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Abstract – The challenge concerns the realization of the lightest composite wing for E-FAN prototype
1.0 aircraft. This wing must be dismantled and must support critical loads for aerobatics. The bonding
conception between the composites parts must transfer the high loads. This article presents a methodology
to design a multi-materials structure with a complex geometry of varying thickness. So, the mechanical
behavior must be known for the structure, as well as their weaknesses which can involve the rupture. For
that, numerical simulations are elaborated in taken into account the constraints inherent in the manufac-
turing processes and DGAC’s requirements (Direction Générale de l’Aviation Civile, French Authorities
for Civil Aviation). The predictive character of these models is realized by numerical and experimental
results correlations in order to optimize the numerical model accuracy. Indeed, the complete spar’s sizing
is validated by static rupture tests. This last point requires the building of a special testing equipment
which is able to generate a load compared to the one applied in flight. Moreover, the testing metrology
is used to quantify the accuracy level of models. Wing spar, central spar and central/wing bonding are
qualified by DGAC for flight.
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1 Introduction

The light aviation is divided into different categories
such as ballooning, ultra-light, aerobatics aircraft. . . , each
one is governed by a dedicated standard.

In according to their category, the planes have got the
same wing architecture since the beginning of aviation
(Fig. 1a). It consists of a main spar which supports bend-
ing forces generated by the wing lift; a rear spar which
withstands the control surfaces; the ribs which reduce the
buckling of the skin and keep the aerodynamic shape; and
the skin which transfers the stresses to the spar. Stringers
can be added to the ribs into the internal architecture in
order to save the profile shape during the wing deflec-
tion. For example, Louis Blériot had already used this
kind of building for his Blériot XIV which was manufac-
tured with wood and cotton. Then, this architecture was
moved with metallic and more recently, composite mate-
rials. However, the wooden wings are still very current in
light aviation.

a Corresponding author: as.andreani@rescoll.fr

Aircrafts with dismountable wings are an exception
when they are manufactured for aerobatics. The bond
between the wing and the fuselage is often at the wing
root. This connection between each wing is ensured by
two pins in the fuselage as shown in Figure 1. The pins
located on the axis (Fig. 1b) are usually chosen because
the loadings transfer are lower through the pins.

Today, innovation extends beyond the constitutive
material in general aviation. New propulsion modes are
under development including electric propulsion and they
are driven by European vision Flightpath 2050. In this
case, batteries have to replace the fuel tanks but the
stored energy density in batteries is lower than the one
in fuel tank. In order to increase the proportion of stor-
age, the weight reduction of the structures becomes an
important challenge. E-Fan prototype 1.0. is an example
of aircraft with a new propulsion. This aircraft is fully
composite to reduce the structure weight and the engines
solicitation. The designers wanted E-Fan prototype 1.0. to
be defined as an aerobatic training aircraft with one hour
of autonomy in flight. Moreover, its low noise nuisance
allows to fly close to aerodromes. The wings are remov-
able to facilitate transport and storage of the aircraft. The
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Fig. 1. (a) Illustration of classical architecture with constitutive parts and (b) bond between wings spars into the fuselage by
pins.

batteries are located into the wing in order to be easily in-
terchangeable. The main issue is the little available space
for the wing-fuselage connection because of the batter-
ies storage. The loadings flow through the wing and the
connection is too high for this kind of aircraft; the skin
cannot be used to support partially the loads because of
the openings for the batteries changes.

E-FAN prototype 1.0. wing design is in according to
the designer requirements and the following aeronauti-
cal standards: CS 23 (Certification Specification) with
AMC 572 and AMC 619 (Acceptable Means of Compli-
ance) of CS-VLA (Certification Specification – Very Light
Aeroplanes). These aeronautical standards impose that
all bending loads are supported by the spar alone, so the
complete spar is the main element to size. Moreover, the
spar sizing must not be planned to observe damage be-
low the limit load, value imposed by these aeronautical
standards.

In the context of this industrial project, it is not finan-
cially possible to build several prototypes in order to val-
idate the wing concept including connection. But, the li-
cense to fly from DGAC (Direction Générale de l’Aviation
Civile, French Authorities for Civil Aviation) cannot be
obtained without testing a prototype. So, a single set of
wings and a single spar can be manufactured in order
to validate the mechanical behavior for the wing qual-
ification. The main technical challenge is the complete
spar realization of E-FAN prototype 1.0 and we have any
knowledge on the behavior of this new architecture and
its rupture mode. The numerical simulations only allow to
predict the particular architecture response. However, the
virtual model has to be efficient to grasp the kinematic
and to assess the stresses. The difficulties are not focused
on the material behavior, but they are about the perti-
nent numerical model building of a structure with multi
materials. In order to elaborate this accurate model, a
confrontation with the experiments can only validate the
numerical choices.

