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Abstract: The damage tolerance of delaminated composite panels under 

compressive load is usually numerically evaluated by means of 

computationally expensive non-linear approaches. In this study, an 

alternative numerical linear approach, able to mimic the delamination 

propagation initiation, is proposed. With the aim to exploit its benefits, 

in terms of computational costs reduction, the proposed linear 

methodology has been used in this study in conjunction with an 

optimization analysis to assess the damage tolerance of stiffened 

composite panels with an impact induced delamination under 

compression. Indeed, the optimization was aimed to find the minimum 

delamination growth initiation load for a delaminated stiffened panel 

with variable delamination size and position, providing indications on 

the damage tolerance capability of the stiffened panel with an arbitrary 

positioned and sized delamination induced (as an example) by a low 

energy impact. 

 

Keywords: Delamination, Composites, Damage Tolerance, Linear 
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Introduction 

It is often considered that the Carbon Fibers 

Reinforced Plastics (CFRP) are, for their high specific 

strength and stiffness properties, appropriate for 

aerospace and for transport structural applications. 

However, their failure mechanisms are not completely 

predictable and this is the main reason why the CFRP 

integration has been generally slowed down in the last 

twenty years in the aerospace and transport industry. 

Indeed, the absence of numerical tools, able to consider 

the damage tolerance as specific design requirement for 

composite structures, has led to over-conservative 

designs, far from a full realization of the promising 

economic benefits of composites. 

The approach adopted in this study allows to evaluate 

the composite structures damage tolerance in the initial 

design phases, where the safety requirements and the 

economic benefits of composites can be more easily 

addressed by structural optimization procedures. 

Indeed, the proposed approach provides a 

representation of the most important phenomenological 

characteristics governing the composites’ structural 

behavior in the presence of delaminations, being at the 

same time fast and computationally effective. The 

structural behavior of delaminated composite 

components has been extensively examined by 

developing predictive numerical tools and by performing 

experimental tests. Indeed, experimental research 

activities can be found in (Ashizawa, 1981; Chai et al., 

1983). Such activities, aimed to provide a more 

comprehensive knowledge on composite, are also useful 

for the justification of novel numerical approaches. 

Moreover, experiments concerning composite materials 

characterized by improved toughness properties are 

introduced in (Arai et al., 2008; Tong et al., 2008; 

Yokozeki et al., 2008). Furthermore, developments on 

simplified mono and two-dimensional predictive 

numerical models for trough-the-width delaminations are 

introduced in (Gordnian et al., 2008; Whitcomb, 1982; 
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1986; Chai et al., 1981). A three-dimensional model has 

been adopted in (Shahwan and Waas, 1994; Whitcomb, 

1989) to study the composite panels compressive 

behavior with delaminations. Here, the post-buckling 

behavior of delaminated panels is investigated by means 

of geometrically non-linear analyses, taking into account 

contact phenomena as well. Furthermore, a Strain 

Energy Release Rate based criterion has been used for 

the delamination grown initiation. The growth of 

delaminations is simulated in (Perugini et al., 1999; 

Riccio et al., 2000; Nilsson et al., 1993; Gaudenzi et al., 

2001; Riccio et al., 2001; Riccio et al., 2003; Davies et al., 

2006; De Borst and Remmers, 2006; Allix and 

Blanchard, 2006; Gudmundson, 2000) by means of 

complex numerical models. In these papers, the 

growth/no-growth status, based on the calculation of the 

Energy Release Rate (ERR), is evaluated by Cohesive 

Zone Model approaches (CZM) (ABAQUS Manual) and 

virtual/modified Virtual Crack Closure Techniques 

(VCCT- MVCCT). 

In recent years, the studies on damage tolerance have 

massively involved complex composite structures, 

thanks to the increased knowledge concerning the 

delamination growth phenomena. Among all, stiffened 

panels are one of the most representative composite 

structures from a design perspective. In (Greenhalgh et al., 

1999; 2003; 2000; Suemasu et al., 2006; Faggiani and 

Falzon, 2007), a significant amount of numerical and 

experimental activities, related to stiffened delaminated 

composite panels, are presented. Here, the 

delaminations have been placed in the bay or under the 

stringer to investigated the delamination position 

influence on damage evolution. In (Faggiani and 

Falzon, 2007), a multiscale approach is introduced in 

order to connect different meshed subdomains of the 

model, reducing the high computational time needed to 

solve the geometrically non-linear analyses associated 

to the VCCT and CZM approaches. 

