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A B S T R A C T   

Despite their importance in benchmarking numerical simulations, buckling tests still feature compromises be-
tween component-level and high-fidelity large-scale tests. For example, compression-induced buckling tests 
cannot capture the through-thickness or span-wise stress gradients in wing skins. Consequently, the results ob-
tained often require careful interpretation and conservative considerations before applying to a structure. 
Alternatively, a system-level large-scale test can be used, yet at considerably increased time and expense. There 
has been little progression towards capturing system-level behaviour in a simplified test. 

Herein, for buckling behaviour assessment, a three-point bending test is used, which is quick, simple to 
implement, and cost-effective compared to existing conventional methods. The proposed method relies on 
subjecting a panel with auxiliary stiffeners to bending to introduce compression-induced buckling in the skin. 
The three-point bend test is used, because it provides readily controllable loading and boundary conditions. The 
location of the neutral plane can be tailored via design of the stiffeners, thus allowing for control of the through- 
thickness stress gradient induced in the skin. This method is applicable to buckling of stiffened structures subject 
to bending (e.g., aircraft wingboxes). Numerical models are used to explore the limits of the proposed method 
and comparing it against traditional coupon and full-scale structural level tests. The test method is experimen-
tally demonstrated for capturing the buckling behaviour of a thermoplastic composite panel made via automated 
fibre placement. The proposed approach is shown to reliably capture the buckling behaviour of a large-scale test 
using a simpler and more time and cost-efficient setup than conventional methods.   

1. Introduction 

Buckling is defined as a structural instability (typically, a bifurca-
tion) in which a thin-walled structural member changes shape by 
deforming in the out-of-plane direction at a load below its material 
strength limits. Structural designers rely on a combination of numerical 
predictions and structural tests to verify that there is sufficient margin to 
the buckling load. In weight and cost-sensitive structures (e.g., aircraft 
wings or wind-turbine blades), an accurate buckling load prediction 
method is an important element in development of optimised, light 
weight components. 

Design tools, such as Finite Element Modelling (FEM) must be fol-
lowed by representative test data for validation purposes. Traditionally, 
experimental data are extracted from using either compression or 
bending-induced buckling tests [1,2] or large-scale structural tests [3,4], 
each of which has its own shortcomings. Pure compression tests rely on 

bespoke frames to carefully apply boundary conditions (such as knife 
edge or clamped conditions) according to the structural configuration. 
However, pure compression tests do not fully represent the skin loading 
conditions in many non-uniform bending – feature an in-plane stress 
gradient along the skin due to the non-uniform bending moment. On the 
other hand, large-scale system-level tests, which correctly capture the 
stress distribution, are complex and expensive to implement. The pro-
posed test method in this paper aims to bridge the gap between the two 
test methods. 

Small-scale buckling tests often involves subjecting a coupon- or 
element-level specimen (with necessary structural detail) to pure 
compression, with the boundary conditions of all edges carefully 
controlled to replicate different structural configurations (generally 
between simply-supported and clamped) [1,5,6]. Pure compression is 
achieved by applying a displacement at one edge and fixing the other 
edge so that no variation in displacements is possible along those edges. 
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The boundary conditions must be chosen to best match the behaviour of 
the structure in question, by means of controlling the 
degrees-of-freedom of each edge. Experimentally, this scenario is ach-
ieved by fitting a panel into a bespoke frame which has a combination of 
simply supported and clamped edges. While simple to model simply 
supported conditions in finite element software [7], this test has some 
drawbacks. Firstly, the test frame must be custom-designed and manu-
factured for each test configuration, including sufficient stiffness to 
replicate the loading conditions, while not unduly influencing the test. 
Achieving the appropriate level and type of boundary support can 
require intricate mechanisms, such as spring supports [5], which is a 
time-consuming and often unreliable exercise. Secondly, the test is 
highly sensitive to misalignments, imperfections, or ‘off-ideal’ condi-
tions, which are difficult to control and lead to scattered test data and 
variations from predictions [6,8]. Consequently, further analysis and 
interpretation is required. Finally, the test is limited to pure compres-
sion. Structural interactions which give rise to stress gradients (in-plane 
or through-thickness) are not represented in such tests. 

Plates and panels are usually stiffened in structural applications to 
avoid global buckling phenomena. For stiffened panel structures, the 
idealisation of pure compression has also been used analytically and 
experimentally [9–11]. This approach assumes that the stiffeners and 
the skin are subject to a single, constant displacement. Experimentally, 
such a scenario is achieved by encasing the loaded edges of the panel 
(including the stiffener) in a potting compound [12,13], resulting in a 
sufficiently stiff support such that effectively a clamped boundary con-
dition arises. In case of non-stiffened components, reinforcement of the 
edges at the boundary or load introduction edges are also required in 
addition to potting to eliminate what would otherwise be unrealistic and 
dominant boundary effects [14]. The alignment of the specimen is 
important in this circumstance, to ensure that the specimen remains 
vertical during loading and that pure compression is achieved. In some 
cases, Computer Numerically Controlled (CNC) machining is required 
for the blocks to provide sufficient alignment accuracy [10]. While some 
interaction from the stiffener is considered in this case, it is not repre-
sentative of an actual stiffened structure. Such structures are often used 
in bending, due to their large second moment of area. In these cases, 
stress gradients occur in the area between stiffeners, which can alter the 
buckling behaviour and are not considered in pure compression tests 
[14]. The in-plane (normal) stress gradient that results from the varia-
tion in bending moment is not considered in such tests, and neither are 

the through-thickness stress gradients in the skin material due to the 
distance to the neutral axis. Therefore, this type of test may not capture 
the physics of an actual structure sufficiently well, and the structural 
relevance of these tests may be limited. 

