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Abstract

The design of light aircraft sandwich structures is driven by a local buckling phenomenon 

named “wrinkling” which can be the primary cause of failure of such structures. Structural 

tests using the VERTEX methodology were performed to access the wrinkling behaviour of 

558x536 mm² technological sandwich specimens representative of the design used in light 

aviation. The operating principle of the VERTEX machine is the use of four hydraulic actuators 

to load a rectangular box structure, the upper part of the central box being closed by the 

sandwich under test. Thus, sandwich specimens were tested under compressive and shear 

loading. A wrinkling scenario was identified thanks to Stereo Digital Image Correlation and a 

high-speed camera. Wrinkling localisation is driven by mechanical and geometrical aspects. 

Experiments on wrinkling in sandwich panels remain rare in the literature at this level of the 

test pyramid for certification of aeronautical structures. This upper scale presents some 

advantages as it allows multiaxial loading and boundary conditions consistent with a 

lightweight aeronautical structure. Technological elements can also be added to study their 
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influence on the structure. The result will lead to interesting future investigations on the 

dialogue between experiments and models in a forthcoming paper.

1 Introduction

A sandwich structure consists of two thin, high-strength material skins that are separated by 

a thick, relatively weak, lightweight material, the core. Separating the skins by the core 

enhances the bending stiffness of such structures, without leading to a significant increase in 

mass. The skins carry in-plane loads and the core transfers load between the skins, essentially 

by transverse shear and normal stresses. Their high specific bending stiffness makes sandwich 

structures attractive and they have been widely used in aviation for more than a hundred 

years now [1]. They are being increasingly used for primary structures for light aviation (like 

the “Elixir” from Elixir Aircraft®, certified by the EASA in June 2020 [2]). However, the 

difference in mechanical and geometrical properties between skins and core induces several 

complex failure scenarios [3]. One of them, local buckling named “wrinkling”, can be a primary 

cause of failure, especially on sandwich structures where the mechanical properties of the 

core are very low. Wrinkling is a local instability of the skins, which manifests itself when a 

sandwich structure is subjected to compression or shear loading. The buckling pattern takes 

the form of short-wavelength wrinkles in the skins, the length of which is of the order of the 

thickness of the sandwich [4]. In an industrial approach to structural sandwich structure 

design, an effective methodology for wrinkling sizing is under discussion and historic analytical 

formulas are still mainly used [5][6][7][8]. Even though less restrictive formulations have been 

developed recently [9][10][11]. A critical review of the literature and a benchmark study has 

shown that classical and more recent analytical formulas have limitations for recent sandwich 

structure designs [12]. These limits can be removed with numerical resolution as for the model 
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developed in [13] based on the Carrera Unified Formulation (C.U.F). In order to investigate the 

post-buckling behaviours of sandwiches, finite element modes have been developed [10]. 

More recently, studies have focused on the development of enriched finite element models 

[14] [15] where higher-order kinematics is adopted for the core. The non-linear solution uses 

the asymptotic numerical method (ANM). The principle of this method is to convert the 

system of non-linear equations into higher-order polynomial series. The model accurately 

predicts the critical loads as well as the bifurcated post-buckling branches while having a 

reduced computational time. These models are challenged by exact analytical solutions if 

available or by Finite Element results [16][12] but theoretical-experimental correlation must 

be the final validation step. However, reports of experimental tests on the wrinkling 

phenomenon are still scarce in the literature. Previous works have shown that the high 

sensitivity of compressive tests to boundary conditions and initial geometrical defects leads 

to difficulties in correlating experiments and models [5][4][17]. This is particularly true at the 

beam scale, which corresponds to most of the experimental studies in the literature. To 

improve the quality of testing, particular attention must be paid to mastering the boundary 

conditions, and to correct introduction of the compression load [5][18][19]. Some 

recommendations are also proposed in the ASTM standard C364-94 or the French NF T 54-

604. Fagerberg [20] performed tests on sandwich specimens under biaxial compressive 

loading with a universal traction/compression machine (primary load) where the transverse 

force (secondary load) was applied via two sheaves and a pair of wires with prepressed 

threaded end fittings. In the case of shear, the deformable square bench applied to sandwich 

panel is proposed by ASTM standard D8067. The method is used in [21] to assess the core in-

plane shear load contribution to failure modes and especially global buckling. The standard is 

reliable to obtain the in-plane shear properties of sandwich structures with a special focus on 
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proper hinge mechanisms around the four corners. However, in these two examples, the size 

of the specimens is closer to that of a panel than a coupon. This shows that multiaxial loading 

at the coupon scale is difficult due to the small size characteristic of this scale. Thus, an 

interesting approach is to study the upper stage of the “pyramid of tests” [22] called 

