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This document reports a numerical and experimental crashworthiness study of a vehicle structural component.
Particularly, a windshield A-pillar made of a novel high-strength steel was tested on an apparatus for impact tests
that was in-house designed so as to reproduce the effects of a vehicle side impact crash. In parallel, numerical
simulations were performed using the explicit finite element code LS-DYNA, considering different elastic-plastic
material constitutive laws with damage. A comparison between numerical and experimental outcomes demon-

strated a satisfactory correlation, with the GISSMO model that provided a good correlation and needed a rela-

tively low computational effort.

1. Introduction

The automotive industry continuously demands for new materials
[1,2] and new design concepts in order to satisfy the ever stricter safety
requirements. Safety of car occupants is currently achieved by means of
preventive, active and passive safety systems [3,4]. Preventive systems
can assist the driver while driving, for instance to enhance his vision
under adverse conditions [5] or to evaluate his tiredness [6]. The active
ones are aimed to reduce the risk of accident occurrence, for example
improving stability and control of vehicles [7,8], e.g. by means of
anti-lock braking systems (ABS) or electric power steering (EPS). On the
contrary, passive systems deal with reducing damages and injuries due
to any car fault or crash [9,10].

Amongst these latter, it is worth to mention the crumple zones,
devoted to absorbing impact energy during a collision, while the pas-
senger safety cell reacts to vehicle crash and rollover, conveniently
deforming itself to best protect occupants. Thus, a suitable design of
safety cell components is crucial to reduce passenger injuries [11].
Recent studies have covered investigations on the structural behaviour
of innovative materials, such as composites and additively manufac-
tured [12-17], or have investigated new and sustainable manufacturing
processes [18-20]. Although these materials have shown optimal
strength-to-weight ratio [1,2], their usual high production costs make
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them wunsuitable for large-scale manufacturing. Increasing the
know-how regarding new high-strength materials to be used for
manufacturing of vehicle structural parts is of fundamental importance
to guarantee competitive advantages in the automotive market. Besides,
this also enables the possibility to improve the response of the vehicle in
terms of safety and resistance, thus obtaining better results in crash-tests
[12]. At the same time, there is also the possibility of enhancing the
performance of a car and increasing the quality perceived by users
thanks to the advantages in terms of mass reduction provided by new
technologies.

Safety of a car roof in rollover crashes is favoured by high-strength A-
pillars. When using traditional metal materials for A-pillars, their design
inherently requires size increments that can affect the lateral view of the
driver, producing blind spots when turning [21]. Indeed, these are ele-
ments that need an appropriate sizing in order to guarantee both a
satisfactory clean lateral view and a harmless safety cell. The use of
high-strength steels allows to produce A-pillars of reduced dimensions
but keeping the same strength offered by traditional materials.

Within this framework, this research aimed to assess the impact
behaviour of a windshield A-pillar, a constituent part of the safety cell of
a modern vehicle. An impact test apparatus was ad-hoc designed by the
Authors in order to experimentally investigate the crash behaviour of an
A-pillar made of a novel high-strength steel. In parallel, numerical
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Fig. 1. Ad-hoc designed impact test apparatus.

modelling was used to support the experiments so as to achieve a better
comprehension of test results and also for acquiring a deeper compre-
hension on the mechanisms of failure. Therefore, numerical analyses
were performed by means of the explicit finite element code LS-DYNA so
as to cross-compare results with those obtained experimentally. Such a
numerical-experimental cross-validation can be considered a common
practice in the modern engineering field, as it is often used to develop
safer and “greener” vehicles, in addition to the advantage of reducing
costs required by full-scale experiments [22-27].

2. Test apparatus

An experimental testing apparatus was in-house designed to acquire
the response of a windshield A-pillar subjected to impact loading, see
Fig. 1. The design of the test was orientated to replicate as reliably as
possible the effects that occur on this element during a lateral impact
while driving. This was of particular interest for what concerning the
proper location and orientation of the test piece.

