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Summary:  
 
This paper describes some recent developments of software tools for the optimization of fuselage 
composite stiffened panels.  The two most innovative features of the underlying work are related to the 
evaluation of buckling and collapse reserve factors and the associated sensitivities, the latter being 
computed in the framework of both linear and nonlinear finite element analyses.  Results obtained with 
an industrial test case are also presented to confirm the successful integration of these tools in a 
powerful software environment. 
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1 Introduction 

Modern aeronautical structures are often made of composite materials and aircraft panels are no 
exception to the rule.  As a consequence, the demand for powerful and efficient design tools increases 
and brings more and more challenging projects to the research and development community. 
The optimization of composite panels is such a challenge due to the inherent complexity of the 
analysis methods involved in the computational process and the type of responses required by the 
formulation of the optimization problems to be solved. 
In this paper we present the implementation of recent research work – sponsored by the VIVACE 
European research project (see [1] and [2]) – and its application to an industrial test case at AIRBUS.  
The originality of this work is that the optimization problem we solve combines linear and nonlinear 
finite element analyses in a computational framework where the evaluation of semi-analytical 
sensitivities allows huge time savings with respect to e.g. finite-differences schemes. 
Although the focus of this paper is on the application of the methods in the industry, we also briefly 
describe the methodologies put in place to compute efficiently two specific analysis responses, namely 
buckling and collapse reserve factors. 
The remaining part of this paper is organized as follows: while a typical industrial application will be 
described in Section 2 below, Section 3 will concentrate on the computation of the buckling reserve 
factor and its use in the optimization process; based on [3], it will show that the number of buckling 
modes computed by the linear analysis has a significant impact on the convergence of buckling 
optimization problems.  Section 4 will then consider the nonlinear analysis resulting in the derivation of 
suitable values for the collapse reserve factor and its sensitivities. Finally, some numerical results 
obtained with the test case of Section 2 will be presented in Section 5 before some conclusions are 
given. 

2 Problem formulation and test case description 

We found interesting to start with the description of a complete test case so as to define the framework 
of targeted applications in a proper way. 
We consider the optimization of a composite panel made of seven super-stringers, as illustrated 
below. The considered stringers have a trapezoidal profile – they are also called Omega stringers. 
 

 
Figure 1: SAMCEF model for test case. 

The corresponding finite element model was built with SAMCEF, which is SAMTECH suite of general-
purpose finite element analysis modules (see [4]).  Note that this model has 17326 nodes, 16000 cells 
and 109777 degrees of freedom. 
 
Design variables are ply thicknesses for each ply orientation (0º, 45º and 90º), for each one of the 
seven super-stringers.  A distinction is made between thicknesses for skin panels and for stringers.  
This amounts to considering 3 x 7 x 2 = 42 design variables. In the sequel, we denote them as follows: 

- for the skin panels: iSKIN
anglet , , with { }7,...,1Îi  and angle = 0º, 45º or 90º; 

- for the stringers: iSTRINGER
anglet , , with  { }7,...,1Îi  and angle = 0º, 45º or 90º. 
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Lower and upper bounds on these variables are set to 0.4 and 2 respectively. 
The objective function is the weight – to be minimized. Constraints are expressed as follows:  
 
- buckling reserve factor: two margin policies are considered, resulting in two separate optimization 

runs: 

- first run: 22.1³bucklingRF ; 

- second run: 76.0³bucklingRF ; 

- collapse reserve factor: 1³collapseRF . 

 
The objective function, the buckling RF and their sensitivities are computed by a linear finite element 
analysis while the collapse reserve factor and its sensitivity are provided by a nonlinear analysis. 
 

3 Linear buckling optimization and associated reser ve factor 

In this section, we first focus on the solution of the linear buckling optimization problem, removing the 
collapse constraint from the above formulation.  This will allow us to bring in light a possible cause of 
erratic convergence, which is shown to come from an incomplete formulation of the optimization 
problem. 
 
From a practical point of view, the buckling reserve factor is computed with SAMCEF Stabi, a module 
that comes with SAMCEF Linear (see [5]) and which is dedicated to the computation of buckling 
modes and related numerical results. 
 
By definition, the first buckling load is of interest when designing a structure to withstand instability and 

this single value corresponds to the bucklingRF  constraint.  However, due to mode-switching, there is 

no guarantee that the first buckling load always corresponds to the same buckling mode and as a 
consequence the related sensitivities are not necessarily relevant for the subsequent steps and may 
cause erratic convergence.  This is the reason why, instead of using mode-tracking techniques, a 
small set of say n  buckling loads is often actually computed, the bucklingRF  constraint being then a 

vector-valued result.  Since all these n  constraints must now be satisfied, mode-switching inside 
those n  values is not an issue anymore. 
 
