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A B S T R A C T

Thermoplastic composite three-stringer panels with omega stiffeners and conduction welded joints are
designed, analysed and tested until final failure to investigate the performance of the welded joint in post-
buckling. The three-stringer panels are designed to be structurally representative of the fuselage demonstrator
of the Clean Sky 2 project STUNNING. A simplified model of the fuselage keel section is analysed by finite
element analysis, using the virtual crack closure technique to model skin-stringer separation of the welded
joint. The post-buckling and skin-stringer separation behaviour of the fuselage section is then adopted as the
reference for the design of the three-stringer panels. Two panels are then tested. The test setup utilises digital
image correlation to measure the deformation of the panels, and a high-speed camera to capture the final
failure mode. The panels failed in post-buckling due to the separation of the middle stringer, with unstable
separation growth followed by separation of the outer stringers and then stringer fracture. The numerical
analysis of the panels, with geometrical imperfections included, is able to predict the structural behaviour
accurately, with only minor differences in buckling shape and separation behaviour.
1. Introduction

The aeronautical field has shown an increase in research and devel-
opment of thermoplastic composite materials. The use of thermoplastic
composites can aid in the sustainability of aeronautical structures,
and in decreasing the manufacturing costs [1,2]. It offers possibilities
for a wide range of manufacturing techniques, such as thermoplastic
welding [3] and co-consolidation processes [4,5]. Other advantages
are high toughness, recycle possibilities, long shelf life and chemical
resistance [6].

Aeronautical composite structures usually consist of a skin with stiff-
ening elements, and can present buckling under compression and shear
loads. Weight savings could be achieved by allowing the structures to
buckle below the ultimate load, which necessitates an increased under-
standing of the post-buckling and failure behaviour, but the failure of
composite structures is difficult to predict due to the complexity and
catastrophic nature [7].

In the post-buckling field of stiffened structures, the skin shows
large out-of-plane displacement which causes high stresses at the in-
terface between the skin and stringer. These high stresses can cause
skin-stringer separation [8]. The majority of research on skin-stringer
separation has been conducted on thermoset composites [9–11], and
only limited research is available regarding thermoplastic compos-
ites [12]. Thermoplastics show higher fracture toughness compared to
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the more brittle thermoset materials, as demonstrated by Reeder [13],
which can highly influence the skin-stringer separation behaviour.

The focus of the research field on thermoplastic composite stiff-
ened structures has been primarily on manufacturing and testing, with
limited research on predicting buckling and post-buckling behaviour.
Flanagan et al. [14] compared joining techniques, namely induction
welding and adhesive bonding, using press-formed stringers. Peeters
et al. [15] designed and manufactured a thermoplastic section omega-
shaped stringer. Oliveri et al. [16] designed, manufactured and tested
a wingbox, which utilised laser-assisted automated tape placement
process with winding and in-situ consolidation.

Tijs et al. [3,6] evaluated conduction welded joints in single lap
shear specimens and characterised inter-laminar behaviour considering
fibre bridging and R-curve effects, both experimentally and numeri-
cally. Brito et al. [17,18] investigated ultrasonic welded single lap shear
specimens, and the effect of misaligned adherents and how to improve
process efficiency and weld quality.

Skin-stringer separation has been researched on stiffened struc-
tures with both blade stringers and omega stringers, mainly made of
thermoset composites [19,20]. Single stringer specimens with a blade
stringer were investigated by Orifici et al. [21] in both pristine and
damaged states with a debond. The panels failed in compression due
vailable online 7 October 2023
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Fig. 1. Lower half of the STUNNING Multifunctional Fuselage Demonstrator, with the keel section highlighted [1,2].
to skin-stringer separation in post-buckling, with the pristine panels
collapsing immediately at the start of separation, and the pre-damaged
panel collapsing after debond growth. The experimental data of Orifici
et al. [21] was used for validation by Riccio et al. [22], who presented
a numerical procedure for skin-stringer separation using both Virtual
Crack Closure Technique (VCCT) and Cohesive Zone Method (CZM).
Multi-stringer panels with blade stringers were designed and analysed
by Degenhardt et al. [23], and the experimental data was used for vali-
dation of a numerical prediction by Orifici et al. [24]. The post-buckling
behaviour was difficult to correlate with the experimental data, due
to the geometrical imperfections highly influencing the post-buckling
shape.

Bisagni et al. [25] designed Single-Stringer Compression Speci-
mens (SSCS) by analysis for the investigation of skin-stringer sep-
aration of stiffened structures with omega stringers. The numerical
methodology included CZM for skin-stringer separation and a contin-
uum damage model for crippling of the omega stiffeners. Specimens
with and without artificial damage were tested, and the numerical
prediction achieved good correlation. Vescovini et al. [9] analysed the
failure behaviour of the SSCS with a simplified model and introduced a
global/local damage approach. The fatigue behaviour of SSCS was anal-
ysed numerically by Raimondo et al. [26] with a VCCT-based approach
for skin-stringer separation. Single-stringer specimens with an initial
delamination were tested in fatigue by Paz et al. [27], investigating the
effect of different load levels and load ratios. A skin-stringer separation
study by Kootte [28] used single-stringer specimens, but instead of in-
plane loading, out-of-plane displacement was applied directly to the
skin to approximate the post-buckling shape.

