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Abstract 

The efficient, industrially used, linear elastic 

preliminary design software VICONOPT is employed 

to design a stiffened panel with a post-buckled 

reserve of strength. The initial buckling mode is a 

local skin mode in longitudinal compression with 

allowance being made for the effects of an initial 

overall imperfection. The resulting panel has been 

analyzed using the non-linear FE package ABAQUS 

and four laboratory specimens have been tested to 

failure. The similarity of the experimental failure with 

the VICONOPT and ABAQUS predictions suggests 

that VICONOPT can give a satisfactory preliminary 

design. While neither model matches completely the 

boundary conditions found in a real aircraft 

compression panel, it is suggested that the 

VICONOPT model may be a better representation 

than either the ABAQUS model or the experimental 

tests. 

 

1.Introduction 

It is well known that stiffened panels, used 

extensively within the aerospace industry, can have a 

considerable post-buckling reserve of strength, 

enabling them to remain in stable equilibrium under 

loads in excess of their critical buckling load when 

the initial buckling mode is local, but not if it is an 

overall or Euler mode. 

 

There is an extensive literature on the 

postbuckling
1
 of plates, covering empirical work, 

experiments and analytic solutions including finite 

element and finite strip methods. Optimum design 

techniques have been developed to produce minimum 

mass designs for a given loading which allow for 

post-buckling strength
2,3

 and may even consider the 

possibility of mode jumping.
4,5

 

 

In the design of aerospace structures, great 

emphasis is placed on mass minimization in order to 

reduce life-cycle costs. An optimum design procedure 

based on initial buckling, stress or strain, and stiffness 

constraints typically results in an idealized structural 

configuration which has almost equal critical loads 

for local and overall buckling. This is likely to be 

highly unstable in the post-buckling region owning to 

mode interaction, in which the overall bending 

stiffness is reduced by local post-buckling 

deformations possibly leading to sudden failure of the 

structure.
6
 

 

In this paper the industrially used linear elastic 

software VICONOPT
7
 is employed to design a 

stiffened panel with a post-buckling reserve of 

strength. This code involves some postbuckling 

approximations
3
 which cannot be used in analysis but 

which drastically reduce the computations involved so 

as to give an acceptable preliminary design tool. The 

initial buckling mode is a local skin mode in 

longitudinal compression and the panel is loaded 

beyond initial buckling to failure, allowance being 

made for the effects of an initial overall imperfection. 

The VICONOPT design allows for the redistribution 

of stress at buckling, so that local buckling can occur 

in the inter-stiffener portions of the skin at loads less 

than the design load. This redistribution is achieved 

by using an assumed ratio  of post-buckled to pre-

buckled stiffnesses for such portions, which applies 

only when the total load on the panel exceeds an 

assumed fraction  of the (ultimate) design load, Pd.  

 

The resulting panel has been analyzed using the 

finite element package ABAQUS
8
 and four test 

specimens have been fabricated and tested 

experimentally. The present paper compares the 

VICONOPT, ABAQUS and experimental results, and 

thereby assesses the suitability of VICONOPT for 

designing a panel with post-buckling reserve of 

strength. 

 

2.Theoretical Background to VICONOPT 

VICONOPT
7
 (VIPASA with CONstraints and 

OPTimisation) is a FORTRAN 77 computer program 

that incorporates the earlier programs VIPASA 

(Vibration and Instability of Plate Assemblies 

including Shear and Anisotropy) and VICON 

(VIPASA with CONstraints). It covers any prismatic 

plate assembly, i.e., panels of constant cross section, 

composed of anisotropic plates each of which can 

carry any combination of uniformly distributed and 

longitudinally invariant in-plane stresses. It can be 
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used as either an analysis or an optimum design 

program. The analysis principally covers the 

calculation of eigenvalues, i.e., the critical load 

factors in elastic buckling problems or the natural 

frequencies in undamped vibration problems. The 

analysis is based on the exact solution of the 

governing differential equations of the constituent 

members, which are assumed to undergo a 

deformation that varies sinusoidally to infinity in the 

longitudinal direction, yielding exact stiffness 

matrices whose elements are transcendental functions 

of the load factor or frequency and the axial half-

wavelength, , of the deformation. The resulting 

transcendental eigenproblem requires an iterative 

solution which is performed using the Wittrick-

Williams algorithm.
9
 The simplest form of the 

buckling analysis
10,11

 is performed over a range of 

values of  that usually extends from a value less than 

the smallest plate width to the length, l, of the panel. 

