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Abstract 

The objective of this thesis work has been to transfer metal forming simulation param
eters (effective plasticstrain distribution, thickness and residual stresses) into the crash 
simulation of a car component. In order to reach this objective, a DAP XF Truck bumper 
has been chosen as suitable component. 

The procedure consisted of: 

• Porming simulations of the DAP XP Truck bumper. 

• Validation of the forming simulations with two validation methods. 

• Crash experiment with a truck bumper as a crash validation. 

• Various kinds of crash simulations to determine the boundary conditions when it 
is necessary to include the forming parameters into the crash simulation. 

Por the separate forming parameters, the following can be concluded: the effec
tive plasticstrains makes the structure stiffer and their influence is the most dominant. 
The thinning of the structure makesits response weaker. The influence of the residual 
stresses can be neglected at all time. 

The results indicate that, when the crash deformation is an important condition, 
the forming parameters should be considered when a 'light crash' is performed. Por a 
'heavy crash', all the forming parameters can be neglected. Therefore, the crash impact 
has a major influence whether the forming process has to be included into the crash 
simulation. When crash safety is an important condition, it is sometimes important to 
include the forming process into the crash simulation. This depends on the type of crash 
safety. 

The validation of the forming simulation, as well as of the crash simulation, show 
that LS-Dyna is a good and accurate package to simulate both types of deformations. 
With some effort, a complex simulation is well possible with this software. 



Samenvatting 

De doelstelling van deze eindscriptie is om de geschiedenis parameters ( effective plas
tische rek, dikte en residu spanningen) na een omvorming simulatie te transporteren 
naar een bots simulatie van een auto onderdeel. Om dit doel te bereiken is als geschikt 
onderdeel de DAF XF Truck bumper gekozen. 

De procedure bestaat uit: 

• Omvorming simulaties van de DAF XF Truck bumper. 

• Validatie van deze omvorming simulaties met twee verschillende validatie meth
odes. 

• Bots experiment met een deel van de truck bumper als een bots validatie. 

• Het uitvoeren van verschillende bots simulaties om daarmee de randvoorwaarden 
te bepalen wanneer het nodig is om de omvorming parameters toe te voegen aan 
de bots simulatie. 

Voor de verschillende omvorming parameters kan het volgende geconcludeerd wor
den: de effective plastische rek maakt de structuur stijver en deze invloed is het meest 
dominant. Verdunning van het plaatstaal maakt de structuur zwakker. De invloed van 
residu spanningen kan worden verwaarloosd. 

Wanneer de bots deformatie een belangrijke voorwaarde is, laten de resultaten zien 
dat het overwogen moet worden om de omvorming parameters toe te voegen wanneer 
een 'lichte botsing' wordt uitgevoerd. Alle omvorming parameters kunnen echter wel 
worden verwaarloosd voor een 'zware botsing'. Daarom heeft de hoeveelheid energie 
wat in de botsing wordt gestopt een grote invloed op het feit of de gehele omvorming 
toegevoegd moet worden aan een bots simulatie. Wanneer bots veiligheid een belan
grijke voorwaarde is, is het soms wel weer belangrijk om de gehele omvorming toe te 
voegen aan de bots simulatie. Dit hangt af van de soort veiligheid die men in acht wil 
nemen. 

De validatie van de omvorming simulatie en de validatie van de bots simulatie laten 
zien dat LS-Dyna een goed en nauwkeurig pakket is voor het simuleren van beide 
soorten simulaties. Met dit pakket kan een complexe simulatie met een bee~e moeite 
goed worden uitgevoerd. 
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Chapter 1 

Introduetion 

Nowadays, crash safety is an important issue in the automotive industry. Each year 
more cars are driving on the roads which can lead to more traffic accidents. Therefore 
much attention is paid to the crash behavior of vehicles and car components. Instead of 
physical crash tests, crash simulations performed with the Finite Element Method can 
save both time and money. FE analysis is also used to simulate the production of car 
components and to develop the corresponding dies. 

So far, no coupling between these two types of analysis has been implemented at 
DAF Trucks N.V. All crash analyses assume coil properties of the materiaL Reality is 
that the prior forming of metal sheets, may influence the crash response. In this study, 
we link the forming analysis with the crash analysis, to see which forming effects in
fluence the crash response and in which way. If forming history turns out to have a 
relevant effect, this link will allow for predicting the crash behavior of a component 
more accurately. 

1.1 Objectives and strategy 

DAF Trucks N.V. is interested in knowing which forming effects are dominant or neg
ligible when the crash behavior needs to be predicted. These conclusions may depend 
on the shape and rate of deformation of the object as wellas on the material used in 
the simulation. The main aim of the present project is to give analysts insight in the 
circumstances in which these effects must be included in crash simulations and when 
they can safely be neglected. 

The bumper of a DAF XF is used as an example. There are several reasans why 
the bumper has been chosen. The first reason is that the bumper has areas which are 
strongly deformed during forming as well as areas which remain largely undeformed. 
A second reason is the fact that numerical models of the bumper were already avail-
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able at Kirchhoff Automotive in Attendom, Germany. The bumper is produced by this 
company and the production and geometry data of the bumper has also been obtained 
from Kirchhoff Automotive. These data will be used in the simulations. The forming 
simulations, as well as the crash simulations are performed with LS-Dyna. The software 
has been selected because both analyses can be performed with it. 

A. Aydemir, from the Netherlands Institute for Metal Research (NIMR), has per
formed a project parallel to this thesis, in which the forming simulation is done with 
two other FEM codes: Autoform and Pamstamp. The results and main comparisons 
with LS-Dyna are given in Appendix E and the results are described in detail in Ay
demir [1]. 

As a validation of LS-Dyna, both types of simulations are also validated experimen
tally in this thesis. To validate the forming analysis, the bumper is measured using an 
ultrasonic thickness measurement and an optical deformation field measurement. To 
validate the crash analysis, a lab-scale crash test is performed. This test is doneon the 
crash test machine in the Automotive lab of the Eindhoven University of Technology. 

1.2 Background 

Some workin the area of coupling the crash analysis with the forming analysis has 
already been reported in the literature. Each work, which is reviewed in this literature 
study, considers different car components and other effects. The main two effects which 
are transferred from the forming simulation to the crash simulation are the thickness 
distribution and the effective plastic strain (resulting in isotropie hardening). See e.g. 
Dutton et al. [2], Simunovic et al. [3], Böttcher et al. [4] and Kim et al. [5]. 

Dutton et al. [2] and Simunovic & Aramayo [3] used FAST FORM 3D for the forming 
simulation and LS-Dyna for the crash simulation. Dutton et al. [2] note intheir introdue
tion that the extent of the effect on the crash behavior depends on the type of forming 
process. Hydroforming leaves significant thickness changes and work hardening and 
therefore can have a major effect on crash results. Stamped parts are thought to show 
less sensitivity, because areas that are work hardened would also, in general, be thinned 
by the stamping process; the two effects might approximately cancel each other. But 
after their study they conclude that it would be sensible to include the stamping effects 
in future crash analyses, despite the relatively modest differences in overall response. 
The difference in peak deceleration is around 5 - 10 %, but this can be the difference 
between a safe and a unsafe car component. 

Simunovic & Aramayo [3] conclude that the effect on overall crash performance is 
moderate when the forming simulation is included. The difference of the crash perfor
mance in peak deceleration is around 15 % and the difference in crash deformation is 
5 %. Furthermore, Simunovic & Aramayo conclude that the design is the determining 
factor on the vehicle performance and, therefore, the results of this research cannot be 
used generally. When more complex forming operations are used, especially in com-
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bination with rapidly hardening materials, including the forming effects into the crash 
simulation should be considered. Rapidly hardening materials lead to yield stresses af
ter forming which may be significantly higher than that of the coil materiaL This leads 
toa larger influence on the crash performance. 

Böttcher [4] & Frik did a similar study as the two above. Their forming simulation 
was performed with AUTOFORM and they compared their simulations with crash test 
results. Their condusion is that especially the application of high strength dual phase 
steel creates a need for including metal forming data in crash simulation models, as 
dual phase steel is a rapidly hardening materiaL 

Kim et al.[5] did the entire simulation in LS-Dyna and considered four models: a 
'coil' model, a model with only the thickness dis tribution after forming, a model with 
only the effective plastic strain and a combined model. They used a full vehicle structure 
instead of a single component and they also performed a crash test. The differences 
between the 'coil' modeland combined model in dissipated internal energy during the 
crash for front and rear parts are both 15 %. This leads to the condusion that the crash 
response of the structure with forming effects is far stiffer and is more representative 
of the actual tests. The comparison demonstrales that the generated effective plastic 
strain is dominant in calculating the deceleration and deformation mode of the crash 
simulation. It is demonstraled that forming effects need to be considered for a more 
accurate and effective evaluation of crashworthiness. 

Krusper [6] and Dagson [7] did more comprehensive studies, completely with LS
Dyna. Intheir research, elastic springback was included in the analysis and residual 
stresses were transferred to the crash analysis. Springback has to be solved with an 
impHeit solver, so the calculation needs an extra analysis. Krusper [6] and Dagson [7] 
both performed their analysis on a simple bar. Dagson [7] also tried an analysis on a 
complex roof rail, but this analysis was done without springback and only the effective 
plasticstrain was transferred to the crash simulation. The reason for this choice is un
known. Both authors conclude the same about the thickness distribution and effective 
plasticstrain as Böttcher & Frik [4] and Kim et al. [5]: thinning of the material causes a 
somewhat weaker response of the structure and the effective plasticstrain always hard
ens the response. The influence of the effective plastic strain is the most prominent. A 
curious result is found by Krusper [6] in relation to the residual stresses. The effect of 
residual stress is found to be significant when both thickness distribution and effective 
plasticstrain are transferred to the crash simulation, but it is insignificant when it is only 
transferred to the crash simulation together with the effective plastic strain. In Dagson 
[7], only residual stresses are transferred to the crash simulation and the effect is found 
to be negligible. 

