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INTRODUCTION

The influence of velocity on the crashworthi-
ness of car component deformation is very sig-
nificant. Higher velocities during impacts result 
in greater kinetic energy, leading to more severe 
deformation and potentially increased risk of in-
jury to occupants [1,2]. However, controlled de-
formation is crucial for dissipating energy and 
reducing the impact forces transferred to the oc-
cupants. Engineers design car components, such 
as bumpers, crumple zones, and safety cages, to 
effectively absorb and distribute energy across 
the vehicle structure, regardless of impact veloc-
ity. Advanced materials and structural designs, 
including composite sandwich structures, are 
employed to optimize crashworthiness across a 
range of velocities, ensuring the safety of occu-
pants in various collision scenarios. Crash analy-
sis is of huge importance in identifying effective 

solutions for protecting passengers from serious 
injury and determining optimal methods for mini-
mizing the damage sustained by a vehicle during 
a collision with an obstacle or another vehicle. 
An important area of interest for researchers in 
this field is reducing the impulsive impact on the 
driver, which is often caused by the immediate 
reaction forces generated by these obstacles [3]. 
Thin-walled aluminum alloy structures are of 
significant importance in several industries due 
to their high energy absorption capabilities and 
lightweight design. These structures are primarily 
employed in the aerospace and automotive sec-
tors. The various cross-sectional shapes of these 
structures, including square and hexagonal, have 
been extensively documented [4–7]. Thin-walled 
tubular elements are considered to be the best 
energy-absorbing structures for a complex load 
condition [8,9]. Particularly widely addressed in 
the articles is the issue of stability and failure of 
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composite structures with open or closed cross 
sections [10–12].

Thin-walled columns subjected to axial force 
are often disturbed by geometric imperfection that 
allows to lower peak force values especially dan-
gerous in the first phase of crushing [13–15]. The 
study shows the influence of different types of initi-
ators on the values of generated overload during the 
formation of the first plastic hinge. It is noteworthy 
that the manner of initiation of the crush through its 
initiation by disturbing the geometry of the column 
also affects the manner of plastic deformation in the 
further stage of the crush [16,17]. Triggers also in-
fluence the formation of plastic deformation of the 
column in the case of oblique impact. Santhosh et 
al. conducted a research on oblique impact of the 
angles of 15°, 30° and 45° [18].

The examination of current research demon-
strates a rising trend in the incorporation of bio-
inspired concepts during the design process for 
the configurations of the cross-sectional shapes 
and profiles of passive energy absorbers [19, 20]. 
Researchers see the application of artificial neu-
ral networks and machine learning for structural 
optimization, as well as the assessment of the en-
ergy-absorbing capacity of engineering structures 
[21–24]. Ma et al. proposed an algorithm to deter-
mine crush efficiency indices as well as optimize 
the thin-walled structure [25]. Zhang et al. were 
inspired by the unique doubly symmetrical struc-
ture of dragonfly wings, a set of multicellular el-
liptical tubes (METs) designed to enhance the en-
ergy absorption capacity of thin-walled tubes un-
der various loading scenarios. The results suggest 
that the performance of METs under crashworthi-
ness conditions may be affected by the number 
of basic corner elements. Moreover, METs show 
greater energy absorption capacity during diago-
nal compression as opposed to axial compression 
[26]. As a result of the design of structures and un-
usual shapes, researchers of scientific papers use 
various manufacturing technologies, including 3D 
printing (metal powder sintering) and other addi-
tive techniques  [27, 28]. To optimize the energy 
absorption capacity of composite structures, a var-
iable thickness hybrid multi-cell tube composed 
of Carbon Fiber Reinforced Plastic and aluminum 
has been proposed by Liang et al. The design strat-
egies of this tube emphasize the use of variable 
thickness filament winding and multi-cell layout 
[29]. The development of a numerical modelling 
allowing to obtain a high-quality solution is cur-
rently possible owing to advanced computational 

algorithms Implicit and Explicit realizing prob-
lems based on the finite element method [30–35]. 
These computational algorithms make it possible 
to accurately determine the failure mechanism in 
a complex loading condition [36–38].

