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Abstract
To improve the crashworthiness design of composite aircraft structures, analytical models are useful to enable engineers 
to have a fundamental understanding of the influence of the design variables. As such, during the preliminary design, this 
knowledge can be exploited, rather than needing to alter an already mature design in a later phase. Accordingly, an analytical 
model is derived which allows the determination of the mean crushing load and the energy absorption of composite absorbers. 
The analytical model allows one to accurately predict the mean crushing load of square tube absorbers while altering their 
side length and thickness. Moreover, the different terms in the analytical model show that the out-of-plane shearing of the 
material is the major energy dissipating phenomenon. The composite absorbers are then incorporated into a finite element 
model of the keel section of the thermoplastic composite subfloor of a fuselage demonstrator developed by the Clean Sky 2 
STUNNING project. The analytical model facilitates the estimation of the energy absorption and crash load of the fuselage 
section augmented with the energy absorbers. In this way, during the preliminary design, the absorbers of the fuselage can 
be designed concurrently for the static loads and for the crash loading, leading to a more efficient design.

Keywords Aircraft fuselage design · Composite structure · Crashworthiness · Analytical model · Finite element analysis · 
Thermoplastic

1 Introduction

The aviation industry is well-known for its safety standards, 
leading it to be one of the safest transport sectors. One major 
aspect of safety is the crashworthiness of the aircraft, which 
is the ability of the structure to handle crash loading. Crash-
worthiness requirements are reported in the Airworthiness 
Standards [1], which mainly define the maximum accelera-
tions the passengers may experience, the maintenance of 
livable volume, and constraints for all objects in the cabin, 
to ensure that the passengers are able to exit the aircraft in 
the event of a crash. Nowadays, crashworthiness analysis is 
usually performed at the end of the design cycle when the 
final design of most of the components is already defined. 

Consequently, if needed, mature designs have to be altered to 
account for the additional requirements. Analytical models 
can help in performing fast crashworthiness analysis during 
the preliminary stages, leading to more synergistic designs.

Fiber-reinforced polymers show different failure modes 
when subjected to crush loading, mainly consisting of pro-
gressive folding, progressive splaying and progressive frag-
mentation [2]. The folding failure mode is more common 
when using ductile materials [3], while the fragmentation 
and splaying failure modes are more common in the case of 
more brittle materials. Generally, a combination of the two 
brittle failure modes occurs, depending on the design of the 
absorber. Due to the complex failure mechanics of compos-
ite energy absorbers, physical testing is the most common 
way of determining the performance [4]. Falzon addresses 
the complexity of modeling the crushing behavior, high-
lighting the complexity of capturing nanocracks mechan-
ics in a macroscale crushing [5]. To capture the splaying 
and delamination of the crushing, multi-layer finite element 
methods have been suggested [6–9]; however, the simula-
tion of these models can be time-consuming, due to the high 
number of degrees of freedom, especially when these are 
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incorporated in structural models. A method to capture the 
crushing phenomenon using single shell models is shown 
in [8, 10, 11], to reduce the computation effort for a single 
absorber. More recent work by Costa et al. focuses on devel-
oping a physically based finite deformation model, which 
captures the complex failure behavior of the matrix and 
kinking of the fibers [12]. While finite element models can 
capture the crash behavior of isolated elements and articulate 
structures, the creation and simulation time of the models is 
time-consuming. Moreover, to capture the complex failure 
behavior of fiber-reinforced plastics, the material models 
need to be validated with physical tests, which once more is 
a costly procedure.

In literature, different approaches can be found that aim to 
analytically determine the mean crushing load of composite 
absorbers. The most accurate methods consider the energy 
dissipations of the various failure modes that are exhibited 
during the crushing phenomenon [13, 14]. However, the 
applicability of energy dissipation is limited as it requires 
the use of load cycles, which are difficult to determine. This 
problem is overcome by Hussein et al. [14], who introduced 
the use of energy rates in combination with the loading rates. 
The equation to determine the mean crushing load as derived 
by Hussein et al. is applicable to straight square tubes.

Next to the analysis of single structural elements, the 
behavior of more complex structures is also subject in recent 
studies [15–18], but most of them consider metal structures. 
Sub-floors contribute to a large part of the energy absorp-
tion [19]. For example, the bending of metal frames entails 
almost half of the total energy absorption [20]. The crash 
behavior is sometimes studied by performing physical tests, 
by dropping a section of the fuselage [21, 22], while [23, 24] 
show how finite element modeling aids in the crashworthi-
ness analysis of aircraft structures. Including crash require-
ments during the aircraft’s preliminary design can be chal-
lenging, but improves the design [25]. The crash kinematics 
may change when implementing fiber-reinforced materials. 
This leads to the investigation of different types of energy 
absorption systems, leveraging the properties of composites 
[26]. As such it should be studied how composite aircraft 
behave when subjected to crash loading, to ensure that these 
are in line with regulation [27, 28].

