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Abstract 
The automotive industry is currently adapting to a new reality, where anthropogenic emissions 
need to decrease significantly. To meet present and future demands of vehicle design, press harden-
ing techniques to produce complex geometries with high strength and ductility as well as good pre-
cision are of great interest. New generations of hot forming steels enable both further weight reduc-
tions by using thinner sheets as well as better crash performance due to its ability to improve the 
structural integrity of the body-in-white. To promote the use of these new steel grades, it is important 
to study their performance using well-instrumented lab scale test of full-scale components. Since 
these tests are often time consuming and expensive, calibrating constitutive models with tensile 
specimens and using finite element analysis is a more cost-effective alternative. However, these 
calibrated models should be validated against full-scale experiments to verify their effectiveness in 
predicting the material behaviour in complex crash environments. In this paper, a high-speed 3D 
digital image correlation experiment is performed on a crash box under axial compression. The ma-
terial is a hot forming steel grade with a specified tensile strength of 1000 MPa. The axial crash tests 
are modelled based on a visco-plastic model calibrated by high-speed tensile tests. The computed 
results in terms of force response and obtained deformations agree well with the corresponding 
measurements. 
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1 Introduction 
The automotive industry is currently adapting to progressively stricter anthropogenic emission mit-
igation efforts put into place by governments to tackle climate change as well as the change in ve-
hicle design from vehicles with internal combustion engines (ICE) to battery electric vehicles 
(BEVs). Reducing the weight of vehicles is an effective direct measure to reduce emissions from 
current ICE vehicles, which has sparked interest in alternative materials in the automotive industry 
as a way of replacing steel to reduce weight. Some of these new materials however often carry a 
higher manufacturing cost and are harder or impossible to recycle. Steel, however, has the advantage 
of having a huge infrastructure already in place, with low manufacturing cost and high recyclability 
as its benefits. New generations of hot forming steels and advanced high strength steels (AHSS) 
with optimised microstructure and ultrafine grain sizes offer new dimensions of strength and ductil-
ity, which can reduce sheet thicknesses in stamped components and thus reduce weight while main-
taining or improving passenger safety. Developments in press hardening techniques with differential 
in-die tool cooling rates allow for tailored properties with different material properties for various 
parts of the component [1], thus further optimising the crash performance of the part. This is im-
portant for passenger safety and can be a valuable tool in designing emerging BEVs, which also 
have a heavy and sensitive battery to be considered in crash situations. 

To promote the use of these new advanced materials, laboratory tests to investigate the characteris-
tics and performance of these steel grades are necessary. These often include standardised tensile 
tests as well as small-scale component tests to investigate the crashworthiness characteristics for the 
material's intended purpose. Full-scale component tests are often time consuming and expensive, so 
accurate numerical models to predict crashworthiness and energy absorbing capacity might be at-
tractive alternatives. However, these models must be validated against full-scale experiments to ver-
ify their effectiveness in predicting the material behaviour in complex crash environments. 3D dig-
ital image correlation together with high-speed cameras offer the possibility to measure strains dur-
ing the whole deformation process which can then be compared with finite element simulations. 

In this paper, a dynamic axial crash box test is presented using a hydraulic high-speed loading ma-
chine together with two high-speed cameras in stereo to perform 3D digital image correlation [5] to 
track the complete deformation history of the crash component. The investigated material is a high-
strength hot forming steel grade with a specified tensile strength of 1000 MPa designed for excellent 
energy absorption for automotive parts such as lower B-pillars. In addition to this, a simple visco-
plastic material model is calibrated using a set of notched tensile specimen and regular digital image 
correlation together with a stepwise modelling method [3] [4] [5] for two different strain-rates as a 
preliminary modelling approach without damage. The aim is to compare the results from a finite 
element simulation calibrated with simple tensile tests with the results from the stereo digital image 
correlation experiment and see if the global material response of the crash box component can be 
predicted. 