The crashworthiness analysis of energy-ab-
sorbing structures is carried out under different 
loading conditions. The authors often use static or 
quasi-static loading of the systems, which trans-
lates into results. Studies presented in numerous 
publications show that the values of reaction forc-
es as well as overloads are derived from the ve-
locity of forcing. An analysis of the literature also 
show that the velocity of the ram affects both the 
manner of initiation and propagation of crushing 
of thin-walled columns. On the basis of the publi-
cations describe in this section, the topic where is 
a relationship between the change in kinetic ener-
gy components on the achieved crush rates is pro-
posed. Due to the large non-linearities caused by 
plastic deformation, the strain rate of the material 
as well as the forming plastic hinges, it is neces-
sary to analyze the crush for constant kinetic en-
ergy with different velocity and mass components.

CRASHWORTHINESS INDICATORS

To accurately evaluate the performance of 
passive energy absorbers during crushing, it is 
crucial to employ indicators that unequivocally 
define the structure’s performance. These indica-
tors enable a meaningful comparison of structures 
discussed in literature and help determine the ef-
ficiency improvement of the structure. Over the 
years, researchers have identified various crush 
efficiency indicators based on the deformation 
mechanism of tubular energy absorbers [39,40]. 
The fundamental representation of passive energy 
absorbers’ results is a plot of force against short-
ening, upon which the following crush efficiency 
indicators have been determined.

Energy absorption during crushing is the most 
fundamental quantity to consider. It is defined as 
the area under the characteristic function within 
the range of compression, and can be calculated 
using the following formula 1:

	

 

𝐸𝐸𝐸𝐸(𝑥𝑥) = ∫ 𝐹𝐹(𝑥𝑥)𝑑𝑑𝑑𝑑
𝛿𝛿

0
  (1) 

 

𝑀𝑀𝑀𝑀𝑀𝑀 = 𝐸𝐸𝐸𝐸(𝛿𝛿)
𝛿𝛿      (2) 

  

𝐶𝐶𝐶𝐶𝐶𝐶 = 𝑀𝑀𝑀𝑀𝑀𝑀
𝑃𝑃𝑃𝑃𝑃𝑃       (3) 

 

𝑆𝑆𝑆𝑆 = 𝛿𝛿
𝐿𝐿𝑜𝑜

 (4) 

 

𝑇𝑇𝑇𝑇 = 𝐶𝐶𝐶𝐶𝐶𝐶 × 𝑆𝑆𝑆𝑆 (5) 

 

𝐸𝐸𝑘𝑘 =
𝑚𝑚𝑣𝑣2
2  (6) 

 

𝜎𝜎(𝜀𝜀, 𝜀𝜀̇, 𝑇𝑇) = 

[𝐴𝐴 + 𝐵𝐵(𝜀𝜀̅𝑝𝑝𝑝𝑝)𝑛𝑛] (1 + 𝐶𝐶 ln(𝜀𝜀̅
̇𝑝𝑝𝑝𝑝
𝜀𝜀0̇
))(1 − ( 𝑇𝑇 − 𝑇𝑇𝑅𝑅

𝑇𝑇𝑚𝑚 − 𝑇𝑇𝑅𝑅
)
𝑚𝑚
), 

(7) 

 

𝑢̇𝑢
(𝑖𝑖+12)
𝑁𝑁 = 𝑢̇𝑢

(𝑖𝑖−12)
𝑁𝑁 + ∆𝑡𝑡𝑖𝑖+1 + ∆𝑡𝑡𝑖𝑖

2 𝑢̈𝑢(𝑖𝑖)𝑁𝑁  (8) 

 

∆𝑡𝑡 ≤ 2
𝜔𝜔𝑚𝑚𝑚𝑚𝑚𝑚

(√1 + 𝜉𝜉𝑚𝑚𝑚𝑚𝑚𝑚2 − 𝜉𝜉𝑚𝑚𝑚𝑚𝑚𝑚,  (9) 

 

	 (1)

The mean crushing force (MCF) is derived 
from the energy absorbed and the crushing dis-
tance. It is given by the subsequent formula 2:
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𝐿𝐿𝑜𝑜

 (4) 

 

𝑇𝑇𝑇𝑇 = 𝐶𝐶𝐶𝐶𝐶𝐶 × 𝑆𝑆𝑆𝑆 (5) 

 

𝐸𝐸𝑘𝑘 =
𝑚𝑚𝑣𝑣2
2  (6) 

 

