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ABSTRACT 

A matter of interest in development of empiric constitutive material laws, especially in terms 
of yielding, is the knowledge of the material behavior up to large deformation at different 
strain rates. The compression test seems to be appropriate method for gaining data up to large 
grades of deformation. However, the gained measurement data does not allow the exact 
reading of material models for direct use in numerical analyses. Reasons for deviations are 
influences such as friction which leads to boundary constraints and thus to a multiaxial stress 
state at increasing deformation. This article proposes a method to compute the actual stress in 
the dynamic compression test taking the friction into account. The method is based on finite 
element analyses and experimental data. The experimental data are gained from dynamic 
compression tests at different strain rate levels using mild steel.   
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INTRODUCTION 

For numerical simulation of sheet metal in e.g. simulation of crash worthiness of automotive 
structures, an appropriate constitutive model that properly describes material behavior at large 
strain and different strain rate levels is needed. Figure 1 shows a schematic illustration of 
strain rate levels occurring at crash load. 

 

 
 

Fig. 1 - Schematic illustration of strain rate levels occurring during crash in automotive 
(H.Werner,2002) 

 
An increasing number of existing material models, operating with different parameters, make 
enhancements on material testing necessary in order to provide material parameters like strain 
rate dependent flow curve, strain rate sensitivity and more. Especially for gaining 
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experimental data up to high levels of strain and strain rate, the dynamic compression test 
seems to be an appropriate method. To gain experimental data for yield curve analysis, 
compression tests with a novel mechanical cam test rig providing constant logarithmic strain 
rate, have been performed (M. Grillenberger, 2016). The present research work is aimed at 
revealing the yielding and hardening characterization of sheet metal at different strain rate 
levels at compression load. In the first part of this contribution, we present new experimental 
data of stress strain curves extracted out of the compression test of mild steel at four different 
strain rate levels. The second part is dealing with fitting the experimental data using a selected 
constitutive material model. The found model parameters were further used in finite element 
method (FEM) simulation in order to validate the experimental data especially in terms of 
friction.  
 

EXPERIMENTAL OBSERVATION 

Experimental Procedures 

A type of mild steel was tested. The specimen geometry was cylindrical with initial height of 
1.19mm and initial diameter of 1.16mm. The specimens were cut out of polished sheet metal 
by wire eroding. In order to extend the amount of useable experimental data the tests have 
been performed at four different strain rate levels from minimum 0.002/s (quasistatic) to 
maximum 200/s by using a novel developed compression rig which is providing constant 
logarithmic strain rate during compression (M. Grillenberger, 2016). At every performed test 
the contact surfaces of the specimen were greased using high performance lubricants. Figure 2 
and figure 3 show the test setup and the specimen geometry, respectively. 

 
Fig. 2 - Compression test rig and test setup 
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Fig. 3 - Tested specimen 

Experimental Results 

To compute stress-strain curves out of the gained raw data (reaction force and stamp 
displacement) assumptions regarding the consideration of friction are necessary. These 
assumptions have to be validated in further FEM analysis steps. In this work the Stribeck 
friction model (A. Krämer, 2013) describing the friction force considering static and sliding 
friction effects has been selected  

�fric � �c � ��s
 �c�	
|� �s⁄ |�         (1) 

The amount of static friction force is calculated by �s � �s ∙ �N. Sliding friction force is 
calculated with �c � ��c ∙ �N� ∙ sign���. The friction coefficients for static friction is assumed 
with µs = 0.13 and the value for sliding friction is set with µc = 0.11.  The value for reference 
speed is �s � 0.008m/s and the value for the exponent is set to � � 2	according to(A. 
Krämer, 2013). The deformation speed � of the contact surface in radial direction was 
calculated out of time dependent vertical displacement values and the theoretical surface 
evolution based on constant volume. Due to the fact that friction is acting immediately at start 
of compression there is a deviation of the resulting contact surface calculated by using 
constant volume to the real evolution of the contact surface. To increase accuracy of the 
extracted stress-strain curves a cover surface evolution description of the tested materials has 
been generated. For that, the specimen was stepwise compressed and the contact surface was 
measured using a reflected light microscope. In figure 4 a cover surface evolution curve for 
mild steel is computed as an example. 

 
Fig. 4 - Cover surface evolution 

Based on the mentioned friction model together with the found cover surface evolution curve, 
the raw data were analyzed and stress strain curves were generated. In figure 5 non-smoothed 
and nonfiltered stress strain curves for mild steel at different strain rate levels are shown. At 
quasistatic strain rate condition the results are compared to a bulge test result.  
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Fig. 5 - Stress-plastic strain curves out of experimental data 

 

EVALUATION OF FRICTION BY USING A SELECTED CONSTITUTIV MODEL 

In order to evaluate the computed results out of the experiment, the found stress strain curves 
were fitted by using a selected constitutive model by El-Magd (A. Bäumer, 2007) where kf  is 
defined as yield stress, C1, C2 and C3 as fit parameters and n as hardening exponent. 

�f �  1�  2	"pl�  3&1 
 �'(pl⁄)4�	+,	   (2)	

In figure 6 the fitted stress-strain curves are shown.  

 
Fig. 6 - Fitted stress-plastic strain curves 

Based on the found model parameter for yield behavior at quasistatic strain rate condition a 
FEM analysis of the compression test was done in order to get information on friction 
behavior respectively to validate the result and to confirm the made assumptions concerning 
friction coefficients. For this the resulting reaction force calculated by the FEM analysis was 
compared to the experimental gained reaction force. Additionally, a cross-sectional cut of the 
specimen (machined by grinding) was compared to the cross section contour of the result 
from the FEM analysis. In figure 6 the developed FEM model is depicted. The cylindrical 
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specimen is compressed in between two rigid plates using the displacement values out of the 
experiment. For consideration of friction the same model defined in equation (1) is used for 
raw data analysis, together with the assumptions made concerning friction coefficients.  

  
Fig. 7 - FEM model 

In figure 8a the cross-sectional cut of a compressed specimen is compared to a contour of the 
cross section out of the FEM analysis.  

 
(a)- Cross section cut of a compressed specimen 

 
(b)-FEM result 

Fig. 8 - Comparison of contour plot: FEM result vs. test result 

 

 
Fig. 9 - Measured reaction force vs. reaction force from FEM analysis  

Rigid plates 
interacting 
according 
equation (1) 

F
N
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Figure 9 compares the resulting total reaction force (i.e. the integral of FN shown in figure 7) 
of the FEM analysis during compression of the specimen with defined displacement 
(quasistatic strain rate condition) to the result out of the force data out of the experiment.  

 

CONCLUSION 

The investigation of yield behavior by performing compression tests on mild steel showed 
that the compression test seems to be an appropriate method for gaining material data up to 
high strain level. The developed test rig as presented in M. Grillenberger (2016) is moreover 
providing a simple method for performing compression tests at different constant strain rate 
levels. As shown in figure 5 compression tests up to a strain rate of 200 /s are performable. 
The comparison of the FEM results using experimental generated material data to the results 
out of the experiment (see figure 8 and 9) show good accordance. This accordance confirms 
the assumed friction coefficients and the found material parameter for mild steel out of the 
compression test. The knowledge of stress-strain curves up to high strain levels leads to an 
increased accuracy in extracting material parameters for constitutive material models by curve 
fitting. The validity of yield curves extracted out of the compression test, which actually 
causes a general stress state deviating from uniaxial stressing is topic of further investigation.  
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