"technological" – in other words, to switch from coupon scale to panels. This upper scale 

allows sufficient space to manage boundary conditions (skin reinforcement and ply drops with 

smooth release) and to add technological elements (local reinforcement, stiffener, etc.) to 

study their influence on the panel. At this stage of the “pyramid of tests”, we can note the 

work of [23] in the context of a wind turbine application. A multiaxial test bench is developed 

enable loading conditions that are representative for realistic loading conditions present in 

wind turbine blades. A grid-scored foam cored single-curved composite sandwich panel is 

tested and experimental and computation dialogue is performed via FEM. This state-of-the-

art review shows the need to generate wrinkling test cases at the technological scale and to 

evaluate analytical and numerical models representative of an actual industrial aeronautical 

application.

Therefore, this paper aims to propose protocols/methods with results and analysis for 

sandwich panels tested under compressive and shear loading, where wrinkling-type failure is 

observed. Sandwich panel configurations are chosen to be consistent with the sandwich 

structures used in light aviation (details in 2.1.2). The VERTEX test bench (Figure 1) developed 

by Castanié and first used by Serra et al. [24][25] is used here. VERTEX, for “Experimental 

modelling and validation of composite structures under complex loading” (French acronym) 

[26], is a French National Research Agency project. It is in line with the need to reduce the 

number of tests at the coupon scale and to develop more representative testing methods 

using a virtual testing approach [27]. The VERTEX test bench is based on previous experience 
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with testing devices using a rectangular box structure [28][29]. The major inspiration comes 

from the work done by Castanié et al. [30][31], who developed a complex loading test bench 

where a longitudinal box structure is loaded by four actuators. However, it was pointed out 

that the area of interest of the test machine was too small (200 x 200 mm2) and that the effects 

of boundary conditions were preponderant. Also, it was difficult to estimate the in-plane loads 

that actually penetrate the test piece. The new VERTEX test bench just keeps the same loading 

principle and improves these aspects by a larger specimen size and field measurement 

instrumentation (see §2.2). The level of loading is also about ten times higher. Loading a 

specimen by a box structure has certain advantages. It allows for the introduction of 

considerable complex loading (3000 N/mm in tension and compression, 1000 N/mm in shear 

for the VERTEX test bench) in the specimen by a leverage effect. The operating principle of the 

VERTEX machine consists of four hydraulic actuators used to load a rectangular box structure 

(see Figure 1). 

Figure 1: VERTEX test bench.
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Figure 2: Details of a specimen bolted on to the upper part of the central box of the VERTEX test bench.

The machine structure is a longitudinal box and two cross I-beams. The panel under test is 

bolted to close the upper part of the central box (see Figure 2). Actuators 1 and 2 can push or 

pull symmetrically to place the assembly in 4-point bending and, thus, the panel under test is 

locally loaded in tension or compression. Actuators 3 and 4 can push to twist the centre of the 

box structure, thus locally loading the tested panel in shear. An air-pressurized rubber bladder 

system inserted in the box structure between the I-beams allows the specimen to be subjected 

to an internal pressure of a maximum of 1.6 bar (not used in this experimental analysis). All 

this was done without using the significant number of powerful, expensive actuators that 

would have been needed if loading was directly applied to the specimen [32]. Also, the fact 

that the specimen is an integral component of the test bench structure develops boundary 

conditions representative of what a sandwich panel can undergo in real conditions (complex 

loading induced by a structural behaviour, Poisson ratio effect, redundancy of the load paths). 

Since several studies have used the VERTEX test bench. Serra studied the failure of carbon 

fibre reinforced polymer notched plates [25][33]. Trellu studied the effect of low-velocity 

impacts on carbon fibre reinforced polymer plates under multiaxial loading [34].
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2 Materials and method

Asymmetric sandwich structures used for helicopter structures [1] inspired the specimen 

geometry discussed in this paper. The specimens consisted of a monolithic peripheral area 

and an asymmetric sandwich central area including the tapered region (see Figure 3). The 

monolithic peripheral area was drilled to bolt the specimen to the VERTEX test bench. The 

specimen was positioned as shown in Figure 1 and bolted on its 4 sides with 128 screws and 

aluminium tabs (see 

Figure 2). The external dimensions were 558x536 mm², and the sandwich area with the 

tapered regions was 390x390 mm² and about 21 mm thick (core and skins) (Figure 3). 