All of the above studies were based on isotropie hardening. Krusper [6] tried to 
explore how kinematic hardening during the forming process simulation influences the 
crash response. Unfortunately, the output data of this hardening model could not be 
transferred to a crash analysis in LS-Dyna. The reason why was unclear. 

Finally, Lee et al. [8] included kinematic hardening in the forming analysis. It is 
unclear with which software this was done. To include kinematic hardening, the ma-
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terial model of Armstrong-Frederick with non-linear kinematic hardening was used. 
The result is that back stresses induced by kinematic hardening during forming can 
influence the structural response in crashworthiness analysis to a certain degree. The 
difference in absorbed kinetic energy between a fully isotropie model and an isotropie
kinematic model is 10 %. While transfer of the effective plasticstrain alters the crash 
simulation significantly, the importance of back stresses relative to the effective plastic 
strain depends on the magnitude of the plastic deformation in the forming process. This 
influence decreases when the plastic deformation increases. 

The bumper is produced with a material that is considered to obey a fully isotropie 
hardening response. Therefore, kinematic hardening is not a part of this thesis. 

1.3 Outline 

In the next chapter, the material data and constitutive model used in the forming sim
ulations in LS-Dyna are detailed, foliowed by a description of the complete forming 
simulation of the truck bumper in Chapter 3. For each operating step, the boundary 
conditions are given and some results are presented. In Chapter 4, a validation for the 
forming simulation is given. Two kinds of experiments are performed to validate the 
simulations performed in LS-Dyna. An ultrasonic thickness measurement and an opti
ca! deformation field method are used for this validation. 

In Chapter 5, a crash experiment on a part of the truck bumper is described. Af
terwards, this experiment is simulated in LS-Dyna, in order to validate the crash simu
lation. Finally, in Chapter 6, various crash simulations are carried out in order to sys
tematically study the influence of differentaspectsof the forming history. These results 
lead to recommendations to DAF Trucks N.V. indicating when it is necessary to include 
forming data in a crash simulation. Finally this leads to conclusions which gives more 
information about how the forming process has an effect on the crash behavior of the 
truck bumper. These conclusions are summarized in Chapter 7, together with the rec
ommendations. 



Chapter 2 

Material model and parameters 

Before the forming and crash simulations are discussed, the material behavior which is 
assumed in the truck bumper is described. The Hili yield function is the material model 
which is used in the simulations. In LS-Dyna this model is called MAT HILL 3R. Some 
background on it is presented in Appendix A. 

In Appendices B and C, the finite element formulation is discussed, along with the 
constitutive model and the shell element used in the simulations. These ingredients are 
combinedinAppendix D in a simple, one element simulation which is used to verify 
the implementation in LS-Dyna. 

2.1 Material data DC04 

The material parameters which are used in the material model MAT HILL 3R are given 
in Table 2.1. The hardening of DC04 is assumed to be fully isotropie and the yield stress 
as a function of the effective plastic strain is presented in Figure 2.1. This function is 
provided to LS-Dyna in the form of a table which is presented in Table A.l of Appendix 
A. The material data was provided by Kirchhoff Automotive. The rolling direction is 
unknown. It is defined along the X-axis, because this turned out to give the lowest strain 
and thickness variations, assuming that Kirchhoff Automotive positioned the blank in 
the direction which leads to the best result. 

material parameter E [GPa] V[-] p[~] Ro ~5 Rgo rolling direction thickness [ mm] 

value 210 0.3 7800 1.61 1.11 1.86 x-axis 2 

Table 2.1: Material data DC04 
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2.2 Forming Limit Diagram 

A representative method to check the quality of a stamped part is to plot the result of a 
forming simulation in a Forming Limit Diagram. A Forming Limit Diagram is a graph
ical presentation of the deformation of a number of points in a sheet product. In an FLD 
the major strain (maximum in-plane principal true strain) is represented vertically and 
the minorstrain (minimum in-plane principal true strain in the same point) horizontally. 
All states in which the deformation becomes unstable can be connected graphically and 
this forms a forming limit curve (FLC). The FLC gives an impression of the formability 
of a sheet materiaL Calculated strains, e.g. from FEM analyses, can be compared with 
an FLC to determine the feasibility of the analyzed sheet forming process. 

A FLC can be determined with the Nakazima tests. In a Nakazima test, sheets are 
deformed in different straining directions with a hemispherical punch until visible neck
ing occurs. The strain before necking is considered to be a limit strain. Because these 
tests are time consuming, it is desirabie to estimate the FLC on the basis of a limited 
number of parameters. Because the strain at which necking starts is largely affected by 
the work hardening, the hardening exponent is an important parameter to estimate the 
FLC of a materiaL The hardening exponent defines the shape of the hardening curve. 
This definition is also known as a power law expression. The thickness of the blank 
and the anisotropic R-value of the material arealso two important parameters which 
influence the necking of the materiaL 
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Figure 2.1: Hardening curve of DC04 Figure 2.2: Forming Limit Curve of DC04 

In LS-Dyna, these three parameters define a standard FLC shape. The hardening 
exponent n and the thickness t both influence the height of the 'risk of crack' and 'crack' 
level, as shown in Figure 2.2. Finally the R-value, which characterizes the anisotropy 
of the sheet material, influences the slope of the left 'safe' level. This R-value is one pa
rameter: the mean R-value. This parameter can be calculated from the three anisotropic 
R-values: 

R = Ro + 2R45 + Rgo 
4 

(2.1) 
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See Appendix D for the definitions of the individual R-values. The values used are 
listed in Table 2.1 and resulted in R = 1.4225. Furthermore the thickness equals t = 2 mm 
and the hardening exponent, which is determined from Table A.1 of Appendix A, is n = 
0.21. With these values, LS-Dyna produces the FLC which is presented in Figure 2.2. 



Chapter 3 

Forming simulation of a truck bumper 

In this chapter the forming simulation of the DAF XF truck bumper is described. The 
entire forming process consists of a number of steps. Each of these steps is discussed 
below. 

The geometry of the forming tools and blank are defined in Nastran meshes. Trim
ming curves are imported as an IGES-file. The positioning of all the tools, blank and 
curves are done with two preprocessors of Altair: Hyperform and Hypermesh. As the 
bumper is symmetrie, only half of the blank and tools are modelled and the appropriate 
symmetry conditions are applied along the symmetry line. All tools are defined as rigid 
boclies and their motion is entirely prescribed. 

3.1 Holding operation 

The first step is the holding operation, which is a preparation for the first true forming 
step. The die moves to the binder to fixate the blank. The die has a constant velocity 
of 2 m/ s in the negative Z-direction. The velocity of the die is modelled with a grad
ual increase during the first 0.002 s, in order to avoid undesired dynamic effects. The 
simulation stops when the die is at 2 mm from the binder, which is also the thickness of 
the blank. The begin and end situation of the holding operation are presented in Figure 
3.1 and Figure 3.2, respectively. Deformation of the blank already occurs in this oper
ation, but LS-Dyna indicates that this is notplastic deformation. The maximum value 
of the effective plasticstrain is still zero. This means that the equivalent stress has not 
exceeded the initia! yield stress of 170 MPa. 
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Figure 3.1: Starting situation of the holding step Figure 3.2: End situation of the holding step 

3.2 First stamping operation 

After the holding operation, pursues the first stamping operation. In this preforming 
operation the rough shape of the bumper is created. The die has a constant velocity of 10 
m/ s in the negative Z-direction. The die moves the binder and blank downwarcis and 
deforms the blank around the punch. At the sametime the binder applies a constant 
load of 300 kN in the Z-direction. The purpose of the binder load is to ensure plastic 
deformation and to avoid wrinkling. The velocity of the die as well as the load of the 
binder are applied gradually during 0.002 s. The simulation stops when the die is at 22 
mm from the punch. 

The starting situation of the first stamping operation is the end situation of the hold
ing operation, which is presented in Figure 3.2. The end situation is presented in Figure 
3.3. This is also the first operation with mesh adaptation. The analysis starts with a 
relatively coarse finite element mesh (2484 elements), which is refined where necessary 
for accuracy as the simulation proceeds. The adaptivity LS-Dyna uses, is that one quad 
element is divided into four quad elements. This is one adaptation level. The adapta
tion level in this operation is set to two, which means that one element can be divided 
into sixteen elementsin this simulation. 

The mesh of the blank is allowed to change for the first time at 0.0055 s. This is 
when the punch starts to deform the blank significantly. This significant deformation 
leads to an inaccurate shape of the blank regarding the shape of the die. It is possible to 
adapt immediately in an operation, but then the elements are refined already in the first 
increment. This leads to a high CPU-time. 

In Figure 3.4, the FLD after the first stamping operation is presented. The first stamp
ing operation already results in a high plastic deformation. Except for some wrinkles, 
the result is safe and no risk of cracks occurs in the materiaL This result can safely be 
imported to the next operating step. 
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Figure 3.3: Configuration at the end of the first Figure 3.4: Porming Limit Diagram after first stamp-

stamping operation ing operation 

3.3 Slitting operation 

In the slitting operation, two curves are slitted into the blank. These curves define the 
future lamp hole. In the next operation these two slits prevent fracture of the sheet metal 
by promoting the material flow. Finally the lamphole will be easily punched out of the 
blank. To begin the slitting operation, a Dynain file of the blank is saved at the end 
of the first stamping operation. A Dynain file contains information like the thickness 
distribution, plastic strain distribution, residual stresses and shape of the part. This 
Dynain file is imported in a new LS-Dyna file, which describes the slitting operation. 

In LS-Dyna it is not possible to performa slitting operation. Instead, a trimming 
operation is performed. In a trimming operation, all the elements inside a closed curve 
are removed. In a slitting operation, all the elements positioned on a prescribed curve 
are divided. The two slitting curves are changed into two closed trimmingcurves for 
this purpose. The trimming direction is the Z-axis. At the end of this operation, again a 
Dynain file is saved for the next forming step. 