𝜎𝜎(𝜀𝜀, 𝜀𝜀̇, 𝑇𝑇) = 

[𝐴𝐴 + 𝐵𝐵(𝜀𝜀̅𝑝𝑝𝑝𝑝)𝑛𝑛] (1 + 𝐶𝐶 ln(𝜀𝜀̅
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))(1 − ( 𝑇𝑇 − 𝑇𝑇𝑅𝑅

𝑇𝑇𝑚𝑚 − 𝑇𝑇𝑅𝑅
)
𝑚𝑚
), 

(7) 

 

𝑢̇𝑢
(𝑖𝑖+12)
𝑁𝑁 = 𝑢̇𝑢

(𝑖𝑖−12)
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(√1 + 𝜉𝜉𝑚𝑚𝑚𝑚𝑚𝑚2 − 𝜉𝜉𝑚𝑚𝑚𝑚𝑚𝑚,  (9) 

 

	 (2)

Force-crushing characteristics show the 
course of dynamic analysis, and also allow for 
determining the value of the mean (MCF) and 
maximum crushing force (PCF). Knowing these 
two basic values allows for evaluating the crush-
ing load efficiency (CLE) by dividing the above-
mentioned forces. This quantity is the fundamen-
tal parameter for determining crushing efficiency 
and is represented by the following Equation 3:
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	 (3)

The stroke efficiency ratio (SE) determines 
the shortening of the specimen occurred during 
crushing in comparison with the initial length of 
the absorber 4:
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The total efficiency (TE) is the product of the 
two indices described above (CLE and SE), re-
sponsible for the crushing and shortening force 
efficiency of the sample, respectively. Using one 
indicator, it is possible to estimate the ability of 
the sample in dynamic tests, as the indicator in-
creases, its performance improves 5:
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MATERIALS AND METHODOLOGY

The study of passive energy absorbers was 
carried out by dynamically crushing the structure 
in an Instron Ceast 9350 HES drop tower. An 
alternative method was using the finite element 
method to model the crushing phenomenon of a 
thin-walled column. This study is not standard-
ized and the conditions of the conducted analyses 
are based on the working environment of thin-
walled structures described in more detail in this 
section. Numerical simulations were performed 
using Abaqus CAE software. The subjects of the 
study were thin-walled columns subjected to a ki-
netic energy of 1700 J. The tests were implement-
ed for columns made of AA-6063 T6 aluminum 

with constant geometrical parameters. The col-
umn had a height of 200 mm, a cross section of 
40 × 40 mm and a wall thickness of 1.2 mm. The 
energy absorbers were disrupted with a crush ini-
tiator in the form of spherical embossments with a 
diameter of 32 mm and a depth of 3.6 mm. As the 
crush initiator, it is understood that two of four 
embossments, are convex while another two are 
concave. The shape of the triggers corresponds to 
the symmetrical form of the plastic hinge charac-
teristic of square energy absorbers. 
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The subject of the present analysis was to de-
termine the effect of changing the kinetic energy 
components on the achieved crush efficiency in-
dicators. The study was carried out for 11 config-
urations shown in Table 1. The changes in mass 
values varied in the range of 20–120 kg every 
10 kg. The velocity component was determined 
from the kinetic energy formula 6.  In the ex-
perimental studies, validation was carried out for 
one selected initial condition, i.e. S6. Due to the 
working conditions of the passive energy absorb-
ers in vehicle motors, i.e. protection of vehicle 
components at velocities up to 25 km/h, these 
initial conditions were selected

The subjects of the research were column ab-
sorbers made of AA-6063-T6 alloy. The absorbers 
were made using thin-walled aluminum profiles 
supplied by Sapa Company of Chrzanow, Poland. 
The aluminum alloy applied is AA-6063-T6, 
which is characterized by high ductility and 
strength, which is crucial considering the man-
ner of deformation of road energy absorbers. The 
main alloy additives are manganese and silicon, 
and the entire chemical composition is shown in 
Table 2. The table also includes selected mechani-
cal properties, which served as a reference during 
the selection of the material. The main analysis of 
the mechanical properties of the aluminum alloy 
was carried out on a split Hopkinson pressure bar 
stand and the results are shown in Table 3.