This research is part of the STUNNING project, which designed
and manufactured the lower half of a thermoplastic multi-functional
fuselage demonstrator [1,2]. The fuselage makes use of manufacturing
techniques such as press-forming, compression moulding and thermo-
plastic welding of several critical joints. In this paper, a three-stringer
panel is designed with the goal of approximating the structural be-
haviour of the fuselage keel section, as it is considered the critical
section due to its low skin thickness and susceptibility to impact dam-
age, for instance, by tool drops. The design of the panel is conducted
with the objective of showing similar structural and failure behaviour
and taking into account manufacturing and testing constraints. A nu-
merical and experimental methodology is developed to evaluate the
strength of the conduction welded joint between skin and stringer in
post-buckling. Two panels, of which the skin is manufactured by NLR
— Netherlands Aerospace Centre, and the conduction welding of the
stringers to the skin is performed by GKN Fokker, are tested until
collapse and analysed with Abaqus.

2. Thermoplastic fuselage section

The lower half of the fuselage of the STUNNING project is shown
in Fig. 1. The keel section is considered as the area of interest, due
2

to its low skin thickness, and is highlighted in red. A fuselage section
Table 1
T700/LM-PAEK Toray CETEX TC1225 material properties [29].
E11 E22 𝜈12 G12 Ft1 Fc1 Ft2 Fc2 F12
[MPa] [MPa] [–] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa]

116 800 9100 0.36 4100 2442 1250 94 212 99

Table 2
Layups of fuselage section.

Layup Thickness (mm)

Skin 12 [−45∕45∕0∕90∕−45∕45] s 2.208
Skin 16 [−45∕45∕0∕90∕0∕90∕−45∕45] s 2.944
Stringer [45∕0∕−45∕0∕90] s 1.656

approximating the keel section is modelled and shown in Fig. 2. The
fuselage section is modelled up to the cargo beams and includes the
vertical beams, frames and clips. The geometries and joining methods
used for the beams, frames, brackets and clips are simplified to lower
the complexity of the models, and because these parts are not of interest
in this research. The total length of the section is 2005 mm, the total
width is 2664 mm, the outer radius is 1926 mm, the stringer pitch
is 212 mm, and the frame spacing is 635 mm. The omega stringer
geometry is reported in Fig. 3.

The skin and stringers are made of Toray CETEX TC1225 T700/LM-
PAEK 194 gsm with a nominal ply thickness of 0.184 mm. Properties
of a similar material, Toray CETEX TC1225 T700/LM-PAEK 145 gsm,
are used for the analysis with a ply thickness of 0.184 mm, and are
reported in Table 1 [29]. The skin layups of the fuselage section are
also simplified to only two different layups, a 12 ply layup in the middle
nine bays, and a 16 ply layup for the two outer bays on each side of
the section. The stringers have a 9 ply layup. The layups are reported
in Table 2.

3. Numerical analysis of fuselage section

The numerical analyses are performed using the commercial soft-
ware Abaqus 2021 [30]. The fuselage section is analysed with dynamic
implicit analysis, with non-linear geometry activated. The total time-
step is 1 s with an initial and maximum time-step of 0.01 s, and a
minimum time-step of 1e−08 s.

The fuselage is loaded in bending using a linear displacement field
that applies compression to the fuselage section, with the bottom of
the section in maximum compression, as illustrated in Fig. 4. Boundary
conditions applied to the free edges of the fuselage section, which are
the edges of the skin and frame ends, constrain the circumferential
degree of freedom, as illustrated in Fig. 5, and leave the radial degree
of freedom unconstrained.

The area of interest of the fuselage section is in between the two
middle frames and includes the middle three bays, as shown in Fig. 2.
The area of interest has a mesh size of 2.5 mm, while the adjacent
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Fig. 2. Fuselage section with highlighted area of interest: (a): iso-view; (b): top-view.
Fig. 3. Omega stringer geometry.

Fig. 4. Side-view of fuselage section model showing bending load-case.

Fig. 5. Cross-section of fuselage section showing circumferential constraint.

areas are meshed coarser when feasible with a mesh size of 5 mm to
improve computational efficiency. The clips and brackets have a mesh
size of 5 mm, and the vertical strut and cargo beam have a mesh size
of 10 mm. The laminated parts utilise SC8R continuum shell elements,
3

Table 3
Fracture properties of skin-stringer interface [33].
GIC GIIC GIIIC 𝜂
[kJ∕m2] [kJ∕m2] [kJ∕m2] [–]

0.969 1.719 1.719 2.284

and the brackets and clips of the fuselage section utilise the C3D10
tetrahedral element.

The joints between the separate geometries are modelled with three
different techniques, namely shared nodes, rigid body ties and the Vir-
tual Crack Closure Technique (VCCT) [31,32]. Parts with mismatching
meshes, such as the frame, vertical strut, clips, brackets and cargo
beam, are modelled with rigid body ties. VCCT is applied for the welded
joint of the two middle stringers in the area of interest, while the
welded joints of the adjacent areas adopt shared nodes.