Our initial tests were performed with 12=n  and they allowed us to see that, for some designs, the 
first buckling modes may not be representative of the overall structure. Indeed, it turns out that, at a 
given iteration, the buckling modes may only influence a small part of the structure, which will be 
designed, while the remaining structural parts are not sensitive. The panel thickness in the sensitive 
part could increase to satisfy the stability criteria, while the thickness in the insensitive part will 
certainly reach its lower bound, since it is to be minimized. At the next iteration, the low-thickness part 
is likely to become sensitive to buckling because of a small local stiffness, while the remaining part 
could become insensitive to the restrictions. If repeated, this scenario leads to oscillations and 
deteriorates the convergence of the optimization process, as illustrated on Figure 2. 
 
When simple panels of limited size including few stiffeners are studied, or when the thickness design 
variables are defined over wide regions, local buckling modes are less likely to appear. Should this 
occur, they would anyway be supported by a design variable that covers a wide structural part. It turns 
that the values of the design variables are not only driven by a target on a minimum weight, but also 
by buckling considerations. When larger structures are studied, some design variables can become 
blind to the first (local) buckling modes used in the optimization problem. In such a case, the 
convergence difficulty discussed above is prone to happen. 
 
Following this, we increased the value of n  and set 100=n . The results obtained in this case were 
much better in the sense that only 6 iterations of the optimization process were required for 
convergence, as shown on Figure 3. 
 
This shows that a wide range of the first buckling loads must be used in the practical formulation of a 
linear buckling optimization problem.  As was further illustrated by [3], using those larger sets not only 
makes the whole structure sensitive to buckling, but it also allows avoiding oscillations and/or slow 
convergence of the optimization process. 
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Figure 2: Evolution of first 12 buckling modes. 

 

 
Figure 3: Convergence of optimization process (with 100 buckling modes taken into account - only the 

first one is depicted). 

 

4 Nonlinear analysis, collapse reserve factor and s ensitivities 

We now come to the nonlinear analysis and the computation of the collapse reserve factor and its 
sensitivities. The nonlinear analysis is performed by SAMCEF Mecano (see [6]), a finite element 
software package that solves nonlinear structural and mechanical problems. 
The general framework of the research work and results we describe here is solving the optimization 
problem defined in Section 2, where one of the constraints takes the form  
 

1³collapseRF . 

 
Our objective was twofold: 
 
- find a suitable way to compute this result on the basis of results provided by the nonlinear analysis; 
- ensure that the sensitivities of this result (with respect to all design variables) may be computed. 
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An obvious choice for the collapse RF is the load factor, which we denote by l  in the sequel.  As an 
illustration, let us consider a simple super stiffener subject to both compression and shear loads.  
Assume that loads are applied progressively, the full loads (100%) corresponding to time 1. The 
nonlinear analysis terminates at time t �  0.566 (that is largely before the full loads are applied) 
because time steps become too small. This means that for the given value of design variables only 
56.6% of the loads can be applied before collapse occurs. In this case we could thus have taken 
 

566.0»== tRFcollapse l . 

 
The picture below shows the displacement of a node (belonging to the skin panel of the super-
stiffener) along the z-axis.  

 
Figure 4: Displacement of a node as an illustration of the collapse. 

 
However this way to compute the collapse RF is not fully satisfactory since the sensitivity of l  is not 
directly available from a nonlinear analysis. 
 
This is why we have chosen to derive such a sensitivity using another method for the nonlinear 
analysis, namely Riks’ continuation method (see [7]): while classical Newton methods can have 
problems when passing a limit-point (because the generalized load displacement curve may have a 
decreasing time along the curve), continuation methods (also called arc-length or Riks methods) 
involve an additional parameter, namely the arc-length (denoted by s in the sequel), which is 
controlled instead of the time. This additional variable being introduced, an additional equation is 
added to the system of equations to describe the relation between the generalized displacements q 
and load l  on the one hand and the arc-length s on the other. The simplest form of this constraint 
equation, corresponding to a hyperplane perpendicular to the predictor, was first introduced by Riks. In 
a similar way, we added one equation allowing computing the sensitivity a¶¶l . We also constrained 
the unknown vector to be orthogonal to the load-displacement curve rather than a simple measure 
based on the vertical gap lD , which allows a better accuracy of the sensitivity measure: 
 
 

   
Figure 5: vertical vs. orthogonal gaps on load-displacement curves. 