The experimental device consists of a hydraulic actuator for the load
application, a supporting system and a data acquisition system. The
actuator is equipped with a cylindrical threaded impactor that is con-
nected to a longitudinal rod, this latter required in order to prevent
unwanted oscillations transversal to the impact direction. A load cell of
100 kN was used to measure the crash force during the test (see centre
top of Fig. 1). A linear variable displacement transducer, located at the
bottom of the actuator, was used to measure the displacement along the
test. The supporting system is adjustable in height since the A-pillar is
not planar and the span can be set according to the dimensions of the test
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Table 1
Mechanical properties of the selected HSLA steel.

Mass density p [kg/m>] Young’s modulus E [GPa] Poisson’ ratio v [-]

7850 208 0.32

piece. Once defined the test span, two ad-hoc bench supports are welded
to the A-pillar sample, in the same points where it would be fixed to the
load-bearing structure of the vehicle, i.e. to achieve the most realistic
constraint conditions. The support benches are in turn bolted to the
supporting structure. The so obtained test apparatus is highly modular
and allows to verify the impact behaviour of components with different
sizes and shapes.

The cylindrical impactor is made of steel and presents a cross section
diameter of 100 mm and a length of 200 mm. Two different loading
conditions can be applied: free-fall drop impact and displacement-
controlled loading. The latter boundary condition was adopted for the
experiments reported herein. The impact rates that can be imposed to
the actuator range from 0.1 to 2.5 m/s. A trapezoidal motion profile with
an acceleration, constant speed and deceleration was imposed. The
actuator displacement was opportunely set so as to neglect unwanted
inertia effects and was properly calibrated in order to achieve the crash
when the impactor already reached the constant speed condition. The
current test was carried out under constant impact speed applying to the
impactor a displacement of 180 mm at 180 ms. Test parameters were
selected within the technological performances of the testing machine
and defined so as to emulate the behaviour of the component in a full-
scale vehicle side impact.

The support benches were made of welded S235 steel sheets with
different thicknesses (5 and 10 mm) so as to satisfy specific requirements
in terms of overall stiffness. As a matter of fact, the two support benches
have to be stiff enough to ensure breakage of the windshield spar,
whereas a high deformable support could bend excessively during
impact, in turn reducing the actual stresses to which the A-pillar is
subjected. Besides, excessively stiff supports could cause the unwanted
cutting of welded zones between support benches and the test piece
before the onset of fracture in the area of impact.

3. Materials and methods

The impact test was performed on a windshield A-pillar sample, see
Fig. 2. This component was manufactured through hot stamping starting
from a 1.2-mm thick foil of a high-strength low alloy (HSLA) steel. The
main mechanical properties of the selected HSLA steel make it partic-
ularly suitable for the realization of vehicle structural components by
hot stamping technology (some properties were listed in Table 1). Such a
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structure

Bench support

Fig. 2. CAD model of the impact test on the windshield A-pillar.



E. Armentani et al.

>
r

Stress

Failure begins
damage w =0

Damaged
material

Undamaged \
\___material

Final rupture  \
damage w =1 \

5

; - = >
EppF &, prr Plastic strain g, ¢

Fig. 3. Stress vs. effective plastic strain with damage effects (MAT_081).

material is currently protected by industrial secrecy of Stellantis.
Experimental results were reported in terms of crushing load-
displacement curves and energy absorption (EA) during impact, which
are considered as particularly representative crashworthiness indicators
[28,29]. The absorbed energy was obtained as it follows:

d
FA — / P(s)ds, @
0

where P(s) is the crash force during the test, d is the displacement at
breaking point, s is the displacement.

Numerical analyses based on Finite Element Method (FEM) were
carried out to replicate the impact test in a simulation environment. To
this aim, a CAD model was set up as shown in Fig. 2. Based on this CAD
model, FEM analyses were developed by means of the commercial FEM
code LS-DYNA [30]. Particularly, two material models were adopted:

1. an elastic-plastic law with damage and embedded failure criterion
(so called “MAT_081" in the FEM code manual [30]),

2. the generalized incremental stress state dependaent damage model
(GISSMO) [30,31].

