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Abstract

This study presents a numerical analysis on the prebuckling, postbuckling and reduced torsional stiffness as
well as deformation of a simplified composite wing-box experiencing torsion. Multiple lay-up orientations and
variations in the number of plies of the wing-box are investigated using eigenvalue and dynamic implicit analy-
ses. Results show a high sensitivity of the lay-up orientation on the prebuckling and reduced torsional stiffness.
A variation in the number of plies influences the postbuckling torsional stiffness as well as the deformation dis-
tribution of the wing-box. The outlook shows how these results will be used for a new methodology under
investigation for the design of passively morphing aerospace structures in future.

Keywords: Stiffness; Buckling; Wing-Box; Numerical analysis

1. Introduction
Shape adaptivity for aerospace structures offers the potential to design structures working in multiple
operational conditions [1, 2]. This capability allows optimal characteristics during each operational
mission stage, reduces the structural weight, and improves efficiency. Researchers commonly realize
shape adaptivity using active conventional actuators [3] and smart-actuators [4, 5] and passive design
concepts [6, 7]. The latter concept utilized modified material properties and structural geometry to
realize the desired shape transformation. In this context, elastic instabilities like buckling are explored
to provide large deformation potential to enable the shape adaptivity of structures [8]. The non-linear
postbuckling response of a wing-box structure was used for stiffness and shape changes and the
adaptivity was controlled by restraining the out-of-plane buckling [9]. In contrast, large deformations
and the inability to withstand loads have been considered for a long time with buckling. However
recent work shows and demonstrates the capability of buckled composite stiffened panels to carry
loads [10, 11].
For future use of buckling for passive shape adaptivity, the knowledge of material and geometrical
influences on the buckling and stiffness behavior of aerospace structures is essential. A targeted
buckling deformation of the test ribbon is achieved by manufacturing a specific pre-defined thickness
variation into it [12]. This targeted deformation can be also changed by tuning the thickness ratio or
the length of the thickness variation. Apart from a thickness variation, the ply orientation variation
within a composite also influences the buckling and stiffness behavior. This stiffness tuning with a
piecewise variable ply orientation in a composite panel creates multiple target shapes for a panel
under loading [13, 14].
This study consists of a numerical investigation of a simplified composite wing-box experiencing tor-
sion load. Numerical analyses are conducted to study the influences of orientation and the number
of plies on the stiffnesses and deformation of the wing-box. Finite-element analyses are performed
with ABAQUS [15] to investigate the sensitivities of buckling rotation and moment as well as prebuck-
ling, postbuckling, and reduced torsional stiffness. The results will help to understand the impact of
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composite material characteristics on the torsional stiffness of a wing-box for the future development
of a methodology for the design of a passively morphing wing-box.
The wing-box model used for the numerical analysis is presented in section 2. The numerical analy-
ses are outlined in section 3. Afterward, the results of the numerical analyses are shown in section 4.
The conclusions of this investigation are shown in section 5. The idea of the new design methodology
in development using the results of this investigation is presented in section 6.

2. Simplified Wing-Box sturcture
The investigation is conducted with a simplified wing-box. The simplified wing-box for the investigation
is shown in figure 1.
The wing-box consists of the front and rear spar as well as the top and bottom skin. Ribs are not
considered for the simplified model. The wing-box has a length l of 2400 mm, a width b of 500 mm,
and a height h of 200 mm. The wing-box is divided along the x-axis into 8 equal segments, each
segment lseg 300 mm long. The connection to the aircraft fuselage is represented by the root frame
of the wing-box. The root frame is constrained regarding rotation and displacement in any direction.
The tip frame represents the connection to the wing tip area and rotation as well as displacement
is allowed. The aerodynamical loading of the wing-box is modeled as a torsional rotation at the
centerpoint of the tip frame of the wing-box. An imposed wing-box rotation of θx = 10◦ around the
x-axis is chosen as torsional rotation.

Figure 1 – Sketch of simplified wing-box. Dimensions in [mm].

The wing-box is built out of IM7/8552 composite material containing carbon fibers and a thermoset
resin. Table 1 reports material characteristics of the composite material.

E11[MPa] E22[MPa] G12[MPa] ν [−] ρ [ kg
m3 ] tply[mm]

150000 9080 5290 0.32 1570 0.125

Table 1 – Unidirectional IM7/8552 composite ply properties [16].