 
Altogether, this methodology allowed us to derive a suitable algorithmic process for computing the 
value of the reserve factor and its sensitivity. This process was successfully implemented within 
SAMCEF Mecano and tested on a variety of examples. 
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5 Numerical results 

In this section we show how the industrial application described in Section 2 can be solved in practice.  
We will first briefly describe the problem formulation in the framework of an application manager 
before showing the results we obtained for both margin policies we considered ( 22.1³bucklingRF  

and 76.0³bucklingRF ). 

While in the two previous sections we focused on one particular finite element analysis, it must be 
stressed here that the optimization problem we solve in this section is the one originally formulated in 
Section 2, i.e. the complete formulation involving both the linear and the nonlinear analyses. In other 
words, both reserve factors act as constraints in the same optimization problem. 

5.1 Optimization session 

The computational framework chosen for defining and running the optimization process is BOSS 
quattro, the open application manager for parametric design and optimization developed at SAMTECH 
(see [8] and [9]) allowing a complete integration of the software tools mentioned before for linear and 
nonlinear finite element analyses. The finite element models are first imported in BOSS quattro and 
the optimization variables (ply thicknesses) are selected from the list of available parameters. 
 

   
Figure 6: Model and variable definition in BOSS quattro. 

 
A complete computational process is then created, involving as many external tasks as the number of 
analyses, the latter being connected to the optimization task, as illustrated on Figure 7. 
 

 
Figure 7: main window in BOSS quattro, with 

definition of computational process. 

 
 
 

 
Figure 8: external task definition in BOSS 

quattro (linear analysis in this case). 
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Each task is fully defined in a separate window, where application options may be set (host, 
parallelism ...) and numerical results are properly defined.  On Figure 8, we see the window associated 
to the linear analysis with SAMCEF Stabi. 
 
Finally, the optimization task itself is defined through a specific window.  As can be observed, both the 
type of function (objective to be minimized, inequality constraint ...) and the (possible) associated 
bounds may be selected, together with similar information related to variables (bounds). The 
optimization method (see [10]) and its options are also specified in this window. 
 

5.2 Results for objective and constraints 

Both optimization runs (for 1.22 and 0.76 as upper bound on bucklingRF ) converged properly, after 27 

iterations and 17 iterations respectively. The curves displayed below show the evolution of all three 
functions defining the optimization process; values displayed are those at optimum. 
Note that a tolerance on constraint violation (set to 2.5%) was used in accordance with AIRBUS. All 
constraints are thus satisfied at optimum. Also recall that the buckling reserve factor is computed as a 
vector-valued function with 100 values by SAMCEF Stabi (hence the bars displayed to represent these 
successive sets of 100 values). 
 

Margin = 1.22    Margin = 0.76 
 

  
 

  
 

  
Figure 9: evolution of mass and reserve factors over optimization iterations for both margin policy 

strategies considered in the study. 

 
Both runs yield significant weight savings while reserve factors do not perturb the convergence of the 
process. 
 

5.3 Evolution of the structure response over optimi zation iterations 

The sequences of pictures below show the evolution of structure response over a few iterations. The 
left pictures show displacements corresponding to the first buckling load while the right pictures show 
displacements at collapse. 

2202.1=bucklingRF

0361.1=collapseRF

9365.5=Weight 1513.5=Weight

7531.0=bucklingRF

9951.0=collapseRF
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5.3.1 First run (margin policy: 1.22) 

 

Iteration 1 – weight = 9.1476 

    
3332.2=bucklingRF       8519.1=collapseRF  

Iteration 6 – weight = 6.0404 

    
1582.1=bucklingRF  (violated)     0630.1=collapseRF  

 

Iteration 15 – weight = 5.85 

    
1304.1=bucklingRF  (violated)     9896.0=collapseRF  

 

Iteration 27 (optimum) – weight = 5.9365 

    
22.12202.1 @=bucklingRF      10361.1 @=collapseRF  
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5.3.2 Second run (margin policy: 0.76) 

 

Iteration 1 – weight = 9.1476 

    
3332.2=bucklingRF       8519.1=collapseRF  

Iteration 6 – weight = 5.4039 

    
7959.0=bucklingRF       0204.1=collapseRF  

Iteration 12 – weight = 5.2521 

    
7846.0=bucklingRF       0105.1=collapseRF  

 

Iteration 19 (optimum) – weight = 5.1513 

    
76.07531.0 @=bucklingRF      19951.0 @=collapseRF  
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5.3.3 Comparison of variable values 

The table below shows the final – optimal – values of the 42 design variables for both margin policies. 
 