The semi structures are usually used for the concep-
tion studies like composite plates with hole [1], T semi
structures [2], and assembling parts [3]. They are built in
order to validate the models by testing. Today, the

complex behavior models exist fully integrating
anisotropy, damage, viscosity, stochastic phenom-
ena [1, 4–8]. Some good results are not systematically
obtained by using these models for a multi-materials
structure with a complex geometry of varying thickness.
Indeed, the overlaps of all approximations make difficult
the model accuracy: the behavior schematization, the
architecture representation, the limited mastery of
testing. A perfect correlation has to be reached in a
complex case, by a progressive approach to identify and
understand the misstatements. For E-FAN spar, no basic
knowledge is available, so we have to simultaneously
study the model building and the mastery of tests.

In this paper, a methodology is presented to improve
the model building and the testing simultaneously in or-
der to design a multi-materials structure with a complex
geometry. It can be transferred to any one designed ob-
ject in mechanical industry. Indeed, the mechanical be-
havior of this complex structure is difficult to know, as
well as their weaknesses which can start the rupture pro-
cess. For that, numerical simulations are elaborated in
taken into account the constraints inherent in the man-
ufacturing processes and DGAC’s requirements (Direc-
tion Générale de l’Aviation Civile, French Authorities for
Civil Aviation). The predictive character of these models
is realized by numerical and experimental results corre-
lations on small representative structure. This numerical
tool must allow to optimize the model accuracy and the
mechanical behavior comprehension of structure failure.

This article is divided into 4 chapters. After explain-
ing the context in Section 1, materials and wing archi-
tecture are presented in Section 2 and the numerical
model of the complete wing is detailed. To ensure the
predictive character of the numerical model, Section 3
describes the experimental validation step by testing the
representative semi structures. Specifically, these repre-
sentative elements has the same manufacturing method
as the spar. The experimental results are compared with
the ones from numerical model, by using the same param-
eters as the ones used for the wing sizing. So, the predic-
tive character is improved before testing complete spars.
Section 4 presents the qualification test of the complete

614-page 2



C. Fleuret et al.: Mechanics & Industry 17, 614 (2016)

Table 1. Mechanical properties obtained by sample tests.

Mean values Experimental Standard deviation Reference
Longitudinal tensile elastic modulus 129 GPa 1.89% 135 GPa

Poisson Ratio 0.25 2.32%
Longitudinal ultimate tensile strength 1777 MPa 1900 MPa

Transversal tensile elastic modulus 7152 MPa 2.55% 7372 MPa
Transversal ultimate tensile strength 40.0 MPa 5.74% 59 MPa

Longitudinal compressive elastic modulus 116 GPa 4.83% 120 GPa
Longitudinal ultimate compressive strength – –

Shear modulus 7301 MPa 0.40%
Ultimate shear strength 163.6 MPa 4.34%

Fig. 2. Stress-deformation curve of anisotropic laminate (45◦ angle ply) by tensile test.

spar required by DGAC. The numerical model is assessed
by comparison between experimental results from the test
and the analysis of the rupture scenario.

2 Dismountable wing design

2.1 Materials characterization

It is firstly necessary to know the material character-
istics in order to develop a predictive numerical tool in
the design of a complex structure.

Thus, samples are manufactured in carbon-epoxy
composite and they are representative of the material for
the whole structure. The raw materials are distributed by
Structil: prepregs (300 g.m−2) with TR50 carbon fibers
and with an R367-2 epoxyde matrix. In according to the
test standards, the composite materials are tested by lon-
gitudinal tensile, transverse tensile, shear and longitudi-
nal compression, each one is monotonous. During the test,
the stains are measured by strain gauges.

Table 1 summarizes the mechanical characteristics
which have been identified. AMC 572 – CS VLA requires a
maximum stresses which are 400 MPa for parts in carbon-
epoxy composite at the limit load [9,10]. No detail is pro-
vided regarding the ply orientation and the ply stacking.

Then, these maximum stresses are imposed in the fiber
direction; the real strengths are used in other directions
with a safety factor of 1.5. The reference data values (Ta-
ble 1) are from the literature, excepted for the longitu-
dinal stress rupture which comes from a manufacturer’s
documentation [11].

The primary structures should support the bending
load. Fibers which are subjected to high compression
stresses, are in position to generate a high stiffness. The
behavior in fiber direction is elastic linear. The nonlinear
ply behavior relies on experimental results from tensile
test of laminate with 45◦ angle ply (Fig. 2) in order to
better know the kinematic. The testing speed is similar
to the one for the complete structure test which is carried
on structure test bench. Moreover, this nonlinear behav-
ior is represented by an elastoplastic anisotropic model
developed by Gentilleau [8]. This model allows to better
report of the elastic linear behavior under loads following
fiber direction or loads in perpendicular fiber direction
and, the nonlinear behavior under shearing loads.

