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ABSTRACT

Energy absorbers of safety systems in vehicles are typically mechanical parts. These parts are
designed to crush adequately under impact, removing part of the kinetic energy as strain. The
mechanical parts are usually formed including welded joints, however the study of these parts
does not include the welding failure as a design concern. During an impact test of an
attenuator we could observe the failure of one welded edge. We defined a finite element (FE)
model to describe the impact test. We used the technique of trigger deformation to obtain a
model that replied the folding pattern observed. The acceleration time profile was also
reasonably described. The FE model produced the gap opening at the edge in the right
location, as observed, probing that the strain provided by the model at the welded joins are
realistic. We made a systematic study of the influence of the trigger location, as well as point
defects at the welding joint and rigidity weakening in wider regions. We found that the
acceleration profile was only influenced by the plying pattern. The causes we input to force a
possible welding failure did not cause any important change, but for the case it affected the
starting of the plying process.

Keywords: impact attenuator, crashworthiness, welding, non-linear FEM, LS-DYNA,
buckling initiator

1. INTRODUCTION

Passive safety in vehicles is based mostly in the modifying the behaviour of the structure
under impact. For that purpose there are parts designed to have a better control on the local
rigidity. These parts are useful by absorbing the impact (kinetic) energy while deforming
under loads to produce strain energy, and reduce the energy reaching other vehicle parts. The
location of these parts on the vehicle imposes different requirements. The cross-beam in the
bumpers requires bending and lateral deformations; the front-rail, axial and oblique
deformations; and for the side panels, bending deformations. Despite their very different
purposes and aspects, these elements are named under their function as impact absorbers.

Impact attenuators (IA) are typically designed by using thin-walled structures (Baroutajia,
2017). This preferred design is based on the good dynamical behaviour, production feasibility
and cost-effectiveness of various applied solutions. The axial crushing of these structures
causes failure either by global (Euler), progressive, or (dynamic) plastic buckling. For
dynamic plastic buckling it is necessary to generate a uniform stress over the entire axial
length of the part, so that radial displacements are uniformly produced over the whole axial
length and there are not bending moments caused by these displacements. However, in
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progressive buckling the formation of plies do not happen over all the length of the
component, and buckling is located at specific zones. The preferred option is designing to
achieve progressive buckling because more energy is absorbed due to larger amount of
material deformed plastically.

Thin-walled IAs were studied considering constant section geometries squared (Abramowizc,
1984) and circular (Abramowizc, 1986), and tapered sections rectangular (Reid, 1986) and
conical (Zhang, 2014). Fustra show a better behaviour under oblique impacts. A detailed
study of tapered structures and the influence of cross-section, wall thickness, angles, etc. was
made by (Guler, 2010).

The actual buckling and folding of one structure under an applied load, even if the location
and direction of the load is well determined, depends on the geometrical deviations, material
in-homogeneities and residual stresses. These different causes are rather unpredictable and
may be quoted as ‘imperfections’, which strongly define the buckling of thin-walled
structures (Langseth, 1999). Otherwise, the structures may include defaults made in purpose
to cause a designed failure (Yuen, 2008; Hirose, 2014).

Despite the obvious necessity of including welding in the production of most of these
structures, most of the studies do not consider the possible influence of welding on the
buckling behaviour. Welding will cause stresses that can influence the buckling (Somodi,
2017). The quality of the welding, if including defects, will act as buckling trigger location. In
this work we wanted to address the possible influence of the welding in the performance of
the IAs. We studied the case of an absorber designed for application under the rules of
Formula-SAE vehicles (SAE, 2017). It is an IA located at the front part and designed for axial
impact. Some characteristics and the influence of the materials were described in (Segade,
2016). For this study we considered the original material (aluminium alloy) with high specific
energy absorption, and made with welded parts.

This work is organized as follows. First we describe axial-crush test applied to the IA. Then
we describe the FE model developed to describe the test and the type of trigger we used to
reproduce the folding. In the next part we describe the influence of the trigger location on the
load profile, and select one case to obtain a realistic model. Finally we analysed the influence
caused by forcing different defaults, both local and extended, related to the welding edges.

2. IMPACT TEST

The test used as reference in this work was done with an impact absorber designed for
implementation into a SAE-Formula car. The geometry is a truncated tapered pyramid of
rectangular section. The size accomplishes with the rules of SAE-Formula to be within a
given envelope (LxWxH, 270.3 x 159.8 x 234.5 mm®) with restrictions on the angles, and
then adapted to the specific vehicle. The thin wall part was made of aluminium alloy (EN AW
5083-0) sheet (2.5 mm thickness) and formed by welding the four sides and the front lid. An
additional flange at the opposite side was used for connection, but has no interest in this
study.

