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Abstract: In vehicle crash simulations, the strain rate effect of different materials has gained more and more
attention and application nowadays, which further appeals more understandings on its influence on the mod-
eling results. The paper deals with strain rate effects in impact to the beam under the high strain rate evalu-
ated by simulations combined with experiments. The Cowper-Symonds model is used to describe the dy-
namic plastic behavior of materials as a function of strain rate. The strain rate distribution is mapped on the
beam, and the effect on the deformation, deceleration and the energy absorption is discussed.
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1. Introduction

Under the high strain rate, the Yield limit and instanta-
neous stress of the elastic-plastic material will be higher
than under the quasi-static conditions. If the FE material
model didn’t consider the strain rate, the whole FE mod-
els tend to soften especially when the element size in-
creases to about 6-9mm !"*!. To consider this softening
trend and to simulate the vehicle crash physics more ac-
curately, strain rate effects must be taken into account. In
addition to better representation of the material response,
strain rate sensitivity has an added benefit in promoting
computational stability of simulations. During high speed
vehicle crash, the strain rate reaches the magnitude of
107 /s to 10° /s in the main deformation zone. In one
study it was shown that, the principal difficulties are in-
terpretation and reconciliation of the data about material
properties obtained from various experimental apparatus
BI In addition, the material properties in the strain rate
orders of magnitude between 10'/s and 10%/s have been
very difficult to obtain. This range of the strain rate is
observed during the where vehicle crash when important
events take place.

In many of the previous studies a size of the finite
elements could not conform to the detailed features of
the vehicle crush due to limitations of computational
resources. This large size of finite elements made the
structures relatively stiff ). In such simulations it was
not obvious to consider the effects of strain rate. With the
continuous development of computer technology, the FE
models become more and more accurate. New structural
experiments, accompanied by FE models have shown
how these experiments can be used for material charac-
terization of the deformation modes'. The new method
described above has been used to study the crush of tube
by the FE model at the ranges of strains and strain rates
in the condition of different element sizes. When the
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element size decreases, the range of strain and strain rate
will increase. In this study the simulation results were
compared to experimental one from drop tests. It seems
that such approach is very efficient in studies dealing
with material properties loaded dynamically with high
strain rate.

Therefore in the current study we decided to use this
approach applied it in investigation of properties of rec-
tangular welded beam and type of material as found in
one production car. Two simulations of the impact to this
beam at three velocities that are common in car crashes
were performed with FE model and we compared the
results with ones from experiment. The analysis was
performed about strain rate effects simulated by Cow-
per-Symonds model by mapping the strain rate distribu-
tion on the beam. Moreover we studied the effects of
strain rate on the behavior of simulated vehicle structure
such as deformation, section force, deceleration and the
internal energy absorption.

2. Methodology

The strain rate effects were evaluated by comparison of
results from simulations and experiments at three various
speeds. The main attention was put on the speeds of im-
pact that are representative to these from car collisions.
Three frontal collision experiments were conducted; the
speed was 25 km/h, 35 km/h, and 50 km/h to simulate
the low, middle and high car speed, respectively. The
installation of beam in impact experiments is shown in
Fig. 1.

Figure 1. The installation of beam in impact experiment
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The beam was selected from production car. The
length of this beam is 470 mm; it is a composition of
front and rear parts connected by laser- welding. The
material of front part is B340-590DP, and rear one is
SAPH440. The experimental stress-strain curves are
shown in Fig. 2. On each side of the beam the two en-
ergy absorption cylinders were added for protection of
the sled. The length of these tubes at the case of 50 km/h
was 300 mm, and for other velocities 200 mm. The
simulated weight of the car was 1020 kg.

The corresponding FEM model of the beam is shown
in Fig. 3. The element size used is 5X5 mm according to
the reference literature'*). There are a number of consti-
tutive models that have been proposed and successfully
used to describe the dynamic plastic behavior of materi-
als as a function of strain rate, and MAT-24 (Piecewise
Linear Plasticity) is the most common used. At current
study, we selected the commonly used constitutive equa-
tion for strain rate sensitivity, the Cowper-Symonds

model );
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Where ¢ is the strain rate, o, is the dynamic yield

stress, o, is the quasi-static yield stress. C and P are

material parameters for strain rate effects. Both parame-
ters C and P can be obtained from quasi-static and dy-
namic tensile test results presented in Fig 2. They are
C=1.8, P=3.0 for the frontal part of the beam, and for the
rear one C=8, P=5.
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Figure 2. Stress- stain curves at different strain rate
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Figure 3. FEM model of beam

The main idea of the study is that we can use the ac-
celeration of the sled to validate the FEM model re-
sponse when strain rate dependency is or not considered
by comparison with simulation results. Secondary from
the same simulations considering strain rate we made
mapping of the distribution of this strain rate within the
beam in two directions (width and length). When map-
ping strain rate distribution on the width of the beam we
selected three cross section areas corresponding to wave
crest, wave through and equilibrium as shown in Fig. 4a.
When mapping strain rate distribution on the length we
selected two positions: edge-line and midline as shown
in Fig. 4b. Analyzing this distribution the areas with
highest strain rate were found. Further we compared de-
formation pattern regarding the shape of deformation and
the pattern of all folds. Finally the cross sectional force
in the area with the highest strain rate was also compared
between the simulations with and without strain rate.
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Figure 4. Selection the places of mapping the strain rate distribution