Furthermore, the load is applied by linearly increasing
until failure without discharge in order to validate the
structure. A classical rupture criterion is enough efficient
to predict the limit load.
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Fig. 3. Schematization of E-Fan wing architecture.
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Fig. 4. (a) Representation of the spars fit system and (b) photography of central spar tip.

2.2 Choice of architecture

E-Fan prototype 1.0. presents the same constraints
like all aircrafts using this kind of propulsion. To lo-
cate the batteries in the apex as shown in Figure 2,
involves two criteria for the design of the wings: the struc-
ture weight and the internal space thereof. Indeed, in or-
der to board the maximum batteries without increasing
the airplane weight, the structure should be light. More-
over, it should have compartments which can contain the
batteries.

In Europe, the aerobatic aircraft has to support max-
imum load factors of +6 g and –4 g.

During a flight, the lift from the wings balances the
aircraft weight. The lift and the drag are generated by
a pressure distribution which can be easily computed by
taking into account the wing profile along the cord and the
wingspan. In order to validate the structure by DGAC, it
is necessary to verify the aircraft integrity under a load
factor which is Gravity (g) multiplied by a coefficient (x).
For an amateur-built aerobatics plane, this coefficient is
equal to 6 for aluminum plane, and equal to 12 for com-
posite plane. In this framework, a pressure is applied on
the wing by balancing the aircraft weight under a grav-
ity field which is equal to x multiplied by Gravity (g).
Consequently, the drag is also in the same order of mag-
nitude. This coefficient allows to easily take into account
the acceleration effect on a structure.

DGAC dictates to us to keep classical architecture for
E-Fan wing. So, a single spar must be able to support the
lift as defined in the standards. For E-Fan prototype 1.0,
this spar is supplemented by two false spars respectively
located on trailing edge and leading edge. Both comple-
mentary spars involve the resumption of torsional loads
in the plane of the wing.

E-Fan central spar is fixed in the fuselage by pins in
according to a classical principle in general aviation. The
W-shape of the wing chosen by the designers simplifies
and reduces the weight of the retractable landing gear.
The batteries are stored in the wing close to the fuselage
called apex (Fig. 3). The apex ends with a dihedral modi-
fications before the interface with the dismountable parts
of wing. Only the complete spar has to support the ef-
forts, so the wing spar has to be directly connected to the
central spar. This configuration makes complex the design
because the connection is located between the apex and
the wing at the root, and not in the fuselage as usually
done. However, the connection design is determined by
the batteries location and by the dihedral modification
of the apex shape. Indeed, the available space reduces
the number of possible geometries. Moreover, mounting
as dismantling must be easy and fast without clearance.

The spars are 160 mm high and 90 mm wide because
of the batteries storage into each apex. The central spar,
the wing spar and their fasteners must be respectively
integrated in this latter dimension (Fig. 4). Consequently,
a fit system of the wing spars is designed into the central
spar. In this connection, the loads transmission is ensured
by two titanium adjusted pins (Fig. 4). The wing spar
ends with a trapezoidal shape in order to fit together with
the central spar tip (specific manufacturing method). This
geometry fixation ensures the mounting without clearance
and without difficulty. The lack of space maximizes the
insertion length constrained by the curvature radius of the
center spar. The mechanical principle of this removable
junction is reliable.

The small dimensions imposed by the wing shape and
the connection between the central and wing spars lead to
define a box section for them. This design allows easily to
respect the specifications in terms of size and load flow.
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Fig. 5. Numerical model of the wing spar and the apex spar.

Moreover, the composite manufacturing process is realiz-
able. This design maximizes the moment of inertia with
a reduced weight. This carbon box consists firstly of two
flanges which support bending loads and secondly webs
which transmit the shear loads. A foam core is added to
prevent the local buckling of the sidewalls. To minimize
the weight of the wing spar, the thickness of both flanges
decreases along the wingspan, so that they are loaded to
iso-stress.

The numerical model has two separated parts which
correspond respectively to the wing spar and the apex
spar (Fig. 5). The spars are modeled in three dimensions;
the dimensions are the theoretical values requested from
the manufacturer. The core is represented by a 3D vol-
ume while the composite parts are some plates defined on
the outer surface of the volume. The separated modeling
of both spars allows to take into account the fit system
and therefore, the connection between the spars. The nu-
merical model building follows the confidential specific
manufacturing method of C3Technologies. All composite
plies are defined by their orientation and their thickness.
Both spars are bonded by two pivot points correspond-
ing to the pins. The loading is applied to the intrados
side of the wing. The loading distribution is based on the
approximate aerodynamic loading which is provided by
the aircraft designers. The loadings from the winglet are
added to the spar end. The boundary conditions for the
apex spar are representative of the ones presented into the
fuselage; two pivot pins avoid the transversal movement
of the webs.