One method of overcoming some of the shortcomings of traditional 
tests is to use a large scale, ‘component’ level structural test. Such a test 
uses a complete section of a structure (e.g., a wingbox or large composite 
sandwich cylinder), loaded in a representative manner [2,15]. The 
stresses induced in the area of interest are representative of the actual 
structure in this case. However, manufacturing a scale or full-size section 
of a structure is a significant undertaking, requiring considerable time 
and expense. Likewise, introducing the loads in a representative manner 
requires careful thought and the development of a bespoke testing so-
lution. The wingbox structural level buckling test shown in Fig. 1(a), for 
example, required a large test frame, with 0.6 m and 2.5 m long 
aluminium wing box sections which were constructed with the sole 
purpose of introducing diffused loads and representative boundary 
conditions into the test section. Similarly, the cylindrical section tested 
shown in Fig. 1(b) requires load diffusion structures (green sections 
above and below the cylinder) to adequately diffuse the loads into the 
cylinder. Currently, no compromise exists between high-fidelity large--
scale tests, which are complex, time consuming and expensive, and 
small-scale tests, which are cheaper and simpler but use idealised 
loading conditions. There is scope, therefore, for a sub-scale test to 
bridge the gap between these two approaches. 

Over the years much research has been performed on buckling tests 
and bridge the gap between full-scale and coupon tests. For example, the 
testing of curved composite stiffened panels [16,17], and research into 
making a single-stiffener specimen representative of large panels with 
multiple stiffeners [18,19]. These tests remain very sensitive to the 
applied boundary conditions. Another example of simplified buckling 
tests is the scaling of sandwich composite cylindrical structures [3] and 
their testing [15]. The one thing all these works have in common is that 
pure compression load is used, which is not always representative of the 
true loading condition (such as in a wingbox). 

The aim of this work is to propose another test to bridge the gap 
between small-scale (coupon/element level) and large-scale (compo-
nent/system level) tests with a test that can capture the appropriate 
loading and boundary conditions of stiffened structures, such as the 
wingbox, while being less expensive to perform than the full-scale test. 
This objective is achieved by means of a new simple, cost-effective and 

Fig. 1. Structural level buckling test (a) for a wingbox section, described in Ref. [4] and (b) a 8.33 ft tall, 8 ft diameter composite sandwich cylinder tested in axial 
compression [15]. 
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representable test design for buckling. The proposed test subjects a 
stiffened skin section to bending via the well-known three-point bending 
test to achieve a compressive load in the panel. Compared to regular 
‘pure-compression’ tests, this test involves simple boundary conditions 
and alignment, reduced specimen preparation, and provides more 
representative loading conditions, i.e. compression in the skin section 
which has a tailored gradient through its gauge to fit the conditions of, 
for example, a wingbox skin. The boundary conditions are also more 
representative of the conditions in a full-scale test than those achieved in 
a coupon test. The complete test setup is described in Section 2. A 
comparison of this test, a large-scale structural level test, and the 
traditional pure compression test is given in Section 3 by means of a 
parametric study using Finite Element (FE) models. The proposed 
method is then demonstrated experimentally in Section 4. Finally, the 
proposed test is discussed in terms of its applicability, tailorability, and 
special considerations in Section 5. 

2. Flexural test buckling method 

Consider a stiffened panel structure, comprising a skin section with a 
number of stiffeners. If this section is loaded in bending (as, for example, 
in an aircraft wing), both upper and lower skin sections can be subjected 
to compressive loads, by considering both up and down bending of the 
overall wing. Our new test method considers such a skin section as being 
bonded to two parallel stiffeners. The panel is subjected to a three-point 
bending load (see Fig. 2), according to the well-known three-point bend 
test. However, in the current set-up the panel is not tested in bending but 
rather in compression, which is induced by bending in this case. The 
loads are applied directly to the skin above the stiffeners only, and not 
across the skin section between stiffeners. Consequently, compressive 
forces are introduced into the skin as a result of interfacial shear stresses 
developing between the stiffeners and skin – representing a scenario for 
a stiffened skin section. 

The static scheme, shown in Fig. 2, relies on two simply supported 
boundary conditions (accomplished by using rounded edges for the 
support), and a rounded nose used for load introduction which allows 
rotations and translations. 