This study develops a simplified analytical–numerical 
approach which models the crushing behavior of compos-
ite energy absorbers and subsequently estimates the crash-
worthiness behavior of the keel section of an aircraft fuse-
lage. This is done by further developing existing analytical 
methods to determine the mean crushing load of composite 
energy absorbers and providing an approach to model the 
crash behavior of thermoplastic composite aircraft struc-
tures. By doing so, direct insight is achieved into the design 
variables that influence the fuselage crashworthiness per-
formance, limiting the need for time consuming computer 

simulations. The method enables one to perform quick 
design iterations in the preliminary stage of the aircraft 
structure, increasing the effectiveness of the design process.

2  Analytical–numerical approach

The developed methodology comprises three parts, which 
are described in this section. First, an analytical model is 
derived. Afterward, the finite element model of the crush 
energy absorber, required for verifying the analytical model, 
is considered. Finally, the fuselage section is modeled, tak-
ing into account the interaction between the different parts, 
which is key in achieving the desired crash kinematics.

2.1  Analytical model

The analytical model here developed is based on the work 
of Hussein et al. [14] and focuses on the energy dissipating 
phenomena that occur during the crushing of a tube. The 
energy-dissipating phenomena are the formation of verti-
cal splits, fragmentation, friction between the strut and the 
crushing plate, and central wall delamination. The crush 
frond geometry investigated in this study is similar to the one 
assumed by Hussein et al. [14], with the addition of the taper 
angle of the specimen, as reported in Fig. 1. This enables 
the study of conical or pyramid-like shapes. By introducing 
the taper angle into the model, one can relate the loading 
velocity to the loading rate the sidewall of the specimen 
experiences, which dictates the rate at which the material is 
fed into the crush frond. The velocity is obtained with the 
relation reported in Eq. 1, where vc is the velocity the speci-
men’s sidewall experiences, while v is the actual crushing 
velocity; finally, � is the sidewall’s taper angle.

The mean crushing load can be determined by setting up 
the energy balance between the rate at which the energy is 
being put into the system and the rate at which the energy 
is absorbed. The energy rate being put into the system is a 
function of the mean crushing load, whereas the absorp-
tion rate is given by the sum of all the material failures as 
well as of the friction. As such, the single energy rates have 
to be determined, yielding the mean crushing load upon 
rearranging.

The delamination energy rate ( Ẇc1 ) can be derived using 
the Mode I fracture toughness of the material ( GIC ) and the 
surface area rate at which the delamination propagates ( Ȧ ), 
as depicted in Eq. 2. The delaminating area rate can be writ-
ten as a function of the perimeter of the composite element 
and the feed rate of the crush frond, denoted with p and vc , 
respectively. Finally, the loading rate of the crush frond is 

(1)vc = v∕ cos�
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written as a function of the load rate of the specimen, hold-
ing the last form of Eq. 2. The effect of Mode II delamina-
tion is assumed to be negligible.

The rate of vertical splitting energy ( Ẇc2 ) is given by the 
product between the energy released per volume fraction 
of the material and the failing volume rate [14]. The energy 
release is determined by simplifying the behavior of the 
laminate with a linear relation, where the energy is given by 
the area under the stress–strain curve, thus half the product 
between the failure stress and strain of the material, denoted 
with �u,22 and �u,22 . The failure stress and strain are taken in 
the transverse 22 direction, 90◦ direction in Subfigure 2a, 
as the splits form in the axial direction of the absorber, and 
the longitudinal 11 direction of the laminate is assumed 
to be in line with the axis of the absorber, 0◦ direction in 
Subfigure 2a. The volume rate is, on the other hand, given 
by the failing volume of a single split ( V̇  ), which is then 
multiplied by the number of splits (n). The number of splits 
corresponds to the corners in the cross section, where stress 
concentrations cause failure [14]. For round cross sections, 
determining the number of splits is not possible. However, 
as we will later demonstrate, this does not pose an issue for 
implementing the model. The single split failing volume rate 
is given by the product between the thickness of the laminate 
(t), the length of the split (l), and the loading rate of the split 
( vc ). The different derivation steps are reported in Eq. 3.

The rate of the out-of-plane shearing energy is given by the 
product between the force required to push the fragments 

(2)Ẇc1 = GICȦ = GICpvc =
GICp

cos𝜙
v

(3)

Ẇc2 =
1

2
𝜎u,22𝜀u,22nV̇ =

1

2
𝜎u,22𝜀u,22ntlvc =

n𝜎u,22𝜀u,22tl

2 cos𝜙
v

outward ( Fs ) and the associated rate ( vs ). In turn, the load 
is obtained using the out-of-plane failure stress of the lami-
nate ( �s ), and the surface area of the failure ( As ). The result 
of this is depicted in Eq. 4. The equation shows that two 
components contribute to the energy dissipation, namely 
the inward and outward splaying layers, indicated with the 
subscripts i and o, respectively.