According to the VERTEX methodology described before, the specimens were subjected to a 

compressive loading or a shear loading through the actuators driven in displacement (Figure 

4).

Figure 3: Overall panel geometry.
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Figure 4: Loads expected to be introduced in the specimens.

2.1 Specimen design

Sandwich structures can potentially fail according to multiple scenarios. The one under study, 

wrinkling, was selected through rigorous design. Two ways were developed: first, ensure the 

wrinkling, which must be the first failure scenario to occur in the specimen, then, localise the 

failure scenario to enable effective observation of the phenomenon and minimise the effect 

of undesired boundary conditions, as far as possible. 

2.1.1 Geometry

The lower skin of the sandwich plane is not accessible as it faces the interior of the test bench 

box structure. 

Figure 5: Bending effect on asymmetric sandwich structure.

Since the observable surface is the upper skin, it is imperative to localise the wrinkling on it. 

In compression, the asymmetric geometry of the plate allows the upper skin to be more 

loaded than the lower skin and therefore to buckle locally first. This offset between the load 

introduction axis and the mean geometric plane of the sandwich structure leads to a bending 



9

moment, which induces an additional compressive load in the upper skin and a tensile load in 

the lower skin (blue arrows in Figure 5). This phenomenon has already been identified with 

asymmetric sandwich structures tested by Castanié et al. [31] and recalled in [1]. Under shear 

loading, the offset of the middle plane does not play any role because the tension and 

compression at 45° cancel each other out. The shear load is shared in the same proportion as 

the skin stiffness [31]. Therefore, reinforcement in the lower skin is required to localise the 

buckling on the upper skin (Table 1). 

2.1.2 Materials

Pre-sizing using finite element models and the experience acquired during previous 

compression tests on sandwich beams helped to define the choice of materials, stacking 

sequences, reinforcements, and core thickness allowing wrinkling to be obtained as the first 

failure scenario under compressive and/or shear load. The materials used for the specimens 

were a PMI foam of 51 kg/m3 or NOMEX® honeycomb of 29 kg/ m3 and prepreg epoxy/carbon 

woven fabric that was unidirectional for the skin (Table 1). Despite lower strengths and 

stiffnesses than the Nomex honeycombs, foams remain widely used in light aviation due to 

the ease of manufacturing (cutting, machining, forming, and bonding to the skins). The skins 

were glued to the core by an adhesive film. A "one-shot/co-cured" process was used in the 

autoclave. To have the upper skin as flat as possible, it faced the mould and calibrated plies 

were used to leave the core undeformed with the ply drops (Figure 6). No counter-mould was 

used; a vacuum bag was applied instead. The core (foam or honeycomb) was 20 mm thick.
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Figure 6: Cross-sectional drawing of specimens with the manufacturing process.

To localise the wrinkling in the centre of the panel, a high-density foam frame was used to 

reinforce the tapered area of the sandwich where local stresses could be relatively high (Figure 

7). For specimens under compressive loads, the nominal area was 260x260 mm2 (pink in 

Figure 7(a)). For specimens under shear load, the nominal area (pink in Figure 7(b)) was 

lozenge-shaped so as to have edges perpendicular to the main stresses at 45°. Pre-sizing had 

shown that buckling occurred at the corners and was restrained if a square reinforcement 

shape was used, which was not intended. For specimens with NOMEX® honeycomb core, the 

ribbon direction (L) is specified in Figure 7.

https://www.linguee.fr/anglais-francais/traduction/restrained.html
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Figure 7: Definition of the cores of the specimens.

Figure 8: Definition of the specimen skins.
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For the same reasons, skins in the tapered area were reinforced (dark brown area in Figure 8). 

For specimens under compressive load, the monolithic area was reinforced in the specimen 

height (dark area in Figure 8(a) and (b)), to avoid bolt bearing. In the width, the monolithic 

area was left with a relatively thin laminate (grey area in 8(a) and (b)) so that this area did not 

bear all the loads at the expense of the sandwich area. For specimens under shear load, the 

nominal skin (light brown area in Figure 8(c)) was lozenge-shaped. It should be noted that ply 

drops are not detailed in Figure 8; in the sandwich area, 10 mm was left between each ply 

drop. The nominal skin (light brown area in Figure 8) extended beyond the nominal core area 

(pink area in Figure 7), to avoid having a ply drop and core interface in the same area. The area 

where the stacking sequence corresponds to Table 1 is called the “nominal area” (where 

wrinkling is expected) and is shown in Figure 6. 