3.4 Second stamping operation 

The second stamping operation creates the final shape of the bumper and in this oper
ation the same tools are used as in the first stamping operation. The simulation stops 
when the distance between the die and punch is 2 mm, which is also the thickness of 
the blank. The starting situation of this operation is not the same as the end situation of 
the first stamping operation. See Figure 3.3 and Figure 3.5. Since the tools have been re
moved for the slitting operation, they must be positioned again. This means that a new 
holding step takes place in the beginning of the second stamping operation. The die has 
a constant velocity of 10 m/ s in the negative Z-direction during the entire operation. 
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At the same time the binder applies a constant load of 300 kN in the Z-direction, so the 
boundary conditions are almost equal to the first stamping operation. The velocity of 
the die and the load of the binder are applied gradually within 0.002 s. The mesh of the 
blank is refined adaptively from 0.0035 s onwards. At t = 0.0035 s, the bottorn of the 
blank is touching the top of the punch. The adaptation level in this operation is set to 
one. 

Figure 3.5: Configuration at the begin of the Figure 3.6: Porming Limit Diagram after second stamping 

second stamping operation opera ti on 

In Figure 3.6, the FLD after the second stamping operation is given. As can be con
cluded from this figure, still no cracks occur. There is only a 'risk of cracks' at the right 
top of the bumper. The remainder of the bumper merely shows a tendency to form wrin
kles. The main part of the purple, wrinkled area is positioned on the blank which will 
be removed after the flanging operation. This means that the majority of the wrinkled 
area is not a part of the final bumper. 

3.5 First springback operation 

After the second stamping operation all tools are released and in reality the blank is 
transported to the next operation. This means that springback occurs, which is simu
lated as well. A springback operation is performed with an implicit solver. During a 
springback, the stresses in the material are released. In Figure 3.7 the mean stress [Pa] 
before and after springback is presented. The mean stress is the sum of the three prin
cipal stresses divided by three. The Von Mises stress is not chosen for this plot, because 
Hill's model is used in this analysis. In Figure 3.8 the total absolute amount of spring
back is presented. The maximum absolute amount of springback [m] is 4.323 mm. 



3.6 Flanging operation 

11:105E+08 

2.183JEoGB 

1.7097E+OB 

1.2:l61Eotl8 

-I.N77E<G7 

~7 

-I.IS211E+G8 

-U051E+G8 

Figure 3.7: Mean stress before/ after springback [Pa] 
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Figure 3.8: Amount of springback [m] 

The purpose of the flanging operation is to remove remaining sheet material outside 
from the final outer shape of the bumper. This operation is also defined as a trimming 
operation. Just like in the case of the slitting operation, a Dynain file of the blank is 
savedat the end of the springback operation. The trimmingcurves are closed curves 
and that is why the trimmingcurves of the bumper sicles are closed as well. To optimize 
the mesh quality, notall trimmingcurves have their trimming direction parallel to the 
Z-axis. To ensure that a smoothly trimmed bumper arises, one curve has the X-axis as its 
trimming direction and one curve has the Y-axis as its trimming direction, as indicated 
in Figure 3.9. The figure is plotted in the XY-plane, with the X-direction vertical and 
Y-direction horizontaL 

X-axls Z-axis Y-axls i .. ~- - · 

Figure 3.9: Trimming curves used for the flanging Figure 3.10: Configuration in the third stamping op-

operation era ti on 
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3. 7 Third stamping operation 

The last forming operation rounds off the edges of the lamphole and centerhole. Again 
a holding operation takes place before the stamping operation begins. This holding 
operation does not result in plastic deformation and therefore a constant velocity of the 
binder of 2 m/ s in the negative Z-direction is chosen. This holding step ends when 
the distance between the binder and die is 2 mm, which is equal to the thickness of the 
blank. 

After the holding step, the stamping step itself takes place. Now both punches (the 
lamp punch and center punch, see Figure 3.10) move in the negative Z-direction with 
a constant velocity of 10 m/ s. At the same time, the binder applies a constant load of 
40 kN in the Z-direction. The velocity of the binder and the die as well as the load of 
the binder are gradually applied during 0.002 s. The operation ends when noplastic 
deformation occurs anymore. 

3.8 Second springback operation 

After the last forming operation, again a Dynain file is saved. The final operation is the 
second springback operation, because all tools released again. In Figure 3.11, the resid
ual mean normal stress [Pa] before and after springback are presented and in Figure 
3.12 the total absolute amount of springback [m] is presented. The maximum absolute 
amount of springback is smaller than in the first springback operation: 1.843 mm. 
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Figure 3.11: Mean stress before/ after final springback [Pa] 
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3.9 Final result 

After the second springback operation the forming simulation is complete. The FLD 
has hardly changed, when compared to Figure 3.6, because after the second stamping 
operation most of the blank is already in its final shape. Therefore, only the FLD for the 
two places where deformation occurred in the third stamping operation are showed. 
This is presented in Figure 3.13. From Figure 3.13it can be concluded that even in the 
final forming operation no cracks occur. 

Figures 3.14, 3.15 and 3.16 show the total effective plasticstrain distribution, thick
ness distribution and residual stress distribution after the complete forming simulation. 
As can be concluded from these figures, the bumper has areas where large deformations 
have occurred and areas which remain largely undeformed. The maximum effective 
plasticstrain (tp = 0.55) is highfora standard stamped part. The maximum thickness 
reduction equals 0.595 mm. For a blank of initial thickness 2 mm, this is also a high 
value. The mean stress after springback are in the order of 564 MPa. 

Lamp punch Center punch 

-"'"""' 
..... 

-SfiiEfOI 

Figure 3.13: Forming Limit Diagram for the lamp hole and central hole after the third stamping operation 

3.10 Influence of rolling direction 

As mentioned in the last chapter, the forming of the bumper has also been investigated 
for the rolling direction along the Y-axis. In Figure 3.17 the Porming Limit Diagrams 
for both rolling directions are presented. The result with the rolling direction along the 
Y-axis shows an increased probability of cracking. The sharp corner in the cracked area 
in the new bumper cracks because of high majorstrains in the X-direction. 

If the rolling direction is along the Y-axis, the value of R90 works in the direction of 
the cracked area. The value of R90 (1.86) is higher than the value of R0 (1.61), which 
means that the ratio between the strain in the transverse direction and the strain in the 
thickness direction is higher. The higher this ratio is, the bigger the chance that cracks 
occur. More about the Lankford parameters (R0, R45 & R90 ) can be found in Appendix 
D.3. Most of the sharp edges of the bumper can be found along the Y-axis, which means 
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that large strains occur in the direction of the X-axis. Therefore it is advantageous to 
position the rolling direction along the X-axis. 

Figure 3.17: Original bumper compared with rolling direction along the y-axis 



Chapter4 

Experimental validation of the forming 

simulation 

In order to assess the accuracy of the forming predictions described in the previous 
chapters, the plastic deformations in the bumper have been measured by an ultrasonic 
thickness measurement and an optica! deformation field method. The last method was 
done as a mirror project to the present project. The methods and results are described in 
detail in Aydemir [1]. In this chapter, only a brief summary and a comparison between 
the FE analyses are described. First, the ultrasonic thickness measurement is discussed. 

4.1 Ultrasonic measurement 

4.1.1 Working principle 

An ultrasonic testing measurement sends an ultrasonic vibration (with a typkal wave
lenght of 1-25 MHz) into a sheet metal using a probe (i.e. a transducer) with the as
sistance of a couplant applied to the surface. A couplant is a material (usually liquid) 
that facilitates the transmission of ultrasonic energy from the transducer into the test 
specimen. The ultrasonic vibration wave travels through the sheet in transversal di
rection until it encounters a material with different mechanica! properties. In this case, 
that material is just ambient air. The vibration is partially reflected at this interface and 
propagates back to the transducer, which can also receive the reflected signals. 

Because a large number of echoes could occur, the gage is designed to choose the 
maximum or 'loudest' echo from which to calculate the thickness. Any ultrasonic mea
surement' s accuracy is directly related to the sound velocity in the measured materiaL 



4.1 Ultrasonic measurement 17 

Sound travels slower through paint, for example, than it does through metal. Because 
ultrasonic instruments measure the transit time of an ultrasonic pulse, they must be 
calibrated forthespeed of sound of that particular material [9]. 

4.1.2 Experimental Results 

Basedon the FE simulations, a number of locations in the bumper have been selected 
where severe thinning or thickening occurs. These measurement locations are presented 
in Figure 4.1. Red and yellow areas have undergone severe thinning and blue areas have 
undergone thickening. Each area is measured at the outer side of the bumper and on 
the right & left side of the bumper. From these two measured values an average value 
is calculated. These values are presented in the first three columns of Table 4.1 for each 
location depicted in Figure 4.1. The average LS-Dyna result is also presented and finally 
in the last column the difference between the measurement and prediction is given. The 
average LS-Dyna result is determined from the thickness values of all the elementsin 
one area. 

Figure 4.1 : Measured areas on the bumper 

The LS-Dyna forming simulation has quite good predictive results (error < 5%) ex
cept for area H, where the error is 11.93 %. The reason for this difference is unknown. 
From Figure E.10, in Appendix E it can beseen that area H has a different result in LS
Dyna when compared to the other two codes. The values of Autoform and Pamstamp 
are comparable with the ultrasonic thickness measurement result. It can also be seen 
that areas E and G have different results in LS-Dyna compared to the other two codes. 
But now the ultrasonic thickness measurement results in area E and Gare compara
ble with the LS-Dyna results. The differences are quite acceptable and not significantly 
higher than in other areas. Por these two areas, the forming simulation by LS-Dyna is 
more accurate than the results of Autoform and Pamstamp. 
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Left bumperside Right bumperside Average value L5-Dyna average Difference Error 

A 2.15- 2.25 mm 2.08- 2.26 mm 2.185mm 2.12mm 0.065mm 2.97% 

B1 2mm 2mm 2mm 2.02mm -0.02mm 0.99% 

B2 2.1mm 2.1mm 2.1mm 2.07mm 0.03mm 1.43% 

B3 2.05mm 2mm 2.025mm 2.04mm 0.015mm 0.74% 

c 2-2.05mm 2.03 - 2.04 mm 2.03mm 2.075mm -0.045mm 2.17% 

D 1.55mm 1.55mm 1.55mm 1.6mm -0.05mm 3.13% 

E 1.4-1.6 mm 1.4 -1.7mm 1.525mm 1.5mm 0.025mm 1.64% 

F 1.6 -1.75mm 1.55 - 1.65 mm 1.64mm 1.565mm 0.075mm 4.57% 

G 1.42 - 1.55 mm 1.39 - 1.55 mm 1.48mm 1.475mm 0.005mm 0.34% 

H 1.75 -1.8mm 1.7-1.8 mm 1.76mm 1.55mm 0.21mm 11.93% 

Table 4.1: Results of the ultrasonic thickness measurement 

4.2 Optical deformation field method: Argus 

4.2.1 Working principle 

Argus is an optical deformation field method which is used to verify forming simulation 
results. It produces a strain distribution by optically measuring the distances in a grid 
of dots which is etched on the sheet materiaL 

Using an electrolyte, dots of a diameter of 1 mm are etched on the blank before 
stamping, using a mask. The dots are placed at a distance of 3 mm. Dot patterns have 
been applied in three selected regionsof the blank, which are indicated in Figure 4.2 on 
the stamped part. These regions have been selected because strong deformations were 
predicted here in the LS-Dyna simulations. 