However, the adoption of multiscale coupling cannot 

satisfyingly reduce the high computational time related to 

the non-linear methods associated to the delamination 

growth simulation, that are still unsuitable in a preliminary 

design and/or optimization phase. To overcome this issue, 

novel fast numerical tools for the study of the 

delamination onset and evolution are needed. 

In the present paper, an alternative to VCCT and CZM 

approaches is presented. The proposed methodology for 

the determination of delamination growth initiation load 

by means of linear analyses (Riccio and Gigliotti, 2007; 

Riccio et al., 2010)  is introduced and adopted in 

combination with an optimization procedure to determine 

the tolerance to damage of composite stiffened laminates 

under compression. 

Under certain assumptions, which are considered 

adequate for the preliminary design, the linear method 

introduced here can give information on the 

delamination propagation threshold and location in 

delaminated structures made of composite materials 

under static load. 

The objective of the optimization, presented in this 

study, is the minimization of the delamination growth 

initiation load in delaminated stiffened composite panels 

by varying the delamination size and location. The 

configuration with minimal delamination growth 

initiation load will give an estimation about the damage 

tolerance of stiffened composite panel, under 

compressive loading conditions, with an arbitrary 

delamination induced by an impact event. 

The second section of this paper has been focused 

on the theoretical background of the proposed linear 

approach implemented within the commercial FEM 

code ANSYS (ANSYS Manual). The third section 

introduces the analyses on delaminated stiffened 

composite panels under compression compared with 

ABAQUS nonlinear delamination propagation onset 

load and location. In the last section, the optimization 

study is detailed. 

Linear Model: Theoretical Background and 

FEM Implementation 

In the present section, the theory behind the introduced 

linear model is briefly introduced together with details of 

the FE model implementation in ANSYS®. 

Proposed fast Approach for Delamination 

Propagation Onset and FEM Implementation 

The buckling behavior of a composite structure 

subjected to a compressive load is well assessed from 

literature. Moreover, local buckling phenomena can 

occur in stiffened panels with a delamination localized 

in the bay (Greenhalgh et al., 1999; 2003; 2000). 

Relatively small depth delaminations of appropriate 

dimensions can lead to: 

 

• Local buckling of the thinner sub-laminate, as 

shown in Fig. 1a 

• Buckling of both sub-laminates, as shown in Fig. 1b. 

This buckling mode involves the whole delaminated 

area, but can considered as a local instability when 

considering the overall surrounding structure 

 

The buckling phenomenon, related to the thinner sub-

laminate arises, firstly, during the loading process. Then, 

the buckling of the thicker sub-laminate takes place. 

However, the delamination growth phenomenon in a 

stiffened delaminated panel subjected to a compressive 

load. may led, starting from the first scenario (local 

buckling of the thin sub-laminate), to a second like 

scenario (global buckling of the thick sublaminate). 
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Linear Elastic Fracture Mechanics (LEFM) can per 

applied to the study of delaminations, which can be 

considered as cracks. According to LEFM, the beginning 

of a delamination situated in a generic position along the 

delamination front can be assessed by using Eq. 1, as 

shown in Fig. 1. The delamination growth starts when 

the Energy Release Rate (ERR) G, seen as the potential 

energy variation ∆E corresponding to delaminated area 

∆A, has the same value of the critical Gc, which is only 

dependent by the: 

 

. c

E
material G G

A

∆
= − =

∆
 (1) 

 

Equation 1 can be applied to the basic three fracture 

modes: Mode I, II and III. 

Assuming in a first-like delamination configuration 

the buckled sub-laminate as considerably thinner if 

compared to the entire laminate, the mode I of fracture is 

definitely predominant respect to fracture modes II and 

III (Shahwan and Waas, 1994; Riccio et al., 2001;   

Bruno and Greco, 2001). For such a reason, these last 

two contributions can be neglected. 