In the nominal area, the panel configurations tested were consistent with the sandwich 

structures used in light aviation. Five specimens were manufactured, which corresponded to 

typical stackings used in different locations of the aircraft. In specimen F51_D2, tested under 

compressive load, a 60 mm wide strip of 2 x unidir 0° ply was added (blue area in Figure 8(b)). 

In specimen N29_D3, tested under shear load, the ribbon direction, L, of the honeycomb core 

was on the x-axis (Figure 7(b)) and not at the 45° direction of the theoretical principal stresses. 

Table 1: Specimens stacking sequence in nominal area. Specimen nomenclature is F51_... or N29_... for PMI foam or 

NOMEX® honeycomb respectively and …_Dx for specified stacking sequence.

Specimen F51_D1 N29_D1 F51_D2 F51_D3 N29_D3

Loading Compressive Compressive Compressive Shear Shear

Fabric +/- 45° Fabric +/- 45° Fabric +/- 45° Fabric +/- 45° Fabric +/- 45°
2 x Unidir 0°

Fabric 0°/90° Fabric 0°/90° Fabric 0°/90° Fabric +/- 45° Fabric +/- 45°
adhesive film adhesive film adhesive film adhesive film adhesive film

Stacking
sequence

PMI foam 
NOMEX® 

honeycomb 
PMI foam PMI foam

NOMEX® 
honeycomb
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2.2 Measurement systems

Because of intrinsic structural redundancies in the VERTEX test bench and the fact that the 

specimen is an integral component of the test bench structure, no transfer function currently 

links actuator forces with stresses entering the specimen. To estimate the stresses entering 

the specimen during the test, an in-situ strain measurement method had to be used. To 

capture the failure scenario, the test bench was equipped with several measurement systems 

as shown in Figure 9. 

Figure 9: Camera set up on the VERTEX test bench.

Stereo Digital Image Correlation (SDIC) is a very reliable method that has already been used 

on previous VERTEX tests [24][25][34]. Moreover, SDIC can measure out-of-plane 

displacements and reconstruct a 3D shape evolution. This is particularly useful for observing 

wrinkling, which manifests itself as short, out-of-plane waves in the skins. To achieve this SDIC, 

a speckled pattern was applied to the specimen’s upper skin. It was made by using paint rollers 

adhesive film adhesive film adhesive film adhesive film adhesive film
Fabric 0°/90° Fabric 0°/90° Fabric 0°/90° Fabric +/- 45° Fabric +/- 45°
Fabric +/- 45° Fabric +/- 45° Fabric +/- 45° Fabric +/- 45° Fabric +/- 45°

Fabric +/- 45° Fabric +/- 45°
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where the size of the dots was chosen according to the cameras' resolutions and fields of view. 

Two SDIC systems of five Mpx cameras were employed. A far-field system measured the entire 

upper surface of the specimen up to the tabs (area of 400x400 mm) (Figure 10(b)). This 

allowed the overall displacement fields in the specimen to be analysed. A near-field system 

focused on a particular, limited area of the specimen (Figure 10(a)), thus improving the 

accuracy of measurement. The focus was chosen where wrinkling was likely to occur. The 

acquisition frequency was set to two images per second. Vic3D_ software (Correlated 

Solutions Inc., Columbia, SC, USA) was used for post-processing.

Figure 10: SDIC captures.

A high-speed camera (7000 fps) was also used to observe a potential explosive failure (Figure 

11(a)). Finally, an infrared camera (500 fps) was added to the setup (Figure 11(b)) to allow for 

possible wrinkling-type failure measurements. In particular, it enables the capture of fiber 

breakages and their locations, thus permitting the identification of the failure scenario. In the 

lower skin, several “Rosette” gauges were used (Figure 12). An acoustic camera was also 

present for one trial (Figure 9, left side) but the results were not sufficiently relevant and are 

not reported here.
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Figure 11: High-speed camera and infrared camera captures.

Figure 12: Locations of "Rosette" gauges.