The lowest buckling load found for any  is taken as 

the critical buckling load for the panel. This implies 

that the panel of length l is simply supported at its 

ends with warping of the entire cross-section allowed. 

 

For panels designed to have post-buckling 

strength, two modifications were made
3
 to the basic 

method of VICONOPT. These and the original 

VICONOPT options are too extensive to quote in 

detail, so only the features and options needed to 

understand the current paper are given here. The first 

modification was the introduction of the parameters  

and  described above. In this paper =0.5 was 

applied to the three skin portions of width bu shown 

on Fig. 1, i.e., the skin portions between adjacent 

bonded stiffener flanges, which were assumed to 

buckle locally at =0.6 times the design load. Hence 

the stresses due to compression alone are such that the 

longitudinal strain is the same for all plates and the 

reduced buckled plate stiffnesses defined by =0.5 

are used only after the axial force P exceeds Pd. 

Other values of  and  could have been used based 

either on judgement or on a preliminary local post-

buckling analysis, e.g., using an extra analysis option 

of VICONOPT.
12

 The second modification was to 

perform approximate calculations to allow for an 

initial longitudinally sinusoidal overall imperfection 

of amplitude o. By treating the entire cross-section of 

Fig. 1 as that of a wide strut, with =0.5 used for the 

appropriate plates, the buckling load was calculated 

using the Euler formula PE=
2
EI/l

2
. Then, for local 

buckling, the stress distribution over the cross-section 

due to compression alone was modified by the action 

of a bending moment 

 

 (1) 

 

where the denominator allows for the amplification of 

the initial mid-length imperfection o caused by Pd. 

 

The VICONOPT optimization procedure
7
 consists 

of cycles in each of which, constraints, sensitivities 

and move limits are calculated and used in a linear 

optimization step, which is ideally followed by a 

stabilization step. The linear optimizer gives designs 

which are only approximate because the information 

it receives is linearized at the design configuration at 

which the cycle starts, whereas the true optimization 

problem is non-linear. The stabilization step makes 

the design just stable by scaling all the design variable 

thicknesses that are not restricted by bounds, but has 

to be omitted when, as in this paper, the restriction to 

available gauge thicknesses prevents the thicknesses 

from being scaled. The effect of modifying the stress 

distribution to allow for ,  and o in the 

calculations of each design cycle and computing for 

the individual  values given by =l/i(i=2, 3,..) is to 

produce a design for which buckling first occurs for 

the modified stress distribution at some load 

approximately equal to Pd which is taken as being the 

failure load. (Where initial local skin buckling loads 

are quoted in this paper they were calculated with 

=1 and hence, because isotropic material was used, 

this gives uniform stress over the panel cross-section. 

The =0.5 calculations give a higher buckling load 

because the skin stress is much lower than the 

stiffener stress.) 

 

3.VICONOPT Panel Design 

3.1. Design Constraints 

The objective was a minimum mass design of the 

panel indicated in Fig. 1 with free longitudinal edges, 

subject to sets of buckling, material strength and 

practical constraints. Aluminum 6082-T6 was used to 

fabricate the panels, with elastic modulus E=72.4GPa, 

Poisson’s ratio =0.33, density =2800kg/m
3
 and the 

0.2% proof stress=283MPa. The practical constraints 

fell into the three categories of testing rig constraints, 

panel dimension constraints and the discrete material 

thicknesses available. The testing rig limited the 

overall panel width to be less than 300mm and the 

failure load to be less than 100kN. The minimum and 
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Fig. 1. Cross section of the panel showing bu, the 

six design variables of an unconstrained design 

and the direction taken as positive for the 

imperfection. The panel length was 539mm and 

the material was Al6082-T6. 
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maximum permitted total depths of the panel in mm 

were such that 28<bw<65. The grips used when 

bending to form the upper and lower stiffener flanges 

required them to be at least 10mm wide, i.e., 

bfr>10mm. The relevant material thicknesses available 

from the suppliers were 0.7, 1.0, 1.2 and 1.5mm. An 

additional constraint often considered in industry 

governs As/btsk, where As and btsk are the areas of, 

respectively, the stiffener and its associated skin. 