It can be noticed that there is a non-uniformity of the 

ERR distribution along the delamination front due to the 

non-uniformity of load distribution, the orthotropy of the 

materials and the complex geometrical configuration of 

the analysed structure. Indeed, the critical ERR can be 

locally exceeded, causing an irregular evolution of the 

delamination front (as can be seen in Fig. 1). However, 

for the thin delaminated sub-laminates, the ERR 

distribution is assumed to have the same distribution 

along the delamination front as the out of plane 

displacements (Riccio et al., 2000; 2001; 2003; 

Greenhalgh et al., 2000) related to the first delamination 

buckling mode. 

Hence, a first (eigenvalue) linearized buckling 

analysis is performed, in order to evaluate the first 

buckling mode and load. 

Supposing an external compressive load F applied to 

a structure with a delamination size A, the thinner sub-

laminate buckles when the critical instability load F
cr

 in 

reached. By performing a linearized buckling analysis, 

both delamination buckling load (eigenvalue) and mode 

(eigenvector) can be calculated. In such a way, the out-

of-plane displacements of each node of the 

delamination front can be obtained. Moreover, the 

contribution of the unstable portion of the laminate to 

the stiffness of the overall structure can be neglected. 

For such a reason, the stiffness K
A
 of the post-buckled 

delaminated structure can be roughly obtained by 

eliminating the thinner sub-laminate. 

 

 
 

Fig. 1. Spread of the delamination front (first scenario) under a compressive load 
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Fig. 2. Shematization of load displacement behavior of a delaminated composite panel 

 

An increased delamination area from A to A+∆A 

(Fig. 1) will result in a new delamination buckling load 

and a new post-buckled structure stiffness, respectively 

indicated with F
cr

’ and K
A+∆A

. The evolution of the 

global structural stiffness for both structures, considering 

a variation of the delamination size during the loading 

phase, is shown in Fig. 2. 

The details of the implemented linear delamination 

propagation approach can be found in (Riccio and 

Gigliotti, 2007; Riccio et al., 2010; 2016). 

The proposed model has been implemented in 

ANSYS by adopting the APDL (ANSYS Parametric 

Design Language). The delaminated stiffened panel has 

been discretized with eight nodes layered shell elements. 

Moreover, MPC-based interface elements and rigid-links 

have been adopted too. A convergence study has been 

performed to choose the shell elements sizes across the 

delamination boundaries (Riccio and Gigliotti, 2007). 

Numerical Application of the Proposed 

Linear Model for Delamination Growth 

Initiation 

Test Case Description 

The proposed linear approach has been applied to a 

stiffened composite panel test-case, with an circular bay 

delamination. The most important results obtained with 

the linear tool (delamination critical instability loads, 

propagation onset loads and ERR distribution) have been 

compared in next subsection to the results from an 

ABAQUS non-linear analysis, based on the VCCT. 
In Fig. 3, the geometrical characteristics of the test 

case are shown and in Table 1, the composite material 
properties of the (AS4/3501-6) material system are 
introduced. The panel’s skin lay-up is [(+45/0/90/- 
45)3]S, while the stringers foots and webs’ lay-up are, 
respectively, [+45/-45/0/0/90]S and [+45/-
45/0/0/90/90/0/0/-45/+45]S. 

The delamination has been placed between the third 

and the fourth ply (Dt = 3.948 mm). Fig. 3 shows the θ 

angle used to identify univocally a location along the 

delamination front. 

In order to compress the stiffened panel, 

displacements have been applied. 

Validation of the Linear Model against ABAQUS 

Non-Linear Results 

In order to verify the capabilities of the linear 
approach, implemented in ANSYS, as already 
mentioned, the results of ABAQUS non-linear analyses 
have been used as a validation benchmark. 

The finite element models adopted in ANSYS, for the 

linear analyses and in ABAQUS, for the non-linear 

analyses, are shown in Fig. 4. 