  



2 Method 
The crash box used in the experiment consisted of a hat-shaped part spot-welded to flat plate to get 
a closed section and had a sheet thickness of approximately 1.5 mm. To emulate proper crash impact 
conditions for the crash box component, an Instron Very High Speed (VHS) 160/100-20 loading 
machine, capable of actuator speeds up to 20 m/s, was configured for compressive loading with an 
impact plate mounted on the piston rod. The maximum impact load of the machine including inertia 
force and piston is 100 kN, but the impact plate adds another 10 kg resulting in dynamic kinetic 
energy which is consumed rapidly in the deformation process. Due to the maximum loading capacity 
in the hydraulic machine, the crash box had to be pre-deformed approximately 15 mm from its initial 
height of 300 mm to avoid the initial peak load, which can be several hundreds of kilonewtons for 
high-strength steels. To avoid movement of the crash box orthogonal to the loading direction, the 
crash box was welded to a bottom plate. The pre-deformed crash box with the welded bottom plate 
is shown in Figure 1 (a). In the present test, the impact speed of the impact plate was set to about 18 
m/s. To track the entire intrusion and to detect potential cracks, a pair of high-speed cameras, a 
Phantom® v1610 and a Phantom® v2512, was added to the set-up. Additionally, the crash box was 
prepared with a stochastic speckle pattern for the purpose of digital image correlation (DIC). The 
cameras were placed next to each other at an angle of approximately 22 degrees allowing 3D digital 
image correlation (3D-DIC) measurements of the crash box component (see Figure 1 (b)). The spa-
tial resolution and the frame rate for the high-speed cameras were set to 640x800 pixels and 24 000 
FPS, respectively. To get sufficient illumination with respect to the exposure time of 42 µs, a pair 
of ultra-bright Constellation 120E LED 120 W light sources with a continuous luminous flux of 
12 700 lumens and a colour temperature of 6200 kelvins was used. The full-field measurement and 
3D-DIC correlation in this study was conducted with the commercial software GOM ARAMIS. 
Square facets were used to track deformation of the component from the stochastic pattern created 
with black and white spray paint. The accuracy and efficiency of the calculations depend on software 
parameters such as facet size, facet overlap, computation window, and filtering [6]. In this study, a 
facet size of 16x16 pixels and a facet step size of 4 pixels (corresponding to an overlapping area of 
75%) were used for the digital image correlation. It should be highlighted that the aluminium-silicon 
pre-coating was removed with sandblasting before spray painting to allow the paint to stick better 
and to reduce glare due to the extreme illumination during the high-speed image capturing.  This 
coating also introduces dust clouds in high-speed crash situations obscuring the view of the camera 
as well as making digital image correlation of the component harder. 

To obtain mechanical behaviour of the hot forming steel grade at conditions present in the crash box 
tests, i.e., large deformations and relatively high-strain rates, tensile tests at two strain rates, 1 s-1 
and 100 s-1, were performed. Instead of using ordinary straight specimens a notched specimen (ra-
dius of 3.75 mm), was used, whose non-uniform deformation was evaluated by high-speed photog-
raphy and 2D-DIC. By applying the so-called stepwise modelling method, the flow stress behaviour 
from initial yielding to final failure was obtained [3] [4] [5]. The visco-plastic model used for the 
calibration is presented in Equation (1) [7]. 
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Reference strain rate  𝜀"̇̅ was chosen to 1 s-1 and the material parameters c0 – c4 and d1 were deter-
mined using a least-square fit from the experimental data. The calibrated visco-plastic model was 
used with the LS-DYNA explicit finite element code to simulate the high-speed compression of the 
crash box. 2 mm fully integrated shell elements were used for discretisation of the model. The load 
cell was modelled using an elastic solid paired with a rigid plate and the impactor was modelled as 
a rigid plate with a prescribed motion. A single surface contact formulation was used and the spot-
welds were modelled as indestructible contacts between the hat profile and the bottom plate. To 
simulate the pre-deformation, a preliminary simulation was made where the bottom of the box was 
locked into place while the impactor deformed the box approximately 15 mm. The results where 
then imported into the real simulation setup. 

  
Figure 1: Crash box setup in the hydraulic machine with stereo high-speed cameras. To the left the pre-deformed crash 
box with a randomised speckle pattern and to the right is a top view of the high-speed camera arrangement. 