Therefore the constraint 0.75<As/btsk <0.80 was 

adopted. 

 

On the basis of numerous preliminary results, 

including the unconstrained design results given in the 

final column of Table 1 and some ABAQUS runs, it 

was decided that the various practical constraints 

would be met efficiently by using a panel of length 

l=539mm with a compressive design load of 69kN 

applied at its neutral axis and with a maximum 

allowable mid-surface strain (to at least stay close to 

the VICONOPT elastic assumptions) of 3600 

microstrain (strain) in any plate. The design 

variables, shown in Fig. 1, were the widths of the two 

flanges of the stiffener, bfa and bfr, the web height, bw 

and the stiffener pitch, b. For the panel without 

practical constraints, the thicknesses of the stiffener, 

tst, and skin, tsk, were also included as design 

variables. The panel designs allowed for both positive 

and negative imperfections, o, of magnitude l/500 

and the inter-stiffener portions of skin were 

designated to initially buckle at =0.6 times the 

design load (i.e., at 41.4kN) with a post-buckled to 

pre-buckled stiffness ratio of =0.5. 

 

Table 2. First three skin bifurcation buckling loads 

in kN (and associated half-wavelengths), for 

perfect panel. 

Software: 

(Model:) 

VICONOPT ABAQUS 

(V’OPT) 

ABAQUS  

(expt) 

1 46.6 (l/10) 45.9 (l/9) 43.8 (l/9) 

2 46.9 (l/9) 46.1 (l/8) 44.0 (l/8) 

3 47.1 (l/11) 46.3 (l/10) 44.3 (l/10) 

 

Simply supported ends were assumed and 

offsets
10

 between the centerlines of connected plates 

were taken into account in the computer model. As 

can be seen in Fig. 1, the flanges at either end of the 

stiffener include curved portions. These were 

modeled using VICONOPT and had a centerline 

radius of 3mm. The lower flange and the associated 

skin to which it is attached were modeled as a single 

plate, i.e., the adhesive used in the laboratory tests 

was assumed to ensure continuity between the two 

surfaces. Note that when calculating the As/btsk ratio, 

the flange is made up of a skin portion and a stiffener 

portion. However both of these were assigned their 

full stiffness properties during design, i.e.,  was 

applied only to the rest of the inter-stiffener skin 

portion. The small portion of skin to the right of the 

right-hand stiffener was also assumed to have full 

stiffness properties and its right hand edge is flush 

with the outside surface of the stiffener web above it. 

 

3.2. Test Panel Design Results 

Table 1 compares the designs with and without 

practical constraints. The mass penalty for attempting 

Table 1 Comparison of the designs, with and without practical constraints. 

Variable Constraint Constrained Unconstrained 

 value Start End Start End 

bfr, mm 10 10.0 10.0 10.0 10.9 

bw, mm 28bw 65 28.0 28.0 28.0 25.4 

bfa, mm 10 10.0 18.5 10.0 9.1 

b, mm - 74.5 79.2 74.5 65.1 

tst, mm =1.2 1.2 1.2 1.42 1.53 

tsk, mm =1.0 1.0 1.0 1.10 1.07 

 = As/btsk 0.75 0.8 0.73 0.82 0.79 0.94 

Bs, mm - 234.1 256.6 234.2 205.1 

Bo, mm 300 243.5 266.0 243.5 215.3 

Mass, kg - 0.682 0.778 0.778 0.727 

 

 

Table 3. Initial buckling loads (and associated half-wavelength) and failure loads using post-buckling 

analyses. * indicates a solution taken from the load-end shortening plot. 

Imperfection Software: 

(Model:) 

VICONOPT ABAQUS 

(V’OPT) 

ABAQUS  

(expt) 

0 Local buckling load, kN 46.6 (l/10) 43.70.4 (l/9) 40.80.4 (l/9) 

 Failure load, kN - >87.2 70.8 

-l/500 Local buckling load, kN 52.5 (l/10) 48.0 (l/9) * 45.9 (l/9)* 

 Failure load, kN >71.3 (l/2) >94.7 78.8 

+l/500 Local buckling load, kN 42.4 (l/10) 40.30.4 (l/9) 39.10.2 (l/9) 