After etching, the blank is stamped. The part is taken out of the process after the 
second stamping operation. It is photographed from different directions. The Argus 
software processes these images and reconstructs the three-dimensional positions of 
the etched dots on the product. From the distances between the dots, Argus calculates 
various parameters, such as the (in-plane) plasticstrain tensor components. 

4.2.2 Experimental Results 

In this section, the measured deformation in the three regions defined in Figure 4.2 
are discussed. The results of Argus and LS-Dyna are compared using the same color 
coding. The data which is compared are the major and minor strain. The major strain 
is the highest normalstrain in one point of the material, regardless of the direction of 
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Figure 4.2: The three etched regions 

that strain. The minor strain is the lowest normal strain in one point of the material, 
regardless of the direction of that strain. 

Region 1 

In Figure 4.3 the majorstrain distribution for Region 1 is presented as obtained from Ar
gus as well as from LS-Dyna. Figure 4.4 gives the conesponding minor strain contours. 
The qualitative agreement between the predicted and the measured data is quite good . 
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Figure 4.3: Major strain in Region 1 Figure 4.4: Minor strain in Region 1 

The only big difference is the maximum majorstrain area being larger in LS-Dyna. 
The minimum minorstrain area, that is positioned at the same place, is also larger in 
LS-Dyna. This maximum majorstrain and minimum minorstrain area is area H in 
the ultrasonic thickness measurement. LS-Dyna gives here also a lower mean thickness 
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than the ultrasonic thickness measurement: 1.55 mm by LS-Dyna compared to the 1.76 
mm by the ultrasonic thickness measurement. Thinning leads to higher strains. The 
low value of the thickness in the result of LS-Dyna clarifies the high value of strains 
intheresult of LS-Dyna. Therefore, the thickness difference observed in area H is also 
detected as a strain difference in Region 1. 

Region 1 has also area A from the ultrasonic thickness measurement in it. The error 
of area A is 2.97 %. This small error can be noheed as well in Figure 4.3 and 4.4. 

Region 2 

In Figures 4.5 and 4.6, the strain contours for Region 2 are given. At first sight the 
results are quite identical. Accidental, the same difference as in Region 1 can be noheed 
in Region 2. LS-Dyna prediets a higher maximum majorstrain and higher minimum 
minor strain value when compared to the Argus results. Both figures show that this is 
mainly eminent at the edge of the lamphole. 

This is the only difference in Figure 4.5 between the result of LS-Dyna and the Argus 
result. Another difference in Figure 4.6, is the posihon of the highly strained area above 
the notch. Por Argus, this area is positioned directly above the notch and this is not the 
case fortheresult of LS-Dyna. 

Finally, the geometry of LS-Dyna is different compared to Argus. In the Argus ex
periment, all the material positioned under the notch is covered with tape. This material 
could maybe lead to an inaccuracy of the Argus result. 
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Figure 4.5: Major strain in Region 2 
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Region 3 

In Figures 4.7 and 4.8, the major contours for Region 3 are presented. The general agree
ment is again quite reasonable. Unfortunately, the Argus result shows a gap in the area 
where the maximum major strain is observed in the simulation. 

Region 3 has the same position as area D and area E in the ultrasonic thickness mea
surement. The results of areas D & E show a small difference between the results of 
LS-Dyna and the ultrasonic thickness measurement. This can be noticed from Figures 
4.7 and 4.8 as well. 

Furthermore, both figures show that the shape of the bumper in this region in Argus 
is different from LS-Dyna. The shape of the LS-Dyna result looks more curved. The 
reason is that one result is rotated compared to the other result. The view of the LS
Dyna result comes more from above than the view of the Argus result. 
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Figure 4.7: Majorstrain in Region 3 Figure 4.8: Minor strain in Region 3 

4.3 Con cl usions 

It can be concluded that the prediebon using LS-Dyna for a complex stamped part like 
this bumper is remarkably accurate. Even after several forming steps with complex 
contact conditions, the strain distributions of LS-Dyna are quite similar to the distribu
tion plots of Argus. Moreover, they are in equally good agreement with the ultrasonic 
thickness measurements. 

From the optical deformation field method, only a couple of pictures (which are pre
sented in this chapter) were available from Aydemir [1]. Unfortunately, no data of the 
Argus results were available. Therefore, it was not possible to give a good quantitative 
comparison between the Argus results and the LS-Dyna results. Nevertheless, it can 
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be concluded that the LS-Dyna results are in equally good agreement with the optica! 
deformation field measurements. It is recommended to compare the values of the major 
and minor strain between LS-Dyna and Argus at some specific places on the bumper. 



Chapter 5 

Experimental validation of a Crash 

Simulation 

The bumper as produced in the experimentalpart of the forming analysis has been sub
jected to an impact. Due to boundary conditions on the dimensions of the specimen, 
only a part of the bumper could be used. The crash experiments have also been simu
lated using LS-Dyna. Similar crash simulations will be used in the next chapter in order 
to examine the influence of forming history on the simulated crash response. First, how
ever, the experimental and simulated response will be compared in this chapter in order 
to validate the modelling. 

5.1 Experimental setup 

The three crash tests have been performed using a rigid pole. In the crash test, a rigid 
pole was moved towards the bumper. A pole is chosen because this shape leads to a 
localized crash. A sphere would be better, but this shape is too difficult to fabricate. 
A pole is the most simple shape to fabricate and leads to the most localized crash, in 
contrast to a rigid wall, which will deform the complete bumper. The pole has a radius 
of 30 mm and a length of 340 mm. The position of the pole regarding the bumper part 
is presented in Figure 5.1. The middle of the pole hits the bumper in area A & H from 
the ultrasonic thickness measurement in the last chapter. 

The crash test device has a working area of 350 x 350 mm. This means that only a 
part of the truck bumper can be crashed. The chosen part is the area around the edge 
of the grill. This can be noticed from Figure 5.1. In this region, already two holes in the 
bumper are fabricated, which can be used in order to fix the part to the testing device. 
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Figure 5.1: Position of the pole regarding the bumper part 

In reality, one hole is used to fix the bumper on the truck and the other one is used to 
attach the fog lamp. 

The bumper part connected to the dead weight of the crash test device is shown in 
Figure 5.2. The rigid pole connected to the crash sledge is shown in Figure 5.3. A global 
sketch of the entire setup is presented in Figure 5.4. The total mass of the sledge plus 
pole-impactor is 238.5 kg and the total mass of the crash harrier is 2500 kg. The moving 
part of the crash test device is driven by a pneumatic system. The air pressure of the 
pneumatic system is prescribed, which gives a conesponding initial speed to the sledge. 
In total, three crash experiments have been performed with identical setups. but with 
different velocities. The impacts were recorded with a Phantom high speed camera, 
which produces 500 frames per second. 

Figure 5.2: Bumper part attached to the dead 

weight 

Figure 5.3: Rigid pole attached to the crash 

sledge 
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2500kg 

Figure 5.4: Sketch of the experimental crash setup 

5.2 Experimental results 

For the first crash test, the pneumatic pressure was p = 10 bar. A velocity sensor, which 
is positioned at the location of impact, measured a crash velocity of v = 2.91 m/ s. This 
velocity resulted in a severe deformation of the bumper, during which the bumper part 
was pressed against the crash harrier. The input pressure is reduced top= 8 bar for the 
second and the third crash tests. The velocity sensor measured a crash velocity of v = 
1.95 m/ s for these two tests. 

Three force cells are positioned behind the crash harrier. In front of this crash harrier, 
the bumper is fixed. The sum of the three force signals is the total reaction force. This 
reaction force is plotted in Figure 5.5 for the three tests. It can be observed that the first 
test has a high peak value of the reaction force as wellas an earliercrash impact. The 
reason is that the velocity of the first test is higher than the other tests. Figure 5.5 shows 
that the second and third crash test result in similar reaction farces. The measurement 
begins (t = 0) at the moment that the crash sledge moves to the bumper part. 

An acceleration sensor is placed behind the crash pole, which measures the acceler
ation of the pole in g. This measurement is presented in Figure 5.6. The same kind of 
pulse can be noticed in this figure. In the begin of the measurement, a negative acceler
ation can be observed. This is caused by the initial shock of the crash sledge. The dead 
weight, on which the bumper part is connected, is not fixated to the world (as can be 
noticed from Figure 5.4), the action force of the crash sledge results in areaction force of 
the dead weight. 

Using the measured impact velocity, the kinetic energy which is transmitted into the 
crash, can be calculated by 
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With m1 = 238.5 kg and v1 = 1.95 m/ s, we have E kin = 453.5 J for the second and third 
test. For the first test, the kinetic energy was equal to 1016 J. 