3. Comparison of the proposed test method against compression 
tests in representing structural level test 

3.1. Parametric study 

The usefulness of this test method rests on its ability to capture 
structural level behaviour in a small, simple test set-up. A comparison of 
buckling behaviour is performed using a parametric study, between the 
buckling response of traditional pure compression test [1], the proposed 
stiffened panel method, and the structural level test (represented by a 
wingbox section) [4]. As a result, this study demonstrates how the 
proposed component-level test method is more efficient and accurate in 
capturing the buckling behaviour of a panel as a subcomponent of a 
large structure, rather than performing a full-scale structural test. 

Previous in-house research included the testing of a full-scale com-
posite wingbox section, subjected to a shear force of 23.8 kN, which 
resulted in a bending moment of 14.3 kNm, [4]. Experimental and FE 
simulation results from this test are available for comparison against the 
proposed test method. In all cases, the skin section of interest (where 
buckling occurs) comprised eight layers of 0.18 mm thick unidirectional 
Carbon Fibre Reinforced Plastic (CFRP) thermoplastic prepreg with 
properties listed in Table 1. The material data of the Tenax material in 
Table 1 were obtained using in-house tests while designing the wingbox 
[4]. A lay-up sequence of [90/0/±θ]s was used, with θ varying from 
0◦ to 90◦ in 15◦ increments. Buckling load variation with θ can be 
examined for each structure, providing insight into the mechanisms at 
play, and allowing for a comparison of the small-scale test (pure 
compression) and the intermediate test (stiffened panel) against the 
structural level test. 

The wingbox section examined is shown in Fig. 3; a one-piece, uni-
tised composite structure with 3 closed Ω-shaped stiffeners on both 
upper and lower skins. The FE model used for buckling load analysis is 
described in prior work [4], and was successfully validated against ex-
periments. For this study, the lay-ups used in the FE model of the 

Fig. 2. Stiffened panel three-point bending test configuration. The stiffened panel (red) rests on the simple-supports (blue), which are mounted on a rigid base-plate 
(grey). The force F is applied directly above the two stringers. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 

Table 1 
Material properties of CFRP and aluminium used in FE simulations.  

Material E11 (GPa) E22 (GPa) G12 (GPa) ν12 

Tenax®-E TPUD PEEK IMS65 135 7.54 5 0.3 
Al-6063T6 68.9 [20]   0.33 [20]  
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Composites Part B 233 (2022) 109642

4

wingbox were modified from those used previously [4] to match those of 
the stiffened panel tested. 

The stiffened panel was modelled as a corresponding skin section of 
the wingbox, with two stiffeners 170 mm apart. Square box section 
aluminium stiffeners of 40 mm wide were chosen in place of the 
Ω-shaped stiffeners to facilitate experiments (which are described in 
Section 4). It is worth noting that the stiffeners in this test are used only 
to offset the load and provide similar boundary conditions to the plate in 
between them, as in the wingbox test. Therefore, their exact shape is not 
important. The boundary conditions and loads are applied as per Fig. 4, 
which corresponds to the three-point bend test set-up with loads applied 
directly to the stiffeners. Four different lengths L were considered – 450 
mm, 750 mm, 1500 mm, and 3400 mm – whilst the total width was 270 
mm. 

Finally, the pure compression tests were simulated as a section of 
skin material only, with no stiffeners (as per [1]). The gauge area of the 
test panels corresponds to the skin area between stiffeners in the 
wingbox (375 mm × 170 mm). Both simply supported and clamped 
boundary conditions were simulated. The mesh and boundary condi-
tions used are shown in Fig. 5. 

The simulations were carried out using ABAQUS, commercial FE 
solver to perform a linear buckling analysis. All models used four-noded 
reduced integration (S4R) shell elements due to the small thickness-to- 
length/width ratio. The material was idealised as linear elastic using 
the ‘composite’ shell in ABAQUS, meaning the lamina was defined as 

base material and the different fibre angles were defined in the ABAQUS 
interface. Internally, ABAQUS uses classical laminate theory to calculate 
the laminate stiffnesses based on the given lay-up. The element size was 
kept constant across models using a 5 mm length of the side. The 
buckling load was found using a linear perturbation step in ABAQUS. 
The mesh density decided upon after a mesh refinement study resulted 
in insignificant change in the buckling behaviour predicted, and 
particular attention given to ensure that the geometrical offsets were 
correctly applied. Finally, a perfect bond was assumed for the stiffener/ 
skin interface. This assumption is appropriate as the interface is located 
far from the neutral axis of the plate assembly subject to bending, and 
therefore, the shear stresses generated at the stringer-to-panel interface 
remain small, resulting in no debonding occurring during the test. 
Indeed, no debonding was observed during testing, as is discussed 
further in section 4.3.2. 