The IA was tested in a drop tower (at CTAG-IDIADA Safety Technology, Spain) to check the
energy absorption characteristics of the part (Segade, 2016). As specified by the same rules
the minimum energy was established in 7350 J. The test was performed by dropping an
impact block of 348 kg released at 2.13 m above the IA to achieve 6.47 m/s at the impact
point. The test was recorded by a high-speed camera (1000 FPS) and one accelerometer
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(Kyowa Electronic Instruments) set at the impact block. The acceleration data were analysed
by a Channel Filter Class CFC-60 (100 Hz) according to norm SAE-J211. The IA was hit in
axial (vertical) direction, fixed at the bottom flange to the test bench. The high-speed pictures
showed the folding pattern of the structure while crushing. It was possible also to observe a
failure in one edge causing a gap (Figure 3). At the end of the crushing the part height was
about 60 mm, 25.6% of the initial size (height of 234.5 mm). The maximum acceleration
peaks were measured at 8 ms (14.85g) and 46 ms (28.8 g). The average acceleration value
was 9.96g in a time spam of about 60 ms. The acceleration time profile details will be
discussed later in relation with the analysed data.

3. FINITE ELEMENT MODEL OF THE IA AND TEST

We built a Finite Element model to reproduce the load behaviour shown by the real impact
attenuator device. In the model we reproduced the test details as close as possible (geometry
and loads). To solve the analysis we used the commercial code LS-DYNA (R8.1.0, Livermore
Software Technology Corp. CA, USA), adequate to deal with the dynamic problem including
the strong non-linearity, by using an explicit approach to the problem.

The model contains three parts (bodies), two for the impact block and the bench support, and
one for the IA. The impact block and bench were defined as rigid surfaces, with a coarse
mesh. The bench part was fixed. The block included mass elements to define the inertial mass
of the test, and defined with the initial speed at impact time. Gravity effects were also
included to add the extra effect on the (vertical) test.

The IA was modelled with the actual geometry and meshed (mapped mesh) with shell
elements of size 5 mm (Figure 1). The elements (2.5 m thickness) had 5 integration points
across the thickness in order to accurately compute the bending moments, especially when the
section reaches the yield range. The element size was selected with a mesh sensitive analysis,
by performing several calculations to evaluate the proper description of the crushed plies and
the convergence of the results.

Mobile plate

Bigger face \

Lateral face

Shorter face

Fixed plate

Y

L

Fig. 1 - Drawings of the parts included in the FE model including the meshes: coarse mesh for the
rigid surfaces, one fixed and one mobile; and 5 mm sized elements for the IA. The IA is within an
envelope (LxWxH) of 270.3 x 159.8 x 234.5 mm3.
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For our studies we wanted a model capable to reproduce the reference test. This situation is
different of designing a part to reproduce an optimized load pattern under impact, which can
be achieved with pre-deformed shapes introduced to the original structure (Segade, 2018:
these proceedings). For our purpose we used the method of introducing a default in the mesh
pattern, therefore forcing the plying sequence to start preferably at the selected location, or at
least to influence the folding pattern. By inspection of the plying sequence observed in the
pictures of the test, we introduced the default in the bigger surfaces, located at different
heights in the horizontal plane. The default was an inward deviation of the mesh nodes in the
same horizontal line, being null at the edges and following a cosine shape with a single
maximum at the middle position (Langseth, 1999). The deviation was set to reproduce
adequately the first initial peak (Langseth, 1999; Zarei, 2006).

The aluminium alloy EN AW 5083-O used for IA was defined as a material with elasto-
plastic properties included in an isotropic hardening plasticity model. The material parameters
are listed in Table 1 according (Segade, 2016).

Table 1 - Mechanical properties of the aluminium alloy (EN AW 5083-0)

used in the FE model
Elastic Modulus 72 GPa
Yield Strength 115 MPa
Tangent Modulus 1.082
Density 2 700 kg/m’
Poisson Coefficient 0.33

The IA body was composed of five different plates welded at the edges in a corner joint by
fillet welding. To characterize this joining we used a specific LS-DYNA parameterisation
dedicated to include in the simulation the welded joints of the parts. This feature defines the
welding stress state and possible failure according to the fillet geometry and the strength of
the material involved. For the fillet the width, length and plate thickness are required. In our
case the width was 3 mm, defined by the filler metal rod used for fabrication (2.4 mm). The
length depends on the distance between nodes located at the edges, and may vary depending
on each edge (5.3 - 4.5 mm) due to the mapped mesh. The thickness was that of the plates
(2.5 mm). The definition of the welding is done node-to-node, a method that provides with
large flexibility in the model definition but it is largely time consuming. We used a MATLAB
(The MathWorks, MA, USA) routine to directly re-write the LS-DYNA cards to input the
modifications we needed into the nodes corresponding to the welded edges. The strength of
the weld fillet was defined as 260 MPa according to (Mutombo, 2010).