3 Results

Installing the specimen on the test bench by bolting the 128 screws induced some initial 

stresses in it as the sandwich panel had high bending stiffness and did not compensate for the 

initial geometrical imperfections between the test bench and the specimen. Installation of the 

specimen on the test bench thus yielded residual compressive and shear strains. F51_D3 was 

the specimen where the highest residual principal compressive strains, of about -500 µstrains, 
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were observed in the nominal area, i.e. 10% of the ultimate failure strain. However, an average 

of -200 µstrains in the nominal area was observed over all specimens.

3.1 Overall behaviour

3.1.1 Specimens under compression 

Figure 13: Specimen F51_D1 general behaviour.

The specimen panels bent globally (Figure 13(a)), a consequence of the asymmetric geometry 

(see § 2.1.1). The plot of Figure 13(b) shows the evolution of  at the centre of both skins 𝜺𝒙𝒙

and highlights the non-linear bending behaviour of the tested panel. The upper skin had a 

quasi-linear response and underwent higher loading whereas the response of the lower skin 

was non-linear. The nonlinearity was due to coupling of the sandwich deflection and the load. 

This behaviour had already been observed with asymmetric sandwich panels tested by 

Castanié et al. [31] and was expected.

3.1.2 Specimens under shear

The global bending behaviour presented previously was not present here because the tension 

and compression at 45° cancelled each other out. The plot of the strain evolution at +/-45 (

) shows a quasi-linear response in both skins. Nonlinearity was not likely to occur as the 𝜺𝒙𝒚

deflection was very small. Note that strains were greater in the upper face, as a consequence 



17

of the stiffness difference between the sandwich skins: the upper skin had two plies of +/-45° 

fabric, whereas the lower had three plies of +/-45° (Table 1). This confirms the pre-sizing 

performed. 

 

Figure 14: Specimen F51_D3  of upper and lower faces against test progress.𝜺𝒙𝒚

3.1.3 Strain fields

Figure 15 shows in-plane strain fields in the upper face obtained by SDIC of two specimens 

just before failure. The reference image (time 0 and strain field equal to zero) was taken when 

the specimen was simply laid down on the VERTEX bench, i.e. before it was clamped by bolting 

the 128 screws. In the nominal area, strains were globally uniform and corresponded to the 

theory. For the specimens under compressive loading, the average principal compressive 

strain direction in the nominal area was not more than 5° from the x-axis. Some transverse 

traction appeared (Figure 15 positive  field of F51_D1 column). The specimen was clamped 𝜺𝒚𝒚

on its 4 sides and reacted with the boundary condition imposed by the central box of the 

VERTEX test bench. Poisson’s strains were thus blocked and transverse tension appeared in 

consequence. This must be quite representative of what a sandwich panel can undergo in a 

structure in real conditions. Some shear was observed at the corners, but it was nearly zero in 
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the nominal area (Figure 15  field of F51_D1 column). For the specimens under shear 𝜺𝒙𝒚

loading, the average principal compressive strain direction was about 38° from the x-axis. 

Some traction is shown by the non-null  components (Figure 15 positive  field of F51_D3 𝜺𝒙𝒙 𝜺𝒙𝒙

column). This was a consequence of a coupling between torsion and bending of the of the box 

structure. When operated for this stress, it generated parasitic tensile forces. This has already 

been encountered in [34] [30]. For these tests, compensation was not carried out to diminish 

these tension forces since the authors were afraid of perturbing the wrinkling phenomena. 

Local gradients, in the form of strips (Figure 15  field of F51_D1 column and  field of 𝜺𝒙𝒙 𝜺𝒙𝒚

F51_D3 column) were present at the edge of the nominal area, reflecting a local bending 

induced by wrinkles. The strain fields exhibited a grained noise, a consequence of the SDIC 

parameters used, which are justified in § 3.2.1.
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Figure 15: Strain fields just before failure of the upper faces of specimen F51_D1 under compressive loading and specimen 

F51_D3 under shear loading.

3.2 Local behaviour

3.2.1 Specimens under compression

3.2.1.1 Buckling behaviour

Locally, specimens F51_D1 and F51_D2, presented similar behaviour. The formation of a 

wrinkling at the interface between the nominal core and the high-density foam can be 

observed in Figure 16(a) and (b), and Figure 18(a) and (b). It appears at the end (>80%) of the 

test (Figure 16(b) and Figure 18(b)). The failure load (test progress equal to 1) is the moment 

when the core breaks in tension (see the following subsection 3.2.1.2) and the plate loses its 
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stiffness. a very loud noise is heard which also corresponds to the sudden propagation of a 

crack in the skin at the local buckling level. 