A crucial concern regarding energy absorb-
ers involves the theoretical aspects of stress and 
shock waves, which arise from the dynamic 

Table 1. Comparison of kinetic energy components for the analyzed cases
Name S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11

Mass [kg] 20 30 40 50 60 70 80 90 100 110 120

Velocity [m/s] 13.04 10.65 9.22 8.25 7.53 6.97 6.52 6.15 5.83 5.56 5.32
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nature of the process [41–43]. For the analysis of 
crashworthiness, the influence of a material’s sen-
sitivity to strain rate is commonly acknowledged. 
Hopperstad et al. [44–46] provide a comprehensive 
explanation of these phenomena, where a thorough 
examination of the constitutive material model for 
aluminum alloys is presented. During the numeri-
cal simulation of the issue using the finite element 
method, the plastic material properties were de-
scribed using the Johnson-Cook model (7).
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Considering the stated thesis and evaluating 
the effect of changing the velocity and mass com-
ponents of kinetic energy, the previously verified 
Johnson-Cook plastic model was used in the nu-
merical analyses. The model’s values in the plas-
tic range were determined by an experimental 
study on a split Hopkinson pressure bar stand. On 
a basis of the stress-strain curves at different ve-
locities of the bar, the indicators’ characteristics 
for the Johnson-Cook model were determined, 
as presented below in Table 3. The methodology 
for this research involves both experimental test-
ing and numerical simulations. The Instron Ceast 
9350HES drop tower and the Abaqus program 
were utilized to conduct advanced simulations. 
The study utilized samples with configuration 
of initial parameters S6, as detailed in Table  1. 
The experimental testing included both qualita-
tive and quantitative comparisons of the results 
obtained from the simulations using the finite 

element method. The crushing process was re-
corded through the use of a piezoelectric sensor, 
which collected the reaction force and presented 
the results on a force-shortening diagram. The 
initiation and propagation of the crushing pro-
cess was documented through the use of a time-
lapse camera, the Phantom Miro M310. Graphi-
cal representations of the plastic hinge forma-
tion were compiled from the different stages of 
the crushing process, along with the figures from 
the numerical analysis. The sampling frequency 
of the sensor was specified as 100 kHz, which, 
with respect to the duration of one crush (30–45 
ms), allows to obtain 4000 measurement points. 
The number of points obtained is extremely im-
portant due to the rapid changes in the response 
of the thin-walled structure resulting from the 
forming plastic hinges. 

To ensure the accuracy of the conducted analy-
ses, a mesh convergence analysis was performed 
(Figure 1). The study utilized seven different col-
umn finite element sizes, ranging from 1–4 mm 
with increments of 0.5 mm. The reaction forces 
were then compared to the experimental results. 
The mesh convergence analysis indicated that 
the most suitable finite element size for the FEM 
analyses was 1.5 mm, as this size produced the 
highest convergence of results. The evaluation 
criteria for this analysis included the location of 
the force peaks and the duration of the analysis.

The numerical simulation was developed 
with the purpose of reproducing the bench tests 
as accurately as possible. The problem was 

Table 2. Technical parameters of aluminum alloy suitable for column absorbers
Name EN AA 6063 T6

Chemical composition 
[%]

Si Fe Cu Mn Mg Zn Ti

0.54 0.23 0.008 0.051 0.481 0.005 0.021

Heat treatment 8 hours at 198 °C

Mechanical properties*
Re [MPa] Rm [MPa] A50 [%] Brinell hardness

240 265 11.5 80

Table 3. Parameters of the Johnson-Cook plastic material model
Symbol Name Unit Value

A Yield stress MPa 240

B Strain hardening coefficient MPa 1923

n Strain hardening exponent – 1.8

C Strain rate sensitivity – 0.001

m Thermal softening coefficient – 0
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modeled based on two types of finite elements. 
A thin-walled column was made using shell el-
ements (S4) with a linear shape function hav-
ing four integration points. Another type of ele-
ment assigned to the plate serving as the base 
and striker was a non-deformable shell element 
(R3D4) characterized by a linear shape function 
and four integration points for the finite element. 
The finite elements had six degrees of freedom 
(three rotational and three translational) accord-
ing to the scheme in Figure 2. The linear shape 
function of the finite elements resulted from the 

Explicite computational solver used. The com-
putational algorithm is based on the kinematic 
equations of motion 8: 
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	 (8)

where:	uN is a degree of freedom (displacement 
and rotation), and i is an increment related 
to step in explicit dynamic.