For the numerical study, the number of plies and the orientation of the composite for the wing-box
are varied. Two different orientations and three different numbers of plies are used resulting in six
different configurations of the wing-box. Table 2 contains all configurations for the study.
The first configuration quasi-isotropic-baseline uses a quasi-isotropic lay-up [0◦/45◦/−45◦/90◦] with
32 plies for both spars and skins. The total thickness of all wing-box parts is t = 4mm. The quasi-
isotropic-32/16 configuration reduces the number of plies in the rear spar. 16 plies in the rear spar
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result in a thickness of t = 1mm. Front spar and both skins maintain 32 plies and a thickness of
t = 4mm. The quasi-isotropic-32/8 configuration reduces the number of plies in the rear spar. 8 plies
in the rear spar result in a thickness of t = 1mm. Front spar and both skins maintain 32 plies and a
thickness of t = 4mm.
The shear-baseline introduces the second lay-up orientation. A [45◦/−45◦] lay-up characterizes the
shear configurations. All skins and spars consist of 32 plies and have a total thickness of t = 4mm.
The shear-32/16 configuration reduces the number of plies in the rear spar. 16 plies in the rear spar
result in a thickness of t = 1mm. Front spar and both skins maintain 32 plies and a thickness of
t = 4mm. The shear-32/8 configuration reduces the number of plies in the rear spar. 8 plies in the rear
spar result in a thickness of t = 1mm. Front spar and both skins maintain 32 plies and a thickness of
t = 4mm.

Configuration
Wing-Box Parts

Front Spar, Top and Bottom Skin Rear Spar
Quasi-Isotropic-Baseline [0◦/45◦/−45◦/90◦]4S [0◦/45◦/−45◦/90◦]4S

Quasi-Isotropic-32/16 [0◦/45◦/−45◦/90◦]4S [0◦/45◦/−45◦/90◦]2S

Quasi-Isotropic-32/8 [0◦/45◦/−45◦/90◦]4S [0◦/45◦/−45◦/90◦]S
Shear-Baseline [45◦/−45◦]8S [45◦/−45◦]8S

Shear-32/16 [45◦/−45◦]8S [45◦/−45◦]4S

Shear-32/8 ´ [45◦/−45◦]8S [45◦/−45◦]2S

Table 2 – Lay-up of the six investigated configurations.

The numerical analysis investigates the torsion moment around the x-axis Tx and the rotation around
the x-axis θx for all six configurations undergoing the imposed wing-box rotation. The torsional stiff-
ness GJ

L of the wing-box is determined for all six configurations. The torsional stiffness is defined in
equation 1 as a relation between torsion moment T and rotation θ . Pre- and postbuckling wing-box
behavior is expected for the imposed wing-box deflection. Therefore, the buckling point of all six con-
figurations is determined and the torsional stiffness is calculated for the pre- and postbuckling area
of the deflection, GJ

L pre and GJ
L post .

GJ
L

=
T
θ

(1)

To compare the torsional stiffness before and after the buckling point, a reduced torsional stiffness
GJ
L red is introduced in equation 2. This reduced torsional stiffness describes the reduction of stiffness

during the deflection as a relation between post- and prebuckling stiffness.

GJ
L red

=

GJ
L post
GJ
L pre

(2)

3. Numerical Analysis
The finite-element model of the wing-box model is analyzed with the ABAQUS finite-element code.
The model consists of a single layer of 4-node quadrilateral S4R shell elements. A mesh convergence
study is performed to determine the mesh size. An element length of 10mm is selected combining
best convergence and minimized calculation time.
The boundary conditions of the tip and root frame are modeled as simple displacement and rotation
constraints. The root frame is constrained regarding displacement ux,y,z along any axis and rotation
θx,y,z around any axis. The tip frame allows displacements uy,z along y- and z-axis and rotations around
the x-axis. The ux displacement and the θy,z rotation is constrained at the tip frame to enable a sta-
ble and convergent numerical model for the numerical analyses. Multi-Point-Constraint-Interactions
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(MPC) characterize a stiffening of the simplified wing-box model. The MPC keeps the distance be-
tween a selected reference point and the surface equal during the calculation and are introduced at
each segment.
The first numerical analysis is an eigenvalue analysis to obtain the critical point for each configuration
under investigation, where buckling occurs. Two eigenvalue analyses are conducted for each con-
figuration to determine the buckling torsion moment around the x-axis Tx,b and the buckling rotation
around the x-axis θx,b.
The second numerical analysis is a nonlinear dynamic implicit analysis to obtain the response of the
wing-box for the imposed rotation. A rotation constraint θx around the x-axis at the centerpoint of the
tip frame applies the load as rotational displacement. The load application speed is v = 10

◦

s . The
dynamic implicit solver performs the calculations with a numerical damping factor α =−0.33 and the
maximum time step is set to 0.05s. The implicit dynamic solver is chosen, because it is time efficient
and as accurate as dynamic explicit and as nonlinear static.