5.3 Simulation of the experiment 

The crash experiment has also been simulated using LS-Dyna. First, the bumper was 
trimmed to the shape of the bumper part which was used in the experiment. Some ele
mentsof the bumper were fixated in the X & Y-direction. These elements were situated 
in the area of the bolt-nut conneetion in the experiment. The mass of the dead weight is, 
as mentioned in the previous section, m1 = 2500 kg. The deadweight is created by rigid 
shell elements with a thickness of 1 mm. To ensure that the same mass is used in the 
simulation as in the experiment, the density used in these shell elements was scaled. 

A rigid poleis used in the simulation. The pole is created by rigid shell elements 
with a thickness of 1 mm and again its density was scaled so that the correct mass of m1 

= 238.5 kg was obtained. The initia! velocity of the pole was set to v = 1.95 m/ s. The 
complete simulation with the three bodies is presented in Figure 5.7 

The results of the simulations are shown in Figures 5.8 to 5.10. The simulation is 
compared to the third test. In Figure 5.8 the reaction force is presented and in Figure 5.9 
the acceleration of the poleis presented. The value of the kinetic energy at the start of the 
crash simulation equals E kin = 452.48 J, which corresponds well with the experimental 
value of E kin = 453.5 J. 

Figures 5.8 and 5.9 show a good correspondence of the LS-Dyna simulation and the 
crash experiment. The acceleration pulseis more accurate than the reaction force pulse. 
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Figure 5.7: Sketch of the sirnulated crash setup 
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Figure 5.9: Comparison of measured and 

sirnulated acceleration of the pole 

As can be concluded from these figures, the simulated acceleration and force pulses 
are not identical when compared to the results of the experiment. The reason is the 
position of the sensors. The acceleration sensor is positioned directly behind the pole. 
The simulation result is the Z-acceleration of the rigid pole. These two results show 
a good comparison. The three force cells are positioned behind the crash barrier. The 
simulation result is the contact force between the pole and the bumper part. So the force 
cells measure less force, because they are not measuring preciseon the crash, like the 
contact force result of the simulation. This difference in measurement can be noheed in 
Figure 5.8. 

In Figure 5.10 some pictures are presented of the final shape of the bumper after 
the crash in the simulation as well as in the experiment. In the middle picture, the 
right front edge is more deformed in the simulation when compared to the experiment. 
This is caused by the edge of the bumper in the experiment that crashes against the 
rigid plate right behind the bumper, in contrast to the simulation, where the edge of the 
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bumper slides along this rigid plate. 
Finally, the intemal energy which the bumper has absorbed is E int = 221 J. This means 

that the bumper has absorbed 49 % of the kinetic energy. 

Figure 5.10: Final deforrnation of the bumper part as observed in the experiment and in the simulation 

5.4 Conclusions 

It can be concluded that the prediction using LS-Dyna fora crash simulation with this 
bumper is remarkably accurate. After several forming steps and a crash simulation, the 
acceleration and force pulses are quite similar. Moreover, the final shape of the bumper 
is also in equally good agreement. Therefore, the results LS-Dyna will predict in the 
next chapter, can be considered as useful and accurate, in order that good conclusions 
can be made. 



Chapter 6 

Influence of forming history on crash 

behavior 

This chapter describes the crash analyses of the full truck bumper. One kind of impactor 
is used at three different places on the bumper. After the entire forming simulation, the 
bumper geometry and the material forming history are exported to a new LS-Dyna 
input file which describes the crash simulation. In the crash simulation, the bumper is 
impacted with a rigid crash object. A sphere with a radius of R = 75 mm is chosen as 
crash object, so as to have a relatively localized contact area and deformation. In Figures 
6.1 to 6.3 the three configurations are presented. For the localized crash considered 
here, the average effective plastic strain and average thickness in the crash region are 
relatively well defined. These values are given in Table 6.1. The locations have been 
selected that have undergone both relatively high and low levels of deformation, such 
that the influence of the forming history on the crash performance can be assessed. The 
crash pole of the crash experiment is not chosen for the crash simulations, because a 
crash with this object leads not to a relatively localized contact area and deformation. 
Then it would be difficult to investigate the influence of the forming history. 

Crash region Ëp [-] t[mm] 

Sphere 1 setup 0.2 1.85 

Sphere 2 setup 0.1 1.95 

Sphere 3 setup 0.02 1.98 

Table 6.1: Mean value of the forming charaderistics in the crash regions 



6.1 Analyzed models 30 

Figure 6.1: Sphere 1 set-up Figure 6.2: Sphere 2 set-up Figure 6.3: Sphere 3 set-up 

6.1 Analyzed models 

Five types of models are defined to examine the influence on the simulated crash per
formance of several (combined) aspectsof the forming history. These models are: 

• Exclude model: In this model, only the geometry after the complete forming sim
ulation is imported into the crash simulation. This means that the thickness distri
bution, plasticstrain distribution and residual stress distribution are deleted. 

• Plastic strain model: In this model, next to the geometry, also the plastic strain 
distribution is imported into the crash simulation. 

• Residual stress model: In this model, next to the geometry, also the residual stress 
distribution is imported into the crash simulation. 

• Thickness model: In this model, next to the geometry, also the thickness distribu
tion is imported into the crash simulation. 

• Include model: In this model, all history data, i.e. effective plastic strain, residual 
stress and thickness distribution, is imported into the crash simulation. 

Each crash simulation is performed with five models. One comment about these 
modelsis that LS-Dyna saves the plastic strain distribution and residual stress distri
bution in the same table. Therefore an m-file has been written in Matlab to split this 
combined history data, such that the 'plastic strain model' and 'residual stress model' 
could be established. 

6.2 Boundary conditions 

As is the case in the forming simulations, use is made of symmetry in the crash simu
lations. Note that this implies two impacts taking place at the same time, at positions 
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which are symmetrie with respect to the midplane of the bumper. Apart form the sym
metry condition (fixation of the Y-direction and the X- and Z-rotation), the bumper is 
almost completely fixated at the outer edge (fixation of the X- and Z-direction and the 
X-, Y- and Z-rotation), away from the symmetry plane. To ensure that the kinetic en
ergy of the crash object leads to a deformation instead of a rigid body displacement of 
the bumper. The crash object is positioned against the bumper and is given an initial 
velocity. The direction of the movement of the crash object depends on the position of 
the crash object with respect to the bumper. 

In our crash simulations, the mass and initial velocity of the impactor have been 
chosen such that a value of 100 J was obtained for the kinetic energy. A crash with Ekin 

= 100 J can be compared to a crash of a mass of 10 kg that crashes with a velocity of 4.5 
m/ s against the bumper. This is a so called 'light crash'. The results are presented and 
discussed in the next section. To keep the simulation time as short as possible, a high 
velocity and a low mass is chosen. Therefore, the velocity of the sphere is 34.64 m/ s and 
the mass of the sphere is 0.167 kg. 

6.3 Results with Ekin = 100 J 
In Figures 6.4 to 6.6, the crash results are presented for the include model. The total 
deformation in meters can be observed. As can be noticed form these figures is a crash 
with E kin = 100 J a 'light crash'. The total crash deformation for the Sphere 1 setup till 
the Sphere 3 setup is respectively: 8.4 mm, 39.8 mm & 18.8 mm. 

Figure 6.4: Sphere 1 crash result Figure 6.5: Sphere 2 crash result Figure 6.6: Sphere 3 crash result 

For each crash simulation, the displacement [m] and acceleration [m/s2
] of the sphere 

are plotted. The displacement of the sphere gives information about the deformation of 
the bumper: the higher the displacement, the bigger the deformation of the bumper. 
The acceleration of the sphere could be an indication of the crash safety of the bumper: 
the higher the peak acceleration, the lower is the crash safety of the bumper. 

In Figures 6.7 to 6.9, the sphere displacement as a function of time are presented, 
whereas Figures 6.10 to 6.12 show the sphere acceleration. Note that Sphere 1 bounces 
back from the bumper (Figure 6.7 and 6.10). 
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Figure 6.10: Acceleration of sphere 1 & E kin = 

100 J 

The first thing the sphere displacement plots show, is that the effect of residual stress 
is negligible. This holds for all the simulations. A small influence of the 'residual stress 
model' can be noticed from Figure 6.8. The difference between the curve of the 'residual 
stress model' and the 'exclude model' is bigger, compared to the 'Sphere 1 setup' and 
'Sphere 3 setup'. The values of residual stress in the region where Sphere 2 hits the 
bumper has a maximum of 238 MPa and a minimum of -138 MPa. Stress works in 
various directions. Therefore, roughly this leadstoa residual stress of 100 MPa. This is 
high compared to the values of average residual stress in the region where sphere 1 (15 
MP a) and sphere 3 ( -6 MP a) hits the bumper. 

On the other hand, the effective plastic strain has the biggest effect on the crash 
performance. Inserting this data in the modelleadstoa stiffer bumper: if the sphere 
displacement is small, the crash deformation is small as well, which means that the 
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bumper is stiffer. The thickness distribution can also not be neglected. When this data 
is inserted in the model, the bumper becomes weaker. The above results show that the 
data of the effective plastic strain and thickness distribution partially cancel each other 
out. However, the effective plastic strain is dominant, which leads to an overall stiffer 
response. 

The difference in forming history can also be observed in Figures 6.7 to 6.9. Espe
cially the influence of the effective plastic strain decreases when the value of this pa
rameter decreases. Also the influence of the thickness distribution decreases between 
the 'Sphere 1 setup' and the 'Sphere 3 setup'. 

The sphere acceleration plots show the samekind of trends. A smaller sphere dis
placement (for the 'plastic strain model') corresponds with a higher peak value of the 
sphere acceleration, since the sphere must be decelerated over a shorter distance (sphere 
displacement during the crash). 
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100 J 

For a good overview, the difference between the 'exclude model' and the 'plastic 
strain model' or ' thickness model' is given in Table 6.2. The difference is given in per
centages for the sphere displacement as wellas for the sphere acceleration. For example, 
the difference in the total displacement between the 'plastic strain model' and the 'ex
clude model' for the 'Sphere 1 setup' is 50 %. This means that the 'plastic strain model' 
is twice as stiff as the 'exclude model'. And the difference in the total displacement be
tween the 'thickness model' and the 'exclude model' for the 'Sphere 1 setup' is -10 %. 
This means that the 'thickness model' is 10 % weaker than the 'exclude model'. Fora 
complete comparison, the average values of the effective plastic strain and thickness are 
also presented in this table. 