The wing model is built from the spar model. The
ribs, the false spars and the skin are modeled with shells
(Fig. 6). The real definition of composite plies is again
implemented in the numerical model. All these parts are
merged in order to reduce the computation time. Loadings
due to the winglet are still applied on the spar. The wing
aerodynamic loading is applied by pressure on the whole
wing surface (lower and upper faces). This pressure comes
from the aerodynamic computations on the 2D airfoil.
The boundary conditions are provided by the spar pinning
and the false spars, as in the case of the actual wing.
However, in the numerical model, the spar is pinned to
an infinitely rigid frame and the apex spar is not infinitely
rigid in reality.

The pins and the inserts sizing includes the constraint
of limited space in the spars. The inserts and the pins
are made of titanium alloy TA6V in order to reduce gal-
vanic corrosion with the carbon fibers. The caulking sizing
is realized on metal parts by the conventional analytical

Fig. 6. Cut-view of the numerical model for the wing internal
architecture.

Table 2. Comparison between analytical and numerical load-
ings in the pins.

Analytical (N) Numerical (N)
Pin 1, horizontal axis –1073 –632
Pin 1, vertical axis –52 185 –53 030
Pin 2, vertical axis 41 798 42 455

method. A specific analytical method is used for compos-
ite parts including inserts [12]. This method is based on
a computation of homogenized elastic plate and it is vali-
dated for quasi-isotropic laminates. A stress concentration
coefficient in according to the material and the geometry
improves accuracy level. The loadings for the pin sizing
are calculated by using the method imposed by DGAC
(Table 2). This agency must be able to verify all compu-
tations of these critical parts of the airplane. The loadings
values through the pins are verified by comparison with
the numerical model.

The number of ribs, their thickness, their localization
and the skin thickness are optimized to save low weight,
strength and low shape deformation during the wing de-
flection. The standard referred to E-Fan certification does
not define any formal design criterion. In literature, the
works relate to the influences of the shape deformation
between the ribs on wing performances. This work shows
that more the profile warps more the drag increases. In
Figure 7, for the same spar design and the same rib distri-
bution, the plies number in the wing skin plays an impor-
tant role in order to avoid the skin blistering phenomenon.
So, a compromise about ribs and skin design is determined
in relation with the wing deformation and the low struc-
ture weight.

For design and good mechanical behavior of the wing,
the most important element is the spar and its connec-
tion. The numerical model is built with the real geometry
and the material data identified from samples. As a re-
sult that the structure complexity cannot rely on a suffi-
ciently robust analytical computations, DGAC requires to
perform a test on the complete spars in order to certify
E-FAN wings. Before making this final validation step,
semi-structure tests are performed. They allow to vali-
date the manufacturing process in order to obtain a good
structure strength and stiffness; to validate the level of the
predictive numerical model and; to prepare the testing of
the complete spars structure.
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Fig. 7. Plies number influence on the shape deformation for
the wing skin.

3 Experimental validation of the spar
numerical model

3.1 Semi-structure tests: 4 points bending test

3.1.1 Trial description

As previously, the raw materials are distributed by
Structil: prepregs (300 g.m−2) with TR50 carbon fibers
and with an R367-2 epoxyde matrix. The core material is
C70-75 PVC foam provided by Airex.

The test consists of a four-points bending on a spar
section, with a constant flange thickness. The length of
this section and the thickness of his flanges are sized to
retain acceptable dimensions and limit the local punching.
Two tests are performed: the first test is carried out on a
tensile testing machine equipped with a specific bending
bench.

In Figure 8, the tools for 4 point bending test are con-
stituted of a bottom part of 1.2 m long and an upper part
of 0.4 m long. Supports are 90 mm high and 25 mm diam-
eter. Aluminum plates are bonded to the composite beam
in order to locally limit the punching due to cylindrical
supports of bending bench. Testing speed is 2 mm.s−1.

The second test is performed on a structure bench
(Fig. 9). The distances between supports are the same
as the previous ones on the tensile testing machine. Alu-
minum stirrups with glass-epoxy composite plates located
at the interface with the spar, allow to distribute loading
points along the structure. They are connected from the
spar to the test bench by chains. The stirrups are specif-
ically developed and sized for the spar test. The tooling
stiffness decreases in opposite to the one of tensile ma-
chine and can involve a testing geometry modification.
Indeed, the stirrups are clamped on the section and they
cannot slide; the spar bending brings closer the external
supports and takes away the inner supports. These move-
ments alter the chains direction and the force direction
imposed on the spar; however, the changes are low.

Fig. 8. Tools for 4 points bending test on a tensile testing
machine.

Glass-epoxy composite plates are used to avoid local
punching of the composite spar.

3.1.2 Metrology description

A local metrology is installed in addition to measured
elements (displacement and force) in order to correlate
the numerical simulation with the testing results. The
main goal is to compare the strains measured in differ-
ent zones of the structure with the ones from numerical
model. This specific metrology is constituted of four strain
gauges: a unidirectional gauge located on each flange and
a bidirectional gauge located on each side. Each gauge is
located on the outer surface and, at the same wingspan
for both web and flange sides.