The failure rate of Eq. 4 is rewritten as a function of the 
actual loading rate and the material debris angle, denoted 
with � . The failure area is the product of the perimeter of 
the specimen (p), which is assumed to be constant for both 
the inward splaying and outward splaying layers, and the 
splaying thicknesses ( ti and to ), where i and o indicate once 
more the inward and outward splaying layers.

The common terms for the inwards and outwards splaying 
layers are grouped to obtain a more compact form for the 
out-of-plane shearing energy contribution, yielding Eq. 6.

The frictional energy rate ( Ẇf  ) is a function of the rate at 
which the crushing frond slides along the crushing plate, 
which is equal to the rate at which the material is fed into the 
crush frond, the normal force (P), and the friction coefficient 
( � ). The crush frond feed rate is rewritten as a function of 
the crush rate, which yields the final form in Eq. 7.

(4)Ẇs = Fsvs = A𝜏svs =
(
As,ivs,i + As,ovs,o

)
𝜏s

(5)

Ẇs =

(
tivs,i

sin𝜑i

+
tovs,o

sin𝜑o

)
p𝜏s =

(
cos 𝜃i

sin
2 𝜑i

ti +
cos 𝜃o

sin
2 𝜑o

to

)
p𝜏svc

(6)Ẇs =

⎡⎢⎢⎢⎣

cos 𝜃i

sin
2
�

𝜋

4
+

𝜃i

2

� ti +
cos 𝜃o

sin
2
�

𝜋

4
+

𝜃o

2

� to
⎤⎥⎥⎥⎦

p𝜏s

cos𝜙
v

Fig. 1  Idealized crush frond 
geometry
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Equation 8 is obtained imposing equilibrium, grouping all 
the energy dissipations on the right-hand side of the equation 
and the in-going energy, given by the load (P) multiplied by 
the actual crushing velocity (v), on the left-hand side.

(7)Ẇf = P𝜇vc =
P𝜇

cos𝜙
v

(8)

Pv =
GICp

cos�
v +

n�u,22�f ,22tl

2 cos�
v

+

⎡
⎢⎢⎢⎣

cos �i

sin
2
�

�

4
+

�i

2

� ti +
cos �o

sin
2
�

�

4
+

�o

2

� to
⎤
⎥⎥⎥⎦

p�s

cos�
v +

P�

cos�
v

Table 1  Material properties 
of IM7/8552 unidirectional 
composite lamina

Variable Symbol Value Unit

Mass density � 1.58E-06 kg∕mm3

Young’s modulus - Fiber direction E11 165000 MPa
Young’s modulus - Traverse direction E22 9000 MPa
Shear modulus G12 , G31 5600 MPa
Shear modulus G23 2800 MPa
Poisson ratio �12 0.0185 -
Tensile strength - Fiber direction XT 2560 MPa
Compressive strength - Fiber direction XC 1590 MPa
Tensile strength - Traverse direction YT 73 MPa
Compressive strength - Traverse direction YC 185 MPa
Shear strength SL 90 MPa
Tensile failure strain - Fiber direction �T

11
0.01551 mm/mm

Compressive failure strain - Fiber direction �C
11

0.011 mm/mm
Tensile failure strain - Traverse direction �T

22
0.0081 mm/mm

Compressive failure strain - Traverse direction �C
22

0.032 mm/mm
Engineering failure shear strain �12 0.05 mm/mm

Fig. 2  Square tube: a finite 
element model, b detail of the 
modeled trigger
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First, the common v term can be removed from all the terms. 
Afterward, the equation can be rearranged, which leads to 
the final equation of the mean crushing load P as reported 
in Eq. 9.

2.2  Finite element model of the energy absorber

The finite element models of composite square tubes are 
developed in LS-Dyna to analyze the crushing behavior and 
verify the analytical model. However, as the numerical mod-
els themselves also need validation, the first modeled tube is 
equal to the 46b and 47B specimens tested by the Oak Ridge 
National Laboratory (ORNL) [29]. Later, the side length 
and thickness of the tube are changed to investigate different 
configurations.

The ORNL test specimen is a square tube of length 
200 mm and a side length of 50 mm while having a 6.4 mm 
mid-plane corner radius. The material is Hexcel IM7/8552, 
which properties are reported in Table 1 [29]. A quasi-iso-
tropic layup is used, [ 02∕ ± 45∕902]s with total thickness 
of 2.16 mm. In the test, the tube is impacted with a drop 
weight, meaning that the loading speed of the tube varies in 
time. By analyzing the first 16 ms, it is found that a constant 
impact velocity of 5.5 m/s is an accurate approximation [11]. 
Accordingly, this impact speed and simulation time were 
selected for the simulation.

The side length of the tubes is then easily changed, while 
the thickness is altered changing the thickness of the plies 
in the model. Naturally, this would not be possible in real 
scenarios as the thickness of a single ply can not be easily 
changed; nevertheless, this modeling technique is selected 
for simplicity.