3.2. Results of parametric study 

The results of the FE parametric study are shown in Figs. 6 and 7, 
with the buckling load as a function of fibre orientation θ being pre-
sented (note that θ is orientated parallel to the stiffeners, see Figs. 3–4). 
Each configuration is normalised to the maximum of that configuration. 
It is shown that the buckling load of the wingbox structure (as in Fig. 3, 
and represented by the black lines in Figs. 6 and 7) increases as θ in-
creases from a minimum of θ = 0◦, with a maximum buckling load at θ =

Fig. 3. (a) Wingbox demonstrator used for parametric study; and (b) wingbox geometric model configuration used in the FE parametric study.  

Fig. 4. Boundary conditions and mesh of flexural test case.  
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90◦. These correspond to lay-up sequences of [90/0/0/0]s and [90/0/ 
90/90]s respectively. The trends for the pure compression tests of a 
simple panel under clamped and simply-supported boundary conditions 
show significant differences (Fig. 6). With all edges clamped (condition 
‘A’), the largest buckling load occurs at θ = 90◦, with the minimum 
occurring at θ = 45◦. Conversely, the maximum buckling load obtained 
in the simply-supported case (condition ‘C’) is achieved when θ = 45◦. 

It is worth noting the influence of the edge boundary conditions for 

the pure compression tests (Fig. 6). When the edges are clamped, lateral 
Poisson’s ratio expansion effects are resisted under loading, resulting in 
an induced bi-axial stress state developing. In this case, the primary 
loads are therefore aligned with the θ = 0◦ plies (direction of load 
introduction in the pure compression case) and with the 90◦ plies 
(aligned with the Poisson’s ratio induced loads). The largest buckling 
load is achieved with θ = 0◦ and θ = 90◦, regardless of whether clamped 
or simply-supported boundary conditions are used at the load 

Fig. 5. FE model boundary conditions used for simply supported and clamped pure compression simulations.  

Fig. 6. FE parametric study: Non-dimensional buckling load as a function of fibre orientation (θ) for a wingbox structure under shear and moment loading, and for 
flat panels under pure compression. A lay-up of [90/0/±θ]s is used for the skin in all cases. 
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introduction sites. Likewise, the smallest buckling load is achieved when 
θ = 45◦.When the sides are simply-supported, the panel is permitted to 
expand or contract in the width-wise direction, resulting in no Poisson’s 
ratio effect loads developing. As such, maximum buckling is achieved for 
θ = 45◦. 

These differences show the deficiencies of pure-compression tests at 
capturing structural level type behaviour, such as the wingbox test. 
Careful thought is needed to choose boundary conditions which repre-
sent those of the actual structure being considered, otherwise misleading 
results may be obtained, leading to inappropriate conclusions. This 
consideration implies that such a test cannot be used to simulate the 
wingbox behaviour well, showing the need for an intermediate test. 

The performance of the stiffened panel model compared to the 
wingbox is shown in Fig. 7. Interestingly, at low aspect ratios, the 
behaviour of the stiffened panel is similar to pure compression tests with 
clamped sides (θ = 45◦ results in a minimum buckling load). By 
increasing the length to 1500 mm (twice that of the wingbox section) 
behavioural changes occur with an S-shaped trend emerging with 
maximum buckling load at θ = 90◦. The loads are introduced at the 
panel mid-length, so each half of the stiffened panel behaves similarly to 
the wingbox in this case, showing that when the appropriate length is 
chosen, the intermediate test captures the appropriate behaviour, 
showing the test method is representative of the wingbox test; albeit that 
the absolute difference in buckling load is smaller than that for the 
wingbox case. This result shows the versatility of the proposed test 

method to represent different structural components at much less 
expense and time to set up the full-scale test. 

4. Experimental test demonstration 

4.1. Overview, design and manufacture 

An experimental campaign was undertaken to validate our numeri-
cal models, gaining insight into the buckling mechanisms (through 
surface displacement and strain data) and to verify the simplicity of the 
test method. Two identical panels were manufactured and tested in 
order to assess repeatability of the method. The parameters of the tested 
panels (length, width, distance between stringers, and skin lay-up) were 
identified, based on previous results [21] and the available test equip-
ment, such that the length of the panel was fixed at 750 mm. The 
remaining parameters are discussed in the following sections. 

A parametric study (through FE models, as described in Section 3.1) 
was performed to determine the lay-up sequence used in experiments, as 
well as to gain further insight into the behaviour of the test method. As a 
consequence, a six-layer lay-up with stacking sequence of [±θ/90]s was 
selected because the 90◦ layer was found to be better performing than 
0◦, and other ply angles are excluded to ensure balanced and symmetric 
laminates. The skin-stiffener bond strength was found to be insufficient 
when the number of layers was greater than six. This conclusion can be 
drawn by examining data shown in Fig. 8, where the buckling load is 

Fig. 7. FE parametric study: Normalised buckling load as a function of fibre orientation (θ) for a wingbox structure under shear and moment loading, and for 
bending-induced buckling test of the stiffened panel. 

Fig. 8. FE predicted buckling load normalised with respect to a QI lay-up for a [±θ/90]s layup.  

R. Telford et al.                                                                                                                                                                                                                                 



Composites Part B 233 (2022) 109642

7

Fig. 9. Predicted first buckling mode from an FE linear buckling analysis (U2 refers to the total displacement vector).  