4. Results
Table 3 presents the buckling rotation and the buckling moment calculated with the eigenvalue anal-
ysis.
The buckling moment and rotation drop about 80% for the quasi-isotropic-32/16 compared to the
quasi-isotropic-baseline configuration. The comparison between quasi-isotropic-32/16 and quasi-
isotropic-32/8 shows a 87% decrease in buckling moment and buckling rotation. The buckling moment
drops 84% and the buckling rotation drops 77% for the shear-32/16 compared to the shear-baseline
configuration. The comparison between shear-32/16 and shear-32/8 shows a 90% decrease in buck-
ling moment and a 83% decrease in buckling rotation.
The quasi-isotropic-baseline has a similar buckling moment and a 42% higher buckling rotation than
the shear-baseline. The quasi-isotropic-32/16 has a 16% higher buckling moment and a 33% buckling
rotation than the shear-32/16. The quasi-isotropic-32/8 has a 35% higher buckling moment and a 14%
buckling rotation than the shear-32/8.

Configuration
Buckling Rotation θx,b Buckling Moment Tx,b

[◦] [kNm]

Quasi-Isotropic-Baseline 5.33 105.92
Quasi-Isotropic-32/16 1.06 19.93
Quasi-Isotropic-32/8 0.14 2.62
Shear-Baseline 3.08 103.41
Shear-32/16 0.71 16.76
Shear-32/8 0.12 1.69

Table 3 – Buckling rotation and moment of the six investigated configurations.

Figure 2 shows the visualization of the buckling mode for the six investigated configurations with the
eigenvalue analysis.
Figure 2a and 2b depicts the buckling mode of the shear- and quasi-isotropic baseline. For both
configurations, the buckling deformation is visible on parts of the wing-box. For the configurations
quasi-isotropic-32/16 (figure 2c) and quasi-isotropic-32/8 (figure 2e) as well as shear-32/16 (figure
2d) and shear-32/8 (figure 2f), the buckling only occurs on the rear spar. The buckling deformation
and distribution along the rear spar varies for the six investigated configurations.
According to the eigenvalue analysis, a reduction in plies in the rear spar reduces constantly the
buckling moment and buckling rotation as expected. A change in lay-up orientations produces a
minor reduction in the buckling moment. However, a change in lay-up orientations shows a major
influence on buckling rotation.
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(a) Quasi-Isotropic-Baseline. (b) Shear-Baseline.

(c) Quasi-Isotropic-32/16. (d) Shear-32/16.

(e) Quasi-Isotropic-32/8. (f) Shear-32/8.

Figure 2 – Visualization of first buckling mode for all six investigated configurations.

Figure 3 shows the torsion moment in dependency of rotation for the six configurations calculated
with nonlinear dynamic analysis.
The quasi-isotropic-baseline shows a linear behavior until reaching the buckling point. After the
buckling point, the curve gradient decreases and the curve exhibits a nonlinear behavior. 10◦ ro-
tation requires 175kNm torsion moment for the quasi-isotropic-baseline. The reduction in rear spar
plies results in a lower gradient in the prebuckling linear and postbuckling nonlinear area for quasi-
isotropic-32/16 compared to the quasi-isotropic-baseline. The required torsion moment for10◦ rotation
for quasi-isotropic-32/16 is reduced by 30% compared to the quasi-isotropic-baseline. The quasi-
isotropic-32/8 torsion moment for 10◦ rotation is 33% less than for quasi-isotropic-32/16. The post-
buckling gradient of the quasi-isotropic-32/8 curve is less compared with the quasi-isotropic-32/16
curve.
The shear-baseline shows a linear behavior until reaching the buckling point. After the buckling
point, the curve gradient decreases and the curve exhibits a nonlinear behavior. 10◦ rotation requires
225kNm torsion moment for the shear-baseline. The reduction in rear spar plies results in a lower
gradient in the prebuckling linear and postbuckling nonlinear area for shear-32/16 compared to the
shear-baseline. The torsion moment for 10◦ rotation for shear-32/16 is reduced by 33% compared to
the shear-baseline. The shear-32/8 torsion moment for 10◦ rotation is also 33% less than for shear-
32/16. The postbuckling gradient of the shear-32/8 curve is comparable with the shear-32/8 curve.
The quasi-isotropic-baseline requires 22% less torsion moment for the required 10◦ rotation than the
shear-baseline. The quasi-isotropic-32/16 and quasi-isotropic-32/8 need 20% less torsion moment
for the required 10◦ rotation compared to shear-32/16 and shear-32/8. The prebuckling gradient
of the shear-baseline, shear-32/16 and shear-32/8 curves is higher compared to the quasi-isotropic-
baseline, quasi-isotropic-32/16 and quasi-isotropic-32/8 curves. Contrary to the prebuckling gradient,
a significant difference in the postbuckling gradient is not experienced comparing shear curves with
the quasi-isotropic curves.