A draw-wire sensor is placed at the middle of the spar
span, at the bottom flange in order to immediately mea-
sure the maximum deflection.

On a static test bench (Fig. 9), the draw-wire sensor
is fixed on the spreader in order to measure the imposed
displacement of the load points.

3.1.3 Results presentation

During the first performed test, severe punching is ob-
served at low load (Fig. 10). The perforation occurred
at the fillet between the web and the flange. This phe-
nomenon can be explained by the very small thickness of
the webs and by the sharp edges of aluminum plates. So,
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Fig. 9. Modified tools for the spar test on structure test bench.

Fig. 10. Spar test fixture on tensile machine and fracture by punching.
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Fig. 11. 4-points bending numerical model.

for spar certification, the method of the first test is given
up.

For the second test, the new tools allow to bear a
higher loading than the previous ones without observing
any known damage. The forces values at each stirrup ex-
ceed more than three times the maximum expected load
during the structure test. In this configuration, the testing
was led up to the maximum capacity of the force sensor
(30 000 N), the rupture did not occur.

3.2 Experimental/numerical correlation
of the 4-points bending test on semi-structure

3.2.1 Numerical computation description

The numerical model of 4-points bending is built in
three dimensions, it represents the configuration for the
first test (Fig. 8). This model is similar to the full spar
model. A 3D volume with the theoretical dimensions of
the specimen is defined for which the core material is
applied. The outer faces of this volume serve to support
shells which are carbon-epoxy composite. The thicknesses
of the composite model is measured by micrograph of a
test beam. The ply stacking is defined by their orienta-
tion. Only half of the beam is represented by imposing a
symmetry condition which reduces the computation time
(Fig. 11). The supports are cylindrical like the ones for
the test on tensile testing machine. The aluminum plates
at beam/cylindrical support interface are modeled in or-
der to avoid local punching. Computations are driven by
imposing displacement in according to the test. Carbon-
epoxy composite material properties are provided from
sample tests and the core material properties from liter-
ature. All material behavior laws are linear elastic. The
contact between steel cylindrical supports and aluminum
plates is modeled by the Lagrangian multiplier method.
The mesh consists of C3D8 and S4R elements of 10 mm
with bias reducing this size to 0.6 mm at the supports.
Computations are made with nonlinear geometry method.

3.2.2 Confrontation and analysis

In Figure 12, the curves represent the deflection ob-
tained at the middle of the spar respectively by both tests

Fig. 12. Comparison of deflection at the middle of the spar re-
spectively numerically obtained and experimentally measured.

and the numerical model. The numerical deflection has a
lower slope of approximately 21% than the one obtained
by the structure bench test but, greater than the one on
tensile testing machine. The numerical model has a simi-
lar stiffness as the tensile machine test at low loading. In
fact, the modifications of behavior occur at low loadings.
The measurement accuracy of the draw-wire sensors is
low, so it is difficult to judge the numerical-experimental
correlation at the beginning of the experimental results.
The test bench has a different tool; the testing geometry
is changed continuously because of the ties which induce a
change in behavior. The measured deflection is nonlinear.
In addition, the geometry modification involves a margin
of error for deflection measurement.

Despite this difference for the deflection behavior in
relation with loading, numerically calculated strains are
consistent with those ones measured by strain gauges.
This result reflects the good modeling of the global kine-
matics of the spar and the ability of the hybrid model (3D
volume and shells) to estimate strain fields (Fig. 13). For
the flanges, the correlation between measured and calcu-
lated strains is good. For the webs, the correlation results
is sufficient between the test with cylindrical support and
numerical computations.
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Fig. 13. Strain at the center of upper and lower flanges in
according to the applied force.

The four points bending tests allow us firstly to adjust
and validate the tooling for the complete spar test, and
secondly to validate the hybrid 3D numerical model of
the spar. These tests have also led us to modify the spar
manufacturing method in order to increase the loading
transfer between the flange and the web.

4 Spar structure qualification

4.1 Test on structure: Apex-Wing spars assembly

The assembly of both longitudinal spars (the central
spar and the wing spar) is called structure. The objective
of this final static test is to validate the sizing of the cen-
tral and the wing spars and the connection between these
two spars in order to meet the specifications imposed by
DGAC. It imposes a first limit load test without damage
followed by a second destructive test in order to verify the
structural integrity save at the ultimate load. The struc-
ture test is a static unsymmetrical bending test until rup-
ture, no matter the incipient failure areas. The maximum
reached load before rupture conditions the flight envelope
authorization given by DGAC. A delegation ensures the
results authenticity.

4.1.1 Test setting up

The central spar is fixed by two pins on test bench.
The tooling for central spar pinout is designed so as to
create infinitely rigid conditions to the root, then the test
is conservative in view of actual conditions. The wing spar
is fixed to the central spar with the system previously
sized.