Two approaches can be adopted when modeling the 
crushing of composite specimens. One method uses a single 
element through the thickness of the specimen [8, 10, 11], 
while other methods use multiple elements, each represent-
ing a single lamina, which are connected using cohesive 
elements [6, 7, 30]. The latter method provides more insight 
regarding delamination in the specimen, but the computa-
tional effort is much higher, and therefore deemed unfeasible 
when studying a large structure, such as a full fuselage sec-
tion. Accordingly, the model with a single element through 
the thickness is implemented.

In reference research, where a square tube with simi-
lar dimensions is studied, a mesh sensitivity study is per-
formed where it is found that a mesh size of 5 mm is sat-
isfactory [31]. The tube is meshed using a seed of 2 mm, 

(9)

P =

GICp

cos�
+

n�u,22�f ,22tl

2 cos�
+

[
cos �i

sin2
(

�

4
+

�i

2

) ti +
cos �o

sin2
(

�

4
+

�o

2

) to

]
p�s

cos�

1 −
�

cos�

using ELFORM 2 elements. By doing so, 9200 elements 
are obtained.

The orientation of the laminate is based on the orientation 
of the shell elements, to guarantee the proper orientation of 
the lamina when large deformations in the crush zone occur, 
and during the removal of elements when these fail [32].

Next to the tube itself, a rigid mass is modeled which 
represents the crushing plate. The movement of the plate is 
restricted in all directions but the axial direction of the tube, 
is modeled to move at a constant rate of 5.5 m/s. The total 
simulation time is set to 16 ms. The lower nodes of the tube 
are constrained in all degrees of freedom.

The inclusion of bevel triggers is key to ensure the forma-
tion of a stable crush frond [2]. While recent research studies 
different shapes of bevel triggers [33], in the physical test, 
a 45◦ bevel trigger is used, to promote the formation of a 
stable crush frond. It must thus be noted that this angle is 
different from the taper angle of the specimen’s geometry. 
Therefore, the bevel is modeled in LS-Dyna as a separate 
part. The thickness of the bevel is halved by omitting the 
symmetry of the laminate. Subsequently, the two parts are 
connected by sharing the lower nodes of the bevel and the 
upper nodes of the tube. Figure 2a depicts the finite element 
model of the whole tube, while in Fig. 2b, a detail of the 
bevel trigger is reported.

Contacts are defined as prescribed by the LS-Dyna User 
Manual [34] for crash simulations. As such, the finite ele-
ment code automatically detects whether parts are in con-
tact or when a part comes into contact with itself. Literature 
reports a large scatter of friction coefficients, with values 
going from 0.1 up to 0.6 [7, 35, 36]. Determining the proper 
friction coefficient is challenging. In the work presented by 
Cherniaev et al., a similar tube is modeled, where a friction 
coefficient of 0.2 is used [11].

In this study, the MAT_LAMINATED_COMPOSITE_
FABRIC (MAT058) material model is used. An important 
aspect of such models is the numerical material parameters, 
which need to be calibrated with test data. These variables 
mainly entail stress limits, the time-step limit, and the crush 
frond softening factor. The calibrated material values are 
summarized in Table 2. Most of the variables are taken as 
suggested by the LS-Dyna user manual, while others are 
calibrated to match the test data, or are based on the work of 
Cherniaev et al. (2018) [11].

In addition to the material card, other cards are used to 
control the stability and quality of the simulation:

• CONTROL_TIMESTEP: The steps size is limited to 0.5 
to increase the accuracy of the simulation. This cannot be 
reduced too much, to secure the validity of the simula-
tion, as well as not to increase the computational effort.

• CONTROL_HOURGLASS: IHQ is set equal to 4, to 
reduce the hourglassing of the elements. When using this 
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setting, the hourglassing of the parts needs to be below 
10% of the part’s total energy.

• CONTROL_ACC URA CY: The laminate’s orientation 
is based upon the numbering of the nodes of the shell. 
Therefore, when elements are removed from the simula-
tion, the correct renumbering needs to be ensured. To 
achieve this, the invariant mode is activated by setting 
INN equal to four.

• MAXINT: The number of integration points through the 
thickness of the shell element needs to be altered in the 
DATABASE_EXTEND_BINARY card, based on the 
number of layers of the laminate.

• LAMSHT: The flag needs to be activated in the CON-
TROL_SHELL card, to enable variable strain through 
the thickness of the laminate, to accommodate bending 
in the shell.

Figure 3 reports the load as obtained from the simulation, 
compared to the tests reported in [29]. The crushing load 
is extracted from the simulation using the CONTACT _
FORCE_TRANSDUCER_PENALTY_ ID card, and sub-
sequently filtered using the built-in low-pass digital filter 
(SAE), with a cut-off frequency of 1000 Hz [37]. The plot 
shows that there is a good correlation between test and 
simulation data, meaning that the chosen material param-
eters are satisfactory.