In ANSYS, the skin, the delaminated sublaminates 

and the stringers have been discretized with 8-noded 

layered elements. Rigid constraints have been uniformly 

handed out along the delamination front in order to join 

the sub-laminates to the rest of the skin. 
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Table 1. Material properties of the composite lamina 

Properties  Average AS4/3501-6 

Longitudinal young’s modulus (tension) E11 [GPa] 147.00 

Transverse young’s modulus (tension) E22 = E33 [GPa] 9.00 

In-plane shear modulus G12 = G13 [GPa] 5.00 

 G23 [GPa] 3.00 

Poisson’s ratio ν12 = ν13 0.30 

 ν23 0.42 

Critical ERR-Mode I (40mm) GIc [Jm−2] 175.00 

Critical ERR-Mode II (60mm) GIIc [Jm−2] 532.00 

Critical ERR-Mode III GIIIc [Jm−2] 532.00 

Longitudinal tensile strength Xt [MPa] 2004.00 

Longitudinal compressive strength Xc [MPa] 1197.00 

Transverse tensile strength Yt = Zt [MPa] 53.00 

Transverse compressive strength Yc = Zc [MPa] 204.00 

Shear strength S12 = S13 [MPa] 137.00 

 S23 [MPa] 42.00 

Ply thickness t [mm] 0.188 

 

 

 
Fig. 3. Geometrical description of the delaminated stiffened panel configuration 
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 (a) (b) 

 
Fig. 4. Test case FEM models: (a) ANSYS; (b) ABAQUS 

 

 
 

Fig. 5. Reaction load versus applied strains-Comparison between linear and non-linear results 

 

Moreover, rigid constraints have also been used to 

connect the skin to the stringer feet. MPC-based contact 

elements have been used to link the delaminated region 

with the rest of the structure. 

In ABAQUS, the delaminated region has been 

modelled using brick elements with 8 nodes and with 

incompatible modes, while the rest of the panel has been 

modelled by shell element with 8 nodes and reduced 

integration scheme. 

The stringers/skin and the delaminated area/rest of the 

panel interfaces have been modelled by “tie” multi points 

constraints. The two sub-laminates in the delaminated area, 

have been linked by node-to surface elements adopting the 

“Virtual Crack Closure Technique”. 
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Both the FEM models have been given the appropriate 

material properties taken from Table 1. Figure 5 shows the 

comparison, among linear and non-linear results as 

applied strains Vs applied compressive loads. 
Figure 6 shows the non-linear shapes of the 

deformation at local buckling of delamination, 
delamination propagation onset and skin buckling. An 
excellent agreement has been found between the global 
longitudinal stiffness obtained with the linear and non-
linear analyses. This agreement confirms that the 
stiffened panel has a linear global compressive behavior, 
up to the delamination propagation onset occurrence. 

Both the loads and the applied strains of the 
delamination buckling, the growth initiation and the skin 
buckling, calculated with the linear tool, are correlated to 
the non-linear counterparts in Table 2. 

From Table 2, the linear tool can properly foresee the 
local instability of delamination, the delamination 
growth initiation and the global instability load and 
strains. The gap between the linear and non-linear local 
delamination instability load is about 9%, while the 
percentage difference between linear and non-linear 

global buckling load is about 1%. As we expected to 
find, the delamination propagation onset loads and 
strains evaluated with the linear and the non-linear 
approach are in excellent agreement, the relative 
percentage differences are about 2.8%. 

The very good agreement between linear and 

nonlinear models, can somehow be related to the 

neighborhood of the delamination instability and the 

propagation onset events occurring much before the skin 

instability event. Hence, the out-of-plane distributions of 

the displacement in the area related to the delamination do 

not experience considerable changes from the 

delamination local instability to the propagation onset 

loading stages, ensuring the pertinence of the linear 

model. The out-of-plane displacements distributions 

obtained with linear and non-linear tools, within the area 

of the delamination, at delamination instability and 

propagation n onset, are shown in Fig. 7. From the non-

linear contours, it is clear that the change of out-of-plane 

displacements is negligible passing from the delamination 

instability to the propagation onset loading stage. 