Fig. 10. (a) Strain gauge locations, orientation and identifier number on the stiffened panels; and (b) stiffened panels tested, showing strain gauges and Digital Image 
Correlation (DIC) speckling pattern. 
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normalised with respect to a quasi-isotropic (QI) lay-up, noting the 
buckling load of a QI panel is 1881 N. The maximum buckling load 
occurs when θ = 65◦, and is 3405 N, and so the final lay-up for the tested 
panel was chosen to be [±65/90]s. 

4.1.1. Manufacturing 
The geometry, lay-up and predicted buckling behaviour of the stiff-

ened panel is shown in Fig. 9. The CFRP skin section was manufactured 
using Laser Assisted Tape Placement (LATP). This process uses an 
automated robotic arm to both lay down a tow of carbon fibre tape (6.35 
mm width in this case) and consolidate the material in-situ using a laser 
heat source. 

The inner (90◦) layers of the skin section were manufactured first by 
winding tapes around a box-section tool. Two sections were cut from the 
wound piece, which then formed the mid-plies of the two panels. These 
sections were secured to a flat surface, and a − 65◦ layer was laid down. 
The panel was then inverted and − 65◦ and 65 layers were added. 
Finally, the panel was reverted to its original orientation to lay down the 

final 65◦ layer. This process was done because manufacturing the 90◦

layers first simplifies the process, while the inversion process was 
required to reduce thermal warping arising from unsymmetrical lay-ups 
occurring during the manufacturing process. Finally, the panels were 
post-processed in an autoclave at 340 ◦C and 7 bar of pressure for 2 h to 
remove possible residual warping effects. 

3 M™ Scotch-Weld™ 9323-150 B/A epoxy adhesive was then used to 
bond the two aluminium stiffeners to the skin. Both aluminium and 
composite surfaces were prepared for bonding by abrading with emery 
paper and then cleaning with acetone. Spacers were used to position the 
stiffeners, and weights were used to provide pressure while the adhesive 
cured. 

4.2. Test instrumentation and procedure 

Experimental tests were undertaken to measure load, strains and 
surface displacements. These variables were chosen (a) to determine the 
buckling load; (b) to provide insight into the loads introduced into the 

Fig. 11. (a) Stiffened panel loaded in the Tinius Olsen universal testing machine; (b) the supports and loading nose used; (c) The load introduction area with two 
aluminium spreader plates over the stiffeners; and (d) the simply-supported boundary condition supporting the stiffeners only. 
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panel and (c) to validate the FE simulations. Both panels were instru-
mented identically using 10 linear, 3 T-rosette strain gauges and Digital 
Image Correlation on one side. The positioning of the gauges is given in 
Fig. 10. 

Gauges 1–6 were placed back-to-back on both top and bottom sur-
face of the skin to capture the first and second buckling mode shapes 
predicted from FE models. Gauges 7–10 were placed to monitor the 
build-up of strain (and thus stress) along the length of the panel. Gauges 
11–16 were placed to monitor the Poisson’s effect adjacent to the 
stiffener. 

Digital Image Correlation (DIC) was used as an optically based non- 
contact method to measure the three-dimensional surface displacements 
of the stiffened panel during loading. A LaVision Strainmaster system 
was used for both measurements and postprocessing. A calibration was 
performed in accordance with the manufacturer’s procedures. The 
speckle pattern used for DIC, along with the complete test setup is shown 
in Fig. 11. It is worth highlighting that the panel is supported only at the 
stringers, and the bottom of the skin does not contact any of the 
supports. 

A Tinius Olsen HK25S universal load tester was fitted with a 25 kN 
load cell. The test fixture (shown in Fig. 11(b)) was manufactured from 
20 mm thick aluminium to assure sufficient rigidity. The bottom sur-
faces of the stiffeners were supported using rounded edges to provide the 
simply-supported boundary conditions. Likewise, load introduction was 

achieved using a 20 mm diameter steel bar; a loading rate of 2 mm/min 
was applied until a load of 4 kN was achieved. A centre line was marked 
on each panel to visually align the centre of the panel with the load 
introduction nose. This arrangement was used since any small 
misalignment, although not significantly affecting the buckling load, 
does alter strains as measured from the strain gauges. Square aluminium 
plates, measuring 40 × 40 × 1.5 mm were placed under the load 
introduction nose directly over the stiffeners. This arrangement ensures 
the load is applied in the region directly above the stringer, as done in 
the FE models (Fig. 4). The addition of the plates also reduces stress 
concentrations at load introduction points, while providing a gap be-
tween the loading nose and the skin material between the two stringers. 
This gap accommodated strain gauge 3, which was placed directly under 
the loading nose, and also ensures the centre part of the skin is unsup-
ported and thus free to buckle. This addition of the plates was not 
incorporated in FE models because the spreader plates are not bonded to 
the skin, and as such, they are not expected to have a significant effect on 
the mechanics of the test. Finally, loading trials were conducted during 
the experimental set-up of both panels which indicated repeatable and 
consistent behaviour. 