Using the explicit integration method, it is not 
possible to use the quadratic finite element shape 
function. The adopted method of solving the 

Figure 1. Finite element sizes

Figure 2. Experimental stand with corresponding conditions of numerical analysis (a) instron drop tower (b) 
discretized model (c) boundary condition of numerical simulation
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problem is characterized by high computational 
rate and high accuracy while maintaining certain 
criteria for time increment stability. The computa-
tional algorithm solves the problem in a finite in-
terval. The determined values are the initial state 
for the next computational step. According to the 
Abaqus software documentation [47] the stabil-
ity criterion of the computational step increment 
is the time sufficient to traverse the stress wave 
through the smallest finite element 9:
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where:	ξmax is the fraction of the critical damping, 
Lmaxthe dimension of the smallest element 
of mesh, and Cd is the dilatation wave 
speed specified for materials

RESULTS

This section presents the results of the bench 
tests and numerical simulations, which are ex-
pressed in the form of force-shortening curves and 
crush efficiency indicators. Additionally, a com-
parative graphical analysis was made on the for-
mation of plastic hinges based on high-speed cam-
era images at different stages of dynamic crushing. 
Experimental verification was performed for the 
samples with designation S6 (Table 1). 

Based on the curves in Figure 3, it can be 
seen that the value of velocity translates into the 
manner in which the first and second folds are 
formed. The effect can be seen in the first crush 
phase up to 50 mm of shortening. At lower beat-
er velocity, the force peak is lower and the sec-
ond plastic joint is shaped around 45 mm, which 
is evident by the increase in the force value. In 

the case of S7-S11 specimens, as a result of the 
increased value of the beater velocity, there is 
a deflection in the formation area of the second 
plastic hinge to 30 mm of shortening of the thin-
walled column. It is worth noting that the total 
shortening of the columns in all cases is about 
140 mm. The difference in total shortening be-
tween the cases is negligible.

The figures below (Figs. 4–6) illustrate the 
efficiency indicators of passive energy absorb-
ers for crushing. The values of these indices were 
calculated based on the numerical simulations 
performed using the finite element method out-
lined in Section 3. The method for determining 
these indicators and their definitions are described 
above. These indices are commonly utilized in 
the literature for the authoritative assessment of 
the potential of thin-walled structures. Addition-
ally, they are employed to evaluate and compare 
the performances of various structures that have 
undergone crushing, specifically through the for-
mation of successive plastic hinges.

The first indicator’s value vary between 27 
and 38 kN. The lowest value of this indicator 
was observed in sample S11, which also had 
the lowest velocity component for a given ki-
netic energy. Despite the constant kinetic ener-
gy, there is a non-linear change in the indicators 
due to the change in the components. Another 
indicator that clearly demonstrates the effect of 
striker velocity on the performance of a passive 
energy absorber is CLE. As shown in Figure 5, 
the efficiency of the crushing force changes with 
the variations of the striker velocity, and the in-
dex ranges from 0.33–0.47, showing an increase 
of approximately 40%. In the case of the de-
scribed issue, this increase is crucial for clearly 

Figure 3. Force-shortening curve for column with different initial condition
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Figure 4. PCF indicators for all analyzed cases (FEM)

Figure 5. CLE indicators for all analyzed cases (FEM)

Figure 6. TE indicators for all analyzed cases (FEM)

Table 4. Comparison of the crashworthiness indicator from the experiment and numerical simulation
Name δ (mm) PCF (kN) MCF (kN) CLE (-) SE (-) TE (-)

32-3.6-1-S1 131.53 33.330 12.959 0.389 0.658 0.256

32-3.6-1-S2 136.03 34.565 12.614 0.365 0.680 0.248

32-3.6-1-S3 133.38 33.419 12.889 0.386 0.667 0.257

FEM 139.55 33.563 12.358 0.368 0.698 0.257

Difference [%] 4.23 0.62 3.74 3.15 4.23 1.24

determining the performances of the analyzed 
structures. The last presented indicator, TE, has 
a value that ranges from 0.23-0.33, representing 
an increase of nearly 50%.