 
Table 2. Comparison linear/non-linear results 

 Linear approach Non-linear ABAQUS Difference % non linear-linear 

Delamination Buckling Strain εcr [µε] 932.95 1024.80 8.96 

Delamination Buckling Load Fcr [kN] 201.25 220.77 8.84 

Delamination Growth Strain εdel [µε] 1893.10 1845.70 -2.57 

Delamination Growth Load Fdel [kN] 408.26 397.03 -2.83 

Global Buckling Strain εglo [µε] 3080.30 3139.02 1.87 

Global Buckling Load Fglo [kN] 664.46 670.94 0.97 

 

 
(a) 
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(b) 

 

 
(c) 

 
Fig. 6. Deformed shapes obtained with the non-linear tool at: (a) delamination instability, (b) delamination propagation onset, (c) 

global instability of the skin 
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Fig. 7. Out-of-plane displacements distribution, in the area related to the delamination, at delamination buckling and at growth 

initiation-Comparison between linear model and nonlinear model 
 

  
(a) 

 

 
(b) 
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(c) 

 
Fig. 8. Shapes of the delamination propagation at: (a) delamination propagation onset (1845 µε); (b) intermediate delamination 

propagation state (2212 µε); (c) delamination propagation reaching delaminated region boundaries (2477 µε) 

 

 
 
Fig. 9. Three fracture modes related to the ERR normalized distributions at propagation onset (1845 µε). ABAQUS non-linear 

model 

 

The delamination propagation strain, is predicted at 

1845 µε in the frame of ABAQUS non-linear analyses 

The mode I of fracture appear to be the most relevant 

one. Hence, the delamination propagation initiation can 

be considered as directly related to the local 

delamination buckling event. 

The growth reaches the edge of the delaminated zone at 

2477 µε. Then, the analysis results are no more dependable. 

For such a reason, this model has a limit (the delaminated 

region cannot change size during the analysis). 

In Fig. 8 the growing delamination is shown; 

delamination growth maps are calculated by the nonlinear 

model at delamination growth onset (1845 µε), at a 

transitional delamination growth stage (2212 µε) and for 

delamination fully propagated (2477 µε). In Fig. 8, the 

status of the interface VCCT elements is also reported (red 

= closed sticking; green = closed slipping; blue = open). 

The ERR distribution at growth initiation can help in 

understanding the location of the growth and the fracture 

modes relevance in propagation onset. The normalized 

(considering the critical value of each fracture mode) 

ERR distributions, for each fracture mode, at 

propagation onset achieved by the non-linear analysis is 

shown in Fig. 9. From Fig. 9, mode I is clearly dominant 

over the other two fracture modes and the angle where 

delamination growth initiation, as expected, is -10°. 

The comparison between the non-linear procedure 

available in ABAQUS and the developed linear one, in 

terms of the growth criterion Ed, is shown in Fig. 10. It 

can be noticed that for the non-linear model (which takes 

into account all the three fracture modes contributions, 

even if GII and GIII are negligible) Ed = GI/GIc + 

GII/GIIc + GIII/GIIIc, while for the linear model Ed = 

GI/GIc. It is possible to identify the acceptable 
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agreement in terms of the angles of delamination 

propagation onset (-15° for the linear model and -10° for 

the non-linear model). 
Finally, Fig. 11 shows the comparison between linear 

and non-linear GI values at the delamination propagation 

onset point versus the applied strains. The correlation 

between the linear and the non-linear model at 

propagation onset is noticeable. 

Optimization Adopting the Linear 

Approach 

Starting from the test case configuration shown in the 

preceding section, an optimization study has been 

performed in order to maximize the interval, in terms of 

applied load (applied strain), between the delamination 

growth initiation and the skin global buckling 

phenomenon. Since the skin global buckling 

phenomenon is marginally influenced by the 

delamination position and size, the aim of this 

optimization, as previously stated, is to find the 

delamination position and delamination size which 

minimize the delamination growth initiation load. 

The minimum value of delamination growth 

initiation load gives a quantitative indication about the 

damage tolerance of the stiffened panel with respect to 

an arbitrary impact induced delamination. 

