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ABSTRACT 
 
In order to identify abilities and deficiencies of available analysis tools as well as to establish 
recommendations for buckling, post-buckling and collapse analysis of thin-walled aerospace structures the 
Group for Aeronautical Research and Technology in EURope (GARTEUR) launched a specific Action 
Group consisting of 10 partners from universities, research establishments and industry out of 7 European 
nations. These partners identified three different benchmarks with well-documented buckling tests. Then, 
finite elements tools to simulate the structural behaviour were methodically checked and selected, the 
benchmark computations were performed, evaluated and recommendations were derived. This paper 
reports on the results of Benchmark 3, an axially compressed CFRP panel that consists of a skin with 
nominally cylindrical shape, stiffened by stringers. The stringers were partially separated from the skin by 
impacting prior to the tests. Finally, the panel was axially compressed until collapse. DLR, the University 
of Karlsruhe, QinetiQ and Samtech applied different tools to simulate the behaviour of this panel during 
loading up to collapse. Linear and nonlinear analyses as well as buckling analyses were performed. 
Specific abilities and deficiencies of the tools considered were evaluated. Finally, based on the experience 
gained within the project, the partners derived recommendations with respect to the influence of 
parameters, the initial buckling load, the convergence behaviour, the simulation of load introduction and 
boundary conditions as well as the imperfection sensitivity.  
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BENCHMARK 3  
 
Description of the panel 
 
Benchmark 3 is an axially compressed stiffened CFRP panel depicted in Figure 1. The panel consists of a 
skin with nominally cylindrical shape, stiffened by 6 stringers at the inner side in axial direction. All 
laminate layers are unidirectional and made from the same prepreg material. Manufacturing started with a 
cylinder of 800 mm height and originally 400 mm radius. After cutting the cylinder into six equal panels, 
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internal stresses were released resulting in small distortions. The panel was then surveyed at nine survey 
points in order to get information about the deviations from the nominal shape (e.g. the radius reduced to 
371 mm). The loaded edges were fixed in clamping boxes. The lateral edges were supported by boxes to 
avoid edge buckling. These boxes allowed free gliding inside the support in the axial direction and were 
not fixed to the test device or the clamping boxes. The stringers were partially separated from the skin by 
impacting prior to the tests. The damaged areas were measured by ultrasonic inspection to allow for an 
accurate numerical simulation.  

 

 
Figure 1:   Benchmark 3 - Stringer stiffened CFRP panel before (left) and after testing (right) 

 
 
Experiment 
 
The panel was tested in a buckling test facility at DLR. This facility allows axial compression (static and 
dynamic) up to 1000 kN, torsion up to 25 kNm as well as internal and external pressure. The panel 
considered was tested 67 times under axial compression. Within the first 65 load cycles the panel was 
loaded up to 94 kN (80% of the expected first buckling load). Test 66 was stopped just after first visible 
buckling and finally, in Test 67, the panel was compressed until collapse. The load-shortening curves of 
the last two tests are slightly different in the post-buckling region. It is possible that the separations 
propagated during or at the end of Test 66. This propagated state of damage cannot be reconstructed from 
measurements of Test 67. During the panel tests load and shortening are measured as global values of the 
panel behaviour. Strains were measured on 16 strain gauges bonded with orientations of 0° and 90° only 
on the skin. For measurement of out of plane deformations, 12 displacement pickups were mounted 
normal to the panel surface. 
 
 
Numerical simulation 
 
DLR, the University of Karlsruhe(TH), QinetiQ and Samtech applied the tools ABAQUS/Standard, 
ABAQUS/Explicit, NASTRAN, LUSAS, FEAP and SAMCEF to simulate the behaviour of this panel 
during loading. Linear and nonlinear analyses as well as buckling analyses were performed in order to 
observe the axial stiffness in the pre-buckling region, the buckling loads of the panel and the structural 
behaviour in the post-buckling region up to collapse. A major difficulty of this benchmark was the 
simulation of the damaged region. Therefore, in a first stage, the computations were performed on a panel 
without taking the damaged region into account and finally the real panel was computed using contact 
elements in the damaged region. 
 
All tools were applied to compute the initial axial stiffness. A common result was, that the FE simulations 
of ABAQUS, NASTRAN, FEAP (2D elements) and SAMCEF overestimated the axial stiffness by about 
10 to 15 percent, in comparison with the experimentally observed result. LUSAS’s result was 13% smaller 
and FEAP (3D elements with EAS-approach) lead to the exact value. However, that does not mean that 
only 3D elements are able to obtain the exact solution. Assumed that 4 node shell elements compute the 
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correct axial stiffness, an extensive cause study was conducted to find the reason for the difference to the 
experiment. The following possible causes were investigated: influence of boundary conditions, influence 
of material properties, stiffness of the boxes at the bottom and at the top of the panel (experimental 
equipment) and the load introduction (experimental equipment). One result was that all topics investigated 
could contribute to the difference of 15%, however, each of them has an influence of maybe up to 2%. 
Thus, the sum of them could be one main reason for the inaccuracy. 
 