 Failure load, kN >68.3 (l/9) >83.0 65.4 
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to satisfy the constraints is 7.0%. The first three initial 

buckling loads for the constrained design analyzed by 

VICONOPT with no imperfection are given in the 

second column of Table 2, and the loads and modes at 

initial buckling of the imperfect panels are given in 

the third column of Table 3, which also shows the 

VICONOPT minimum failure load predictions for 

both positive and negative imperfections. For the 

positive imperfection the minimum failure load is 

68.3kN, which is very close to the design load of 

69kN, whereas for the negative imperfection the 

minimum failure load is above the design load, i.e., 

the panel is stable at the design load. Table 3 shows 

the failure load half-wavelength was l/9 for the 

positive imperfection case, which increases 

compressive load in the skin, and l/2 for the negative 

imperfection case, which increases compressive load 

in the stiffener. Hence for the negative imperfection a 

torsional (stiffener) mode is critical, whereas for a 

positive imperfection a skin mode is critical. The 

torsional mode has a critical half-wavelength of 

l/2=269.5 mm which approximates the skin width of 

256.6mm. For the skin mode the critical half-

wavelength is l/9=59.9mm, i.e., it is approximately 

equal to the width 63.5mm of the inter stiffener 

portion of skin. 

 

The peak strains at the design load are given in 

the second column of Table 4. The peak strains 

occurred in the skin for the positive imperfection case 

and in the flange remote from the skin for the 

negative imperfection case. These peak strains are 

centerline strains in the respective plates. (The 

remaining columns of Tables 2-4 are used in Section 

4.) 

 

Table 4. Peak mid-thickness strain at 69kN. SK 

and ST denote skin and stiffener, respectively. 

* Peak strain is given at 65.5kN 

Software: 

(Model:) 

VICONOPT ABAQUS 

(V’OPT) 

ABAQUS 

(expt) 

0 - -2963 (SK) -3565 (SK) 

-l/500 -3000 (ST) -2676 (SK) -2692 (SK) 

+l/500 -2340 (SK) -3891 (SK) -5665 (SK)* 

 

3.3 Design Histories 

Figures 2-4 show the design history of the panel. 

Their abscissae indicate the number of design cycles 

completed, with 0 denoting the initial design. Twenty 

design cycles were performed but the converged 

design was reached after 16. These Figures show 

variations that are significant early on in the design 

process but which reduce as convergence is 

approached. 

 

Figure 2 shows the mass and initial buckling load 

histories. The buckling loads (see the right hand 

scale) for each of the intermediate cycles are for full 

stiffness properties in all the plates so that their stress 

distribution is even. The buckling load converges 

faster than mass does, because other constraints are 

not being satisfied. 

 

Figure 3 shows the design variable history of the 

panel. The width of the attached flange, bfa, increases 

substantially, from 10mm to 18.5mm, causing a 

substantial increase of the local stiffness around the 

base of the stiffener.  

 

Figure 4 shows the strain and As/btsk histories of 

the panel during the design process. The peak strain 

was kept below the allowable limit of 3600 strain 

throughout the design. The final design violates the 

intended constraint As/btsk<0.8 despite the program 

having tried to satisfy it. This violation is due to the 

problem being over-constrained, because the nature 

and number of the active design constraints prevents 

Fig. 2. Mass history and initial buckling load 

history for negative, zero and positive 

imperfections. 

Fig. 3. Design variable history for panel. 

Fig. 4. Peak compressive strain histories for 

negative, zero and positive imperfections and 

As/btsk history. 
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them from being simultaneously satisfied by variation 

of the small number of design variables used. Strictly, 

this makes the design problem an insoluble one and a 

practical consequence was that different constraints 

were violated and to different extents, depending 

upon the starting design chosen. For some starting 

designs there was a significant failure to achieve the 

design load. Hence a number of different design runs 

were made and judgement was used to pick the 

constrained design given in Table 1 from among 

these, the principal criterion being that the failure 

load should be very close (it was 68.3kN versus 

69kN) to the design load. The over-constrained nature 

of the problem and the need to omit stabilization 

made it a very demanding test of VICONOPT despite 

its superficially appearing to be a relatively simple 

problem. 