Figure 4 depicts the obtained deformation at three dif-
ferent time instances of the simulation. It is characterized 
by a combination of splaying and fragmentation.

When using an Intel i5-4670 core, running at 3.40 GHz, 
with a RAM of 8.00 GB, the CPU time for the crush simu-
lation is of 3 h, and 48 min.

Table 2  Numerical MAT058 card values

Variable Symbol Value Unit Source

Maximum effective strain 
for element failure

ERODS −0.55 mm/mm [11]

Stress limit fibers tension SLIMT1 0.01 MPa/MPa [34]
Stress limit fibers compres-

sion
SLIMC1 0.375 MPa/MPa [11]

Stress limit matrix tension SLIMT2 0.1 MPa/MPa [34]
Stress limit matrix com-

pression
SLIMC2 1.0 MPa/MPa [34]

Stress shear SLIMCS 1.0 MPa/MPa [34]
Element time-step limit TSIZE 1.0E-07 s [11]
Crush frond softening factor SOFT 0.57 – [11]

Fig. 3  Comparison between the crushing load of the numerical analy-
sis and the test data

Fig. 4  Deformed states of the 
crushing of the square tube: a 
time = 5.3 ms, displacement 
= 29.2 mm, b time = 10.6 ms, 
displacement = 58.3 mm, c 
time = 16.0 ms, displacement = 
88.0 mm
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2.3  Finite element model of the fuselage structure

In the previous section, an isolated crush absorber has been 
studied. This has been done to analyze the crushing behavior 
of such a tube in a controlled environment and gain insight 
into the material model. In this section, the absorber is inte-
grated into the keel section of the Next-Generation Multi-
functional Fuselage Demonstrator developed by the Clean 
Sky 2 STUNNING project. The studied fuselage is manufac-
tured in thermoplastic composite material and is character-
ized by a traditional skin, stringers and frame configuration. 
The computational effort is reduced by only simulating the 
keel section of the fuselage. This is achieved by making a cut 
above the cargo cross-beam, and considering only two frame 
sections, as shown in Fig. 5. In the figure, one can note two 
sets of C-struts situated between the cargo crossbeam and 
the fuselage frames. These serve as supporting struts for the 
cargo beams; however, the current study investigates how 
these C-struts perform in the event of a crash.

The crash behavior of the fuselage is modeled in LS-
Dyna’s finite element code, and the knowledge of the 

material models gained in the isolated crush simulations can 
be implemented during the modeling of the fuselage section.

The crash is modeled with a rigid plate, which moves 
upwards at a constant rate of 10 m/s, recreating the down-
wards motion of the fuselage. This rate is based on the 
required impact velocity as reported by the Transport Air-
craft Crashworthiness and Ditching Working Group [38]. To 
limit the upper and sideways movement of the fuselage, the 
nodes along the cutting line used to obtain the lower section, 
are fixed in all degrees of freedom.

The structure is modeled using ELFORM 2 elements 
with the material’s behavior characterized with the MAT058 
material model.

The studied fuselage section is manufactured using Toray 
Cetex TC1225 thermoplastic material, in which properties 
are reported in Table 3 [39].

As the material of the fuselage section is different from 
the previously described simulations, the numerical vari-
ables need to be changed. Ideally, one would calibrate the 
numerical material parameters with test data. However, 

Fig. 5  Fuselage demonstrator section

Table 3  Toray Cetex TC1225 
material properties [39]

Variable Symbol Value Unit

Mass density � 1.59E-06 kg∕mm3

Ply thickness tply 0.184 mm
Young’s modulus - Fiber direction E11 143000 MPa
Young’s modulus - Traverse direction E22 8800 MPa
Shear modulus G12 , G31 4300 MPa
Shear modulus G23 3400 MPa
Poisson ratio �12 0.0185 -
Tensile strength - Fiber direction XT 2755 MPa
Compressive strength - Fiber direction XC 1089 MPa
Tensile strength - Traverse direction YT 78 MPa
Compressive strength - Traverse direction YC 248 MPa
Shear strength SL 48 MPa
Tensile failure strain - Fiber direction �T

11
0.019 mm/mm

Compressive failure strain - Fiber direction �C
11

0.008 mm/mm
Tensile failure strain - Traverse direction �T

22
0.009 mm/mm

Compressive failure strain - Traverse direction �C
22

0.028 mm/mm
Engineering failure shear strain �12 0.05 mm/mm

Table 4  Toray Cetex TC1225 numerical material properties

Variable Symbol Value Unit

Stress limit fibers tension SLIMT1 0.01 MPa/MPa
Stress limit fibers compression SLIMC1 0.6 MPa/MPa
Stress limit matrix tension SLIMT2 0.1 MPa/MPa
Stress limit matrix compression SLIMC2 1.0 MPa/MPa
Stress shear SLIMCS 1.0 MPa/MPa
Element time-step limit TSIZE 1.0E-07 s
Effective failure strain ERODS −0.55 mm/mm
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due to the lack of test data, the values as suggested by the 
LS-Dyna user manual are adopted. They are reported in 
Table 4.