All tools except LUSAS were applied to compute the first buckling load on the undamaged panel. The 
first buckling load of the damaged panel was computed by ABAQUS/Explicit and SAMCEF. Linear and 
nonlinear calculations were performed. For assessing the linear and nonlinear case of the undamaged 
panel most of the results were much too high. This may be clear because the system was modeled too stiff. 
University of Karlsruhe investigated the influence of the stringer flange modelling, kind and number of 
elements. It had been shown that there was a large influence. The comparison among the partners shows a 
range between 93.2 kN and 166 kN. The first buckling shape seems to be a local skin mode, although 
University of  Karlsruhe obtained also a global mode as the first buckling mode and combination of both. 
The reason is that the local and global buckling loads are very close. For assessing the linear case of the 
damaged panel the results are much too low. This is also plausible because the resulting buckling shapes 
can penetrate between skin and stringer, which in reality cannot happen. A linear buckling analysis cannot 
be made with contact elements, which are nonlinear. However, there is a good agreement between 
NASTRAN and SAMCEF. The results of the nonlinear analysis with skin stringer separation are 73.0 kN 
(ABAQUS/Explicit) and 71.0 kN (SAMCEF). The corresponding values in the experiments were 97.0 kN 
and 82.4 kN. This means that the separations may have propagated during or at the end of Test 66. This 
propagated state of damage cannot be reconstructed from measurements of Test 67. Possible reasons for 
the differences as compared to the FE simulation could be the influences of loading velocity, stringer 
modelling, imperfections, boundary conditions or the number of finite elements in the contact region. For 
the linear buckling analysis in general all codes can be employed. To obtain the first buckling load of the 
damaged panel a nonlinear calculation is required. 
 
Nonlinear computations to investigate the post-buckling behaviour of the undamaged panel were carried 
out by all partners using all software tools except NASTRAN (cf. Figure 2). Not considering the 
differences of the axial stiffness in the pre-buckling region between some curves, all curves are in 
satisfactory agreement with the measured curve of Test 67. The results in the post-buckling region cannot 
be expected to agree with the experiment because the calculation did not consider the damage. Only the 
tools ABAQUS/Explicit and SAMCEF were applied on the damaged panel using nonlinear contact 
elements in the damaged area (cf. Figure 3). There was a good agreement between both solutions and the 
comparison with the experiment was satisfying. Figure 4 illustrates buckling and post-buckling modes, 
which belong to three particular points of one of the load shortening curves of Figure 3. The shapes are 
presented from inside and outside. Point 1 shows the shape just after the first buckling load. It is a 
combination of local and global deformation. It can be seen that the skin buckles in the separated area. 
Point 2 shows a post-buckling mode just before a visible slight knee in the load-shortening curve. The 
shape is a symmetric global mode with local buckling in the separated area. Point 3 shows the post-
buckling mode just after collapse. The global mode changed into an un-symmetric mode. 
 
All obtained results depend more or less strongly of the following parameters: skin stringer connection 
modelling, stringer flange modelling, number of finite elements, damping, imperfections, loading velocity, 
boundary conditions, numerical method or kind of finite element. Parametric studies on these parameters 
can be found in [1]. These are certainly not all parameters, but they are considered to be the most 
important ones. 
 
A general result was that all FE-software tools were suitable for the simulation of the buckling, post-
buckling or collapse behaviour of the undamaged Benchmark 3. The damaged benchmark was 
successfully computed with ABAQUS/Explicit and SAMCEF only. As shown in the next chapter, 
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ABAQUS/Standard is also suitable for nonlinear computations in the deep post-buckling region up to 
collapse. 
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Figure 2: Nonlinear simulation of the undamaged panel (all partners) 
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Figure 3: Nonlinear simulation of the damaged panel 
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Figure 4: Buckling and post-buckling modes by nonlinear analysis (ABAQUS/Explicit) 
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NEW RESULTS ON A SIMILAR PANEL 
 
Even at the end of the project the differences of the initial axial stiffness among some FE tools could not 
be clarified.  Different possible reasons were discussed. One reason could be the load introduction in the 
experimental equipment. Therefore, DLR improved its equipment of load introduction (e.g. much stiffer 
clamping boxes) on the buckling test facility. Additional measurements of imperfections, strains and 
deformations were performed by using an optical 3D-digitizing method, which is based on the 
photogrammetry. Then, two new extensive in-house tests have been conducted on a similar undamaged 
panel to obtain a more reliable basis. The results were very similar with respect to the post-buckling 
deformations, as presented at the WCCM V (cf. [2]). To verify the nonlinear FE analysis 
(ABAQUS/Standard, Stabilize method) with the extracted experimental data a global comparison using 
the load-shortening curve has been employed. The numerically extracted results match well with the 
experimental data – the axial stiffness in the pre- and post-buckling region, the occurrence of the sharp 
bending (global buckle) and the run of the curve up to the first failure (cf. Figure 5).  
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Figure 5: Load-shortening curves of a similar panel 
 

A final result was that ABAQUS/Standard (Stabilize method) is also predestined for simulation of the 
buckling, post-buckling or collapse behaviour of stringer stiffened CFRP panels. 
 