Figure 16: Specimen F51_D1 local behaviour.

Wrinkling failure localisation is driven by geometrical and mechanical aspects. The 

nominal/high-density core interface leads to a gap in core stiffness (high-density core modulus 

is about three times higher than the nominal PMI foam) and induces local bending in the 

sandwich skins [35][36] likely to trigger instabilities. Moreover, SDIC revealed an initial slight 

local dent in this area in specimens tested under compression (Figure 17). The dent was about 

0.04 mm, which is about 10% of the sandwich skin thickness in the nominal area. 

A technical explanation is difficult to justify, especially since particular attention was paid to 

the flatness of the upper skin (see § 2.1.2 and Figure 6). It was probably a manufacturing 

defect. As for dents in compression after impact on sandwiches [37][38], this shape generates 
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non-linear local bending moments which may increase the depth of the dent and therefore 

promote the local appearance of wrinkling [19]. So, this local imperfection localises the 

wrinkling failure in the specimen. Figure 16(c) and Figure 18(c) show plots of the strain’s   𝜺𝒙𝒙

evolution measured at inspection points P1 and P2, and the averaged strain E0 taken along a 

line in the centre of the nominal area (see Figure 16(a)). The average strain is calculated via 

the ratio of the difference between the two ends of the line E0 with the length of the line E0 

(as a numerical extensometer). The evolutions of strain in P1 and P2 differ from the averaged 

E0. This is due to the non-linear local response initiated by the dent, which generates out-of-

plane displacements and thus affects local in-plane strains. Strain evolution at P1 and P2 first 

decreases linearly with the load, then becomes non-linear as a consequence of the 

appearance of the wrinkling wave (around 80% of the failure load). This phenomenon was 

local, so the non-linearity did not influence the average strain E0, which remained linear until 

failure. In specimen F51_D2, where a 60 mm wide strip of two Unidir 0° plies was added, the 

wrinkling was positioned in this stiffened area, which drained the loads (Figure 18 (a)). The 

localisation of wrinkling failure can thus be chosen by playing locally on the in-plane stiffness 

of the skin.

Figure 17: Upper skin initial shapes against X coordinate at nominal and high-density foam interface of specimen F51_D1.
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Figure 18: Specimen F51_D2 local behaviour.

Noises in the strain curves at P1 and P2 are observed in Figure 16(c) and Figure 18(c). Local 

strain computation from DIC depends on several parameters. The displacement is averaged 

over a square of size , where  is the size of the 𝐽(𝑝𝑖𝑥𝑒𝑙𝑠) = 𝑁𝑠𝑡𝑒𝑝(𝑁𝑓𝑖𝑙𝑡𝑒𝑟 ― 1) + 𝑁𝑠𝑢𝑏𝑠𝑒𝑡 𝑁𝑠𝑢𝑏𝑠𝑒𝑡

area used to track the displacement between images,  is the number of pixels between 𝑁𝑠𝑡𝑒𝑝

the points that are analysed during correlation and  is the number of points in the 𝑁𝑓𝑖𝑙𝑡𝑒𝑟

calculation window (see Figure 19). The decay filter used is a 90% centre-weighted Gaussian 

filter. A good compromise was chosen between data noise and sufficient accuracy to capture 

the actual strain at the centre of the buckling wave. The wrinkling half wave-lengths observed 

were about 10 mm. A strain calculation window of 45 pixel square was chosen to have the 

same order (pixel size is equal to 0.2 mm). With these parameters, the average confidence 
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margin for out-of-plane displacement W is about 0.003 mm. In Figure 16(a) and Figure 18(a) 

the curvature evolution , calculated as the inverse diameter of the circle locally tangent to 𝑪𝒙𝒙

the out of plane displacement, does not have a quantitative legend. Quantitative results are 

not consistent with the expected order of magnitude. As a strain computation, the curvature 

depends on a calculation window that is far too large compared to the one required to obtain 

consistent data in the local wrinkle area. However, the curvature evolution gradient remains 

an intersecting indicator for locating wrinkling. These remarks are valid for specimens under 

shear.

Figure 19: Parameters of the local strain computation from SDIC (scheme symbols not representative 

of the values used in this paper) [33], [34].

3.2.1.2 Failure scenario for compression loading

For specimens F51_D1 and F51_D2, the failure behaviour was similar. The specimens failed by 

wrinkling of the upper skin, which validates the design of the specimens. A wrinkling wave 
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appeared, the core was crushed, and the wave then spread over the width. Finally, the core 

failed in tension and the wave moved on over a large part of the nominal area (Figure 20). 

