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ABSTRACT

This article presents the numerical tests of thin-walled compressed columns with a square cross-section. The crush
efficiency indicators were determined using the finite element method (Abaqus) and neural networks of MLP. The
models had a constant circular trigger, with a diameter of 32 mm. During dynamic analysis, the samples were
loaded with 1700 J. The numerical models were filled with aluminum foam from 40 mm to 180 mm every 20 mm.

The study presents the conclusions for the thin-walled models with crushable foam.

Keywords: energy dissipation, thin-walled structure, aluminium foam, energy absorption

INTRODUCTION

Due to the constant increase in the mechanisa-
tion of human life, passive safety is an important
aspect. Designers are constantly improving the
components of motor vehicles in order to enhance
their ability to absorb energy. The supporting ele-
ments, as well as the body of the vehicle are de-
signed to absorb the greatest amount of energy.
An important structural component of the vehicle
is the energy absorber at the connection between
the longitudinal and the front Belt [2,14]. It usu-
ally takes a square or rectangular shape. This
component absorbs a significant part of the en-
ergy during a frontal impact, particularly in the
15-20 km/h range [4]. During the design of en-
ergy absorbers, two important principles must be
taken into account. A thin-walled element should
absorb as much energy as possible while being
shortened for a long time, so as not to generate
large overloads [3,9]. The crash-boxes, due to
their application, adopt different cross-sections,
e.g. square, round, omega [8,10,17]. The first pub-
lications describing the course of the crushing of
thin-walled profiles were presented in the 1980s.
Wierzbicki and Abramowicz were involved in the

experimental research on square and round alu-
minium profiles [1,14]. Triggers were used with
a view to gain better control over the process of
crushing [7,13]. In order to increase the energetic
efficiency of thin-walled profiles, various types
of fillings have been used. In the beginning, the
energy absorbers were filled with additional walls
inside the profile, which increased the stiffness of
the element in the direction of impact [21]. This
allowed to absorb more energy, but at the same
time increased the maximum force during the
crushing process [19]. The filling is characterized
by a similar behavior is the honeycomb, as multi-
cell increases the amount of energy absorbed by
additional planes inside the profile [11,16]. An-
other type of reinforcement of thin-walled struc-
tures is the use of foam filling [6]. In terms of
their structure, foam material models can be di-
vided into open and closed pores. This material,
through its porous structure, allows absorbing ad-
ditional energy [15]. Neural networks are often
used for analysis due to the large amounts of data
and the multitude of relationships between them
[5]. Multilayer perceptron (MLP) networks are
particularly helpful in the study on this type of
issues [12,20].
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Crashworthiness indicator

The main coefficient of effectiveness is the
energy dissipation that occurs during the dynamic
crushing process.

d
EA =f F(x)dx,[]] (1)
0

Another coefficient describing the energy ab-
sorber is SEA, which represents the energy ab-
sorbed in relation to the total mass of the model
described by the formula below:

spa=2A 1]
m

kg

The MCF (Figure 1) represents the average
crushing force that occurs during crushing:

2

,[N] 3)

Peak Crushing Force (Figure 1), is the maxi-
mum force that appears during crushing. When
designing the energy absorber, an attempt was
made to reduce its value and bring the Mean
Crushing Force closer. The last factor determines
the relationship between the two forces shown
above and is described by the formula:

CLE = MCF
"~ PCF

*100%, [—] @)

Numerical analysis

The test sample has a profile with a square
cross-section. The dimensions are shown in
Figure 2. The sample had a fixed length of
200mm. The material model is aluminium, de-
scribed as elastic plastic. The length of the porous
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Fig. 1. Exemplary force—shortening diagram of a
thin-walled structure
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material filling was a variable parameter, and it
was described in Figure 2 as X, which changed its
value every 20 mm, from 40 to 200. The material
used for the filling is ALPORAS foamed alumini-
um with the parameters shown in Table 1.

The material model created in the Abaqus
software suite for aluminium foam in the plas-
tic range is Crushable foam. The elastic material
range has been carried out using the Young mod-
ule and Poisson’s ratio. The parameters used for
the modelling are shown in Table 1.

Three types of finite element were used in
the numerical analysis. The first one is C3D8R
and was assigned to the foam element. The next
1S S4R, which is a deformable shell element that
corresponds to a square profile. This type of finite
element refers to C3D8R and has been assigned to
the foam element. The last used type of element is
R3D4 for shell rigid parts. This type of finite el-
ement corresponds to the non-deformable plates
serving as the base for the profile and the top tup.
All the discredited model has a mesh of size 4.

The numerical analysis was performed in two
steps. Firstly, the buckling form was determined
for the sample with the specified trigger. Next, the
buckling mode was implemented for the dynam-
ic analysis. The thin-walled profile was loaded
with 1700J. The mechanical energy was defined
by the tup speed (7m/s) and its mass (70 kg).
The specimen was fixed with a non-deformable
plate attached to the profile base. The reference
point made on the plate had all translational and
rotational degrees of freedom blocked. The dy-
namic analysis was carried out until the tup lost
its whole velocity. Then, on the basis of data de-
termined for 1000 points, force-shortening charts
were generated.