3 Results 
The results from the visco-plastic model calibration are presented in Error! Reference source not 
found.. A significant strain rate dependency of the material can be seen and almost no hardening is 
noticed. The load responses from the crash box experiment and the finite element analysis using the 
visco-plastic model are presented in Error! Reference source not found.. Apart from some exper-
imental peak loads, the simulation results follow the experimental data rather well. The speed meas-
ured from the digital image correlation software is also presented in Error! Reference source not 
found. as function of the intrusion depth. Lack of data from decorrelation issues have been interpo-
lated using a moving median window of length 10 and is shown as a dotted line in the plot. The 



evaluated effective strain field is visualised in Figure 4 at two levels of intrusion, 13 mm, and 72 
mm together with the finite element analysis of the crash box. The results show that the strains are 
visualised satisfactory for instances with moderate deformation for the 3D digital image correlation 
but decorrelation and thereby lack of strain information is found for severely deformed areas such 
as folds with exceedingly small radii or folds hidden from the view of the cameras. The strain overlay 
in the finite element results were capped at a strain value of 0.25 for the reason of comparison since 
no damage model was applied. The results seem to agree well with the experimental data. 

 

c0 [MPa] c1 [MPa] c2 [-] c3 [MPa] c4 [-] d1 [-] 

1.109 ∙ 10! 2.593 2.783 ∙ 10"# 1.203 ∙ 10$ 3.793 ∙ 10% 1.54 ∙ 10"$ 
      

 

Figure 2: Results from the visco-plastic model calibration together with the fitted parameters for the model. 

  
Figure 3: Crash box results. To the left is the experimental load curve as function of intrusion together with the simulated 
results. To the right is the measured speed of the top of the crash box in the experiment. 



  

  
Figure 4: High-speed imaging from the crash box experiment compared with simulation results. To the left are the 3D 
digital image correlation images with a strain overlay, and to the right are finite element results. 



4 Discussion and conclusions 
In this study, a high-strength hot forming steel grade with a specified tensile strength of 1000 MPa 
used for energy absorption applications is investigated. Results from a high-speed crash box exper-
iment using 3D digital image correlation with two high-speed cameras are presented for the material 
as well as the results from simple characterisation experiments performed on notched tensile speci-
mens. Using high-speed cameras allows for complete tracking of the deformation process from start 
to finish at extremely high impact speeds. Loads can be tracked in parallel to the high-speed imaging 
from the cameras adding further information and value to the experiment. With the randomised 
speckle pattern and full field measuring software, the deformations and strains can be calculated, at 
least to the point of facet drops due to correlation issues. These decorrelation issues are noticeable 
in the most deformed areas and folds in the crash box experiment. This limits its effectiveness for 
local strain measurements in the most deformed areas where the highest strains are obtained. Global 
strain fields can however be captured and can thus be compared to simulations, which can also 
complement with local strain information. 

The global load response from the finite element analysis agrees well for the studied material with 
the measured load from the experiments apart from some peak loads. The initial peak load is hard 
to predict because of the difficulty in mimicking the exact boundaries from the experimental pre-
deformation done to the crash box component. The measured strains in the finite element analysis 
agreed well with the experimental results. Since no damage model was applied in this preliminary 
study, the strain was capped at strain values measured from the digital image correlation results for 
the reason of comparison to avoid strain concentrations polluting the results. Future work could be 
to add a damage model to the finite element code to check if the model can predict the correct strains 
and to study the mesh dependence of the results.  

The following conclusions are made: 

• Initial results from simple tensile testing using digital image correlation and stepwise mod-
elling indicate a significant strain rate effect and negligible hardening of the studied mate-
rial. However, more data is needed to gain confidence in these results. 

• The global load response of the finite element analysis calibrated with a simple visco-plas-
tic constitutive model agree well with the experimental results. 

• Finite element model overall agrees well with the results from the 3D digital image corre-
lation results. 

• 3D digital image correlation is an interesting way to compare simulations with experiments 
but have decorrelation problems in the complex deformation process of a crash box exper-
iment. 
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