 

4. Finite Element Modeling and Results 

Finite element (FE) modeling was carried out to 

determine both the bifurcation buckling and the post-

buckling behavior of the panel, using the package 

ABAQUS.
8
 The purpose was both to validate the 

VICONOPT design and to predict the failure of an 

actual panel in the laboratory. Since slightly different 

boundary conditions were applied in VICONOPT 

compared with those applied in the laboratory, two 

FE models were developed. The first, denoted 

ABAQUS(V’OPT), matches as closely as possible the 

assumptions applied within VICONOPT, whilst the 

second, denoted ABAQUS(expt), matches the test 

conditions used in the laboratory. 

 

The models used 10160 Quad 4 thin shell 

elements. The end conditions and load distributions 

used in each model were applied using a combination 

of degree of freedom constraints, multi-point 

constraints and loads. In both cases the panel ends 

were simply supported, but in the ABAQUS (V’OPT) 

model, the upper flanges of the stiffeners were also 

allowed to warp in their plane to match the 

VICONOPT end conditions as closely as possible. In 

both FE models load was always applied along the 

neutral axis of the unbuckled panel, resulting in an 

initially uniform axial strain when no imperfection 

was present.  

 

Table 5. Measured material properties for Al 6082-

T6 used in the skin (SK) and stiffeners (ST). 

 strain 0 2000 3000 4000 5000 6000 

SK , MPa 0 156 223 277 299 309 

 E, GPa 76.1 72.5 66.6 36.4 12.8 6.4 

ST , MPa 0 154 220 266 286 294 

 E, GPa 71.6 69.5 60.8 26.5 12.4 4.4 

 

In the ABAQUS(V’OPT) model the shell 

elements were assumed to behave in a purely elastic 

manner with the values of E,  and thickness given in 

Section 3.1. 

 

The effect of material plasticity was included in 

the ABAQUS(expt) model using the material 

properties given in Table 5 and =0.33. These 

properties were obtained from a series of tensile tests 

on samples of the material. In the ABAQUS(expt) 

model the actual thicknesses of 0.988mm and 

1.17mm were used for the skin and stiffener, 

respectively. 

 

Table 2 shows that there is reasonable agreement 

between the lowest three bifurcation buckling modes 

given by ABAQUS and those given by VICONOPT. 

As might be expected, the ABAQUS(V’OPT) model 

gives the best agreement with the VICONOPT results. 

The ABAQUS(expt) model solutions are lower, due 

to the reduced thickness of the actual material and the 

change in E. (This was confirmed by modifying the 

model using the ideal material thicknesses and an 

elastic modulus of 72.4GPa. Here the lowest 

ABAQUS(expt) solution was also 45.9kN.) All the 

buckling modes are skin modes, but the ABAQUS 

results consistently have one fewer half-wavelength in 

their buckled shape than the VICONOPT results, for 

the modes shown, probably because of the small 

differences in boundary conditions.  

 

Table 3 compares the non-linear solutions found 

using ABAQUS and VICONOPT and Figs. 5 and 6 

show typical end shortening plots, using the 

ABAQUS(V’OPT) and the ABAQUS(expt) models 

for the perfect panel case. A typical final deformed 

shape is also shown in Fig. 6. Unless otherwise stated 

in Table 3 the local buckling load has been given as 

the average of the load at the beginning and end of the 

analysis step where negative eigenvalues first appear 

in the non-linear solution. 

 

From Table 3 it can be seen that the local 

buckling loads given by VICONOPT and both the 

ABAQUS non-linear solutions are similar for all 

imperfections. Again, whilst VICONOPT always 

Fig 5. End-shortening plot given by the 

ABAQUS(V’OPT) model, for a perfect panel. 
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predicts that the local buckled shape should be a skin 

mode with a half-wavelength of l/10, the ABAQUS 

model always predicts a skin mode with a half-

wavelength of l/9, see Fig. 6.  

 

Both elastic solutions give post-buckled solutions 

that indicate that the panel will behave in a stable 

manner up to and beyond the design load of 69kN, 

but there are significant differences between the 

solutions. ABAQUS, as shown in Fig. 5, predicts that 

the panel will exhibit a stable skin mode to loads well 

in excess of the design load. Indeed, no ultimate 

failure load was found in any of the ABAQUS 

(V’OPT) model solutions before they were 

terminated. Conversely VICONOPT, for the reasons 

given in Section 3, could only predict that the panel 

would not fail below the design load. In addition, the 

solution given by VICONOPT indicates that for the   

-l/500 case the panel may fail due to an interaction 

with a torsional mode of half-wavelength l/2.  