The influence of the effective plasticstrain on the sphere displacement is almost lin
ear and big for a 'light crash'. An influence of 50 % for only Ep = 0.2 is much. The 
influence of the thickness distribution is a bit smaller, but still quite big (with an influ
ence of 10 % fora thinning of 8 %). The difference between the sphere displacement for 
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a region with a high level of deformation and a low level of deformation is in that way 
quite big (41% compared to 9 %). But evenfora region with a low level of deformation, 
it is recommended to include the forming history in a 'light crash'. 

As can be noticed as well from Table 6.2, is that the peak value of the sphere ac
celeration is also influenced by the forming history. There only cannot be observed a 
difference between a region with a high level of deformation or a moderate level of de
formation. This will be investigated in the next sections. But it is also clear that the 
value of the forming history influence the peak value of the sphere acceleration. 

Sphere Displacement Sphere Acceleration Mean value 

Strain Thickness Include Strain Thickness Include €p [-] t[mm] 

Sphere 1 50% -10% 41% 36% -6% 32% 0.2 1.85mm 

Sphere2 25% -5% 20% 37% -8% 34% 0.1 1.95mm 

Sphere 3 10% -1% 9% 7% -0.5% 4.4% 0.02 1.98mm 

Table 6.2: Overview of the influence of plastic strain and thickness distribution for a Ekin = 100 J crash 

6.4 Results for larger Ekin 

In this section, the influence of the impactm's kinetic energy on the crash is determined 
for each crash model. For this purpose, the density of the sphere is increased, leading 
to a higher kinetic energy. In the following sections, again, each crash setup (Sphere 
1,2 and 3) is investigated. The displacement and acceleration diagrams are presented in 
appendix F; here only global results are given in Tables 6.3 to 6.5. 

6.4.1 Sphere 1 

For the 'Sphere 1 setup' the kinetic energy has been increased to three different values: 
1000 J, 2000 J and 4000 J. In Table 6.3, the difference between the 'exclude model' and 
the 'plastic strain model' and 'thickness model' is presented. The difference is given in 
percentages of the 'exclude model' results for the various kinetic energies. The 'residual 
stress model' has notbeen included, because the influence of residual stress could also 
be neglected inthethese simulations. 

As can be concluded from the sphere displacement in Table 6.3, increasing the crash 
energy significantly decreases the influence of the forming parameters. At Ekin = 4000 J, 
the complete forming data can safely be neglected. However, the column of sphere ac
celerations shows that the influence of the forming parameters does not decrease when 
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the crash energy is increased. It does notmatter how high the kinetic energy is, the 
influence remains the same. The reason is discussed at the end of this chapter. 

Sphere 1 Sphere Displacement Sphere Acceleration 

Strain Thickness Include Strain Thickness Include 

100 J 50 % -10 % 41 % 36 % -6 % 32 % 

1000 J 17 % -0.2% 13 % 45 % -5 % 29 % 

2000J 8 % -1.6% 6% 57 % -8 % 55 % 

4000J 2 % -0.1% 1.5 % 50 % -23 % 32% 

Table 6.3: Overview of the influence of the crash energy for Sphere 1 

The behavior of the sphere acceleration for the 'thickness model' and 'exclude model' 
are remarkable. For the 'exclude model' and the 'thickness model', a weak bumper 
should be expected. So the result of the sphere acceleration plots should show lower 
peak values compared to the 'plastic strain model' and the 'include model'. Instead of 
this expectation, a high peak value at timet= 0.0033 scan be observed in Figure 6.13. 
The reason is that the sphere in the more weaker 'exclude model' and 'thickness model' 
comes into a new area of the bumper. This leads to another peak value, which is much 
higher. The 'include model' and the 'plastic strain model' are stiff enough to keep the 
sphere out of this area. For Ekin = 2000 J, the sphere of the 'include model' and 'plastic 
strain model' goes into this area as well, which is expressed in the high peaks in Figures 
6.14. Fora good comparison between all the models, the very first acceleration peak is 
used in the table at the end of this section. 
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6.4.2 Sphere 2 

Due to the fact that the forming effects of the 'Sphere 2 setup' are smaller compared to 
the 'Sphere 1 setup', the kinetic energy for the 'Sphere 2 setup' is changed to three other 
values: 500 J, 1000 J and 4000 J. In Table 6.4, the difference between the 'exclude model' 
and the 'plastic strain model' or 'thickness model' is given. The difference is given in 
percentages of the 'exclude model' results for the different kinetic energies. 

As can be concluded from the sphere displacement in Table 6.4, the complete form
ing data can be neglected already at a kinetic energy of Ekin = 1000 J. Just like the 'Sphere 
1 setup', the column of sphere accelerations shows that the influence of the forming pa
rameters does not decrease when the crash energy is increased. Ekin = 1000 J can be 
compared with a mass of 10 kg with a velocity of 14 m/s. Or a mass 100 kg with a 
velocity of 4.5 m/ s. 

Sphere 2 Sphere Displacement Sphere Acceleration 

Strain Thickness Include Strain Thickness Include 

100 J 25% -5% 20% 37% -8% 34% 

500 J 8% -1.2% 6% 26% -1.8% 26% 

1000} 2.5% -0.5% 2% 26% -2% 27% 

4000] 0.6% -0.1% 0.4% 26% -1.7% 27% 

Table 6.4: Overview of the influence of the crash energy for Sphere 2 

6.4.3 Sphere 3 

The kinetic energy for the 'Sphere 3 setup' is set to three other values: 500 J, 1000 J and 
2000 J. In Table 6.5, the difference between the 'exclude model' and the 'plastic strain 

Sphere 3 Sphere Displacement Sphere Acceleration 

Strain Thickness Include Strain Thickness Include 

lOOJ 10% 1% 9% 7% 0.5% 4.4% 

500] 7% 0.8% 6% 23% 0.1% 21% 

lOOOJ 4% 0.2% 3% 16% 0.7% 15% 

2000] 2% 0.1% 1.5% 13% 1% 12% 

Table 6.5: Overview of the influence of the crash energy for Sphere 3 
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model' or 'thickness model' is presented. The difference is given in percentages of the 
'exclude model' results for the different kinetic energies. The same conclusions can be 
drawn as for the 'Sphere 2 setup'. 

6.5 Summary of the results 

In each of the simulations above, we observed that including the effective plastic strain 
history leadstoa stiffer bumper. The reason is that when the material hardens dur
ing the forming process, a higher yield stress is taken into account. This leads to a 
stiffer response: when a higher yield stress has to be overcome, more energy has to put 
into the bumper to plastically deform it. Including the thickness distribution leadstoa 
somewhat weaker response, since the thickness is reduced virtually everywhere during 
stamping. 

The influence of the residual stresses can be neglected. The influence of the small 
amount of residual stresses in the material, appears not to result in big differences in 
the crash response. The reason of the small amount of residual stresses is that stress can 
workin various directions. This means that the stresscancancel itself out. 

Of the three effects, the effective plastic strain is the dominant one. Therefore, the 
overall response is stiffer when all the forming parameters are included in the crash 
simulation. This condusion is in agreement with observations made in the literature, as 
discussed in Chapter 1. 

As observed in the previous section, the influence of forming history on the dis
placement generated in the crash decreases astheimpact energy is increased and the 
deformation resulting from the crash is thus increased. This can be explained as follows. 

The crash can be regarcled as a forming operation as well. Fora small crash (Ekin = 
100 J), the deformation during the crash is small compared to the deformation during 
the production of the bumper. This means that the influence of the history data is rela
tively large. In a high energy crash, the deformation during the crash is large compared 
to the deformation during the production of the bumper. This means that the influence 
of the history data is relatively small. 

In order to illustrate this, the deformation of the bumper in the 100 J and 4000 J 
crashes for the 'Sphere 1 setup' are shown in Figures 6.15 and 6.16 respectively. The 
effective plastic strain distribution is also plotled in these figures. In addition to the big 
difference in deformation, the effective plasticstrain in the bumper has increased after 
the crash with an impact of Ekin = 4000 J. Yellow and red areas mean very high effective 
plastic strains. Around the dark area, the average tp = 1.1 and it is obvious that the 
bumper at this place is cracked. 

In the situation of Figure 6.16, the bumper cracks. This happens for the 'exclude 
model' as well, despite that no forming history is included. The Forming Limit Diagram 
for the 'Sphere 1 setup' fora crash energy of Ekin = 4000 J is presented in Figures 6.17 
and 6.18. The FLD's of the 'exclude model' and the 'include model' are comparable 
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Figure 6.15: Displacement of sphere 1 & Ekin = 100 J Figure 6.16: Sphere 1 & E kin = 4000 J 

conceming cracked areas. Even both roodels begin to crack at the same time increment. 
For the 'Sphere 2 setup' and the 'Sphere 3 setup', the bumper does not fail under a crash 
impact of Ekin = 20 kJ. This can be compared with a mass of 200 kg, which crashes with 
a velocity of 14 m/s against the bumper. These simulations are explained in the next 
alinea. 
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Figure 6.17: FLD of the exclude model Figure 6.18: FLD of the include model 

Contrary to the maximum displacement, the effect of forming history on the maxi
mum acceleration during impact does not decrease astheimpact energy is increased. 
As an extra check, two simulations are performed with a kinetic energy of Ekin = 20000 
J for the 'Sphere 2 setup' and 'Sphere 3 setup'. The results are presented in Figures 6.19 
and 6.20. 