The verification of the numerical analyses 
was carried out using an Instron Ceast 9350 HES 
dynamic test stand. Experimental tests were per-
formed on three S6 specimens with specified ini-
tial conditions, including a 70 kg striker mass and 
a striker velocity of 6.97 m/s. The results of the 
tests were presented in the form of force-shorten-
ing curves (Figure 7), graphical presentation of the 

Figure 7. Force-shortening curves for three S6 samples compared with the results of the FEM analysis
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forming folds (Figure 8), and crush efficiency in-
dicators (Table 4). This presentation of the results 
allowed for both quantitative and qualitative veri-
fications and validations of the numerical results.

The force waveform in the graph below (Fig-
ure 7) displays a high degree of agreement be-
tween the characteristics, particularly for speci-
mens S1 and S3. In the analyzed curves, it can be 
seen that plastic hinges form at 30 mm, 65 mm, 
100 mm, and 135 mm. The crushing mechanism 
is characterized by a symmetrical form, which 
is typical of thin-walled columns with a square 
cross-section. In the case of experimental speci-
men S2, it is notable that the force peak corre-
sponding to the second plastic joint is broken into 

two smaller ones (Figure 7). Time-lapse analysis 
did not reveal the presence of crush misalignment 
(Figure 9). The formed folds are symmetrical 
about the column axis, which is characteristic of 
passive energy absorbers with a crush initiator in 
the form of a spherical embossment.

The determined crush efficiency ratios of em-
bossments of significant diameter and depth are 
characterized by a slight difference with respect to 
the results of numerical simulations. The errors do 
not exceed 5% in any case (Table 4), noting that 
the peak force value obtained for individual S1–
S3 specimens vary in the range of 2–3 kN, and the 
obtained order of magnitude is repeatable. Numer-
ical analysis shows lower values of the PCF index 

Figure 8. Graphical analysis of the initiation and propagation of the dynamic crush process

Figure 9. Time-lapse analysis of crush process
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for all models which may be related to the isotro-
pic mechanism of aluminum alloy strengthening 
in the assumed plastic model [48]. The reason for 
the discrepancy in the obtained results may be the 
concentration of stresses within the crush initiator. 
The mechanism of producing spherical embossing 
in the strengthening of the structure, resulting in 
an increased force peak (PCF). As a result of static 
overstressing of the material and accompanying 
plastic deformation, the directional orientation 
and shape of the grains change [49, 50]. 

Other characteristic quantities describing the 
crush of the S6 model did not show increased dif-
ference. Both the shortening of the samples and 
the value of the average crushing force revealed 
an discrepancies of about 3%. The intermediate 
indices derived from the PCF show an error at a 
gently increased level, noting that the S6 model 
had a high level of agreement, as evidenced by 
the crush course seen in Figures 7 and 8.

CONCLUSIONS

The article discusses the impact of velocity on 
the crashworthiness of car components and ways 
of the engineers design structures to optimize en-
ergy absorption capacity. Thin-walled structures, 
such as aluminum alloy structures, are important 
in several industries due to their energy absorption 
capabilities and lightweight design. The study ex-
amines the influence of initiators on the generation 
of overload during the formation of the first plas-
tic hinge and the manner of plastic deformation in 
further stages of crushing. The article presents the 
influence of different components of kinetic ener-
gy. Specimens were tested with the same kinetic 
energy however with different velocity and mass 
of stricker. The effect of velocity change was ob-
served in this study. The results presented in the 
study led to the following conclusions:
1.	The use of different kinetic energy components 

for numerical simulations is closely related 
to determining the energy-absorption perfor-
mance of columnar structures, 

2.	The use of static or quasistatic tests affects the 
reduction of overloads recorded during the test-
ing of passive energy absorbers. The manner of 
plastic deformation of the structure is closely 
related to the initial conditions of the analysis, 
and therefore it is not possible to unambigu-
ously determine the behavior of the structure in 
dynamic impact,

3.	The changes in crush efficiency ratios are non-
linear with respect to the velocity and mass 
components of kinetic energy,

4.	Due to the significant nonlinearities in the crush 
analysis of passive energy absorbers, it is recom-
mended to use a material model considering the 
strain rate sensitivity as well as the material hard-
ening resulting from progressive deformation,

5.	The current research shows that the use of a 
spherical crush initiator stabilizes the crush of 
thin-walled columns; however, possible work 
hardening of the material within the emboss-
ments was found during the test. In order to 
properly represent the behavior of the material 
model in numerical simulations, it is recom-
mended to use kinematic or anisotropic mate-
rial hardening.
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