 
RECOMMENDATIONS 
 
In general, the partners involved in Benchmark 3 gave the following recommendations to perform 
nonlinear computations of stiffened curved CFRP shells: 
 
1) One should note that a lot of parameters can have a significant influence on the buckling and post-

buckling results. These are: skin stringer connection modelling, stringer flange modelling, number of 
finite elements, damping, imperfections, loading velocity, boundary conditions, numerical method or 
kind of finite element. These are certainly not all parameters, but they are considered to be the most 
important ones. The influence of each parameter cannot be predicted exactly and should be checked. 

 
2) In any case, a linear buckling analysis should be carried out first, even if only a nonlinear analysis is 
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required. The results of this computation are buckling loads and associated buckling modes which 
give the following important information about the behaviour of the structure: 

 
a) First buckling load Flocal and the associated buckling mode of local skin buckling. 
b) First buckling load Fglobal and associated buckling mode of global panel buckling (mostly Flocal is 

the real first buckling load and smaller then  Fglobal). 
c) The first (about 1 to 5) buckling modes can be used as assumed imperfections within the 

nonlinear analysis to check the imperfection sensitivity. 
 

The ratio Fglobal / Flocal can be considered as a very rough estimation of the reserve capacity in the 
post-buckling region. An additional advantage of a linear buckling analysis is the small computing 
time and therefore the suitability for parametric studies. 

 
3) A convergence study, using 3 different FE meshes, should be performed to check the influence of the 

number of elements or the kind of stringer modelling. At least a linear buckling analysis should be 
performed with each model, better would be a nonlinear analysis. One mesh can be selected which 
seems to be sufficient for further investigations. 

 
4) It should be noted that it is often difficult to find out the boundary conditions, which are realized in 

the experiment. Thus, the sensitivity of the assumed boundary conditions in the FE model should be 
investigated. If the first buckling mode is a local skin buckling, the boundary conditions will probably 
have only a small influence. In case the first buckling mode is a global panel-buckling mode, the 
influence is larger. In any case, the boundary conditions have a significant influence in the post-
buckling region and must be considered. 

 
5) It is difficult to predict the imperfection sensitivity. It is well known that the influence is much 

smaller on stiffened than on un-stiffened structures. Considering a stiffened structure, the higher the 
ratio of the cross section area of skin to stiffener, the higher is the imperfection sensitivity. Therefore, 
the influence should be checked. As imperfection modes one can use the first buckling modes of the 
linear buckling analysis. 

 
6) To simulate the post-buckling behaviour a nonlinear analysis is required. Static and dynamics 

methods were investigated.  
 

Arc-Length (Riks), Newton-Raphson and the Stabilize (within ABAQUS/Stabilize and SAMCEF) 
methods were used as common static methods within the FE tools.  In general, all three methods are 
suitable to simulate the buckling and post-buckling behaviour, however, there are some restrictions: 

 
a) In ABAQUS, the Riks method is not recommended for structures with not continuous solutions 

(e.g. contact problems) and for structures in which local buckling occurs. 
b) The Stabilize method (within ABAQUS/Standard and SAMCEF) proved to be most successful, 

however, one has to use the stabilize parameter very carefully. 
 

The dynamic methods comprise implicit and explicit procedures. Both are suitable to simulate the 
buckling and post-buckling behaviour of static problems. However, the load must be imposed 
extremely slowly, which can cause a considerable increase in the computing time. 

 
7) The load within a nonlinear analysis should be introduced displacement controlled (except the Arc-

Length method). Otherwise the negative inclination in some parts of a load-shortening curve cannot 
be simulated. 
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ABILITIES AND DEFICIENCIES OF FE SOFTWARE TOOLS USED 
 
Within that project the tools ABAQUS/Standard, ABAQUS/Explicit, NASTRAN, LUSAS, FEAP and 
SAMCEF were applied. All tools are suitable for the simulation of the buckling, post-buckling or collapse 
behaviour of the undamaged Benchmark 3. To simulate the damaged region within Benchmark 3, a 
nonlinear calculation with contact-elements is required. This was successfully reached using the Stabilize 
method (with ABAQUS/Standard or SAMCEF) and the dynamic explicit method (with 
ABAQUS/Explicit). The Stabilize method was, however, with the same accuracy, much (at least factor 5) 
faster than the explicit method.  
 
 
PROSPECT 
 
In the GARTEUR AG 25 project only geometrical nonlinearity was considered. The Tsai-Wu failure 
criterion was applied as an indication for the first occurrence of fracture. However, degradation was not 
taken into account. Therefore, one cannot expect that the results after damage and the collapse load 
correspond very closely with the test results. In the follow-up EC project COCOMAT (Improved Material 
Exploitation at Safe Design of Composite Airframe Structures by Accurate Simulation of Collapse) it will 
be a challenge to calculate a rather accurate collapse load, which requires taking material degradation into 
account, in addition to geometrical nonlinearity. 
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