The contact between the folded plies, including self-contact, was defined using a penalty
formulation. After the simulations were completed, we check either for penetrations or missed
contacts to re-adjust the penalty conditions. The crushing process lasts for about 60
milliseconds, from impact until the mass is fully stopped. During the computation, the
acceleration of the impacting mass was recorded in 0.5 ms steps. The acceleration time profile
will be used to compare the behaviour of the different models studied and also with respect to
the data obtained in the test. Each model computation requires about 28 minutes in a
processor Intel-Core 17-4820K 64Gb RAM. The model will be first studied to produce the
observed folding pattern by introducing a trigger in the geometry.
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4. TRIGGER LOCATION

We analysed the influence of the location of the trigger by evaluating models defined with
different initial locations, and comparing with the test results. The evaluated locations where
set at different horizontal positions, considering as ‘vertical’ the natural direction in the test
bench and corresponding to the axial direction of the impact, Y-axis in Figure 1. The
locations were at the upper, middle and lower third regions in both the bigger and the shorter
faces (not in the lateral ones). The plies, however, were analysed by inspecting the lateral
faces, to compare with the images obtained during the crushing test (Figure 1). Several test
were used to evaluate the (maximum) deviation needed by the trigger definition according to
the results, and it was set to the working value of 1 mm. This value does not refer to any
actual deformation geometry, but reflects only the effects of the true imperfections that would
cause the folding observed.

In Figure 2 we plot the acceleration time profile measured (line A) as well as the values
obtained varying the trigger location from the upper third (line B), to the middle third (line C)
and lower third (line D) in the face with higher height. In the test data we can see a broad peak
(15g) till 20 ms, a constant plateau (7.5g) between 20 and 32 ms and the higher peak (26g)
between 32 and 60 ms. This profile corresponds to a first peak generated in the initial unstable
situation prior to the folding of the structure. Then, while plying, the load decreases and
stabilises. Once the structure is crushed and the plies are touching each other the load
increases again due to the extra rigidity till the energy is exhausted.

About the calculations, the results corresponding to the trigger at the upper location are the
more realistic (line B). The time spam is similar (55 ms) to the measured data; the first peak is
reproduced in value and position, and there is a plateau before the final load increase.
However there are more oscillations, the initial peak is narrower, and the second one is
broader and reaches a lower value (23g). The same characteristics are observed in any
calculated case, so they are model-dependent. For the cases with the trigger at the other
positions (lines C and D), the first peak increases and delays, the plateau disappears and the
second peak happens too early, reducing the time spam considerably. The fact that the trigger
be located farther in the axial crushing process helps little to smooth the loads in the initial
time range.

We also evaluated the results by locating the trigger in the shorter face of the IA, again at
three different heights. The results were rather similar to the previous cases with the trigger
located in other position than the upper third, and the values (almost) coincide with those of
the line C in Figure 2. Definitely, only if the trigger is located in the upper part of the longer
face do affects to the plying pattern, and thus to the acceleration profile. Otherwise, the trigger
is useless because the folding is already developed, and the stiffness changes due to the plying
pattern in the crushing process are defined before the trigger can induce any appreciable
modification.

In Figure 3 there is a time sequence of the crushing process comparing both the test pictures
in real time and the results obtained with the trigger located in the upper part of the longer
face (corresponding to line B in Figure 2). We can observe that the plying pattern is
reproduced rather closely both in time and shape. Any other location of the trigger in the
models caused a rather different folding pattern, rather similar in all cases, and resulting in the
similar acceleration curves discussed above. The higher acceleration observed in the model
after 25 ms (Figure 2) is due to the self-contact caused by the plies in the shorter face. At this
time-point, all plies are developed, and any differences between plies in the model and part
accumulate the contact effects to make a difference in rigidity in the final stage of the
crushing.
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Fig. 2 - Acceleration profile measured during the axial crushing test (line A). The evaluated
results are plot for the cases with the trigger located in the longer face at the upper third
(line B), middle third (line C) and lower third positions (line D).

In the third sequence in Figure 3 we can observe (marked) that a gap was formed in one of the
edges. The stress was high enough at the plied corner that the welding failed and the plates
were set apart. This effect can be reproduced by the calculations in a completely natural way.
This gap is present in any calculation whatever the conditions of trigger, if the plying reaches
a similar condition. Therefore, we conclude that the stress states at the welding lines are
reliable data as developed in the model.