All the parts of the fuselage section are made of com-
posite materials, apart from the plates connecting the 
cargo beams to the frames, which are in AA6111-T4 alu-
minum alloy. The material properties of the aluminum 
alloy are reported in Table 5.

The simulation is stabilized by including the same cards 
used in studying the energy absorber. However, the time-
scaling factor is increased from 0.5 to 0.75, to alleviate the 
computational effort; while an average friction coefficient 
is taken with respect to references [7, 35], leading to a 
static friction coefficient of 0.15 and a dynamic coefficient 
of 0.08, to be conservative.

An important aspect is the connection between the 
parts. In the actual fuselage, the parts are welded together 
[40]. The stringers are conduction welded to the skin [41]. 
Ideally, the failure of the connection between the parts 
should be modeled; however, it would drastically increase 
the computational effort. Consequently, the parts connec-
tions are fixed, connecting one part’s nodes to the surface 
of the neighboring part.

As no test data is available to validate the finite element 
model, the energies within the different parts are used to 
evaluate the quality of the simulation. When doing so, one 
must ensure that there is little hourglassing energy in the 
single parts and that the energy ratio is close to one [34].

3  Results

This section presents the results of the analytical–numeri-
cal approach. First, the ability of the analytical model to 
estimate the mean crushing load of the composite energy 
absorber is studied. Afterward, the performance of the keel 
section of the fuselage is analyzed, where it is seen how 
different geometries of absorbers behave when integrated 
into the structure. Finally, the suggested method is sum-
marized, showing how the synergy between the analyti-
cal and numerical models can aid during the preliminary 
design process.

3.1  Energy absorber

Tables 6 and 7 report the mean crushing load as obtained 
from the finite element simulation and the analytical model, 
along with the relative difference as a percentage, for dif-
ferent side lengths or thicknesses of the square tube. When 
varying the side length, a thickness of 2.16 mm is used; 
while, when varying the thickness, a side length of 50 mm is 
used. It can be seen that there is a good correlation between 
the numerical and the analytical results, denoted by the small 
percentage difference between the two loads. Exceptions to 
this are the tubes with small thickness and large side length. 
The discrepancy can be attributed to the geometric instabil-
ity that arises with these dimensions, leading to the collapse 
of the absorber, and thus a loss in load-carrying capability.

The analytical model is able to capture the variation of 
the mean crushing load changing the side length and thick-
ness, allowing a quick estimation of the energy absorption 
and reducing the need for timely finite element simulations.

To further study the analytical model, Table 8 reports 
the values computed for the different energy-dissipating 
phenomena. This enables understanding the contribution 
of every failure phenomenon on the total energy dissipa-
tion. The reported values are those obtained from the tube 
with a side length of 50 mm and thickness of 2.16 mm. The 
contribution of every energy-dissipating phenomenon is 

Table 5  AA6111-T4 material properties

Variable Symbol Value Unit

Mass density � 2.89E-06 kg∕mm3

Young’s modulus E 70500 MPa
Poisson ratio �12 0.34 -
Yield stress �y 192.1 MPa

Table 6  Analytical and numerical mean crushing load for varying 
side lengths of the square tube

Specimen Mean Crushing Load

Side Length Num. An.

[mm] [kN] [kN]

25 18.0 18.0 (0.0%)
35 25.8 26.1 (1.2%)
50 36.2 38.2 (5.5%)
65 45.9 50.3 (9.6%)
75 37.6 58.4 (55.3%)

Table 7  Analytical and Numerical mean crushing load for varying 
thicknesses of the square tube

Specimen Mean Crushing Load

Thickness Num. An.

[mm] [kN] [kN]

1.08 3.4 19.2 (464.7%)
1.62 21.3 28.7 (34.7%)
2.16 36.2 38.2 (5.5%)
2.70 48.7 47.7 (− 2.0%)
3.24 59.0 57.3 (− 2.3%)
3.78 75.4 66.8 (− 16.4%)
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also reported as a percentage of the total energy dissipation. 
Based on to the analytical model, the delaminations and the 
corner splits are negligible with respect to the friction and 
shearing energy, where the latter two make up for 99% of the 
total energy absorption.

A sensitivity analysis has been performed, to investigate 
the implication of the assumptions of the unknown variables 
in the analytical model. It is found that when changing the 
Mode I interlaminar fracture toughness to 2 N/mm, which is 
considered to be a high value [14], the mean crushing load 
only changes with 1 % . Altering the length of the corner split 
has an even lesser influence. The wedge angle does have a 
larger impact on the analytical mean crushing load ( ±10% ). 
However, reference research shows that the wedge angle 
is around the assumed value of 45◦ [42], and is therefore 
deemed valid.