Fig. 12. Back-to-back strain data from panel 1.  

Fig. 13. Back-to-back strain data from panel 2.  
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4.3. Test results 

4.3.1. Surface strains 
The first data examined concerns strains from the back-to-back 

gauges at the centre of the panel (gauges 1–6) for panel 1 and 2 
(Fig. 12 and Fig. 13, respectively). These plots show the development of 
ϵ11 during loading. During the initial stages of loading (0–2 kN) the 
gauges show some divergence. This behaviour is expected as the panel is 
under bending, resulting in a strain gradient through the skin. Addi-
tionally, any initial imperfection in the skin (e.g. initial curvature) also 
contributes to this divergence. As buckling involves local bending of the 
skin section at the strain gauge location, the onset of buckling can be 
observed from the point at which back-to-back gauges show a change in 
the rate of divergence between them, referred to as the ‘inflection point’ 
method in Ref. [22]. This method is also used in, for instance Refs. [23, 
24], and basically relies on the fact that when a plate buckles, the 
back-to-back strain gauges suddenly diverge. However, as some gauges 
show a gradual transition into buckling, the inflection point [22] was 
used to provide a buckling load. The intersection point of the pre- and 
post-buckling linear slope was extracted for each strain gauge, and the 
average value used to provide a buckling force value. The extracted 
slopes for Strain Gauge 1 (SG1) are shown as an example in Fig. 12. 
Using this method, buckling loads of 2331 N and 2676 N were extracted 
for Panels 1 and 2, respectively, with an average value of 2503 N. 

Following buckling, (i.e., post 2331 N for panel 1, Fig. 12), gauge 3 
shows a decrease in compressive strain, eventually transitioning into 
tension at approximately 3500 N. Gauge 4, which is the corresponding 
gauge on the bottom skin, shows an increase in the rate in compressive 

strain. This result shows the formation of a buckling half wave, dis-
placing in the positive z direction (refer to Fig. 9 for the coordinate 
system used). Monitoring the strains at back-to-back gauges 1 and 2 
reveals another buckling half wave, orientated in the negative z direc-
tion. These behaviours are repeated for panel 2 (Fig. 13). The back-to- 
back gauges 5 and 6 show a minor difference in behaviours between 
the two panels. In panel 1, the gauges show a clear divergence after 
buckling, indicating that the gauges are placed in a position of localised 
bending where a strain gradient exists across the skin thickness. 
Therefore, another buckling half-wave exists at this location. For panel 
2, however, the divergence is less obvious. Indeed, gauge 5 shows a 
decrease in compressive strain, while gauge 6 shows the strain remains 
roughly constant. There is relatively no divergence in strains observed 
between these two gauges following buckling. This data indicates that 
there is minimal localised bending at this point, and thus the buckling 
half wave that occurred in panel 1 at this location may be displaced 
slightly away from these gauges in panel 2. Full field displacement re-
sults from DIC are used to verify this observation in Section 4.3.2. 

Next, the development of strain along the length of the panel is 
compared against that predicted by non-linear FE analysis at 1.25 times 
the buckling load. This non-linear analysis was done using the same 
model as used for the parametric study, with a small geometrical 
imperfection in the shape of the first buckling mode introduced. The 
longitudinal strains, ϵ11 were extracted along gauges 1, 3, 5, 7–10 for 
panel 1 (at 2823 N) and panel 2 (at 2963 N). These were plotted as a 
function of non-dimensionalised panel length, as shown in Fig. 14. 

Fig. 14 shows that the data points from experiments follow the strain 
profile predicted by FE analysis. This close correlation indicates that the 

Fig. 14. Panel 1 and Panel 2, ϵ11 at 1.25 of buckling load. Note: ϵ11 shown are for the top surface only in both FE and experiments.  

Fig. 15. DIC measured out-of-plane displacements for (a) panel 1 (4010 N); and (b) panel 2 (4050 N).  
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experimental buckling mode was captured well by FE analysis as further 
verified by DIC results in Section 4.3.2. The predicted buckling value 
from FE modelling was 3405 N, while the average value experimentally 
observed was 2503 N. This difference is to be expected due to the 
presence of imperfections in the manufactured laminate (e.g. fibre 
misalignment; gaps due to variation in the tape width). The ϵ11 
measured shows good correlation for the bending behaviour of the 
laminate, as the data points at the outer sections closely match those 
predicted by FE analysis. In the centre section of the laminate, where 
buckling half-waves are present, the measured strains are lower than 
those predicted (− 1000 μϵ compared to − 1200 μϵ). This difference in-
dicates that the buckling wave is not as pronounced as predicted, a 
consequence of the reduced buckling load in the experiments. 