5



NUMERICAL METHOD FOR STRUCTURAL ELEMENT REDUCED STIFFNESS OF COMPOSITE STRUCTURES

Figure 3 – Torsion-rotation curves for the six investigated configurations. Buckling points of six
configurations are depicted as squares.

Table 4 presents the pre- and postbuckling torsional stiffnesses, GJ
L pre and GJ

L post , and the reduced
torsional stiffnesses, GJ

L red , of the six configurations. The pre- and postbuckling torsional stiffnesses in
the dynamic implicit analysis are determined in specific rotation regimes to ensure comparability. The
rotation regimes have to avoid the vicinity of the buckling rotation for each configuration. Therefore,
the prebuckling torsional stiffnesses are determined until reaching a rotation θx = 0.1◦. The rotation
interval 9◦ < θx < 10◦ determines the postbuckling torsional stiffnesses.
The prebuckling torsional stiffness of quasi-isotropic-32/16 is 20% lower than the quasi-isotropic-
baseline. The postbuckling torsional stiffness of quasi-isotropic-32/16 is 34% lower than the quasi-
isotropic-baseline. The reduced torsional stiffness of quasi-isotropic-32/16 is 17% lower than the
quasi-isotropic-baseline. A further reduction of rear spar plies results in a decrease of 33% for the
prebuckling torsional stiffness and 24% for the postbuckling stiffness comparing quasi-isotropic-32/8
and quasi-isotropic-32/16. However, the reduced torsional stiffnesses for quasi-isotropic-32/8 and
quasi-isotropic-32/16 are similar.
The prebuckling torsional stiffness of shear-32/16 is 20% lower than the quasi-isotropic-baseline. The
postbuckling torsional stiffness of quasi-isotropic-32/16 is 33% lower than the shear-baseline. The
reduced torsional stiffness of shear-32/16 is 17% lower than the shear-baseline. A further reduction of
rear spar plies results in a decrease of 22% for the pre- and postbuckling torsional stiffness comparing
shear-32/8 and shear-32/16. However, the reduced torsional stiffnesses for shear-32/8 and shear-
32/16 are similar.
Comparing quasi-isotropic-baseline and shear-baseline, the postbuckling torsional stiffness shows
a minor difference contrary to the prebuckling and reduced torsional stiffness. The prebuckling and
reduced torsional stiffness are about 40% higher for shear-baseline than for quasi-isotropic-baseline.
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A reduction in plies in the rear spar presents similar results for the comparison of quasi-isotropic-
32/16 to shear-32/16. The prebuckling and reduced torsional stiffness are about 40% reduced for
the quasi-isotropic-32/16 in comparison with shear-32/16. The postbuckling stiffnesses of quasi-
isotropic-32/16 and shear-32/16 show a similar value. A further reduction in plies in the rear spar
shows the same behavior for the comparison of quasi-isotropic-32/8 to shear-32/8. The prebuckling
and reduced torsional stiffness are also about 40% smaller for the quasi-isotropic-32/8 in comparison
with shear-32/8. The postbuckling stiffnesses of quasi-isotropic-32/8 and shear-32/8 show a minor
difference.

Configuration
GJ
L pre

GJ
L post

GJ
L red

[ kNm
◦ ] [ kNm

◦ ] [−]

Quasi-Isotropic-Baseline 1161.98 833.00 0.72
Quasi-Isotropic-32/16 922.55 551.70 0.60
Quasi-Isotropic-32/8 708.12 419.35 0.59
Shear-Baseline 1995.11 854.85 0.43
Shear-32/16 1600.44 570.76 0.36
Shear-32/8 1253.81 443.09 0.35

Table 4 – Pre- and postbuckling and reduced torsional stiffnesses for the six investigated
configurations.