Briefly, with model (1), a user-defined stress-strain curve is defined
to simulate the elastic-plastic behaviour of the material under analysis.
The effective stress is considered as a function of the effective plastic
strain, this latter depending on the strain rate. A failure criterion is
activated once an imposed plastic strain &, pr is reached. An isotropic
damage parameter o is evaluated as it follows:

o= Epeff — eP«PF7 )
EpPIR — Ep.off

where ¢, o is the effective plastic strain, ¢, pr is the plastic strain value in
correspondence of softening onset, &, prr is the plastic strain to final
rupture (see Fig. 3). The amount of the linear cumulative damage ®
ranges from zero to one, representing no damage and complete failure
respectively.

With reference to model (2), GISSMO model was developed as an
extension of the Johnson-Cook failure criterion to overcome the differ-
ences in simulation results between metal forming and crash tests [32].
GISSMO is based on a phenomenological approach that estimates an
incremental damage or, more properly, a phenomenological scalar
failure variable coupled with the deformation process. Hence, it is
completely general and allows for the modelling of a failure phenome-
non for any type of simulation.

The GISSMO damage parameter is evaluated by means of an incre-
mental law obtained from empirical observations. The damage accu-
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mulation can be defined as:

e n
D= P ) , 3
(ff(’h 0) ®

where ¢, is the equivalent plastic strain, n is an exponent for the damage
function, & (, 0) is the equivalent plastic fracture strain that depends on
the triaxiality parameter 5 and Lode angle 6.

For the Johnson-Cook failure criterion, the exponent n is equal to 1.
The triaxiality parameter # is defined as the ratio between the hydro-
static stress oy, and the von Mises equivalent stress o,4. The Lode angle 6
isrelated to the second and third deviatoric stress tensors, J» and Js, as it
follows:

4

3

1
0 = —arccos (3\/§ J3>
2J3

Considering the Haigh-Westergaard domain, the stress state is
uniquely defined by knowing the quantities 6,4, 1 and 6. By derivation of
Eq. (3), under the hypothesis of constant &, i.e. proportional loading, the
incremental damage is:

n

dD =
& (. 0)

eé"’l) de, :f(sf(n, 0), &, n) dey, 5)

where f is function of &¢(1, ), &, and n.
By substituting Eq. (3) in Eq. (5), the GISSMO incremental damage
relationship is:

n n—1
dD:gf(;?—()) Dn d.E'P :f(é‘f(l’], 9), D, Tl) d(:‘p, (6)

where D is the current damage and f is directly function of D instead of
accumulated plastic strain.

The local material instabilities, such as necking phenomenon, are
considered by means of an additional variable, called potential insta-
bility F that is expressed as

e n
F= L , 7
(ecn't('l)) : @

where & (17) is the critical plastic strain that is function of 5. This var-
iable is experimentally evaluated by using curves from tensile tests and
depends on the material forming limit diagram curve. The experimental
procedure for these evaluations is described in [33].

By differentiation of Eq. (6) under the assumption of constant #:

dF = Fn dé'p :f( ecn't(r])v F7 ep) dé‘p, (8)

Ecrie (17)

where F is the value of the current instability.

The evaluation of damage and instability variables allows for
assessing the stress field degradation. Defined o* the effective stress
tensor and ¢ the undamaged stress tensor, it follows:

oD <D,
"= D—D\" , (C)]
— >
6[1 (I_DC) }DiDC

where the fading exponent m triggers the stress degradation of element,
whereas D, is the critical damage when instability is equal to 1.

4. FEM analysis

Numerical simulations were performed with the LS-DYNA code,
using Hypermesh [34] as pre-processors and Hyperview as
post-processor. Shell elements were used for the FEM discretization of
the CAD model, selecting fully integrated elements and five
through-the-thickness integration points (so called ELFORM 16 in the
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Fig. 5. Initial position of the impactor with respect to the windshield A-pillar.