Tables 6 and 7 show that the suggested model is able to 
estimate the mean crushing load for the studied absorbers, 
provided that the absorbers are not susceptible to geometric 
instabilities. The obtained errors for the stable absorbers are 
below 10% , which is accurate, given the variable nature of 
the crushing phenomenon.

The energy absorption values reported in Table 8 show 
that shearing and friction are the main contributors to the 
energy dissipation, accounting for 99% of the total energy 
absorption, while the other phenomena are negligible. This 
means that the applicability of the analytical model can be 
broadened, by omitting the minor energy dissipating phe-
nomena. For example, the number of corner splits does not 

need to be determined. As such, the analytical model can 
be used to determine the mean crushing load of round-like 
absorbers, where the determination of the corner splits is 
more difficult, due to the lack of stress concentrations. More-
over, the delamination energy can be omitted, eliminating 
the necessity to know the Mode I fracture toughness of the 
material.

Consequently, the main parameters that influence the 
mean crushing load are the thickness of the laminate, its 
out-of-plane shear strength and the total perimeter of the 
specimen. These can thus be tailored to achieve the desired 
crushing behavior.

3.2  Fuselage structure

Three different configurations are studied in the fuselage 
analysis. These are referred to as follows:

• STUNNING: this entails the original subfloor of the 
Next Generation Multifunctional Fuselage Demonstra-
tor, which is characterized by the C-shaped struts.

• Benchmark: this is equal to the STUNNING fuselage, 
but has no struts or absorbers in the keel section. This 
fuselage serves as a reference to study the change in load 
and energy absorption of the fuselage when absorbers or 
struts are included.

• Square Tube Fuselage: this is the configuration where 
the benchmark fuselage is augmented with a square tube 
absorber, where the weight of the absorbers is equal to 
the C-struts.

The crash load and energy absorption for the three fuselage 
configurations are reported in Fig. 6. Figure 6a depicts the 
crash loads, which are extracted as a reaction force of the 
loading plate. Figure 6b shows the energy absorption during 
the crash. Note that the load is filtered using the built-in SAE 
filter with a cut-off frequency of 180 Hz.

The figures enable a comparison between the studied 
fuselages. The blue continuous line in Fig. 6 shows how 
the load drops once the frames have collapsed at 20 ms, 
after which a small peak is observed at 25 ms, which is 

Table 8  Energy contributions in crushing of square tube according to 
analytical model

Energy Source Value [J] Percentage 
of Total [ %]

Total 3059 –
Delamination 8 0.3
Corner Splits 4 0.1
Shearing 2436 79.6
Friction 612 20.0

Fig. 6  Comparison for the dif-
ferent fuselage configurations: 
a Crash load–time curves; b 
Absorbed energy–time curves



 V. K. Poorte, C. Bisagni 

when the crushing plate comes into contact with the hinge 
points of the frame, which in turn also collapse. The drop in 
load is accompanied by a plateauing behavior of the energy 
absorption. Here the difference between the fuselage section 
with no absorbers and the ones with the energy absorbers is 
clearly visible as the energy absorption of these fuselages 
continues to rise till the end of the simulation. The collapse 
of the C-strut is accompanied by a load drop toward the end 
of the simulation, depicted by the orange dash-dotted line. 
The square tube absorber, on the other hand, is still able to 
sustain load, meaning that the structural element can accom-
modate more energy absorption.

When studying the fuselage section, the loads and energy 
absorption are of key interest once the desired crash kin-
ematics is achieved. Here the difference between the fuse-
lage with no absorbers and the one with square tube absorb-
ers can be clearly seen, characterized by the plateau in the 
energy absorption on one side and a continuous increase 
on the other. There is a load drop in the STUNNING fuse-
lage at the end of the simulation, as the struts collapsed; 
on the other hand, in the keel section with the square tube, 
the crushing load is sustained. This once more confirms the 
stability of the square tube absorber and its effectiveness as 
an energy absorber.

Figure 7 reports a detail of the deformation of the STUN-
NING configuration. It is possible to note how the connec-
tion between the different parts influences the crash kinemat-
ics. The rigid attachment of the strut obstructs the desired 
crushing of the absorber, leading to failure in the middle of 
the structural element.

To study the Square Tube Fuselage, the material and 
geometry of the tube are changed such that the material 
data reported in Table 4 are used, and the cross section of 
the absorber is such that its weight is equal to the origi-
nal C-strut. Furthermore, to promote the desired crash kin-
ematics, the connection of the absorber with the frame is 
removed, so that the lower end of the absorber is free. This 
modeling choice promotes the formation of a stable crush 

frond. A simplified payload mass of 120 kg is also intro-
duced in the simulation. The deformations obtained at differ-
ent time instances are reported in Fig. 8, where the payload 
mass is not shown to better highlight the deformation of the 
structure.

The deformation of the benchmark fuselage section is 
similar to the one reported in Fig. 8, without the presence of 
the absorbers. The deformation mainly occurs in the frames, 
while the skin-stringer configuration remains largely intact, 
but the absorbed energy is significantly lower, as shown in 
Fig. 6.