Number Variable name Value for margin 1.22 Value for margin 0.76
0 _R1_HOMSTY_3_1 0,4 0,4
1 _R1_HOMSTY_3_2 0,4 0,4
2 _R1_HOMSTY_3_4 0,4 0,4
3 _R1_HOM1_3_1 0,4 0,4
4 _R1_HOM1_3_2 1,283665878 1,031272354
5 _R1_HOM1_3_4 0,4 0,4
6 _R2_HOMSTY_3_1 0,446449319 0,408197074
7 _R2_HOMSTY_3_2 0,411465542 0,4
8 _R2_HOMSTY_3_4 0,4 0,4
9 _R2_HOM1_3_1 0,4 0,4

10 _R2_HOM1_3_2 1,511815952 1,096481502
11 _R2_HOM1_3_4 0,4 0,4
12 _R3_HOMSTY_3_1 0,499552279 0,738890995
13 _R3_HOMSTY_3_2 0,42435615 0,4
14 _R3_HOMSTY_3_4 0,4 0,4
15 _R3_HOM1_3_1 0,4 0,4
16 _R3_HOM1_3_2 1,372147787 0,968944711
17 _R3_HOM1_3_4 0,41263523 0,470371556
18 _R4_HOMSTY_3_1 0,447758347 0,609791644
19 _R4_HOMSTY_3_2 0,422719443 0,4
20 _R4_HOMSTY_3_4 0,4 0,4
21 _R4_HOM1_3_1 0,4 0,4
22 _R4_HOM1_3_2 1,433980959 0,998656614
23 _R4_HOM1_3_4 0,412591939 0,465830822
24 _R5_HOMSTY_3_1 0,488804205 0,743507517
25 _R5_HOMSTY_3_2 0,414887626 0,406364241
26 _R5_HOMSTY_3_4 0,4 0,4
27 _R5_HOM1_3_1 0,4 0,4
28 _R5_HOM1_3_2 1,411060063 0,97919137
29 _R5_HOM1_3_4 0,401320556 0,496159837
30 _R6_HOMSTY_3_1 0,450310542 0,421884952
31 _R6_HOMSTY_3_2 0,416697897 0,4
32 _R6_HOMSTY_3_4 0,4 0,4
33 _R6_HOM1_3_1 0,4 0,4
34 _R6_HOM1_3_2 1,493623506 1,095987273
35 _R6_HOM1_3_4 0,408026844 0,4
36 _R7_HOMSTY_3_1 0,407676298 0,4
37 _R7_HOMSTY_3_2 0,404646555 0,4
38 _R7_HOMSTY_3_4 0,4 0,4
39 _R7_HOM1_3_1 0,405035573 0,4
40 _R7_HOM1_3_2 1,275208025 1,033261722
41 _R7_HOM1_3_4 0,404679746 0,4  

 
Table 1: variable values at optimal solution for both margin policies. 

 
 
Note that the variable names are built with the following rules: 
- variables starting with Ri are related to super-stringer number i 
- variables R*_HOM* are ply thicknesses for skin 
- variables R*_HOMSTY* are ply thicknesses for stringers 
- the last digit is related to ply orientation (1 for 0º, 2 for 45º and 4 for 90º) 
Furthermore, since a symmetry is assumed between 45º and -45º plies, the values R*_HOM_1_3_2 
and R*_HOMSTY_3_2 have to be multiplied by two when considering total thickness. 
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The next table shows the same results but aggregated at the level of skin panels and stringers. 
 

Total thicknesses 
 Value for margin 1.22 Value for margin 0.76 
Stringer 1 1,6 1,6 
Skin panel 1 3,367331756 2,862544708 
Stringer 2 1,669380404 1,608197074 
Skin panel 2 3,823631904 2,992963004 
Stringer 3 1,748264579 1,938890995 
Skin panel 3 3,556930804 2,808260978 
Stringer 4 1,693197234 1,809791644 
Skin panel 4 3,680553856 2,86314405 
Stringer 5 1,718579457 1,956236 
Skin panel 5 3,623440681 2,854542576 
Stringer 6 1,683706335 1,621884952 
Skin panel 6 3,795273857 2,991974547 

 
Table 2: total thicknesses at optimum for both margin policies. 

 
As can be observed, weight is significantly lower with the second run, which naturally tends to pocket 
buckling for linear buckling analysis. Furthermore, 0º plies are the most important ones regarding their 
final thickness. 
 

6 Conclusions 

This paper shows the results of recent research work in the field of optimization of composite panels 
based on linear and nonlinear finite element analyses. The most significant achievements are linked to 
the implementation of efficient computational schemes for the evaluation of reserve factors and the 
associated sensitivities, even in the nonlinear case. Altogether, those developments and their 
complete integration within industrial software packages provide the aeronautical engineers with 
advanced analysis and simulation tools for the design of composite structures. 
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