 

Whilst both elastic solutions predicted that the 

panel design was acceptable in all cases, the 

ABAQUS (expt) model solution predicts that for the 

+l/500 case the panel will not quite be able to support 

the design load. This is due to the effects of plasticity, 

see below. However, for both the negative and zero 

imperfection cases the ABAQUS(expt) model 

predicts that the panel will satisfy the design load 

requirement. For all FE solutions the predicted failure 

mode is an interaction between a skin mode with 9 

half-wavelengths and an overall mode. Note that the 

reduction in the initial buckling and failure loads due 

to the material thicknesses used in the experimental 

model being slightly lower than the ideal values used 

in the elastic models is unknown. 

 

The ABAQUS peak strains are given in Table 4 

and all occur in the skin, next to the stiffener, on the 

side opposite the lower flange. (Note. Negative strain 

is compressive.) For the –l/500 case VICONOPT has 

the highest peak strain, predicting it will occur in the 

upper flange of the stiffener, whilst both ABAQUS 

models predict that the highest peak strain will occur 

at a value 11% lower. For the ABAQUS (V’OPT) 

model, the highest peak strain for the +l/500 case is 

about 66% higher than the VICONOPT solution. This 

level of strain is close to the point were the material 

starts to behave plastically. This explains why in the 

ABAQUS(expt) solution for the +l/500 case the panel 

fails at a load of 65.5kN, at which the peak strain is 

well into the region where the material behaves 

plastically. The differences in the solutions are due to 

differences in loading in the post-buckled regime in 

VICONOPT and ABAQUS models and will be 

discussed fully in Section 6.  

 

5. Experimental Testing and Results 

Four panels were manufactured to the constrained 

design of Table 1, produced by VICONOPT. Their 

stiffeners were attached to the skin using adhesive 

plus rivets that were placed at 25mm spacing along 

the middle of the stiffener lower flanges, both to 

position the stiffeners during curing and also to 

provide some extra strength in the joint. Once the 

stiffeners had been attached, the panel ends were 

machined to ensure that they were flush. 

 

The experimental methodology has previously 

been used successfully.
13

 For the current set of tests, 

strains before and after initial buckling were recorded 

using strain gauges attached across the mid-length of 

the panel to each stiffener upper flange, the middle of 

each skin section and to the lower web of the two 

central stiffeners. The recorded strains were 

compared to pre-buckling predictions of strain in the 

panel, in order to both monitor the test imperfections, 

ensuring that they were within acceptable limits, and 

also to help determine the onset and advance of 

buckling. For brevity only a representative sample of 

the strain data will be presented. 

 

Table 6 compares the experimental results 

obtained during the laboratory tests with the 

predictions given by VICONOPT and ABAQUS. 

There is good agreement between the predicted and 

experimental failure loads. All the panels failed at 

loads greater than the design load despite the initial 

imperfection being in the weaker positive direction 

for tests A-C. The cause of failure for two 

Fig. 6 End-shortening plot and final deformed 

shape given by the ABAQUS(expt) model for a 

perfect panel. 
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experiments differs from that predicted by theoretical 

methods. ABAQUS predicted that in every case, 

failure is due to an interaction between the initial skin 

mode and an overall mode. In tests A and B failure 

was due to a local buckle in the lower flange/skin 

interface at the free panel edge, see Fig. 7. Some 

plastic deformation in the skin sections also occurred 

across the panel, originating from the large plastic 

deformation at the panel edge. In tests C and D, see 

Fig. 7, the predicted type of failure occurred. In every 

case the panel retained the ability to carry load after 

failure, although the load drop-off varied between 

14% of the failure load for the test A and 68% for test 

D. 

 

The local buckling loads were assumed to occur 

when the strain-load relationship ceased to be linear. 

In Fig. 8, which shows the strain at the mid-breath of 

the central skin section during test B, this point can 

clearly be seen. Here, SK2 is the strain gauge 

attached to the surface of the central skin section at 

the panel mid-length, on the side of the stiffeners, 

whilst SK2R is the strain gauge directly opposite on 

the other side of the skin and is visible in the Test B 

photograph of Fig. 7. Figure 9 shows the similarity in 

ABAQUS prediction of strain at this point in the skin 

but indicates initial local buckling in the opposite 

sense to the experimental data given in Fig. 8. This 

difference is a consequence of the multiple 

equilibrium states following bifurcation buckling. 