RESULTS

The numerical analysis carried out for the
profiles with a round trigger and foam filling was
compared with an empty control model. The re-
sults are shown in the Force-Shortening diagram
below. The course of the curves shows that the
increase in the length of the foam material has a
positive effect on the energy absorption coeffi-
cients. The increase in absorber efficiency (CLE)
from 39% to 56% is mainly due to an increase in
the mean crushing force. A reduction of the maxi-
mum crushing force contributes to this to a much
lesser degree.
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Fig. 2. Dimensions of the tested model

In the case of mean crushing force, a large in-
crease is visible for foam lengths above 80 mm.
At a later stage, the MCF value maintains linear
progression. The value of the mean crushing force
varies by 6kN between extreme models, which is
about 35% of the profit. A large profit is observed
between the models with 60 and 80mm filling
length. The change of force is about 4kN which
translates into 25% gain.

All the data presented in Figures 5-8 were
approximated by a linear function. The value of
the function is shown in the diagram. The PCF
value does not show great variability. The fluctu-
ation of force does not exceed 5%. The elonga-
tion of the foam filling has no significant effect
on the maximum force detected during crushing.

Table 1. Material data for Abaqus software

The total length of the sample changes signifi-
cantly due to the elongated foam filling. The
STE coefficient responsible for the shortening
for the extreme values has changed by 40%, i.e.
about 30 mm.

The regression algorithm has been used to de-
termine the values using neural networks. Initially,
the input and output data were determined. Then,
the weights for neurons in certain networks were
determined, based on which the neural networks
can predict the output values for new input data.

Three MLP networks with the values shown
in Table 2 were determined to indicate the values
of crushing coefficients. Using neural networks,
the values for foams of lengths 30, 50, 70, 90,
110, 130, 150, 170, 200 mm were analysed. The

Al-6061 aluminium material properties ALPORAS Foam material properties
Density [kg/m?] 2700 Density [kg/m?] 270
Young Modulus [MPa] 70000 Young’s Modulus [MPa] 60
Poisson ratio v [-] 0.33 Poisson’s Ratio [-] 0.33
Yield point R, [MPa] 200 Yield strength (compression) [MPa] 1.702
Tensile Strength R [MPa] 279.98 Poisson’s Plastic Ratio [-] 0.015
Elongation A% [%] 5.98 - -
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Fig. 3. Numerical analysis a) boundary condition b) discretized model
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Fig. 4. Force-shortening diagram and stages of dynamic analysis for tested model
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Fig. 5. MCF dependence on the aluminium foam
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force values determined by the networks are pre-
sented below in Figure 9.
The mean force values determined by the

neural networks correspond to the characteristics

obtained from the numerical analyses. The results
of the analyses show a clear connection between
the foam filling length and the mean crushing

force (MCF) value.

The values obtained by using the three neu-
ral networks presented in the table above are
the same as those obtained during the numerical

analysis. The data confirm the behaviour of the

MCF (Output)

Table 2. Quality of MLP neural network models
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Fig. 6. PCF dependence on the aluminium foam
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Fig. 8. Diagram of the STE — foam length dependence
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Fig. 9. Predicted values of Mean Crushing Force.

Network (.S :;Iil:]é) Error (training) ;‘Eim':r% Error A(Eflc;/:‘:r?)n A(Cotll:/t?)tl:(t))n
MLP 1-8-1 0.984024 0.073614 BFGS 27 SOS Exponential Logistic
MLP 1-4-1 0.955194 0.210583 BFGS 0 SOS Exponential Tanh
RBF 1-3-1 0.949377 0.208209 RBFT SOS Gaussa Linear
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Table 3. The predicted MCF values for different foam lengths

1.MCF_(t) 2.MCF_(t) 3.MCF_(t) Length (mm)
15.19574 14.07514 16.59678 30.0000
15.32130 15.81046 15.49232 50.0000
17.82577 17.62527 16.86175 70.0000
19.71846 19.11005 19.41054 90.0000
20.17282 20.04534 20.83522 110.0000
20.29957 20.50972 20.47357 130.0000
20.33799 20.69792 19.75989 150.0000
20.34659 20.76160 20.10824 170.0000
20.34145 20.78257 22.17560 200.0000

foam filling. The length of the foam above 80 mm
significantly increases the mean crushing force.

CONCLUSIONS

The crushing coefficients were determined for
thin-walled profiles of square section with a con-
stant circular trigger. The aluminium foam filling
changed its length from 40 mm to 180 mm. Us-
ing neural networks, the MCF was determined for
values between 30 mm, 50 mm, 70 mm, 90 mm,
110 mm, 130 mm, 150 mm, 170 mm, 200 mm.
The results showed the smallest influence of the
length of the filling on the value of maximum
crushing force. The largest difference between the
values was less than 5%. The MCF, CLE, STE
coefficients show much larger fluctuations. CLE
varies from 39% to 56%. The variation between
CLE for extreme values is about 41%. This means
that the length of the foam filling has a very large
impact on the energy efficiency of the absorber.
The total efficiency of the absorbers was raised
by increasing the MCF value. Longer alumini-
um foam resulted in a smaller shortening of the
samples during crushing, with the same absorbed
mechanical energy (1700J). The change in the
shortening length is approx. 30 mm, which cor-
responds to 15% of the initial profile length. De-
spite the reduction in the sample crush time, the
total overload does not endanger the human life.
The maximum overload during crushing is 25G,
but it occurs for a short pulse which is safe for po-
tential vehicle passengers. In this type of analysis,
the MLP networks show a very good quality of
learning and have a good prediction quality de-
fined for the MCF. The results presented in the
paper show a significant influence of the foamed
material filling on the increased efficiency of the
energy absorber. Moreover, the profile filling did
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not affect the value of peak crushing force, which
is a very important aspect in passive safety.
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