S. INFLUENCE OF WELD DEFAULTS

We studied two possible failure cases affecting a local or a wide region of the welded edges.
First we analysed a model defined so that the joint between two nodes is lost. This has a quite
limited extension (about 5 mm), and can be though as caused by a welding defect which
caused a crack-like default. By setting this node-to-node default at different heights of the
edges (upper, middle and lower regions of both the higher and shorter edges), we observed
that all cases produced rather similar results and the acceleration profiles were close in shape
and values to line B of Figure 2. Only if the default was set close to the position of the
deformation trigger, the acceleration profile slightly changed, but not appreciably modifying
the results.

A different analysis was done considering that a wider region, corresponding to one third of
the edge, had a lower strength (60% of the original value). This situation can be seen as a
general failure of the welding joint during the production. In Figure 4 we plot the acceleration
time profile considering the default located at different regions of the longer edge. We
analysed also the cases by setting the wide weakening default at the shorter edges. The
acceleration time profiles were rather similar. Only if the default was set at the upper third of
the edge the load profile changes, just slightly if located in the shorter edge, but largely if
located in the longer edge, line B in Figure 4. Now, the change is important, with a large
oscillation in the 15-35 ms range, reaching an important maximum value, but never exceeding
the maximum (final) peak value.
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Fig. 3 - Time sequence of the crushing process.
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Fig. 4 -Acceleration time profiles corresponding to model evaluations.
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This different pattern happens because the welding default corresponds with the location of
the deformation trigger. The effect was not important in the case with the local welding
default at that position, even if some small change was produced. This important difference
can be easily understood by looking to the Figure 5.

Full model Failure in long edge, first third

Full model Failure in long edge, first third

Fig. 5 - Drawings of a cross section of the IA during the crushing process.

The drawings correspond to the model with the deformation trigger located at the upper third
(left column) and the extra welding default in the upper part of the edge (right panels). In the
upper panels, at time 6 ms, we can observe a gap formed in the initial plies if the welding is
weak, but not present in normal conditions. This failure causes the lower peak of line B
(Figure 4) in the initial 5 ms. At 15 ms (lower panels), the expected gap appears additionally.
The new contacts in the plies cause the differences in stiffness in the rest of the time spam.

We also investigated if this default could be equivalent (and justify) the deformation trigger.
Removing the trigger and setting the welding default at the upper region of the longer edge,
the result was similar to lines C and D of Figure 2. The plying pattern is ruled by the
geometry and the influence of the weakened welding makes not big differences.

It is important to note that in all the cases analysed there is a failure caused by the open gap at
the edge (see Figure 3). If the plying pattern is defined, the stress at the edge causes that
failure, and it is not related to any weakening situation.
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6. CONCLUSION

This work was motivated to analyse the influence of the welding joint quality into the design
of impact attenuators of vehicle energy absorbers. We built a FE model to reproduce the
impact test of an attenuator tested in a drop tower. The attenuator included a set of welded
joints. The FE model reproduced satisfactory both the (measured) acceleration time profile
and the welding failure observed in the test.

The model included a deformation trigger to control the plying pattern. We could verify that
the acceleration profile is completely ruled by the plying pattern, and this pattern is only
influenced if the trigger was located at a defined region. Otherwise, the pattern is different and
has a lower correspondence with the measured case.

With this FE model we could study the influence of welding failures. We tested small local
failures, which caused very limited changes. We also tested wide weakened-strength regions.
In this case, only if the weakening region and deformation trigger were close, the acceleration
profile changed notably. We could relate that change to the failure of the welded joint and
local gap opening. However if the weakening effect was at any other region, the plying
pattern is not influenced and therefore the acceleration time-history is almost unchanged.

We also investigated if the welding weakening could explain the deformation trigger. But the
welding alone did not modify the plying pattern, and the result differed from the test. These
results point clearly that the welding defaults have a limited influence in the crushing
description of thin walled attenuators, ruled by buckling processes. Small welding defaults
seem to be negligible. Only if a wide welding weakening combines with more complex
‘defaults’ that define the buckling process, the result is affected. We observed then more
important load (acceleration) oscillations, but not increased maximum peaks nor different
time spams.

In this situation we conclude that if welding inspection is considered important, it should be
focused in determining weakened strength in wide regions. If the buckling pattern were forced
(Segade, 2018: these proceedings), the inspection would be located at the pre-defined regions.
Otherwise, if this type of defect was present, it would only have influence in some cases, and
the influence would not drastically change the attenuator functionality.
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