FEM code library). The average mesh size was around 2 mm to accu-
rately capture the onset of failure and the damage propagation mecha-
nisms. The convergence study was developed by comparing the
hourglass energy and added mass for various model of increasing
computational burden. Such convergence was judged as achieved when
added mass and hourglass energy were lower than 1% of the component
mass and internal energy respectively. For the sake of brevity, only the
results developed with the best model were reported herein. Fig. 4a
shows the resulting FEM model. The impactor was modelled as rigid
with respect to the A-pillar sample, hence allowing to reduce the overall
computation burden. Constraints were applied to the impactor to allow

for vertical displacements only.

Particular attention was devoted to the discretization of the bench
supporting structure, see Figs. 4b-c. The weld beads were modelled by
means of rigid 1D elements coupling the nodes of the parts in such a way
to model their weldments. This allowed to model 1D elements parallel to
each other, which prevented any relative sliding between the compo-
nents, thus accurately simulating the weld bead behaviour. The so ob-
tained FEM model resulted in a particularly accurate mesh of the A-
pillar, having a perfect correspondence amongst the relative nodes and
those belonging to the supporting elements. Besides, bolted joints of the
supporting system were modelled using the LS-DYNA card
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Fig. 6. Equivalent plastic strain to failure vs. triaxiality parameter as a function of Lode angle 6.
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Fig. 7. Impact test simulation at some time frames.

*CONSTRAINED_EXTRA_NODES, which allowed to rigidly connect the
two parts. Specifically, the nodes in correspondence of the holes
belonging to each support (see Fig. 4c) were rigidly constrained to the
respective support system base.

Hourglass effect was controlled by setting the ELFORM parameter
equal to 16. Any element was removed by the simulation when one of its
integration points reached the failure condition of the selected criterion.
The automatic contact algorithm was used for the tied surfaces of the
cylindrical impactor and the A-pillar. Initial position of the impactor was
highlighted in Fig. 5. As reported in above, the experimental test was not
performed as a free-fall drop impact but as a displacement-controlled
loading. Hence a trapezoidal motion profile with acceleration, regime
and deceleration was applied to the actuator. This same motion profile

was also considered numerically.

Referring to the analyses implementing the MAT 081 material
model, the logarithmic values of &,pr and &, prr for the first attempt
simulation (herein Run 01) were set to 0.1 and 0.15, respectively.
Additionally, due to lack of dedicated data, two further calculations
(Run 02-03) were made by considering the plastic strain at final rupture
&prr €qual to 0.3 and 0.5 respectively. Accordingly, FEM simulations
with the GISSMO model were performed by varying the parameter SFO.
This parameter allows to proportionally modify the equivalent plastic
strain to failure vs. triaxiality curves, thus changing the material soft-
ening phase and consequently the time to rupture. These curves, plotted
in Fig. 6 and identified in the LS-DYNA code by the variable LCSDG, are



E. Armentani et al.

Forces in Mechanics 15 (2024) 100273

60
— Experimental
50
— Run 01
40 — Run 02
5 — Run 03
=
°
©
]
|
0 20 40 60 80 100 140 160 180
Displacement [mm]
Fig. 8. Comparison of experimental and numerical load-displacement curves (MAT_081).
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Fig. 9. Trend of impact energy as function of displacement (MAT_081).

functions of the Lode angle 6, ranging from —1 to 1. The value of SFO for
the first attempt analysis (Run 04) was set to 1 and two further calcu-
lations (Run 05-06) were made by considering SFO equal to 1.1 and 1.5
respectively.