4.3.2. Full-field displacements 
The full-field displacements in the post-buckling regime were 

measured to further verify the buckling mode obtained. These were 
measured using DIC, and are shown at the peak experimental load (i.e., 
4 kN) in Fig. 15. DIC was used to monitor the displacements over half of 
the panel length, with negative displacements in the z-direction being a 
result of bending the panel so that the skin is in compression (as per 
Fig. 11). Note that the view of the centre of the panel is blocked from the 
DIC cameras by the loading nose and so no displacement data is avail-
able in this area. 

The global bending deformation is shown by the gradual increase in 
out-of-plane displacements at the load introduction area of the panel. 
The buckling patterns are also clearly visible in both images, which 
match the first buckling mode predicted (Fig. 9). The half-wave with 
increased negative displacement readings indicates a negative half wave 
(buckle towards the stringers), while an area of decreased negative 
displacements indicates a positive half-wave. 

Panel 2 shows a more pronounced second buckle than Panel 1 as 
observed by strain gauge 5 (see section 4.3.1). Due to the loading nose 
blocking the view of the DIC camera, displacements at the centre of the 
panel are not available. 

It is worth noting that the measured displacements did not indicate 
debonding of either of the stringers, as the displacements remain sym-
metrical about the panel’s mid-width. If debonding had occurred, the 
displacements around the de-bonded section would have shown a local 
deviation. Likewise, the strain readings given in Figs. 12 and 13 show a 
continuous build up in strain during loading, with no step changes in 
readings which would have indicated debonding had occurred. 

5. Discussion 

5.1. New test method 

The new test method is simple in ethos, quick to execute, with 
boundary conditions which are easy to implement in modelling and 
testing. Positioning the panel is extremely straightforward and requires 
that the stiffeners are only placed in the Computer Numerically 
Controlled (CNC) cut grooves in the test frame for alignment, as these 
are accurately controlled during the manufacturing of the test frame. 
Therefore, the boundary conditions can largely be eliminated as a source 
for any deviation from the expected behaviour during the test, greatly 
facilitating the analysis of results. 

The test did show a lower buckling load than that anticipated from 
models, however (≈2503 N versus 3405 N). This large reduction is 
attributed to a combined effect of a number of factors. Firstly, although 
the carbon fibre tapes were placed using an automated process, some 
manual repositioning of the laminate was required during manufacture. 
This process can lead to misalignments in the fibre trajectories, which 
were chosen to give the highest buckling load as per a performed 
parametric study. Any deviation from these trajectories will therefore 
reduce buckling loads. In addition, the manufacturing process uses high 
temperatures for material processing, resulting in the formation of 

thermal residual stresses, resulting in the panels warping to a small 
degree, which remained in the area between the stiffeners after they 
were bonded on. Even though curing of the stiffeners in the autoclave 
process flattened the panels to a large degree, some thermal stress is 
expected to have remained in the panels, having a detrimental effect on 
the buckling load. Consequently, the mismatch between predicted and 
measured buckling loads can be attributed to the defects induced by 
panel manufacturing process. With different materials or construction 
types (e.g. a homogeneous metallic skin section), a good match is 
expected. 

Some misalignment in the longitudinal placement of the panel was 
observed by reading strain gauge data. This problem occurred despite 
attempts to place the centre of the panel directly under the loading nose. 
When strain gauges are used, their location must be carefully recorded 
with respect to the actual load introduction point, and so it is recom-
mended that additional measures are taken to ensure the panel is cen-
tred. It is worth noting that the lengthwise centring achieved here does 
not change the measured buckling load, yet changes the location of the 
strain gauges relative to the loading edge, which influence the measured 
strain values. 

The comparison with large scale tests (wingbox) shows the impor-
tance of progressing to using tests that capture complex behaviours of 
actual structures. Traditional axial compression tests show widely 
different behaviours depending on the nature of the boundary condi-
tions. These tests must be carefully chosen to simulate the loading of the 
actual structure of interest, otherwise inappropriate results may be ob-
tained. Our new test captures the physics of a stiffened panel in bending 
to a high degree, accounting for through-thickness stress variation and 
Poisson’s ratio effects, at a fraction of the time and cost of performing a 
large-scale test. 

In addition, the test is also easily adaptable to represent different 
structural load applications. Firstly, the length between supports 
(boundary edges) is adjustable, to provide different ratios of bending 
moment to shear load, as required. Should only a constant bending 
moment be required over the length of the test section, a 4-point bend 
test can be used instead. In addition, changing the flexural stiffness and/ 
or geometry of the stiffeners changes the through-thickness stress 
gradient in the skin. The test configuration can also be used to control 
the test fixture design, to ensure loads are kept within desired levels for 
strength of test apparatus considerations. For example, increasing the 
length between supports results in a desired bending moment being 
achieved with a smaller shear force. Other configurations may also be 
considered, such as a combined compression and torsion case (by 
adjusting the height of the supports) or use of a curved panel, which is 
not possible to test using regular axial tests. 

Finally, the numerical model of the skin section also replicated the 
behaviour of the full-scale numerical model of the wing, yet at less than 
5% of the time and cost to run such a complex model. Therefore, the 
proposed test configuration could be used in a modelling case to test 
more complex structural behaviours. Optimisation studies could also 
benefit from this observation. 