The test principle is shown in Figure 14. The cen-
tral spar and the wing spar have together 8 load points.
This load distribution is representative of aerodynamic
loading; it minimizes the tools number and the necessary
space. Indeed, the available tools allow to use a single

jack and so, a whiffle-tree is defined as shown in Fig-
ure 14. The choice of spreader location allows to impose
the forces due to the winglet, without that the last stir-
rup being too close to the spar end. Stirrups location and
spreader lengths are calculated by imposing a load close
to the actual aerodynamic loading (Fig. 15). The dihe-
dral of apex and wing are different, so pulleys are used to
correct angles. They are located so that the connecting ca-
bles are normal to the spars when the load factor reaches
9 g. As a reminder, two tests are carried out on the test
bench: the first is up to limit load 6 g and, the second is
up to rupture load which is superior to 6 g. The setting
is made to suit both tests. Furthermore, spreader lengths
and pulleys positions are determined by taking into ac-
count displacement and deformation of the structure in
order to ensure the proper alignment of the whiffle-tree
to 9g loading. Lastly, the top spreader is previously in-
clined so as to be orthogonal to the cable and the jack at
9g loading. The spreaders are balanced by taking into ac-
count stirrups weight to avoid inducing no extra loading
to the spar.

The structure width is smaller than the length, so dur-
ing the test, it is necessary to provide a guide in order
to avoid structure dumping. Guides are distributed along
the spar span, three of them hold the wing spar and two
others hold the central spar (Fig. 16).

4.1.2 Test instrumentation

During the tests, the structure is instrumented by four
kinds of sensors, as shown in Figure 17:
– 6 strain gauges groups are located on the spars. Each

group is constituted of an unidirectional gauge on each
flange and a bidirectional gauge on each web (orange
arrows in Fig. 17),

– 3 draw-wire sensors are arranged on the spars, one at
each end of the wing spar and the central spar (green
arrows in Fig. 17),

– 2 force sensors are used, the first one is positioned
under the jack, it measures the total force applied to
the structure, the second one is located at the first
stirrup (Fig. 17) to verify the correct load balancing,

– Acoustic emission sensors are arranged between the
gauges of groups 4 and 5, on the upper flange in or-
der to measure the activity close to spars connection.
Acoustic emission sensors are spaced 130 mm and they
are coupled to the wing spar with a silicone adhesive.
Acoustic emission sensors reliably detect and locate
damages initiation (like matrix cracking, delamina-
tion and fiber breakage,. . . ) and monitor crack pro-
gression. Acoustic waves are mechanical waves which
travel through the structure when it is loaded. Indeed,
each damage or deformation corresponds to a phe-
nomenon of elastic energy release by the way of tran-
sitional elastic waves into the material. Acoustic wave
intensity is related to amplitude (dB). More the wave
amplitude is high, more the displacement is high, more
the sound intensity is loud. The detection threshold of
acoustic waves is 30 dB.
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Fig. 14. Scheme of the whiffle-tree for structure testing.

Fig. 15. Comparison between the aerodynamic loading and the loading enforced by the whiffle-tree.

4.1.3 Structure test loading

DGAC’s specifications impose two loadings applied to
the same structure:

– Test 1: rise up to the limit load test (6 g) is driven by
step, by adding 10% of load to each step, with a pause
time of 3 s at each step. Once 6 g step is achieved, a
slow discharge is operated.

– Test 2: a destructive test is realized with a first con-
tinue loading rise until the limit load (6 g), from which
the incremental loading method is repeated until fail-
ure (Fig. 18).

4.1.4 Results and analysis of the test

The first test up to the limit load shows that the good
correction of spreader lengths.

The second test confirms the good spreader correction
and the pulley location. The rupture came at 9.3 g, it
means 1.55 times the limit load while it was expected
2 times the limit load, so 12 g.

During the first test, a light acoustic activity is ob-
served in an average amplitude range. On the second load-
ing, it is not recorded acoustic emission before reaching
the previous load at 6 g which checks Kaiser effect [13–20]
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Fig. 16. Test assembly of central and wing spars with the guides.

Fig. 17. Illustration of instrumentation sensors on the complete spar.

Fig. 18. Loading method for the test until structure failure.
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Fig. 19. Bending test of the spars, deflection of wing and central spars in according to the applied load (AE: Acoustic Emission).

(Fig. 19); in other words, no damage is detected before
the limit load 6 g.

Rupture is located just after the location of gauges
group 5 and acoustic emission sensor 2 on the wing spar.

The localization of acoustic events just before rupture
corresponds to the damage area that leads to the final
fracture (Fig. 20). In addition, the precipitated acoustic
events are in high amplitude range, which corresponds to
fiber breakage.

After the second test, several kinds of fracture are vis-
ible: buckling of a web, tear of the other web and com-
pression breaking of the top flange (Fig. 21). Fracture on
the upper flange is located at substantially close to the
edge of steel stirrup.

