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Abstract 
The allowable load bearing capacity of undamaged thin-walled stringer stiffened carbon fibre reinforced plastic 
(CFRP) panels loaded in compression is currently limited by its buckling load. The extension to a novel stability 
design scenario - to permit postbuckling under ultimate load - requires validated simulation procedures for this 
highly nonlinear topic. Different aspects of the validation process with respect to experiments and their pre-test 
planning, nonlinear FE analysis as well as the comparison on different levels of detail are highlighted. 

1 Introduction 
The reduction of weight by about 20% in 10 years without prejudice to costs and structural life is the baseline for 
current research on primary aircraft parts. A possible approach to cope with that demand for fuselage structures 
is to utilize CFRP material and for the considered thin walled structures, loaded in compression, to permit 
postbuckling until ultimate load at the same time. As restriction, only local buckling and postbuckling with small 
deformations will be permitted. 
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Figure 1a: Different design scenarios Figure 1b: Phases of modelling and simulation [1] 
To visualize the approach typical load-shortening curves of two panel designs are depicted in Figure 1a. First 
buckling (usually local buckling of the skin between the stringers) and collapse (maximum load) are indicated by 
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dots and crosses, respectively. Design 1 (Weight 1) is constrained by limit load (in this case, the first buckling 
load is close to limit load), which is currently common practice. Design 2, with reduced structural weight, is 
constrained by an ultimate load definition (ultimate load is slightly below collapse). This new design scenario, 
utilizing the load carrying capacity in the postbuckling area, requires in a first step the accurate simulation up to 
the deep postbuckling region. 
The validation procedure to ensure reliable numerical simulations requires extensive experimental data, 
especially in the case of nonlinear calculations with the possibility of several bifurcation and limit points in the 
postbuckling region. Therefore, the experiments have to be planned carefully, to ensure a reliable and goal-
oriented validation with respect to the numerical analysis. 
The main focus within this paper was not to verify the underlying numerical algorithms (e.g. different kind of 
arc-length procedure or displacement controlled Newton-Raphson Method) and detailed element formulation 
(‘solve the equation right) as shown in the different phases of modelling and simulation depicted in Figure 1b, 
but rather to validate (‘solve the right equations’) the analysis procedure containing possible conceptual 
modelling errors. 
Figure 1b provides an insight in the interaction of reality/physical experiment, computer and conceptual model. 
The physical ‘Experiment’ has to be analyzed to obtain the ‘Conceptual Model’ (mathematical equations, which 
describe the physical behavior. Subsequently, the extracted mathematical equations are coded to obtain the 
‘Computer Model’. The accentuated area of ‘Model Validation’ will be the main focus in the following sections. 

2 Experiment 
Significant efforts on experiments of stringer stiffened CFRP-panels have been made to obtain a sound database 
for validation purposes. Due to the time consuming and therefore expensive experiments a substantial amount of 
work was spent on detailed pre-test analysis and planning. Several nonlinear analyses have been conducted with 
ABAQUS/Standard to trace the postbuckling behavior. These preliminary numerical studies indicated only a 
minor imperfection sensitivity. However, additional investigations with respect to boundary conditions along the 
longitudinal edges of the panels, revealed that the clamping width of the attached longitudinal supports have a 
significant influence on the postbuckling behavior. 
Based on these pre-test analyses a good understanding of the nonlinear behavior of the CFRP test structures has 
been obtained, which influenced the placement of sensors (e.g. strain gauges) and examination of critical areas 
within the experimental investigations. 