Figure 4 shows the uy-displacement into the y-direction after θx = 10◦ rotation around the x-axis for
the six investigated configurations for the dynamic implicit analysis results.
Quasi-isotropic-baseline (figure 4a) presents an upward deflection of the front spar and downward
deflection of the rear spar of similar magnitude around the x-axis of the wing-box. Quasi-isotropic-
32/16 shows a different deformation (figure 4c) than the quasi-isotropic-baseline. The magnitude of
the downward deflection of the rear spar is higher than the downward deflection for quasi-isotropic-
baseline. Contrary, the upward deflection of the front spar has a lower magnitude than quasi-isotropic-
baseline. Hence, the magnitude of the downward deflection of the rear spar is higher than the mag-
nitude of the upward deflection of the front spar for the quasi-isotropic-32/16 configuration. Quasi-
isotropic-32/8 (figure 4e) shows a similar deflection behavior as quasi-isotropic-32/16. The magnitude
of the downward deflection of the rear spar is higher for quasi-isotropic-32/8 than quasi-isotropic-
32/16.
Shear-baseline (figure 4b) presents an upward deflection of the front spar and downward deflection
of the rear spar of similar magnitude around the x-axis of the wing-box. Shear-32/16 shows a different
deformation (figure 4d) than the shear-baseline. The magnitude of the downward deflection of the
rear spar is higher than the downward deflection for shear-baseline. Contrary, the upward deflection
of the front spar has a lower magnitude than shear-baseline. Hence, the magnitude of the downward
deflection of the rear spar is higher than the magnitude of the upward deflection of the front spar for
the shear-32/16 configuration. Shear-32/8 (figure 4f) shows a similar deflection behavior as shear-
32/16. The magnitude of the downward deflection of the rear spar is higher for shear-32/8 than
shear-32/16.
The comparison of the quasi-isotropic-baseline configuration with the shear-baseline configuration
shows no differences in the deflection behavior or magnitude. Quasi-isotropic-32/16 and shear-32/16
as well as quasi-isotropic-32/8 and shear-32/8 also have presents a similar deflection behavior and
magnitude.
According to the dynamic implicit analysis, the results show a significant influence of the lay-up orien-
tation of the rear spar on the reduced torsional stiffness and prebuckling torsional stiffness. Contrary,
the postbuckling torsional stiffness is significantly influenced by a reduction of the number of plies of
the rear spar and not by the lay-up orientation. The reduced torsional stiffness stays for wing-boxes,
with a reduction in the number of plies of the rear spar, the same, if the number of plies of the rear
spar is lower than the number of plies in the other wing-box parts. The higher torsion moment for the
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required rotation for the shear configuration is caused by the higher prebuckling stiffness of the shear
configurations compared to their respective quasi-isotropic configurations. The rotation deformation
changes shape with a reduction of plies in the rear spar. The rotation gets asymmetrical around the
x-axis and the rear spar is exposed to a higher downward deflection magnitude.

(a) Quasi-Isotropic-Baseline. (b) Shear-Baseline.

(c) Quasi-Isotropic-32/16. (d) Shear-32/16.

(e) Quasi-Isotropic-32/8. (f) Shear-32/8.

Figure 4 – uy-displacement for the six investigated configurations for θx = 10◦.

5. Conclusion
In this paper, a numerical analysis of a composite wing-box experiencing torsion is presented. The
analysis investigates the influences of two different lay-up orientations and three different numbers of
plies for the rear spar on the pre- and postbuckling torsional stiffness.
Eigenvalue analysis determines the buckling moment and buckling rotation of the wing-box for the six
different configurations. The dynamic implicit analysis presents the torsion-rotation curves and pre-
and postbuckling torsional stiffness as well as reduced torsional stiffnesses introduced as a relation
between pre- and postbuckling.
Eigenvalue analysis shows, that a reduction in ply number for the rear spar results in decreased buck-
ling rotation and moment as expected, whereas the lay-up orientation only significantly influences the
buckling rotation. The dynamic implicit analysis shows, that prebuckling and reduced torsional stiff-
ness have a strong dependency on the lay-up orientation within the rear spar. A change in lay-up
orientation leads to higher moments for desired wing-box rotations due to higher prebuckling torsional
stiffness. The deformation distribution of the wing-box is influenced by the reduction of the number
of plies in the rear spar. This reduction leads to an asymmetrical rotation and a higher downward
deflection of the rear spar compared to the front spar as expected.
In the next step, the material failure will also be investigated for the wing-box under torsion as well as
a more detailed and realistic wing-box structure.
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6. Outlook
The next generation of aircraft needs lighter and more adaptive structures to meet the targets for
decreasing emissions. Passively morphing aerospace structures are an opportunity to fulfill the re-
quirements.
This numerical study is conducted as the first step of a methodology to conceive how to design
passively adaptive aerospace structures. In this approach, the desired shapes of a structure are
defined first. These desired shapes are then transferred onto local elements of the structure, where
the buckled shape is obtained using the reduced stiffness.
This new methodology will be applied for the design of a wing-box and validated by static and wind
tunnel tests.
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