Both tests show a good correspondence of force-
displacement and stress-strain curves until the limit load.
During the second test, the acoustic activity absence up
to the limit load indicates no creation of a strong damage,
the correct spars sizing is confirmed until the limit load
(Fig. 19).

However, the wing spar rupture occurs before the load
threshold referred to 12 g.

Three failure factors have been identified from the
fracture surfaces of wing spar: a lack of foam bonding at
foam/web interface for a one side; the high thickness re-
duction of unidirectional layers on upper and lower flanges
close to the stirrup and; the local spar punching by the
stirrup.

Following the observation of web buckling, the bond
between the carbon laminate and the foam presents a low
shear strength for a one web side of the spar. In Fig-
ure 22a, on this entire web length (checking conducted
at several points), adhesive rupture is presented at car-
bon laminate-foam interface, contrary to the other spar
web (Fig. 22b). This phenomenon exists only for the side

which is cured by autoclave. The peel ply holds some re-
lease agents, which are not normally transferred to the
object, but this phenomenon is possible when the lam-
inate is cured at high temperature and, especially into
autoclave.

Furthermore, two strong thickness modifications are
located in the rupture area, the web thickness is from
0.66 mm to 0.44 mm and the unidirectional flange is re-
duced from 5.27 mm to 4.65 mm. These thickness de-
creases involve an important stress variations in this area.

In addition to these factors, the stirrups are held in
position by clamping. Glass-polyester laminates and elas-
tomer plates are used to avoid contact between the metal
stirrup and composite spars. Despite this precaution, a
local punching is possible due to the tightening and the
local deformation of the wing spar.

The coupling of the three factors: buckling of a web,
tear of the other web and compression breaking of the
top flange, explains the failure apparitions at a premature
load below the expected ultimate load.

4.2 Test/simulation correlation of the joining strength

4.2.1 Simulation presentation

The numerical model used to make the correlation is
the same geometry model which is used for spars sizing.
The geometry is the same as the complete spar for the
structure test (Fig. 23). It is also composed of two beams:
the central spar and the wing spar which are joined to-
gether by pivot connections. The central spar is embed-
ded to the frame by two pivot connections (pins) in order
to prevent spars spillage, when boundary conditions are
imposed at the guides.
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Fig. 20. Bending test of the spars: amplitude of acoustic events in according to their inter-sensor location. (a) Test 1, (b) test 2.
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Fig. 21. Photography of the web rupture of each wing spar.

(b)(a)

Fig. 22. Photographs of adhesion difference between both webs.

Fig. 23. Numerical model of the test spars.

The loading used to make test/simulation correlation
is the same as the experimental one, it means the same
8 load points located from the same place along the spar
span.

4.2.2 Confrontation and analysis

The numerical model accuracy must be verified by
correlations with experimental results for deflection and
strains. Below, all graphs have a maximum abscissa of
25 000 N which correspond to 10 g, while the rupture came
at 9.3 g.

In Figure 24, a good correlation of the wing spar end
deflection is shown between test and numerical model.
The second graph shows a focus of the curves represen-
tative at the wing spar root. The gap between simulated
and measured results is greater at the root, the result
deviation is about 20%.

Strains extracted from the numerical model are corre-
lated with the ones measured by strain gauges. Numerical
strains during loading are calculated at the nodes which
correspond to the gauges location. In Figure 25, a good
correlation is shown between the flange strains. In Fig-
ure 26, for the web strains, a slope difference is about 30%
between the values recorded in the test and the values of
the numerical model. In Figure 27, numerical simulation
is conservative compared to the test results for the flanges
strains.

The numerical values of strain near wing/apex connec-
tion should be just an approximation. Indeed, this area is
highly stressed with a very high stress gradient. Moreover,
in this area, modeling by shell elements is not representa-
tive because of the continuous thickness variation of the
real spar.

After the structure test, the comprehension of the spar
rupture scenario is necessary in order to optimize the
predictive level of spar numerical model. As previously
in Section 4.1.4, several factors can be a source of spar
failure.

Firstly, the stress fields from the model with loading
applied continuously along the wingspan and the same
model loaded by 8 load points show a very high similarity.
A local difference is only observable in the load introduc-
tion zones. This result confirms the accurate distribution
of shooting points and, the quality of test assembly.
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Fig. 24. Graphs representative of spars deflection in according to the force.

Secondly, three successive modifications are made to
the spar nearby the fracture area in order to understand
rupture scenario. Web delamination and web buckling are
implemented into the model by reducing local stiffness
properties close to the failure load. This change causes a
slight increase of the stress at the stirrup and near the
“buckling” area. However, this stress increase does not
explain the spar failure at this location.

In order to approach the real spar geometry, dis-
cretization of the finite element flanges is increased. In-
deed, the flange discretization was 200 mm intervals for
sizing, so great thickness changes is presented between

each section (Fig. 28), ply number of flange is reduced
from 29 to 17 in the failure area.