 

The local buckling loads of the first two panel 

tests were about 5.4% below the lowest value 

predicted by the ABAQUS(expt) model, whilst the 

loads given by tests C and D were within the range of 

the predicted values for this model. The local 

buckling load for test D was the highest due to the 

negative initial imperfection. The differences between 

the values given for tests A, B and C may partly be 

due to the fact that the stiffeners in test C  were made 

from a different sheet of Al6082-T6 from that used 

for the stiffeners for tests A and B, and also that the 

initial imperfection was bigger in tests A and B. In all 

the laboratory tests the panels initially buckled in the 

skin, in 9 half-wavelengths, and remained buckled in 

this state until failure. Whilst this matches the 

ABAQUS buckled shape predictions, for the +l/500 

case, VICONOPT predicted that local buckling would 

be in 10 half-wavelengths, although it did predict an 

interaction with a 9 half-wavelength mode at failure. 

 

All the panels seemed to remain buckled in 9 half-

wavelengths during the post-buckled regime. 

However, there is evidence in the strain data taken 

during test A to suggest that a change in the buckling 

pattern occurred. It is thought that the length of each 

half-wavelength was not uniform along the panel and 

changed as load was applied.  

 

6. Discussion 

As can be seen from the results given above, both 

theoretical methods predicted that the panel would 

initially buckle in the skin and then behave in a stable 

manner in the post-buckled regime until the design 

load. This behavior was confirmed by the tests carried 

out in the laboratory. 

 Test A Test B Test C Test D 

Fig. 7. Panel failure modes. In tests A and B panel failures are due to local buckling at the panel edge, whilst 

in tests C and D failures are due to interaction between skin and overall modes. 

Table 6. Experimental results and theoretical predictions. (All loads in kN) 

 Experimental test VICONOPT ABAQUS 

Test A B C D   (expt) 

Initial imperfection +ve +ve +ve -ve -l/500 l/500 -l/500 l/500 

Local buckling load 37.0 (l/9) 37.0 (l/9) 41.0 (l/9) 46.0 (l/9) 52.5 (l/10) 42.4 (l/10) 45.9 (l/9) 39.1 (l/9) 

Failure load 72.0 (l/9) 71.6 (l/9) 74.0 (l/9) 77.0 (l/9) >71.3 (l/2) >68.3 (l/9) 78.8 (l/9) 65.4 (l/9) 
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Whilst both theoretical methods correctly 

predicted that the panel would approximately satisfy 

the design load requirement there are significant 

differences in the results predicted by VICONOPT 

and those predicted by ABAQUS and also those 

obtained in the laboratory, particularly in the region 

beyond the local buckling load. These differences can 

be explained by a number of reasons. 

 

 Firstly, the solution obtained by VICONOPT is 

not the result of a fully non-linear analysis, but of a 

bifurcation analysis of the panel in its assumed 

buckled state. Thus the VICONOPT solution simply 

indicates that there are no buckling loads below the 

design load for the skin-buckled panel, and therefore 

no possibility of failure below the design load. 

 

 The second reason for the differences is that the 

load distributions in the ABAQUS models and the 

experiment do not match that used by VICONOPT in 

the post-buckling regime. In all cases the panel is 

initially loaded along its unbuckled neutral axis. 

When the skin buckles the neutral axis will move 

away from the skin. In the VICONOPT model the 

load follows this shift in the neutral axis position, 

which may well match the boundary conditions in a 

compression panel of an aircraft wing subject to 

overall bending moment. In the ABAQUS models and 

in the experiment, the load position remains fixed, so 

that in the post-buckled regime there is an offset 

between the load and the neutral axis. This results in 

an out-of-plane bending moment, which exaggerates 

the skin buckling. 

 

The effect of this out-of-plane bending moment 

can clearly be seen in Fig. 10 which is a bifurcation 

plot giving a schematic representation of the initial  

post-buckled behavior of the panel. The amplitude 

plotted on the horizontal axis is the out-of-plane 

displacement of the panel at its mid-point, where 

positive (negative) amplitude increases (decreases) 

compression in the skin and decreases (increases) 

compression in the stiffeners.  

