and 

computationally efficient models. For this scope, impact position A was examined (figure 1). In 

general, in the examined studies most of the researchers examine the CAI behaviour of CFRP panels 

applying cohesive elements in the area between the skin and the stiffeners. On the other hand, in 

impact studies, a greater number of cohesive zones is applied to capture the damage mechanics in 

impact events. [6] 

 

This parametric study aims at defining the sufficient number of cohesive zones to accurately predict 

the CAI behaviour with efficient numerical models. The examined case-studies are presented in figure 

6 and the results can be seen in figures 7 and 8. 

 

 
 

Figure 6. Examined models of impact position A – 1 to 4 applied cohesive zones 

 

 



Dimitrios G Gaitanelis, Ioannis K Giannopoulos, Efstathios E Theotokoglou 

 

 
 

Figure 7. Tensile Matrix damage in models A-1, A-2. 

 

Figure 7 shows that increasing the number of cohesive zones increases the detail in which the 

damage is captured. Also, an important finding is that to fully capture the stiffener’s breakage, 

cohesive elements between the skin and the stiffeners are required. Model A-1 that did not 

have the appropriate cohesive elements in this área did not show the expected stiffener’s 

breakage. However, the ideal number of cohesive zones is the one that provides trustworthy 

results without being computationally inefficient. For this scope, model A-2 is shown in 

figure 8 and more precisely the quadratic nominal stress criterion in the cohesive zones of the 

skin is presented. 

 

 
 

Figure 8. QUADS criterion of the cohesive zones within the skin of model A-2. 

 

Figure 8 shows that most of the damage is captured in the cohesive zone within the top plies. 

The middle cohesive zone and especially the bottom cohesive zone do not reach the quadratic 

nominal stress criterion. As a result, those zones can be considered redundant in the model. 

The required zones to fully capture the damage in the model are located on the área between 

the skin and the stiffeners and within the top plies of the skin. 

 

Finally, the load-bearing capability of the impacted and pristine panels was examined and the 

results can be seen in figure 9. 
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Figure 9. Force – Displacement Diagram in the impacted and pristine models. 

 

The above diagram shows that the CZM method is not capable of capturing the decrease in 

the load bearing capability of an impacted panel prior to the compressive loading. It is a 

matter of future work to implement the required user-defined subroutine USDFLD to 

successfully capture this decrease. 

4 CONCLUSIONS 

A parametric study to produce the ideal numerical recipe for examining the CAI behavior of CFRP 

stiffened panels was presented in this paper. Referring to existing experimental results from Feng et al. 

[1], several numerical models were examined. The results showed that using higher elastic parameters 

increases the convergence issues of the models. Also, experimental results are necessary to provide a 

definite answer if a model is accurate or not. Especially, in case-studies that the impact event is not 

that crucial. Moreover, to successfully capture the damage initiation and propagation, cohesive zones 

should be applied in the area between the skin and the stiffeners and within the top plies of the skin to 

achieve accurate results. Applying more cohesive zones within a model was found to be redundant. 

Finally, it was observed that to capture the decrease in the load-bearing capability of the panels caused 

by the impact, CZM method is not sufficient and a user-defined subroutine should be implemented in 

the model. 
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