It is assumed that there is only crack growth in the skin-stringer
interface, with no crack migration into other interfaces, to lower the
complexity of the model. This assumption is based on the unwelded
regions on both sides of the weld, which makes it more likely to
separate the welded interface instead of the interlaminar interfaces.
The VCCT definition utilises the Benzeggagh–Kenane (BK) criterion
for mode-mixity, in which the critical equivalent strain energy release
rate GequivC and the equivalent strain energy release rate Gequiv are
calculated with Eqs. (1) and (2), respectively. The critical equivalent
strain energy release rate is calculated using the fracture toughness
GIC, GIIC and GIIIC of the interface and the BK parameter 𝜂. GIC,
GIIC and 𝜂 are based on a similar material AS4/PEEK [33], which
utilises a matrix material from the same thermoplastic polymer family
of polyaryletherketones, and the properties are reported in Table 3. It is
assumed that GIIC and GIIIC are equal. The strain energy release rate is
calculated for the three different modes, GI, GII and GIII, at each node
and the sum is the equivalent strain energy release rate. The fracture
criterion is reported in Eq. (3). It allows a node to be released at the

crack tip when Gequiv divided by GequivC is higher than 1.
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Fig. 6. Weld between skin and stringer.

𝐺𝑒𝑞𝑢𝑖𝑣𝐶 = 𝐺𝐼𝐶 + (𝐺𝐼𝐼𝐶 − 𝐺𝐼𝐶 )
(

𝐺𝐼𝐼 + 𝐺𝐼𝐼𝐼
𝐺𝐼 + 𝐺𝐼𝐼 + 𝐺𝐼𝐼𝐼

)𝜂
(1)

𝐺 = 𝐺 + 𝐺 + 𝐺 (2)
4

𝑒𝑞𝑢𝑖𝑣 𝐼 𝐼𝐼 𝐼𝐼𝐼
𝑓 =
𝐺𝑒𝑞𝑢𝑖𝑣

𝐺𝑒𝑞𝑢𝑖𝑣𝐶
≥ 1.0 (3)

A default fracture tolerance of 0.2 is used for the VCCT definition,
with an unstable crack growth tolerance of 1. The unstable crack
growth tolerance can improve convergence and lower computational
time. It allows the analysis to release multiple nodes ahead of the crack-
tip and allows the analysis to use larger time steps during unstable
crack growth. While the default unstable crack growth tolerance in
Abaqus is infinity, in this study it is chosen to limit this tolerance
to have a larger number of data-points during unstable crack growth
events. A contact stabilisation factor of 1e−4 is used to stabilise contact,
and node-to-surface contact discretisation is implemented with the
stringer side as master surface and skin side as slave surface.

One of the main benefits of VCCT is that it allows for a coarser mesh
to model skin-stringer separation, in comparison to other methods.
The downside is that a pre-crack is required to utilise VCCT, which
Fig. 7. Radial displacement of fuselage section, radial displacement and interface state of area of interest, at different levels of bending with a longitudinal displacement of: (a)
5.36 mm; (b) 6.27 mm; (c) 8.23 mm; (d) 8.24 mm.
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generally limits the use of this method to structures with initial damage.
This downside can however be overcome in this study due to the
geometry of the conduction welded joint. There are small unwelded
areas adjacent to the joint, as shown in Fig. 6, which are considered as
a pre-crack. The weld is initially assumed to be 21 mm wide, based on
visual inspection of an early manufacturing sample. This weld width
of 21 mm is used for the fuselage section analysis and the preliminary
panel analysis.

The analysis includes first-ply failure criteria, to investigate if ma-
terial failure happens before skin-stringer separation. The criteria of
Hashin, Tsai–Wu and Tsai–Hill are included. The strength properties
are reported in Table 1 [29]. The buckling shape of the fuselage section
is investigated. Contour plots of the out-of-plane displacement are
shown at different levels of longitudinal bending, and consequentially
different maximum longitudinal displacement, in Fig. 7. The contour
plots show the out-of-plane radial displacement of the fuselage section
and a close-up of the area of interest, and the interface state of the
two stringers in the area of interest. The area of interest consists of the
middle three bays and two stringers in between the two middle frames
and has the highest level of compression. This area also limits itself to
the two stringers and adjacent bays where skin-stringer separation is
modelled with VCCT. In the contour plots of the area of interest, the
interface state of the welded flange is blue for the intact interface and
red for the pre-crack and separation. The stringers are hidden, and an
outline of the stringer flanges is shown in black, to allow seeing the
radial displacement in the bay and underneath the stringer.

At a maximum applied longitudinal displacement of 5.36 mm, the
skin in the middle of the section in between the two middle frames
starts to buckle with a five half-wave buckling shape (Fig. 7(a)). The
half-waves in the bay have a much higher radial displacement com-
pared to the half-waves underneath the stringer, with the half-waves at
the top and bottom barely visible. The half-wave length underneath the
stringer and in the bay is similar, but the sign of the radial displacement
is inversed for the adjacent waves in the circumferential direction.
The buckling shape continuously evolves, with the remaining bays
in between the middle frames displaying an initial three half-wave
buckling shapes followed by a five half-wave buckling shape(Fig. 7(b)).
At a maximum longitudinal displacement of 8.23 mm (Fig. 7(c)) all
bays have buckled, with the top and middle bays showing mostly three
half-wave buckling shapes, with some of the bays starting to form a
fifth half-wave.

At a maximum displacement of 8.24 mm (Fig. 7(d)), failure due
to skin-stringer separation starts, with separation developing from un-
derneath the stringer. It is seen that the outward half-waves in the
radial direction in the bay and underneath the stringer start to connect,
which is called tunnelling. Separation starts almost simultaneously in
two stringers, with similar elliptical crack front shapes. Once separation
starts, it is unstable, and the stringer totally separates in one separation
event.