 

During the initial loading of the panel, all the 

analysis methods and the experiment assume that the 

panel is loaded along its initial neutral axis, hence 

curve 1 is common to all solutions. Once local skin 

buckling occurs, the behaviors predicted by the 

theoretical methods diverge, due to deviation in the 

out-of-plane bending moment. The behavior obtained 

in the laboratory follows that predicted by ABAQUS. 

The VICONOPT solutions continue to diverge in the 

same direction but at a greater rate than curve 1, 

following curve 2 on Fig. 10. The ABAQUS solutions 

and the experiment follow the behavior given by 

curve 3. These, due to the out-of-plane moment have 

a more positive amplitude at a given load compared 

to the curve produced by the VICONOPT 

assumptions. Indeed the effect is most noticeable in 

the negative initial imperfection case, where the 

amplitude increase reverses direction so that both 

solutions, once the load is great enough, have positive 

out-of-plane displacements. For the out-of-plane 

displacement of the negative case to remain negative 

the initial imperfection would have to be excessively 

large. From the bifurcation plot it can be seen that for 

a initial positive imperfection the solution given by 

ABAQUS is conservative, whilst for the initial 

negative imperfection the solution given by 

VICONOPT is likely to be conservative.  

 

The bifurcation plot assumes that the material 

behaves elastically throughout the analysis. If 

plasticity is included its effect would be to increase 

the out-of-plane displacement at a given load, once 

the material starts to behave in a plastic manner, and 

hence would result in the local buckling and failure 

loads occurring earlier.  

Fig. 8. Strain at the mid-length of the central skin 

section during test B. 

Fig. 9. Theoretical strain at the mid-length of the 

central skin section for a perfect panel. 
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The loading difference also accounts for the 

difference in the failure modes predicted by 

ABAQUS and found in the experiments, where 

failure always occurs due to an interaction between 

local skin and overall modes, and VICONOPT, which 

predicts that for the –l/500 case, failure will be as a 

result of an interaction with a torsional stiffener 

mode. This difference also accounts for the fact that  

VICONOPT predicts the largest peak strain for the    

–l/500 case and that it will occur in the upper stiffener 

flange, whilst ABAQUS always predicts that the 

maximum strain occurs in the skin. As can be seen in 

Fig. 10, the out-of-plane displacement at the design 

load of the ABAQUS models is significantly less than 

that of the VICONOPT model. Thus there is a smaller 

end effective moment resulting in a smaller strain in 

the ABAQUS models. Conversely, for the +l/500 case 

the out of plane displacement is larger for the 

ABAQUS models, giving a bigger effective end 

moment and thus increasing the strain due to bending 

in the skin. One additional cause of the differing 

strain values predicted by ABAQUS and VICONOPT 

is that VICONOPT only gives an average of peak 

strain in the skin or upper flange, whilst ABAQUS 

takes into account the change in strain distribution 

caused by the actual post-buckled shape of the panel. 

 

7. Conclusions 

The local buckling loads, failure loads and 

buckled mode shapes given by the plastic ABAQUS 

model match well the behavior of the panel in the 

laboratory. Furthermore, the failure loads obtained 

using ABAQUS with non-linear material behavior 

and the experimental failure loads coincide quite well 

with the predicted VICONOPT design loads. 

Considering the differences in assumptions of the two 

computer programs, this may appear to be somewhat 

coincidental. However, the more severe failure 

criterion in VICONOPT seems to offset its reduced 

out-of-plane bending moment following buckling. 

Hence for an overall imperfection which increases 

compression in the skin the VICONOPT solution 

could be considered to be well designed. However, 

VICONOPT predicts an unstable stiffener failure 

mode for an imperfection that increases compression 

in the stiffeners. Due to the loading differences in the 

two programs this prediction cannot be confirmed by 

either the ABAQUS solutions or by the experiment. 

Neither of the solutions given by VICONOPT and 

ABAQUS completely matches the boundary 

conditions found in a real aircraft compression panel, 

although the boundary conditions and loading 

distribution of VICONOPT are possibly the closer of 

the two. 

 

Overall, the ABAQUS and experimental results 

suggest that VICONOPT can give satisfactory 

preliminary designs, even when the design is over-

constrained. 
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