 

Figure 2: Load-shortening curve and selected deformation patterns (experimental data) 
Eight stringer stiffened panels have been manufactured, and tested the DLR buckling test facility. The results of 
a four stringer panel will be detailed exemplarily. The blade-shaped stringers have been manufactured separately 
and subsequently bonded to the skin. Ultrasonic inspections have been conducted to ensure the quality of the 
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panels, especially the bonding of skin and stringer flange. In order to obtain the real shape of the skin, ATOS, an 
optical 3D digitizing measurement system, was employed to extract the actual radius of the panel as well as the 
initial geometric imperfections. The locations of the strain gauges were based on the afore mentioned pre-test 
analysis, however, these have been adapted to cover possibly, slightly different, experimental deformation 
patterns. 
During the experiment, an optical measurement system (ARAMIS) has been utilized to capture digital images of 
the deformed structure. After postprocessing theses images (88 have been captured during loading), the 
displacements at nodes of a fine optical mesh representing the surface of the panel have been obtained. 
Three of these displacement patterns (processed color renderings) at characteristic locations are - local skin 
buckling (A), a 2/3 versus 1/3 global buckle (B) and a single global buckle (C) - along the run of the load-
displacement curve are shown in Figure 2. At an axial displacement of 3.2 mm a small, however sudden change 
in the load carrying capacity is visible, which is most probably the beginning of local structural degradation. 

3 Computer Model – Nonlinear Finite Element Analysis 
To analyze the pre- and postbuckling behavior of the panels the commercial nonlinear finite element tool 
ABAQUS/Standard has been employed. A four-node shell element (S4R) [3] has been used to discretize the 
panel. Figure 3a depicts some details of the FE-model (e.g. spring elements, which have been used to introduce 
the stiffness of the longitudinal edge supports in the computer model). 

  

Figure 3a: Details of the FE model Figure 3b: Analysis procedure in ABAQUS 
The approach to conduct the FE-analysis consists basically of four stages (Figure 3b): The preprocessing, a 
linear eigenvalue analysis to extract buckling modes, which are subsequently used as initial imperfections in the 
nonlinear analysis utilizing the built-in Newton-Raphson technique with adaptive/artificial damping, and finally 
the postprocessing. This nonlinear solution method has been proved to be relatively stable for the considered 
stringer-stiffened panels. 
Figure 4 depicts the load-displacement curves, which have been obtained utilizing the analysis procedure 
described in Figure 3b with and without initial geometric imperfections. Comparable to the experimental results 
displayed in Figure 2, characteristic deformation patterns, local skin buckling (A), 2/3 versus 1/3 global buckle 
(B) and single global buckle (C) are shown for the FE analysis without imperfections. 

4 Validation 
The main focus of this paper is on the so called “global” level of validation, due to the fact that in Figure 2 and 4 
the overall load-shortening as well as the full scale deformation patterns have been compared. The “local” level, 
where e.g. measurements from strain gauges are considered and compared to numerically calculated strains 
would have exceeded the scope of the paper. 
Figure 2 and 4 show the good accordance of the numerically extracted and experimentally measured data, like 
the axial stiffness in the pre- and postbuckling region, the appearance of the non-symmetric global buckle and 
the global buckle in the deep postbuckling region. Smaller deviations between the experimental and numerical 
results are visible at the occurrence of the sharp kink (non-symmetric global buckle) and the deeper postbuckling 
region. This is due to the influence of the rigid supports attached to the longitudinal edges of the panel. 

Spring-elements 
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Figure 4: Load-displacement curve, nonlinear finite element analysis versus experiment 
Note that at this stage of the validation process no degradation model has been implemented in the FE-code, 
therefore degradation (e.g. stringer-skin separation) was not predictable. The limits of the analysis without 
degradation may be detected by a simple first ply failure criterion. 

5 Summary and Outlook 
It has been shown that the pre-test planning and the analysis at an early stage is crucial for a reliable and goal 
oriented validation of numerical results, which finally leads to the concept of validation experiments [2]. The 
numerical approach detailed in Figure 3b proved to allow sufficiently accurate nonlinear analysis for this type of 
structure up to the deep postbuckling region. 
The question which now arises is, to which extend the validated results allow a transfer to different 
configurations of stringer stiffened CFRP panels (stringer pitch, stringer height, radius of curvature, etc). Or 
from an industrial point of view, with a focus on costs and time, how many predefined experiments are 
mandatory to validate the desired design space. 
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