4. Panel design and manufacturing

The structural behaviour of the STUNNING fuselage keel section
is the reference behaviour for the design of the three-stringer panels,
with the buckling and failure behaviour as the main focus. The design
also needs to take manufacturing and testing constraints into account.
The three stringers allow for bay buckling on both sides of the middle
stringer, such that the structural behaviour of the middle stringer can
be representative of the fuselage section.

The panels have the same stringer pitch and nominal stringer ge-
ometry as the STUNNING fuselage lower half, shown in Figs. 2 and
3, respectively. The nominal width and length of the panels are equal
to 556 mm and 500 mm, respectively. The panel length corresponds
to the maximum possible welding length available at the time of the
design. The geometry of the three-stringer panel is shown in Fig. 8.
The panels are made of the same CF/LM-PAEK material as used in the
5

Fig. 8. Three-stringer panel.

Fig. 9. Load–displacement curve of the panel preliminary analysis.

Table 4
Layups of three-stringer panel.

Layup Thickness (mm)

Skin [−45∕45∕90∕0∕90∕0] s 2.208
Stringer [45∕0∕−45∕0∕90] s 1.656

STUNNING fuselage, of which the material properties are reported in
Table 1 [29]. The skin layup is different compared to the keel section of
the STUNNING fuselage to achieve a more conservative stress field in
post-buckling, while the stringer layup is the same as in the STUNNING
fuselage. The layups are reported in Table 4.

The structural behaviour of the three-stringer test panel without
imperfections is analysed and compared to the reference behaviour of
the fuselage section. The preliminary analysis of the panel is conducted
without any imperfections and considering a 21 mm weld width. A
displacement boundary condition is used for the panel to apply the
load case of pure compression. A reference point is positioned on each
loading face of the model, with a rigid body tie to the loading face.
One reference point is clamped, while the other reference point is
constrained in all degrees of freedom except for the longitudinal dis-
placement. A longitudinal displacement of 2.5 mm is applied, resulting
in a displacement rate of 2.5 mm/s.

The laminated parts of the panel use a mesh size of 2.5 mm, and
a mesh size varying between 2.5 mm and 10 mm is used for the
potting material to improve computational efficiency. The laminated
parts consist of SC8R continuum shell elements, and the C3D8R solid
element is applied for the potting material. VCCT is utilised for the test
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Fig. 10. Buckling shapes of the panel preliminary analysis: (a) 0.78 mm/191 kN; (b) 1.48 mm/338 kN ; (c) 1.65 mm/370 kN.
Fig. 11. Comparison of skin-stringer separation behaviour from the analyses: (a) buckling shape of fuselage section; (b) welded skin-stringer interface state of fuselage section; (c)
buckling shape of the panel; (d) welded skin-stringer interface state of the panel.
panel in all welded joints in between the potting, while the geometries
inside the potting material adopt shared nodes.

The load–displacement graph of the three-stringer panel is shown
in Fig. 9. The linear stiffness before buckling is 248.2 kN/mm. Local
buckling occurs at an approximate load of 192 kN and displacement of
0.78 mm. At 338 kN the panel presents a small buckling shape change.
Panel failure occurs at a load of 370 kN and displacement of 1.65 mm
due to skin-stringer separation.

The panel displays a three half-wave buckling shape, as reported in
Fig. 10(a), with one half-wave in an inwards direction and two half-
waves in an outwards direction. The average half-wave length of the
panel and the fuselage section is very similar. At a load of 338 kN, the
buckling shape changes underneath the stringer, as shown in Fig. 10(b).

Two main aspects of the skin-stringer separation behaviour of the
fuselage section and of the three-stringer panel are compared. The first
aspect is the out-of-plane deformation when skin-stringer separation
occurs, shown in Fig. 11(a) and (c) for the fuselage and the panel,
respectively. The second aspect is the shape and location of the crack
front, shown in Fig. 11(b) and (d) for the fuselage section and the
panel, respectively. To compare the structural behaviour of the fuselage
section and the panel, an area with a similar size and similar buckling
shape is selected on each structure and highlighted with red dashed
6

squares. During separation, both structures show a similar tunnelling
behaviour underneath the stringer between inwards half-waves, within
the highlighted area. The panel displays two tunnels per highlighted
area, while the fuselage section displays one tunnel per highlighted
area. The weld interface shows the same difference in the number of
failure locations, that can be caused by the difference in boundary
conditions. In any case, both the fuselage section and the panel show
similar separation behaviour, starting from underneath the stringer and
presenting an elliptical crack front.

Two nominally identical three-stringer panels are then manufac-
tured. Project partner NLR — Netherlands Aerospace Centre man-
ufactured the skin by automatic tape laying followed by autoclave
consolidation. Project partner GKN Fokker uses conduction welding
to join the stringers to the skin. Conduction welding makes use of a
heating element, that is pressed on the stringer flange to apply pressure
and heat, and weld the stringer flange to the skin. A panel as received
is shown in Fig. 12(a). The panels are then prepared for the tests. The
first step consists of casting epoxy potting onto both ends of the panels
for load introduction, and then the loading faces are trimmed in a
milling machine to minimise loading imperfections. This is followed
by attaching strain gauges and wiring. A panel with potting and strain
gauges is shown in Fig. 12(b).
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Fig. 12. Test panels: (a) as received; (b) with potting and strain gauges.
Fig. 13. Strain gauge locations.