Figure 20: Failure scenario for specimens under compression.
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The wrinkling wave appearance lasted a few seconds and could be observed by SDIC 

(acquisition frequency of 2 fps). However, failure, beginning with core crushing, was very fast 

and lasted about 2 milliseconds. The failure scenarios could be accurately reconstructed 

thanks to images taken by the high-speed camera (Figure 21). Skin static failure could be 

observed soon after the wrinkling failure (Figure 21). An exception, specimen N29_D1, failed 

by a static compressive rupture in the monolithic laminate area (Figure 20(b)). Thanks to the 

thermal camera, we observed that the failure propagated from a hole at the edge of the 

specimen panel. That area presented stress concentrations where ply drops accumulated. It 

seems that the upper skin in the nominal area did not reach the wrinkling critical stress. 

However, it allowed a minorant to be found for comparison with other specimens (see § 3.3).

Figure 21: Images taken with a high-speed camera (7000 fps) for specimen F51_D3 tested under shear.
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The specimens were cut postmortem, and the foam crushing and tensile cracks were distinct 

in specimens with foam core (Figure 22).

Figure 22: Post-mortem cutting of specimen F51_D2.

3.2.2 Specimens under shear

3.2.2.1 Buckling behaviour

Contrary to the situation in specimens under compressive loading, the formation of several 

wrinkles was observed in the nominal area. For specimen F51_D3, the maximum wave 

amplitude appeared at the interface between the nominal area and the high-density foam 

(Figure 23(a) and (b)). Specimen N29_D3 showed interesting behaviour. The maximum wave 

amplitude was located in the central nominal area (Figure 24(a) and (b)). The wrinkling wave 

was not precisely at -45° from the x-axis but around -40° (Figure 24(a)), practically 

perpendicular to the principal compression strain (see Table 2). This is consistent with 

predictions by several authors who have worked on the theory of wrinkling under combined 

loading [39] [40]. We did not observe it in specimen F51_D3 because the wrinkling wave 

direction is driven by the interface with high-density foam, which was precisely at -45° from 

the x-axis. 
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Figure 23: Specimen F51_D3 local behaviour.

The rigid motion of the panel has been removed, leaving only deformation components of 

displacement, shown in Figure 23 (b) and Figure 24 (b). The processing method, directly 

proposed by the software, calculates the average transformation for each image and inverts 

it to obtain an image with an average displacement/rotation of zero [41]. Only object 
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deformation will be reflected in the transformed U, V, and W displacements. The process is 

used for visualization purposes. For this loading case, an inherent behaviour of the test bench 

makes the overall rigid out-of-plane displacement of the panel very great relative to its 

deflection and even more so to the buckling waves.

Similarly to what was observed in the compressive test, the evolution of the principal 

compressive strains  at inspection points P1 and P2 (Figure 23(c) and Figure 24(c)) showed 𝜺𝟐

a linear trend with load, followed by a non-linear regime at the end. Again, this can be 

attributed to the onset of local buckling that took place at around 80% of the failure load. We 

note that, for specimen N29_D3, the strain evolution at P1 and P2 (slope of the curve) was 

similar to that of the averaged strain E0 taken in a line in the centre of the nominal area (Figure 

24(c)). No initial imperfection was observed in this area. The analysis proposed in §3.2.1.1, 

where an initial defect affected in-plane strains, was not accurate here. We observed a wave 

phenomenon in curves P1 and P2 (Figure 24(c)). This was not considered as true mechanical 

behaviour but as an artefact of the SDIC strain calculation process, which could be due to the 

frequency of the lighting in the test room. 
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Figure 24: Specimen N29_D3 local behaviour.

3.2.2.2 Failure scenario for shear loading. 

For specimens under shear, the wrinkles appeared around the direction -45° from the x-axis 

because the compression along the +45° direction was associated with shear loading (Figure 

25). Then, the scenario was comparable to those observed in specimens under compression. 

Skin static failure could be observed soon after the wrinkling failure.
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Figure 25: Failure scenario for specimen under shear.

3.3 Compressive and shear strains at failure

Table 2: Average strain at failure.