Optimization set up: Objective Function, 

Constraints and Design Variables 

In order to estimate the damage tolerance capability 

of the stiffened panel, its geometrical and mechanical 

properties have not been considered as design variable. 

Only the delamination position in the bays and the 

delamination size have been considered as variables for 

the optimization. Thanks to the symmetry of the models, 

the design variable range can be considerably reduced. In 

particular, the coordinate y of the delamination center 

ranges from y = 125 mm to y = 250 mm, with a 1 mm 

increment. This variation applies to left and center bays, 

respectively characterized by the coordinate x of the 

delamination center x = 131 mm and x = 300 mm. The 

delamination radius ranges from R = 20 mm to R = 30 

mm, in steps of 0.5 mm. The objective of the 

optimization is the maximization of the load/strain 

interval between the delamination growth initiation event 

and the skin global buckling event. The constraints for 

the optimization are related to the minimum interval 

between the delamination buckling event and the 

delamination growth initiation event. This 

minimuminterval, according to the configuration 

introduced in the previous section, has been set to 1200 

µε. This constraint is needed to control the quality of the 

results since configuration with a smaller interval would 

not ensure the applicability of the linear approach. 

Another constraint is the presence of the local 

delamination buckling: Without it, the linear approach 

cannot be applied, as previously remarked. Hence, the 

configurations without local delamination buckling or 

with local delamination buckling occurring after the 

global buckling will be rejected. 

Optimization Results: Damage Tolerance of 

Delaminated Stiffened Panels 

The variables, the constraint and the objective 

function have been set as previously described. A genetic 

algorithm has been adopted for the analysis. The 

obtained results are described hereafter. 

A number of 30 generations with 50 individuals each 

have been produced. In the following, some charts 

summarizing the results are shown. Figure 12 shows the 

objective function for the 1500 individuals. The optimal 

configuration is reached for individual 102, characterized 

by a gap between delamination growth and global 

buckling (DGBDG, difference between global buckling 

and delamination growth) of 1292 µε. 

In Fig. 13, the distribution charts of the selected 

variables and of the objective function during the 

optimization process are shown. The yellow bars are 

representative of the unfeasible configurations analyzed 

during the optimization process. 

In Fig. 14, the objective function as a function of the 

optimization variables are shown. 

The performed optimization analysis allowed to 

study the influence of delamination position and size on 

delamination growth initiation strain. 

In Fig. 15 the delamination growth initiation strain 

versus the delamination center Y coordinate, for 

different values of the delamination radius in the 

central bay, is shown. 
Figure 15a and 15b show that the variation of 

delamination growth initiation with the delamination 
radius is not monotonic. Indeed, for a delamination 
radius of 22 mm a minimum in delamination growth 
initiation strain has been found. 

On the other hand, Fig. 15a and 15b show that the 
variation of delamination growth initiation strain has 
been found monotonic with respect to the delamination 
center Y coordinate. The minimum values of the 
delamination growth initiation strain have been reached 
for a delamination center Y coordinate of 250 mm. 

The above considerations are summarized in Fig. 16, 
where the variation of delamination growth strain initiation 
strain as a function of the delamination radius for a 
delamination center Y coordinate of 250 mm is shown. 

As result of the optimization, the geometrical 

configuration, which is able to maximize the distance in 

terms of applied load between the delamination growth 

initiation and the global buckling, is the SS#opt-102. The 

geometrical parameters characterizing the optimal 

configuration are introduced in Table 3. 
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Fig. 10. ABAQUS non-linear model and developed linear model of the Ed distributions at growth initiation 

 

 
 

Fig. 11. GI Vs applied strains-estimated at the location (-15° for the linear model and -10° for the non-linear model) 
 

     
 (a) (b) 

 
Fig. 12. Objective function history (a) all process; (b) first 3 generations 
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Fig. 13. Distribution charts of the selected variables 

 

    
 

 
 

Fig. 14. Delamination growth strain as a function of the design variables 



Aniello Riccio et al. / American Journal of Engineering and Applied Sciences 2016, 9 (4): 1301.1317 