A flow diagram of the suggested method is reported 
in Fig. 9. At first, the fuselage with no absorbers and the 
absorbers are studied in an isolated manner. The fuselage is 
studied using finite element code, to obtain the benchmark 
behavior, yielding an estimation for the crushing load and 
the energy absorption. With that knowledge, an absorber is 
designed using the analytical model, which can be tailored 
to achieve the desired mean crushing load. Combining the 
absorber and the benchmark fuselage leads to the fuselage 
with the absorbers, the augmented fuselage, for which the 
mean crushing load and total energy absorption can be deter-
mined. When these parameters are as desired, the design has 
to be verified using numerical simulations, whereas when 
one of the values is not as desired, the absorber is to be rede-
signed using the analytical model. This process is repeated 
till the desired behavior is obtained. Validation steps may 
be required to ensure the validity of the numerical models.

The added value of the analytical model is that it provides 
a clear estimation of the influence of the different variables 
which can be altered to obtain the desired load and energy 
absorption. This greatly speeds up the design iterations as 
the dependency on time consuming numerical simulations 
is reduced. A single iteration of the absorber using finite 
elements is shown to take three to four hours, whereas the 
analytical analysis only takes milliseconds.

When using the suggested method in the current study, 
the benchmark fuselage section has an energy absorp-
tion of 11.2 kJ, while the energy absorption by the four 
square tubes is computed to be of 24.5 kJ. By combining 
the energy absorption of the fuselage with no absorb-
ers and the estimated energy of the absorbers, a theo-
retical total energy absorption of 35.7 kJ is obtained. 
The energy absorption extracted from the simulation is 
of 29.9 kJ, which leads to a discrepancy of 20% . Given 
the complex nature of the problem, this falls within the 
desired margin. The discrepancy may arise from differ-
ent aspects. First, introducing the absorbers may slightly 
change the crash kinematics of the fuselage, leading to 
different energy absorption levels. Moreover, while from 
Fig. 8, the absorbers seem to behave as desired, other 
phenomena may lead to sub-optimal energy absorption. 
Finally, but most importantly, the analytical model is not 

Fig. 7  Failure of the energy absorber in proximity of its connection to 
the frame in the fuselage section with the original STUNNING con-
figuration
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perfectly accurate, thus a large part of the inconsistency is 
most likely due to the inaccuracy of the analytical model. 
Nevertheless, the tool provides direct insight into which 
variables influence the crush performance of a compos-
ite energy absorber, thus aiding during the preliminary 
design of an aircraft fuselage.

4  Conclusions

This paper develops an analytical–numerical method 
which can be implemented during the preliminary design 
for crashworthiness of an aircraft structure. Current 

Fig. 8  Deformed states of the 
fuselage section with square 
tube absorbers and no con-
nections to the frame: a time 
= 0.0 ms, b time = 10.0 ms, 
c time = 20.0 ms, d time = 
30.0 ms

Fig. 9  Schematic representa-
tion of the analytical–numerical 
approach
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methods entail the use of complex finite element simula-
tions, which can only be performed in final design stages 
as they require a certain maturity of the design. Conse-
quently, there is low flexibility when the design needs to 
be altered to account for the crashworthiness requirements, 
leading to a sub-optimal product.

Therefore, first, an analytical model is studied that esti-
mates the mean crushing load of composite energy absorb-
ers. The analytical model is verified using finite element 
simulations performed in LS-Dyna, which in turn are 
validated using test data. It predicts the crushing load of a 
square composite tube with an error of 10%.

The square composite absorbers are then integrated into 
the keel section of the Next-Generation Multifunctional 
Fuselage Demonstration as developed by the Clean Sky 2 
STUNNING project, made from thermoplastic composites. 
It is found that the structure, when subjected to crash load-
ing, is characterized by the formation of hinge points in 
the fuselage’s frame. During the initial stages of the simu-
lation, the fuselage with and without square tube absorbers 
behave in a similar fashion. However, in the final stages, 
characterized by the deployment of the absorbers, a clear 
difference can be noted in the load experienced by the 
fuselage section, leading to higher overall energy absorp-
tion. Indeed, the square tube absorbers are fully crushed 
as desired, maximizing the energy absorption.

The suggested analytical–numerical method can be used 
to estimate the crashworthiness behavior of the lower sec-
tion of an aircraft fuselage. This is done by starting with 
the crush behavior of a benchmark fuselage obtained from 
numerical simulations. Based on the benchmark behavior, 
a composite energy absorber can be designed with the ana-
lytical method. This process may be repeated iteratively 
until the load and energy absorption requirements are met.

The suggested method provides direct insight into the 
design variables that influence the crashworthiness behav-
ior, reducing the need for time-consuming finite element 
simulations during the preliminary design stages of an air-
craft fuselage. This enables engineers to account for crash-
worthiness during the preliminary design stages, yielding 
a more synergistic, and thus lightweight design.
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