A total of 10 strain gauges are attached, 135 mm from the bottom
loading face, and the locations are reported in Fig. 13. A strain gauge
is attached on top of each stringer cap and the bottom of the skin
underneath each stringer. Then, strain gauges are attached back to back
to the skin in the middle of each bay. The strain measurements are used
to determine load imperfections, load distribution and load redistribu-
tion due to buckling and failure. The last step of the preparation for
the tests consists of applying white paint with black speckles for DIC
measurements.

5. Test setup

The two three-stringer panels with welded interface are tested at
Delft University of Technology using an MTS test machine. The tests
are executed to investigate the buckling, post-buckling and skin-stringer
separation behaviour of the three-stringer panels, and to validate the
numerical analysis. The test panels are placed in between the compres-
sion plate and the base, and a pre-load of 2 kN is applied. The loading
rate is 0.1 mm/min until final failure, after which the loading stops
automatically. The test setup is shown from the stringer-side of the
panel in Fig. 14(a) and a top-view illustration of the test setup is shown
in Fig. 14(b).

Three Laser Distance Sensors (LDS) are used to measure the longitu-
dinal displacement of the compression plate in three different locations,
which also allows to determine if a loading imperfection is occurring.

The displacement field is measured from both the stringer and
skin side by two DIC systems. Both systems use two 5 MP cameras,
and post-processing is done using VIC3D 8. This measurement allows
to determine the post-buckling shape of the panels from the out-of-
plane displacement, and the longitudinal shortening from the in-plane
displacement of the potting.

The strain measurements, the load from the test machine, the dis-
placement measurement by LDS and the pictures for DIC are recorded
every 3 s, leading to approximately 500 data points per test.

Three additional cameras are used to capture the test. A GoPro is
placed on one of the sides of the panel to capture the stringer-side of
the panel for a close-up of any buckling shape changes or crack growth
events. Two cameras are placed further away, one on the stringer-side
and one on the skin-side of the panel, to capture the whole panel and
test setup. A high-speed camera is used to capture the final failure from
the stringer-side of the panels, at 10 000 fps.
7

6. Panel measurements

The global shape of the three-stringer panels is measured from the
skin-side before the start of the test campaign using DIC.

The geometrical imperfections of panels 1 and 2 are shown in
Fig. 15. The panels show a similar curved imperfection in the trans-
verse direction, with the edges of the panel curved inwards. The total
magnitude of the imperfections is 11.76 mm. The imperfection has
a slight skew, rotated anti-clockwise. The orientation of the skew is
likely caused by the outer −45 ply of the layup. When inspecting the
imperfection of the panels more closely, it can be seen that the largest
curvature is in the welding region. The curvature of the panels is most
likely caused by the local heating during welding, leading to thermal
stresses. The thickness of the skin and stringers are measured with a
micrometer. The skin is found to be thinner compared to the nominal,
with an average thickness of 2.14 mm. The flat sections of the stringers
have an average thickness of 1.66 mm which is approximately the
nominal thickness. It is however seen that in the middle of the radius
from stringer flange to web, the thickness is lower, shown as tr in Fig. 3,
with an approximate minimum thickness of 1.15–1.20 mm.

The stringer spacing and panel length are also measured. The
stringer spacing of panel 2 matches the nominal design of 212 mm.
The middle stringer of panel 1 has an average offset of 2 mm from
the centre line of the panel and is slightly angled. The panel length is
approximately 489 mm for both panels.

The numerical models for panels 1 and 2 are updated to take
into account the measurements. In particular, numerical models of the
two panels have geometrical imperfections included as measured by
DIC. The method to include the measured imperfections is based on
including a node file of the imperfection in the analysis [12]. This node
file is created by a linear analysis, where the out-of-plane imperfection
is applied as a displacement field to the skin. The final shape, which
now replicates the out-of-plane imperfection, is outputted as a node file
which can be included in further analysis. This node file only transfers
the deformation and not the stress field.

The models also include imperfections of laminate thickness and
stringer alignment imperfection. The models do not include resid-
ual stresses from the manufacturing process, to prevent additional
complexity of the models and analysis.

After inspection of the failed test panels, it is found that the weld
had a varying weld width which is less wide, with a lower bound
of 18 mm in the middle region of the panel. The updated numerical
models of panels 1 and 2 are therefore considered with a weld width
of 18 mm.

7. Experimental and numerical results

The test results of the three-stringer panels are reported in this
section and are compared to the results from the numerical analysis
performed using the updated analysis.
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Fig. 14. Test setup: (a) test setup photo stringer side; (b) test setup schematic top-view.

Fig. 15. Out-of-plane imperfections: (a) panel 1; (b) panel 2.
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Fig. 16. Load–displacement curves from tests and numerical analysis.

.1. Load versus displacement curves

The load measured by the load cell of the testing machine is
eported in Fig. 16, as a function of the average displacement measured
y the two LDS. The panels show settling behaviour till approximately
0 kN after which they present a linear stiffness of approximately
40.2 kN/mm and 244.1 kN/mm for panels 1 and 2, respectively, until
uckling. Panel 1 starts to locally buckle at an approximate load of 155
N and panel 2 at a load of 165 kN. In the post-buckling field, panel
shows a higher reduction of stiffness compared to panel 2. This is

aused by a buckling shape change, which starts gradually at 245 kN
nd shows a small load drop at 275 kN due to a sudden shape change.
anel 2 does not show any load drops before failure. The panels fail due
o skin-stringer separation at a load of 301 kN and 309 kN for panels
and 2, respectively, as reported in Table 5.