Specimen F51_D1 N29_D1 F51_D2 F51_D3 N29_D3
Loading Compression Compression Compression Shear Shear

Failure type wrinkling Compressive 
Skin static failure wrinkling wrinkling wrinkling

Principal compressive 
direction 3.9° 3.0° 3.6° 38.2° 38.5°

Average compressive 
strain at failure

 = -5400 𝜀𝑥𝑥
µstrains

  = -6050 𝜀𝑥𝑥
µstrains

 = -3400 𝜀𝑥𝑥
µstrains

 = -4600 𝜀2
µstrains

 = -7280 𝜀2
µstrains
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Noting the strain where the failure occurs as the actual wrinkling strain might be interesting. 

However, in this area, the wrinkles appear, and the stress state is no longer in the membrane 

only but also in bending; making the measurement and calculation of an equivalent pure 

membrane stress complex. From an engineer's point of view, to find a wrinkling’s allowable, 

it is more appropriate and conservative to take the average strain in the nominal area; which 

remains linear throughout the test (see §3.2). 

Table 2 shows the superiority of the NOMEX® honeycomb core (29 kg/m3
, noted N29) over the 

PMI foam core (51 kg/m3
, noted F51) in wrinkling resistance – both in compression (where the 

specimen N29_D1 even failed statically) and in shear. Such a result is logical because the out-

of-plane characteristics are superior at almost twice as high as the PMI foam. The superiority 

is even more important if we relate them to the mass. The specimen F51_D2 shows that the 

concentration of stiffness in a local area (60 mm strip of 2 × 0° ply) drains the loads, localises 

the buckling and causes the sandwich structure to wrinkle at a lower strain level. Note that a 

quantitative comparison between specimens F51_D1 and F51_D2 is not possible because their 

overall membrane stiffness is not the same. 

4 Conclusion

This paper presents an experimental methodology to test the wrinkling behaviour of 

aeronautic sandwich structures. Five sandwich panels were bolted on 4 sides and tested in 

compression and shear using the VERTEX test bench. The technological/panel scale with the 

VERTEX test bench allows multiaxial loading and boundary conditions that come close to the 

reality of what a sandwich panel can undergo in an aeronautical lightweight structure. The 

specimen geometry, material definition and measurement tools have demonstrated their 

effectiveness in the observation of wrinkling. The asymmetric geometry of the sandwich 
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specimens with core and skin reinforcements allows the wrinkling failure to be located in the 

upper skin while reducing side effects. Locally, specimens (except N29_D1 which failed 

statically) present similar failure behaviour. One or more wrinkles appear at around 80% of 

the failure load. The specimen then fails locally by core crushing, which is quickly followed by 

a core tensile failure and wave spreading over a large area. This scenario lasts about 2 

milliseconds and was successfully observed with a high-speed camera (7000 fps). It appears 

that wrinkling is driven by mechanical and geometrical aspects. The interface between the 

high-density foam and nominal area induces a gap in out-of-plane core stiffness (high-density 

core modulus is about three times higher than the nominal PMI foam), where initial 

geometrical defects are also observed in some specimens. These aspects develop local 

bending and displacements with load, giving rise to both in-plane and out-of-plane stress. This 

facilitates the start of the buckling process and localises the wrinkling failure. 3D shapes and 

strain field evolutions have been quantified thanks to SDIC. In-plane strains in the wrinkling 

area show the onset of local buckling. Compressive strains first decrease linearly with load, 

until the wrinkling wave appears. It then becomes non-linear, a consequence of local bending 

due to the wrinkling wave. In the specimen N29_D3, tested under shear load, wrinkles were 

observed in the centre of the panel. The wave's direction was practically perpendicular to the 

main compression strain, which is consistent with theory. Panel scale permits the addition of 

technological elements such as in specimen F51_D2, where a strip of carbon prepreg Unidir 

0° ply was added in the sandwich upper skin, as is typical of some sandwich structures used in 

light-weight aviation. The stiffer area drains the loads, localises the buckling and causes the 

sandwich structure to wrinkle at a lower strain level. Comparison between specimens with 

PMI foam (51 kg/m3) core and specimens with NOMEX® honeycomb (29 kg/m3) shows the 

superiority of honeycomb core in wrinkling-type failure resistance. This result is logical 
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because, even though the honeycomb has a lower density than the foam, its out-of-plane 

mechanical properties are higher. 

These tests at the technological scale provide a large amount of interesting data on wrinkling 

phenomena. The next step is the computation/testing dialogue with existing analytical and 

advanced non-linear finite element models. This is intended to evaluate models in an actual 

industrial aeronautical application and will be the object of a forthcoming paper.
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