The numerical model is modified by a discretiza-
tion of 40 mm in the rupture zone. This discretization
change into model reduces the stress concentration be-
tween thickness variations and, locates the maximum
stress at the failure area (Fig. 29).

However, the stress level remains under the laminate
strength. A final calculation is used to assess the influence
of the stirrup clamping on the spar. The clamp value is
very difficult to determine because of the complex tools.
Several tests with different torque (Table 3) show only
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Fig. 25. Experimental-numerical correlation graph of the flange group No. 5 strain.

that some significant tightenings allow to reach the ma-
terial strength (Fig. 30). But it is highly unlikely to reach
these clamp values for this application.

During manufacturing process, the laminate thickness
after compaction was not checked. Indeed, a high ply
number involves a final laminate thickness smaller than
the predictive one because of compaction. A section de-
crease is possible with an increase of fiber volume fraction,
so the influence of the compaction phenomenon is difficult
to quantify about laminate strength.

Comprehension of the mechanical behavior and the
failure scenario of the complete spar is difficult after the
structure test. Indeed, three failure sources are identified
but, each of them cannot explain the rupture at the ulti-
mate load alone. Moreover, the spar rupture appears at a
premature load which is lower than the expected one. To
conclude, the most probable rupture scenario is governed
by the coupling of a strong tightening combined with the
material properties variability and a strong laminate com-
paction.

5 Conclusions

The dismountable wing of E-Fan aircraft is a multi-
materials structure with a complex geometry. The spars
connection design respects the weight constraint, the
transfer of the load levels reached in aerobatics by taking
into account DGAC’s specifications and the manufactur-
ing process. This structure design is developed by follow-
ing a progressive methodology in order to understand the
mechanical behavior and the failure modes. The model
building and the testing mastery are acquired by corre-
lating experimental and numerical results of the small
structures testing.

Firstly, the small structures testing allow to adjust
and to validate the tooling for the complete spar test.
Some specific tools are developed in order to limit the
punching at the load points and to apply a representa-
tive loading distribution with the good boundary condi-
tions. Secondly, these semi structures tests have also led
to modify the spar manufacturing method. Some slight
modifications of the bonding process and the internal spar
structure are made in order to increase the loading trans-
fer between flange and web. Then, hybrid 3D numerical
model is validated by the correlation between experimen-
tal and numerical results of the semi structures. So, the
complete spar and the connection are sized by the hybrid
3D numerical model.

E-FAN prototype 1.0 spar is qualified by an asym-
metrical bending test on a structure testing bench with
a specific whiffle-tree. Following DGAC’s requirements,
the spar rupture appears at a premature load which is
lower than the expected one. Experimental/numerical
correlations show a fairly good prediction. However, the
rupture scenario is difficult to explain by the numerical
model modifications. The most probable rupture scenario
is the coupling of a local punching combined with a ma-
terial properties variability and a strong laminate com-
paction. Consequently, some manufacturing modifications
have been performed on the final parts to improve the
mechanical strength and to consolidate safety beyond the
required limit load.

Finally, E-FAN prototype 1.0 has obtained the license
to fly from DGAC with a restricted flight envelop. This
aircraft has made several flights since the structure test.

Acknowledgements. This work integrates the development
program of E-Fan project. E-Fan is a electric Aircraft designed
by Airbus Group Innovation and Aéro Composites Saintonges
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Fig. 26. Experimental-numerical correlation - strains measured on webs by group 4 (a) and 5 (b) gauge in according to the
force.

Table 3. Influence of the clamp value on the maximal stress
in the flange.

Clamp value Maximum stress
0 N –602.807 MPa

1000 N –606.739 MPa
10 000 N –691.586 MPa
20 000 N –815.576 MPa

(ACS). It is a 2 seats aircraft of 6.7 m length and 9.5 m span.
E-Fan was presented at Paris Airshow by Airbus Group In-
novation in 2013. This work was a part of the regional in-
novation project “Composite carbone aero”. It was funded
by FEDER, Etat-FRED and Poitou-Charentes. CRITT MPC
was the project leader for the complete wing realization. This
project was in partnership with the companies C3Technologies
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Fig. 27. Numerical strain – experimental strain measured on upper and lower flanges.

Fig. 28. Fine discretization of spar model at the rupture area.

Fig. 29. Discretization influence on the fiber axis stress (noted
S11) in the unidirectional upper flange.

and Aéro Composites Saintonges (ACS) and, the research in-
stitute PPRIME.

 

Fig. 30. Clamp value influence on the S11 stress in the uni-
directional upper flange.
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polymère-composite bobiné-application au stockage
d’hydrogène hyperbare, Ph.D. thesis, ENSMA, 2012

[9] Certification Specification of Very Light Aeroplane (CS
VLA), European Aviation Safety Agency (EASA)

[10] Acceptable Means of Compliance 572, 613 and 619, CS
VLA

[11] N. Revest, Comportement en fatigue de pièces épaisses en
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