The numerical analyses conducted using dynamic implicit analysis
how a stiffness of 244.6 kN/mm and 244.9 kN/mm for panels 1 and
, respectively. This is a 1.8% and 0.3% difference in comparison with
he test results. The numerical analysis of both panels shows buckling
t approximately 160 kN, which is a difference of 3.2% and 3.0% for
anels 1 and 2, respectively. In comparison to the test results the initial
ost-buckling stiffness is similar, but at higher loads, the stiffness is
ver-predicted. The higher over-prediction for panel 1 is caused by
maller load drops due to buckling shape changes that occur at 245
N and 285 kN. The numerical analysis predicts panel collapse due to
kin-stringer separation at a load of 314 kN and 320 kN for panels 1
9

Table 5
Pre-buckling stiffness, buckling load and maximum load from tests and numerical
analysis.

Pre-buckling stiffness Buckling load Maximum load

Test FE Diff. Test FE Diff. Test FE Diff.
[kN∕mm] [kN∕mm] [%] [kN] [kN] [%] [kN] [kN] [%]

Panel 1 240.2 244.6 1.8 155 160 3.2 301 314 4.3
Panel 2 244.1 244.9 0.3 165 160 3.0 309 320 3.6

and 2 respectively, as reported in Table 5. This is an over-prediction
of 4.3% for panel 1 and 3.6% for panel 2 in comparison to the test
results. The difference between the experimental and numerical results
can be caused by not taking into account the loading imperfections,
the difference in material properties and the slight skew of the middle
stringer of panel 1 in the numerical models.

7.2. Load versus strain curves

The strains measured on the caps of panels 1 and 2 are shown
in Fig. 17(a) and (b), respectively. On panel 1 they show diverging
behaviour initially, most likely due to loading imperfections, and a
similar gradient until the buckling shape changes and the skin and
stringer separate. The strains in the caps of panel 2 diverge less in
comparison to panel 1, with stringers 1 and 2 showing similar strains
in pre-buckling and stringer 3 showing lower strains. In post-buckling,
it is seen that the strains in stringers 2 and 3 show similar gradients,
while the strains in stringer 1 show a higher gradient.

The numerical analysis predicts the strains in the stringers reason-
ably well, with the main difference being the initial loading.

The strains measured at the bottom of the skin underneath the
stringers of panels 1 and 2 are shown in Fig. 18(a) and (b), respectively.
The strains of panel 1 show only minor differences in pre-buckling,
with slightly lower strains underneath stringer 3. In post-buckling, the
strains start to diverge, with sudden drops and increases of strain due
to buckling shape changes and a separation event. The strains in the
stringers of panel 2 show a slightly larger difference in pre-buckling,
with higher strains underneath stringer 1. In post-buckling, the strains
underneath stringers 1 and 2 converge, with lower strains underneath
stringer 3. No sudden changes in strains are seen in comparison to panel
1.

The numerical analysis predicts the pre-buckling strains well. For
panel 1 the predicted strains diverge less in post-buckling in compar-
ison to the test result, and the jumps in strain happen at different
load levels. For panel 2 the post-buckling strains are predicted more
accurately, with the strains being under-predicted close to the failure
load.
Fig. 17. Experimental and numerical compressive strains in stringer caps: (a) panel 1; (b) panel 2.
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Fig. 18. Experimental and numerical compressive strains in the skin below stringer: (a) panel 1; (b) panel 2.
Fig. 19. Experimental and numerical compressive strains in the skin of bay 1: (a) panel 1; (b) panel 2.
The strains measured back-to-back in bay 1 of panels 1 and 2 are
hown in Fig. 19(a) and (b), respectively. The strains in pre-buckling
f panel 1 show a small difference, which indicates a small bending
omponent. In post-buckling, the strains diverge due to high levels of
ending, with a small jump when the buckling shape of bay 2 changes
nd a large jump when bay 1 shows a buckling shape change. The
trains in bay 1 of panel 2 present a higher bending component, both
efore buckling and in the post-buckling field, with no sudden jumps.
lose to the failure load, it is also seen that the strain gradient changes
ign.

The numerical analysis results of panel 1 show close agreement
n pre-buckling strain gradient compared to the test, but with an
pposite bending component. In post-buckling, the strains diverge more
n comparison to the test results, which corresponds to a higher bending
omponent, and the jumps in strain are less severe and at different load
evels. These differences can be accounted to differences in buckling
hape between the test and numerical analysis. The numerical analysis
esults of panel 2 show a closer agreement with the test, both in
re-buckling and post-buckling.

The strains measured back-to-back in bay 2 of panels 1 and 2 are
hown in Fig. 20(a) and (b), respectively. The strains in bay 2 of panel 1
how similar behaviour as bay 1, with sudden changes in strains in the
ost-buckling field due to the buckling shape changes. The strains in
ay 2 of panel 1 are similar to bay 1, with a large bending component
nd no sudden changes.

The numerical analysis predicts the strains in bay 2 of panel 1
ell in pre-buckling and in the post-buckling field until buckling shape
10
changes start to occur. For bay 2 of panel 2, the strains are predicted
well, with an under-prediction of the bending component in both
pre-buckling and post-buckling.