5. Results and discussion

Numerical analyses were conducted by applying MAT 081 and
GISSMO material models in order to replicate the impact test. An

example sequence of the simulated crash test was shown in Fig. 7. The
comparison of results coming from the experimental tests and the FEM
modelling considering the MAT_081 were reported in Figs. 8 and 9 (Run
01-03). Such figures highlight a reasonable agreement in terms of load
and energy absorption over the impactor’s displacement, even though
simulation outcomes demonstrate a ductile behaviour not represented
by the experimental response. Indeed, when the test starts, the impactor
touches only partially the whole width of the test piece, hence finding a
variable stiffness of the piece during the impact. This can be also noticed
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=
- 30
©
o
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Fig. 10. Comparison of experimental and numerical load-displacement curves (GISSMO).
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Fig. 11. Trend of impact energy as function of displacement (GISSMO).

Table 2
Main outcomes of all impact simulations.
SFO £p PER Peak Displacement at Absorbed
[-1 [ load break [mm] energy [J]
[kN]
Experiment  — - 51 120 2605
Run 01 - 0.15 37 106 1614
Run 02 - 0.3 41 117 1800
Run 03 - 0.5 49 128 2531
Run 04 1 - 42 116 2020
Run 05 1.1 - 43 118 2040
Run 06 1.5 - 51 128 2540

by looking at the right side of Fig. 5, where it is visible a slight initial
torsion of the test piece caused by its welding on the bench supports.
Since this initial deformation was not simulated numerically, a slightly
different stiffness can be observed between numerical and experimental
outcomes. As a consequence, the lower energy absorption calculated
numerically represents a result of the calculated displacements at break
and maximum loads lower than those measured experimentally. The
calibration of numerical failure effect was realized by increasing the
plastic strain at final rupture &, prr until that the percentage difference in
the maximum force less than 4% was reached (Run 03). The resulting
crash energy was 3% lower than that experimentally recorded, although
the model predicted its achievement in a slightly different time lapse.
This discrepancy was ascribed to a more compliant behaviour of bench

supports.

The trends of load and impact energy vs. displacement with reference
to the GISSMO material model were plotted in Figs. 10 and 11. Ac-
cording to the MAT_ 081 simulations, a convergence to experimental
results was performed by varying the SFO parameter from 1 to 1.5. It can
be noticed in Figs. 10 and 11 that the best agreement was achieved by
setting the SFO parameter to 1.5.

The main outcomes of all the impact simulations were summarised in
Table 2 and Fig. 12 as percentage differences amongst the two models
for Frnax, Umax and AE. An overall good correlation with experimental
outcomes can be noticed for both material models. Moreover, it is worth
noting that GISSMO simulations resulted in a higher accuracy than
MAT 081 to not count the fact that also required lower calculation
times. Once achieved such a correlation, this simulation procedure can
be replicated by considering different geometries and materials, hence
supporting the design and/or the optimization of passive safety systems,
in turn improving the vehicle crashworthiness.

6. Conclusions

The optimum design of passenger safety cells of modern vehicles is
crucial to reduce occupants’ injuries due to any car fault or accident.
This document reports a numerical-experimental crashworthiness
analysis of a windshield A-pillar, a fundamental component for the
passive safety of vehicles. An experimental testing apparatus was in-
house designed in order to replicate as reliably as possible the effects
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(%}
]
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T
o -15%
o
s
S 20%
o
Q
& 259

-30 %

35 %

-40 %
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Fig. 12. Overall comparison of FEM results to experimental outcomes.
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that occur on an A-pillar during a lateral impact while driving. Sepa-
rately, numerical simulations were performed using the explicit FEM
code LS-DYNA, considering different material models with damage so as
to reach a better explanation of the impact phenomenon. The agreement
between numerical and experimental results can be considered as
satisfactory. In more details, the GISSMO model resulted to be more
suitable than MAT 081 demonstrating a both better prediction of the
impact behaviour and also requiring a lower computational effort.
Nonetheless, it is worth noting that both models can achieve good cor-
relation with experiments in terms of maximum impact force, maximum
displacement, and absorbed energy. This investigation can be useful for
improving the crashworthiness of vehicles, providing information to
support design and optimization of passive automotive safety systems.
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