These two figures show that no matter how bigtheimpact energy is, the difference in 
peak acceleration values between the various impacts remains approximately the same. 
An explanation is that the peak value of the sphere acceleration is reached immediately 
after the first contact between the sphere and the bumper, when the bumper only under
goes a limited amount of plastic deformation. At this stage of the process, the hardening 
and thinning due to the forming of the bumper still have a significant influence. This 
part, apparently, doesnotchange with increasing impact energies. The differences due 
to different assumed history data become smaller later during the crash process, when 
the deformation induced by it exceeds that of the forming process. 
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Finally, the intemal energy when the bumper fails is investigated. Because the 
bumper only failed in the 'Sphere 1 setup' with E kin = 4000 J, the intemal energy plots of 
the 'exclude model' and 'include model' are presented in Figure 6.21. The verticalline 
is approximately the moment when the bumper fails for both models. The moment of 
failure can also be noticed from the bending in both curves. As can be concluded from 
this figure, the total dissipated energy of the ' include model' is higher than the total dis
sipated energy of the 'exclude model'. One comment is that the total amount of intemal 
energy of the 'Sphere 2 setup' and the 'Sphere 3 setup' with a crash energy of & E kin = 
20000 J is 260 J and 375 J, respectively. These values are much lower than the values of 
Figure 6.21 which illustrate why the bumper in these simulations does not fail. 
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Figure 6.21: Intemal energy for 'Sphere 1 setup' & E kin = 4000 J 

Eventually, it depends on what kind of crash analysis has to be performed. For ev-
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ery crash analysis it must be considered whether or not it is important to include the 
forming process into the crash simulation. If the deformation of a car component for 
high crash impacts is important, it is not valuable to include the forming process into 
the crash simulation. If the pedestrian safety of a truck bumper has to be investigated, 
it is important to include the forming proces into the crash simulation, as maximal ac
celeration becomes important. 

For DAF Trucks N.V. it is important todetermine the boundary conditions, when it is 
necessary to include the forming parameters. This is quite difficult and requires a long 
study with a lot of simulations. From the results of this study, the boundary conditions 
are presented in Table 6.6. These conditions are only valid when the deformation of 
a car component is important and not the peak acceleration. For the three levels of 
forming effects, the boundaries of crash impact are given. Above the maximal kinetic 
energy, the forming parameters can be neglected. Because the boundary of crash impact 
is Ekin = 1000 J for regions which have undergone relatively moderate and low levels 
of deformation, it can be considered in most of the cases the forming effects can be 
neglected. A crash impact of Ekin = 1000 J is quite low and even a crash impact of Ekin 

= 4000 J is low. For example, all the crash tests of EURO NCAP have an impact above 
Ekin = 10 kJ. 

Level of forming tp[-] t[mm] maximalEkin 

High forming effects 0.2 1.85 4000J 

Moderate forming effects 0.1 1.95 lOOOJ 

Low forming effects 0.02 1.98 1000 J 

Table 6.6: Global boundary conditions for material DC04 

For comprehensive boundary conditions it is recommended to run more crash sim
ulations, in order to extend the table with more data. 



Chapter 7 

Conclusions 

An important condusion of the present project is that LS-Dyna can be used to perform 
a complete forming simulation and a subsequent crash simulation. Using several ex
perimental validation methods, the accuracy and quality of the analyses done using 
LS-Dyna has been investigated. With respect to the forming simulations, the ultrasonic 
thickness measurement as well as the optica! deformation field method gave almost the 
same results as LS-Dyna did. For such a complex product and production process, it 
can be conduded that the accuracy of LS-Dyna in forming simulations is good. 

A crash simulation in LS-Dyna has also been validated by a crash test. The crash 
experiment gave results which were similar to those of LS-Dyna. As can be conduded 
from this experiment, the accuracy of LS-Dyna for crash simulations is good as well. 

In the previous chapter, an answer has been given to the main question of this the
sis: What is the influence of the forming process on the crash performance of a truck 
bumper? The first thing which can be conduded is that the plasticstrain history leads to 
a stiffer bumper. The reason is that the material is hardened during forming. The thick
ness distribution leadstoa somewhat weaker response, because the blank is thinned 
during stamping. The influence of the residual stresses can be neglected. The effect of 
the effective plastic strain is the most eminent one. As a result, the overall response is 
stiffer when all forming parameters are induded in the crash simulation. This condu
sion is in agreement with the condusions found in the literature. 

Another condusion is that the crash energy has the biggest influence on the pre
dicted crash behavior. Fora 'light crash' with Ekin = 100 J, the forming history should 
always been induded into the crash simulation, except the residual stress history. But 
for more heavy crashes, already at Ekin = 1000 J, in regions which have undergone rela
tively moderate and low levels of deformation, the forming history can be neglected. At 
Ekin = 4000 J even in regions which have undergone relatively high level of deformation, 
the forming history can be neglected. 

Failure is also investigated in this thesis. Fora crash with Ekin = 4000 J in the 'Sphere 
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1 setup', the bumper fails. The FLD's of the 'exclude model' and the 'include model' 
are comparable concerning cracked areas. Even both models begin to crack at the same 
time increment. For the 'Sphere 2 setup' and the 'Sphere 3 setup', the bumper does not 
fail under the highest crash impact of Ekin = 20 kJ. The reason is that the internal energy 
of the bumper is too low, in contrast to the simulation where the bumper fails. Here, the 
internal energy is around 650 J. 

When crash safety is an important condition, it doesnotmatter what the value of 
the crash energy is. The difference in peak acceleration values between the various 
impact energies remains the same. Crash safety is an extensive field, so it is difficult 
to give one conclusion. But for this thesis, it doesnotmatter if the forming history is 
included, conceming the safety of the truck driver. Although, concerning the safety 
of a pedestrian, it is always important to include the forming history into the crash 
simulation. 

Eventually, it depends on what type of crash analysis has to be performed. For every 
crash analysis has to be considered if it is important to include the forming process into 
the crash simulation. If the deformation of a car component for high crash impacts is 
important, it is not valuable to include the forming process into the crash simulation. If 
the pedestrian safety of a truck bumper has to be investigated, it is important to include 
the forming proces into the crash simulation 

7.1 Recommendations 

For DAF Trucks N.V. it was important todetermine boundary conditions when it is nec
essary to include the forming parameters. These boundary conditions are presented in 
the last chapter, only these data are quite concise. For comprehensive boundary condi
tions it is recommended to run more crash simulations, in order to extended the table 
with more data. 

Another interesting object is the study to other material models. For example the 
influence of the amount of hardening or kinematic hardening could be investigated. 
This could leadtoa more comprehensive condusion whether the forming processis an 
important issue in crash simulations. 
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Appendix A 

Material behavior 

When a material is formed, it builds up stresses and the material goes through an elastic 
range. When the stresses exceed the elastic limit, the material is said to be in the plastic 
range. Due to this material response an elastoplastic analysis is necessary in the present 
work. For this reason, a short description of this analysis and hardening rules is given. 

A.l Elastoplastic material Behavior 

In the beginning of deformation, at a given three-dimensional strain level, the stress can 
be determined by Hooke's law as 

(A.l) 

where 4C denotes the fourth order elastic stiffness tensor of the materialand ee is the 
second-order elastic strain tensor. Elastic behavior happens only for very small strains. 
When the initial yield stress ay is reached, the material will start to behave plastically, 
which means that Hooke's law is no longer valid. For small deformations and rota ti ons, 
the strain tensor has to be divided into two parts; an elastic and plastic part 

(A.2) 

A.l.l Yield function 

An essential concept in the theory of elastoplasticity is the introduetion of the yield con
dition. The evolution of plasticity is determined using a yield surface. The yield surface 
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is coupled to the loading history of the material through the use of a scalar history de
pendent parameter f7y· The continuously updated history variabie f7y represents the 
most severe loading state to which the material point has been subjected in its loading 
history. The most general formulation is therefore 

f(u , f7y) = 0 (A.3) 

Figure Al: The yield loading surface 

The yield function is represented in the stress space in figure A.l. Inside the surface, 
the material behavior remains elastic and Ë:p = 0. If the stress state tends to move outside 
the yield surface, i.e. f = 0 and Ë:p ~ 0, f7y will increase and the yield surface will extend 
such that f continues to hold f = 0. The evolution of the yield surface is fully described 
by the following conditions [10], [11] 

dy ~ 0 

f = (J - fJy :S 0 

jdy = dy((J- f7y) = 0 

where (J is the maximal stress value in any direction. 

A.1.2 Von Mises yield function 

(A.4) 

(A.5) 

(A.6) 

In the previous section, a simple model is given for the yield function. But in practice, 
material is deformed under multiaxialloading. So yielding may be induced by com-
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bination of stresses. Therefore empirica! flow rules are used for the prediction of the 
combined stresses required to cause yielding under multiaxialloading conditions. 

The most common empirica! flow rule is the Von Mises yield criterion, which is an 
isotropie yield function. The behavior of an isotropie material is in every direction the 
same. This Von Mises yield function is given by 

(A.7) 

where a- is the equivalent von Mises stress and CJ y the yield stress. The equivalent von 
Mises stress can be defined in nonprincipal Cauchy stresses as 

- 1 (( )2 ( )2 ( 2 2 2 2 ) 
1

/
2 

(J = .J2 CJxx- CJyy + CJyy- CJzz + CJzz- CJxx) + 6(CJxy + (Jyz + (Jzx) (A.8) 

The Von Mises yield criterion includes all the six independent stress components. In the 
case of two-dimensional stress states, the Von Mises yield locus is an ellipse like figure 
A.l [11], [12]. 

A.1.3 Hili yield fundion 

Rolled sheet roetal is usually anisotropic. This means that the behavior of the material 
is different in various directions. An often used anisotropic yield function is the Hill 
1948 yield function. This yield function is also used in the truck bumper problem. For 
a general, three dimensional case, the Hill yield function has a similar basis as the V on 
Mises yield function [13] 

- 1 ( 2 )2 2 2 2 2 ) 
1

/
2 

(J = .J2 F(CJxx-CJyy) +G(CJyy-CJzz +H(CJzz-CJxx) +2(LCJxy+MCJyz+NCJzx) (A.9) 

where a- is the equivalent stress. The moduli F, G, H, L, M, N can be expressed in terms 
of the yield-point stresses in uni-axial tension (or compression) in the directions x, y, z, 
denoted by CJoxXI CJoyy, CJozz 

1 1 1 
2F=-+---2 2 2 

(J Oxx (J Oyy (J Ozz 
(A.lO) 

1 1 1 
2G=-+---2 2 2 

(J Oyy (J Ozz (J Oxx 
(A.l1) 

1 1 1 
2H=-+---2 2 2 

(J Ozz (J Oxx (J Oyy 
(A.12) 
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and the yield-point stresses in shear CJoxy, CJoyZt CJozx 

L=-1-
2 

(JOxy 

M=-1-
2 

(JOyz 

N=-1-
2 

(JOzx 

Flow rule 
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(A.l3) 

(A.l4) 

(A.l5) 

The Hili yield function is a generalization of the Von Mises yield function. The latter 
is retreived if F = G = H = 1 and L = M = N = 3. The associated plasticstrain rate ip is 
obtained from the normality rule 

(A.l6) 

w here ~ is a scalar. 