7.3. Evolution of buckling shape

The out-of-plane displacement from the DIC measurement and the
numerical analysis of panels 1 and 2 are reported in Figs. 21 and 22,
respectively, highlighting the buckling shape and the evolution of the
shape in the post-buckling field. Positive displacement corresponds to
inwards direction, and negative displacement corresponds to outwards
direction.

Panel 1 shows an initial three half-wave buckling shape, with a
slight skew in the vertical half-wave position. At 245 kN a buckling
shape change occurs in bay 2 with a fourth half-wave at the bottom of
the bay, and at 273 kN another buckling shape change happens with
a fourth half-wave at the bottom of bay 1. After the buckling shape
changes in the bay, the number of half-waves underneath the stringer
also increases. At the maximum load, the displacement is higher on the
right side of the panel, which is due to a skin-stringer separation event
that occurred at 300 kN.

Panel 2 shows a three half-wave buckling shape with no buckling
shape change in the bays, and at higher loads the number of half-waves
increases underneath the stringer. The three half-wave buckling shape
does not show a skew in vertical position of the half-waves as panel
1, which might be due to differences in imperfections. The maximum
inwards out-of-plane displacement is similar between panels 1 and 2,
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Fig. 20. Experimental and numerical compressive strains in the skin of bay 2: (a) panel 1; (b) panel 2.
Fig. 21. Experimental and numerical out-of-plane displacement of panel 1.
but the maximum outwards displacement of panel 2 is higher. The
difference in final buckling shape might lead to the small difference in
failure load and it can indicate that the four half-wave buckling shape is
slightly more critical. Both panels showed an increase in the number of
half-waves underneath the stringer, and these half-waves become more
prominent in terms of out-of-plane displacement close to the failure
load.

The numerical analysis predicts the initial three half-wave buckling
shape of both panels 1 and 2. The numerical analysis of panel 1
also shows buckling shape changes in the bay to four half-waves, but
the changes occur at higher loads and the fourth half-waves form at
the top of the panel. This difference can be caused due to the fact
that the stringer alignment imperfections are not taken into account.
The numerical analysis of panel 2 is able to predict the post-buckling
behaviour well, with the evolution of the half-waves underneath the
stringer and no shape changes in the bay. The maximum inwards
displacement of panel 1 is lower in the numerical analysis, while the
maximum outwards displacement shows good agreement. The maxi-
mum inwards and outwards displacement of panel 2 is predicted well,
with the outwards displacement being slightly over-predicted.
11
7.4. Final failure

The final failure of panels 1 and 2 is captured by the high-speed
camera at 10 000 fps.

Panel 1 shows a skin-stringer separation event in stringer 1 which
did not lead to final failure. The location of this separation event is
indicated by the blue arrow in Fig. 23(a). It occurs at a load of 299 kN
and causes a load drop to 295 kN. It is visible from the deformation
of the flange and web of the stringer, which causes a change in the
shadow on the web. The event could also be heard and seen on the
normal camera footage and causes a sudden increase in the out-of-
plane displacement measured by the DIC. From the camera footage,
it appears that the separation starts from underneath the stringer and
stops approximately halfway through the stringer flange. The test is
then continued until a load of 301 kN where the panel fails due to
skin-stringer separation. Final failure starts by separation of the middle
stringer, with the first separation location shown by the red arrow in
Fig. 23(a). This separation appears to start from underneath the stringer
and grows both in longitudinal direction and width direction towards
the bay.
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Fig. 22. Experimental and numerical out-of-plane displacement of panel 2.
Fig. 23. Comparison of failure behaviour: (a) start of failure of panel 1 during test; (b) start of failure of panel 1 analysis; (c) propagation of panel 1 analysis; (d) start of failure
of panel 2 during test; (e) start of failure of panel 2 analysis; (f) propagation of panel 2 analysis.
Panel 2 shows final failure at a load of 309 kN due to skin-
stringer separation of the middle stringer, as reported in Fig. 23(d).
Separation starts at a different location than panel 1, most likely caused
by the different buckling shape, but grows in a similar manner from
underneath the stringer.

The numerical results are shown in Fig. 23(b–c) and (e–f) for panels
1 and 2, respectively. The figures report the skin of the panels with
contour plots of the interface states, where blue means intact interface
and red means separation or unwelded regions next to the weld. The
12
numerical analysis predicts that the final failure of panel 1 starts with
skin-stringer separation of stringer 1 as shown in Fig. 23(b–c). The
separation grows in longitudinal and width directions with an elliptical
crack front. The failure location is similar to the location of the first
skin-stringer separation event in the test of panel 1. The numerical
analysis of panel 2 predicts that final failure starts with skin-stringer
separation of the middle stringer as shown in Fig. 23(e–f). Separation
starts in two locations simultaneously, shortly followed by two other
locations, all in the middle stringer with elliptical crack fronts. The
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Fig. 24. Failure sequence of panel 1: (a) separation in middle stringer; (b) close-up of middle stringer; (c) propagation of separation in middle stringer; (d) close-up of middle
stringer; (e) separation in left stringer; (f) close-up of left stringer; (g) fracture of left stringer; (h) close-up of left stringer; (i) fracture of middle stringer; (j) close-up of fracture
of middle stringer; (k) separation in right stringer; (l) close-up of right stringer.
failure locations are slightly different compared to what is seen in
the test, which can be caused by differences in buckling shape and
imperfections.