5.2. Physical understanding of the new test method 

To understand the parametric study performed in Section 4.1.1, and 
to gain insight into the physics behind the test method, an analogy with 
bi-axial loading is drawn. As already mentioned for the clamped 
boundary conditions in a pure compression test, a bi-axial compression 
state exists due to the lateral sides being prevented from expanding 
(Poisson’s effect). Since in the new test method the stiffeners resist in- 
plane deformation arising from Poisson’s effects, a bi-axial loading 
state also exists in the new test set-up. Hence, even though the buckling 
load is dictated by the out-of-plane stiffness matrix D, the additional 
loading arises due to the pre-buckling in-plane stiffness and the load 
introduced by the plate not being allowed to expand. 

Assuming that the strain in y-direction εy and the shear strain κxy are 
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zero (i.e., being prevented by the stiffeners), and the laminate is sym-
metric, force and strain are related as: 
⎡

⎣
Nx
Ny
Nxy

⎤

⎦ =

⎡

⎣
A11 A12 A16
A21 A22 A26
A61 A26 A66

⎤

⎦.

⎡

⎣
εx
0
0

⎤

⎦ (1)  

where N denotes the normal stress resultant and A is the in-plane stiff-
ness matrix. From Eqn. (1) then 

Ny

Nx
=

A12

A11

Nxy

Nx
=

A16

A11

(2) 

Therefore, no shear force exists if the laminate is symmetric and 
balanced. To compare to previous results from Weaver [21] concerning 
induced secondary stress states in composite panels, a stacking sequence 
of [±θ]s is used. This stacking sequence is symmetric, hence the above 
formulas hold. 

For the laminates the ratio of Ny to Nx as a function of θ is shown in 

Fig. 16. For θ between 50◦ and 75◦ it is perhaps surprising that the force 
in the y-direction is larger than the force in the x-direction. The 
maximum force appears at an angle of around 65◦ which is the angle that 
was found to be the best angle (in combination with two 90◦ plies in the 
middle) in the parametric study. The magnitude of the force Ny is larger 
than that used by Weaver, but still the general trend matches relatively 
well, as can be observed by comparing Figs. 17 and 18. The initial drop 
shown in Fig. 18 can be explained by the increase in Ny. The largest 
buckling load obtained occurs at a larger angle than in Ref. [21], which 
can also be attributed to the larger value of Ny as the largest buckling 
load occurs for larger angles when the ratio of Ny to Nx increases. 
Another notable fact is the higher tensile force due to the 90◦ ply than 
the 0◦ ply. This effect is the reason the 90◦ ply leads to a higher buckling 
load than the 0◦ ply, and hence justifies the choice of having a 90◦ ply 
rather than a 0◦ ply at the symmetry plane. 

A similar result was also found by Sebaey et al. [25] who optimised a 
plate under bi-axial compression for highest failure load. The failure 
load was defined as either buckling occurring or a failure criterion being 
violated. For a ratio of Ny to Nx of 0.125, the optimal laminate was found 
to consist of ±45◦ and ±50◦ plies. When the ratio is increased to 0.25, 
the optimal laminate consists of ±50◦, ±55◦ and ±60◦ plies. For a ratio 
of 0.5, the optimal laminate consists of ±60◦ and ±65◦ plies. Hence, the 
general trend is that the larger the ratio of Ny to Nx, the greater the 
optimal fibre angles become. Hence, combining the information on the 
ratio of the forces and the optimum angle obtained in this work, results 
between the two studies are similar. 

6. Conclusions 

A simple method for testing the compression buckling response of 
stiffened panels has been proposed and a proof-of-concept has been 
given using a combination of experiments and FE modelling. A FE based 
modelling and parametric study comparing the proposed test against 
traditional pure compression tests and full-scale wingbox section tests 
showed that the proposed test captures the behaviour of large-scale tests 
(in this example a wingbox) in a representative manner, while 
conversely conventional, standard compression tests can produce 
varying and misleading results, as was shown by the different trends in 
buckling load when varying the lay-up. These additional behaviours, 
captured using the proposed method, include an in-plane variation in 
bending moment, as well as a bi-axial stress state due to Poisson’s effects 
which cannot be captured using conventional standard buckling tests 

Fig. 16. Ratio of Ny over Nx as a function of θ for [±θ]s and [θ].  

Fig. 17. Normalised buckling load with respect to the QI layup of [±θ]s layup.  
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due to their non-representative boundary conditions. Digital Image 
Correlation and strain gauge results from experiments were used to 
verify the proposed method. Simple adjustments to the test frame (e.g. 
length, three- or four-point bending) can be made to tailor the bending 
moment, shear force and through-thickness stress distribution of an 
actual structure. 

The results show that the proposed testing method, which exploits 
bending instead of compression to induce buckling, is simpler to 
perform, more cost-effective, more robust and more representative of 
stiffened panels subjected to buckling in real structures than the small 
coupon test that introduce pure compression into the coupons. 
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