DOI: 10.3844/ajeassp.2016.1301.1317 

 

1314 

 
(a) 

 

 
(b) 

 
Fig. 15. Delamination growth strain vs delamination center Y coordinate and delamination radius: (a) radius from 20 to 22 mm; (b) 

radius from 22 to 24 mm central bay 

 
Table 3. Optimal delaminated stiffened panel geometric 

characteristics 

Optimal Panel geometrical characteristics 

Panel’s width Lx 600 mm 

Panel’s length Ly 500 mm 

Distance stringer/panel’s edge Sl 20.365 mm 

Distance stringer feet Sd 116.73 mm 

Stringer foot width Sb 52.27 mm 

Skin thickness Pt 4.512 mm 

Stringer foot thickness Ft 1.88 mm 

Web height Wh 25.24 mm 

Web thickness Wt 3.76 mm 

Delamination X coordinate Dx 300 mm 

Delamination Y coordinate Dy 250 mm 

Delamination depth Dt 3.948 mm 

Delamination diameter DD 44 mm 

Stringers number Ns 4 

Table 4. SS#Opt-102-Delamination instability, propagation onset 

and global instability load and strains-linear model 

SS#Opt-102-Linear Approach 

Delamination Buckling Strain εcr [µε] 739.00 

Delamination Buckling Load Fcr [kN] 159.57 

Delamination Growth Strain εdel [µε] 1783.00 

Delamination Growth Load Fdel [kN] 384.94 

Global Buckling Strain εglo [µε] 3084.00 

Global Buckling Load Fglo [kN] 664.20 

 

As expected for the previously shown sensitivity 

study, in the specimen under consideration (SS#opt- 

102), a delamination, with diameter of 44 mm, is located 

in the bay in position (300 mm; 250 mm), between the 

third and the fourth ply. In Table 4, the delamination 

instability, propagation onset and skin instability loads 

and strains, evaluated by linear tool, are reported. 
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Fig. 16. Delamination growth initiation strain as a function of delamination radius-delamination center Y coordinate = 250 mm 

central bay 

 

 
 

Fig. 17. SS#Opt-102-Ed distributions at growth initiation (1783 µε) 

 

The location of the maximum ERR, predicted by the 

linear model, is at -15° with reference to the global X axis. 

The developed linear model distribution in terms of 

Ed, at delamination propagation onset (1783 µε), is 

shown in Fig. 17. 

The delamination growth initiation applied strain 

(1783 µε) found for the optimized configuration SS#Opt-

102 is representative of the damage tolerance of the 

stiffened panel under consideration for an arbitrary 

impact induced delamination. 

Conclusion 

In this study, a new methodology, capable of 

predicting the damage tolerance of stiffened composite 

panels under compression with an arbitrary sized and 

positioned bay delamination, has been proposed. This 

methodology is computational cost effective being based 

on a linear approach for the simulation of delamination 

growth initiation. A combination of a linear approach 

(based on the linearized buckling estimation and on the 

energy balance principle application) with an 

optimization analyses has been used. 

Comparisons with ABAQUS non-linear results 

demonstrate that the linear approach is affordable when 

the depth of the delamination is relatively small (≤15% 

of the total skin thickness). This behavior is relatively 

representative of the manufacturing defects and damage 

caused by low velocity impact events. The concurrent 

cheap computational effort and quality of results 

suggested the use of the linear approach in combination 

with an optimization analysis to evaluate the damage 

tolerance of stiffened composite panels for an arbitrary 

impact induced delamination. 
The optimization analyses presented in this study 

were finalized to find the delamination position and 

delamination size minimizing the delamination growth 

initiation load which provides an interesting measure of 

the stiffened panel damage tolerance to delamination 

induced by low velocity impacts. 

Optimization analyses, like the one introduced in this 

study, on the damage tolerance of complex composite 
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structures, have been demonstrated to be feasible only 

thanks to the reduction in computational costs associated 

to the use of the proposed linear approach. Indeed, non-

linear approaches such as the ones based on the VCCT 

and on the CZM requires huge computational costs 

which make unfeasible or at least ineffective any 

optimization analysis. 
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