The final failure sequence of panel 1 is shown in Fig. 24. It starts
with skin-stringer separation in the right flange of the middle stringer,
Fig. 24(a–b). The separation propagates in outward direction towards
the bay, and the left flange also separates with similar behaviour,
Fig. 24(c–d). Separation then starts in the left stringer, first in the right
flange, followed by the left flange, Fig. 24(e–f). This is followed by
the fracture of the left stringer, Fig. 24(g-h), and then of the middle
stringer, Fig. 24(i–j). Lastly, the right stringer separates, Fig. 24(k–l).
The failure sequences occur within approximately 3 ms.

The failure sequence of panel 2 is not reported, as it shows similar
behaviour. It starts with skin-stringer separation in the middle stringer,
followed by the separation of the left and right stringers, which happen
simultaneously. Then, the middle stringer fractures, closely followed by
the fracture of the right stringer.

From the high-speed footage of both panels, it can be concluded
that skin-stringer separation is the critical failure mode leading to final
failure.
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7.5. Post-failure

Photos of panel 1 after failure are shown in Fig. 25(a–b). The panel
shows large separated areas and large outward deformation of the skin.
The left and middle stringer are fractured approximately in the middle
of the panel, and several stringer flanges have delaminations. The skin
appears to be mostly intact, with only minor damage close to the failed
welds. These findings are supported by the c-scan results reported in
Fig. 26(a), where it is possible to note that the left and middle stringers
have partial separations from underneath the stringer at the top of the
panel, with elliptical crack fronts, while the right stringer has almost
no intact interface left.

Photos of panel 2 after failure are shown in Fig. 25(c–d). The panel
has large separated areas towards the top, with large outward skin
deformation. It can be noted that the large separated areas are in the
opposite direction compared to panel 1, which has more separation in
the downward direction. The middle and right stringer are fractured
approximately in the middle of the panel, and the stringer flanges show
delaminations. The skin seems to be mostly intact, judging from both
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Fig. 25. Post-failure photos: (a) panel 1 right side; (b) panel 1 left side; (c) panel 2 right side; (d) panel 2 left side.
Fig. 26. Post-failure c-scan: (a) panel 1; (b) panel 2.
visual inspection and the c-scan results reported in Fig. 26(b). From the
c-scan, it can also be seen that the interface at the bottom of the middle
stringer shows separations in both flanges with elliptical crack fronts.

7.6. Weld fracture surface

The middle stringer of panel 1 is removed after the test to inves-
tigate the weld fracture surface, which is shown in Fig. 27. The area
in between the red dashes is separated during the test, while the areas
outside of the red dashes are separated after the test when the stringer
is removed from the panel. The weld fracture surface can be identified
by the darker and rough surface in comparison to the surrounding
areas. It can be seen that there is limited damage to the skin-side of
the interface, with only small amounts of fibres delaminated from the
skin. The stringer flanges have several areas where the top ply has
delaminated. There are also fibres fractured off the stringer, which
remain attached on the skin-side of the interface. On both the left and
right weld Fig. 27 (a + c), light grey marks indicate an elliptical crack
front during propagation. The width of the weld varies slightly along
the length, ranging from approximately 17 to 19 mm. However, the
weld might seem wider than it actually is, due to the possibility of the
adjacent surfaces being damaged by the separation of the weld.
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8. Concluding remarks

This study investigates the conduction welded skin-stringer inter-
face of the thermoplastic composite fuselage demonstrator of the STUN-
NING project, for which three-stringer panels are successfully designed,
analysed and tested.

At first, a fuselage section is analysed to determine the buckling and
failure behaviour, which is used as reference behaviour for the design
of the panels. The critical failure mode is skin-stringer separation in
post-buckling, with separation starting from underneath the stringer
and growing in an outwards direction. The preliminary analysis of the
three-stringer panel shows similar structural behaviour, with the main
difference being the higher number of failure locations, which can be
caused by the difference in boundary conditions.

Then, two three-stringer panels are manufactured and tested. The
two panels show a similar pre-buckling stiffness, buckling load and
initial buckling shape. It is however observed that only one panel
changes buckling shape in post-buckling from a three half-wave shape
to a four half-wave shape. The welded joint is able to withstand the
deformation of post-buckling till a considerable high load, with the
ratio between buckling load and final failure load being 1.94 and 1.87
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Fig. 27. Weld fracture surfaces of panel 1 middle stringer: (a) close-up of the left weld, with the area between purple dashes; (b) welds middle stringer, with the area in between
red dashes corresponding to the separated area in the test; (c) close-up of the right weld, with the area between blue and green dashes.
for panels 1 and 2, respectively. The panels fail in post-buckling due
to skin-stringer separation, with no material failure before the start of
separation.

Skin-stringer separation appears to start from underneath the
stringer, with separation growth in both the longitudinal direction and
outward direction. The number of half-waves underneath the stringer
increases before final failure, which indicates that the buckling shape
underneath the stringer is an important factor.

Further numerical analyses of the two panels are conducted, which
include imperfections from DIC and laminate thickness imperfections
based on measurements of the manufactured panels. The overall struc-
tural behaviour of the two panels is accurately predicted, with a slight
difference in the buckling shape evolution of panel 1 between the test
and prediction. The skin-stringer separation behaviour is also predicted
well.

The results obtained in this research do show that the methodology
is a reliable tool for the analysis of welded panels in post-buckling. The
post-buckling performance of the welded panels, and the predictable
structural behaviour, show great promise for the use of thermoplastic
composites for primary structures.
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