3. Results

3.1. Model Validation by Comparison of Sled
Deceleration

The deceleration curves under various impact velocities
are shown Fig. 5. The profile and maximum value of the
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deceleration curve, when strain rate effect is considered,
are closer to the test data than from the simulations
without strain rate dependency in which computed de-
celeration curve is evidently on lower level than that
from the experiment. Especially when discussing the
peak value of acceleration we can found that difference
between simulations is about 20%, which is a large dif-
ference. When the deformation is reaching the cylindri-
cal tubes the deceleration curve increases dramatically.
In both simulations at 35 km/h and 50 km/h deceleration
curve starts to increase rapidly, in the cases without
strain rate dependency earlier than in the cases with
strain rate dependency. The main reason causing this
phenomenon is that the yield limit in cases without con-
sidered strain rate dependency is lower than in cases
when strain rate dependency is simulated. Therefore the
finite element model without strain rate dependency
seems be too soft in relation to data from experiments
when the model considering strain rate is reliable.
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Figure S. The deceleration curve under various impact velocities
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3.2. Strain Rate Distribution mapped on the
Beam Width

Fig. 6 shows the maximum strain rate distribution
mapped on the original beam width at investigated im-
pact velocities. From the figure it is clear that, in the
wave crest and trough, the strain rate at both sides of the
beam is greater than in the middle part, and in the equi-
librium position is almost at the same level. When the
impact velocity increases, the strain rate increases ac-
cordingly, but not so much, only 10'/s and 10%s.
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Figure 6. Maximum strain rate distribution mapped on the beam
width

3.3. Strain Rate Distribution Mapped on Beam
Length

Fig. 7 shows the maximum strain rate distribution
mapped on the beam length at investigated impact veloc-
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ity. On the edge line of the beam, the strain rate distribu-
tion is in form of waves; there are obvious peaks and
valleys, generally the largest peak corresponds to begin-
ning of deformation. The positions of the strain rate
peaks correspond to the beam's folding wave crests and
troughs, and the positions of the strain rate troughs cor-
respond to the beam's folding equilibrium positions.
With the increase of impact velocity, the peak values of
strain rate increase. In the simulation at 50 km/h the
maximum strain rate appears in the second wave crest
and reached 168/s. On the middle line of the beam the
differences between strain rates at investigated velocities
are basically small, and maintains at the same level
without obvious peaks and valleys over whole length of
the beam. The results show that, the stress and strain at
edges is much larger than in the middle section of the
beam and energy absorption in the edge region play a
major role. Similarly to the investigation of the strain
rate distribution on the beam width, when the impact
velocity increases, the strain rate increases accordingly
over beam length, but not so much, only 10'/s and 10%s.
The front and rear of the beam has different materials in
the simulation, but the magnitude of the strain rate is at
the same level.

3.4. Comparison of Deformation Shape

Fig. 8 shows the comparison of deformation at investi-
gated impact velocities. When the strain rate is consid-
ered the deformation is close to the experiment. The de-
formation in simulation without strain rate dependency
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Figure 8. Comparison of deformation at various velocities

shows larger difference. Especially in edge area of the
rear segment, the folding deformation is deviate. We can
see that the model considering the strain rate dependency
is proved to be effective also in prediction of the defor-
mation. To make easier to see the differences between
simulations with and without strain rate dependency Fig.
9 shows the profiles of deformation at investigated im-
pact velocities.

3.5. Strain Rate Effect on the Energy Absorption

Table 1 shows the comparison of internal energy; it is
obvious that the strain rate has significant effect on the
energy absorption by the structure during the impact.
With the increase of velocity, the energy ratio increases
accordingly. At impact velocity of 50 km/h, the differ-
ence of energy absorption can reach 24%.
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Figure 9. Profiles of deformation at various impact velocities

Table 1. Component internal energy at various velocities

Velocity [km/h]  With strain rate[J] Without strain rate[J] Energy Ratio
25 25246 23149 1.09
35 35843 30789 1.14
50 42389 34032 1.24

3.6. Comparison of Cross-Section Force

The Fig. 10 shows the cross-section force at investigated
impact velocities. From the point of view of car crashes,
this force in simulation at 25 km/h without strain rate

dependency is basically close to that including strain rate.

When impact speed increases to 35 km/h, the deforma-
tion of the component becomes more complex. With the
increase of impact speed, the difference between the re-
sults computed with and without strain rate becomes

24

larger and more evident, for example at the speed of 50
km/h, the difference between these two peaks reached
34%. Also it can be observed that the time occurrence of
the peak without strain rate is earlier than with strain rate,
about 5 ms.
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Figure 10. Comparison of cross-section force

4. Discussion

We found in the study that the distribution of high strain
rate is mainly near the beam edges, and the magnitude is
between 10's and 10%s. The folding deformation in
simulation without strain rate is more obvious, and for
example in the rear segment, this deformation deviate, as
SAPH is more sensitive to the strain rate than 590DP.

5. Conclusions

The analysis performed within the study shows that,
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strain rate sensitivity is an important component of the
material models and needs to be commonly used in the
crashworthiness models. The analysis of results from
FEM simulations of the impact to rectangular beam
model showed that the strain rate distribution mapped on
the beam is in the range 10'/s and 10%/s. With the in-
crease of velocity, the magnitude of the strain rate is also
increased and the highest values, which are in form of
waves, are observed in the edge area of the beam. The
magnitude of the strain rate of the both materials of the
beam is at the same level. Strain rate dependency has
great influence on the deceleration, section force, and it’s
mainly reflected in the peak values of these curves. The
difference between deceleration two peaks of with and
without strain rate reached 24%, and the section force
reach 34%. We found the important differences between
the two models in general for all the parameters evalu-
ated within the study.
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