A.2 Hardening 

During a deep drawing operation of a metal sheet, a material point of the metal sheet 
will follow non-uniform straining paths. With this type of straining paths, isotropie 
and/ or kinematic hardening arise in the materiaL In this section, both hardening rules 
are explained for a three-dimensionalloading. 

A.2.1 Isotropie hardening 

Characterization of the isotropie hardening of the material involves the specification of 
the evolution of the yield criterion during the deformation history. With respect to the 
general yield functionj(CJpy) as defined insection 1.1, the hardening determines how 
the history parameter CJy develop during the deformation process. 

It is possible to prescribe a simple linear hardening law. In this situation, the actual 
yield stress can be calculated with 

(A.17) 
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Figure A.2: Isotropie hardening Figure A.3: Kinematic hardening 

with H the isotropie hardening modulus and ayo the initial yield stress. For isotropie 
hardening, the plastic yield surface is only allowed to expand, which is presented in 
FigureA.2. 

The actual yield stress ay(t) determines the isotropie hardening. lt is assumed to be 
uniquely determined by the actual effective plasticstrain tp(t), which is defined via its 
rate [14] 

Ep(t) = 1t ÈpdT (A.l8) 

where the effective plastic strain rate Èp is given by 

(A.l9) 

Dp is the plastic rate of deformation tensor and the factor ~ is introduced to obtain 
consistency with the one dimensional situation. Dp is the plastic part of the rate of 
deformation tensor D, which is given by 

(A.20) 

where De is theelastic rate of deformation tensor. Finally, D can be calculated with the 
velocity gradient. This velocity gradient follows from the change of the length and the 
orientation of the vector per time of the deformation 

(A.21) 

The isotropie hardening curve which is used in the simulations is given in a ay(tp) 
table. For each effective plastic strain the actual yield stress is given, beginning with Ep 
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= 0 and ay = ayo· This data can be found in Table A.l. In Figure 2.1, the input data in a 
stress-strain plot is presented. 

Sp [-] o-y [MPa] Sp [-] o-y [MPa] Ep [-] o-y [MPa] Sp [-] o-y [MPa] 

0.0 170 0.0602 286.9 0.1251 341.1 0.1902 373.3 

0.0019 176.9 0.0653 292.9 0.1301 344.2 0.1952 375.5 

0.005 186.1 0.0702 298.0 0.1353 347.2 0.2002 377.4 

0.01 200.3 0.0751 303.3 0.1403 350.1 0.2053 379.5 

0.015 212.9 0.0801 307.7 0.1453 353.0 0.2102 381.2 

0.02 224.2 0.0851 312.2 0.1502 355.5 0.2153 383.3 

0.0251 234.4 0.0901 316.5 0.1552 357.9 0.3 411.0 

0.03 243.6 0.0951 320.6 0.1602 360.2 0.4 436.6 

0.0351 252.6 0.1001 324.3 0.1652 362.5 0.5 457.5 

0.0401 260.2 0.1051 328.0 0.1704 365.0 0.6 475.4 

0.0451 267.5 0.1101 331.5 0.1753 367.1 0.7 491.0 

0.0501 274.5 0.1151 335.0 0.1804 369.3 0.8 505.0 

0.0551 280.9 0.1202 338.2 0.1851 371.2 0.9 517.6 

1.0 529.2 

Table A.1: Hardening curve 

A.2.2 Kinematic hardening 

The main difference between kinematic and isotropie hardening is the change of the 
plastic yield surface. Isotropie hardening assumes the expansion of the plastic yield 
surface, while the kinematic hardening assumes the translation of the plastic yield sur
face. In the case of kinematic hardening, the plastic yield surface keeps the same shape 
and magnitude. Kinematic hardening is presented in Figure A.3. The translation is de
fined by the kinematic backstress a. Fora simple linear hardening law, the kinematic 
hardening stress can be calculated with 

(A.22) 

where Kis a linear kinematic hardening modulus. In practice, most materials show a 
combination of isotropie and kinematic hardening. 
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Fini te element metbod 

The Finite Element Method is a numerical procedure for analyzing structures and con
tinua. The structure or continuurn is divided into a finite number of elements, which 
are together called a mesh. The elements are connected at points called nodes. When 
the load is applied on the structure, deformation occurs in the elements. lt invokes 
noclal displacements. The noclal displacement is related to the strains and the stresses. 
FEM calculates the noclal displacements so that the stressesarein equilibrium with the 
applied loads [6]. 

B.l Linear static Finite Element problems 

Systems which have constant loadings on the structure are (quasi)static, because the 
system is time independent. Equilibrium of all the nocles of the mesh together gives a 
system of linear equations, which are called the discrete equilibrium equations. In these 
systems, the equations of motion are identical to the equilibrium equations, because 
damping terms and inertia terms can be neglected. From this system of equations it 
is straightforward to solve the unknown noclal displacements. If all the displacement 
components are known, the strains and stresses can be calculated [15]. 

B.2 Dynamic fini te element problems 

Within this project, dynamic (time dependent) loadings are applied on the structure. As 
a consequence damping and inertia terms cannot be neglected. Differential equations 
arise, which also contain the first and second derivative in the time. These are called the 
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discrete equations of motion. The response can be calculated as a fundion of the time 
with a numerical time integration scheme [15]. 

For a transient dynamic problem, like considered in this project, it is common prac
tice to integrate the governing discrete equations of motion using a numerical time in
tegration. The dynamic response is calculated at discrete time steps of length .ó.t. The 
choice of integration scheme depends on the desired efficiency, accuracy and stability. 
Stability means that the deviation with the exact solution does not increase. Tradition
ally, there are two classes of integration schemes: the explicit and the impHeit integration 
method. The explicit time integration method is a numerical procedure where the so
lution for time tn+l is obtained entirely from the solution and the conditions imposed 
at time tn. The impHeit time integration method is a numerical procedure where the 
solution for time tn+l is obtained entirely from the solution at time tn and the conditions 
imposed at time tn+I [16]. 

Explicit schemes require relatively little computational effort during each time step, 
compared with the impHeit integration method. This is because of the use of lumped 
mass and damping matrices. Unfortunately, this method is only conditionally stable. 
This means that when the time step is bigger than a certain threshold value, the inaccu
racy will increase exponentially. The smaller the elements of the mesh, the smaller the 
critica! time step. This means that the simulation needs more time steps to complete. 
However, since each time step can be executed very efficiently, the overall computation 
is usually nevertheless faster for problems which would require relatively small time 
steps anyway, such as highly dynamic and/ or nonlinear simulations. 

Within this project, the explicit technique is used both for the forming simulation 
and the crash simulation. In this appendix, the explicit time integration is explained. 
Fora more complete presentation, see de Vree [15], Hallquist [17] and Hinton [16]. 

B.3 Nonlinear equations of motion 

In a nonlinear case like the problem in this thesis, the primary nonlinearities, which 
are due to geometrie effects and inelastic material behavior, are accounted for in Fint· 
The generaland nonlinear form of Ï!int can be determined starting from the equation of 
motion for a three-dimensional continuurn 

(B.1) 

The term pi is the inertia term, with p the mass density and i the local acceleration. ij 
is the distributed load per unit of volume. The weighted residuals formulation of this 
equation of motion reads 

Vw(x) (B.2) 
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Where w( x) is an arbitrary weight function and V the relevant domain. Inlegration by 
parts of the first term between brackets results in the weak form 

(B.3) 

Where tis the traction vector on the outer surface A of V defined as 

_, _, 
t=u·n (BA) 

Aftera discretisation of equation (B.3) using shape functions N and their derivatives B, 
the spatially discretised equation of motion arise 

wr fvpNrNdVi+wr fv BrudV = wr(fv Nrqäv + l NridA) 

From equation (B.S), the mass matrix can be determined as 

And the vector with internal forces can be determined as 

Finally the vector with external forcescan be written as 

B.4 Explicit time inlegration metbod 

(B.S) 

(B.6) 

(B.7) 

(B.8) 

The explicit time inlegration method calculates the response on time tn+I with the con
dition that at time tn the response is known and follows the discrete equation of motion 

(B.9) 
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B.4.1 Intermezzo 

Consider a scalar function y = y(t) at three time instants: tn_1 , tn and tn+l presented 
in figure B.l. The time step between these time instants is ~t. The central difference 
method assumes a quadratic function between tn-l and tn+l· The following quadratic 
interpolation satisfies to this assumption 

( ) 
_ (t- tn)(t- tn+l) (t- tn-I)(t- tn+l) (t- tn-I)(t- tn) (B lQ) 

Y t - 2~t2 Yn-l + -~t2 Yn + 2~t2 Yn+l . 

After differentiation y(t) is 

. ( ) _ 2t- tn+l - tn _ 2t- tn+l- tn-l 2t- tn- tn-l 
Y t - 2~t2 Yn-l ~t2 Yn + 2~t2 Yn+l (B.ll) 

and 

1 2 1 
jj(t) = ~t2Yn-l- ~t2 Yn + ~t2 Yn+l (B.l2) 

Evaluating these derivatives at t = tn results in 

. Yn+l- Yn-l 
Yn = 2~t (B.13) 

and 

.. Yn+l - 2yn + Yn-l 
Yn = ~t2 (B.l4) 

B.4.2 Explicit two-step scheme 

The veloeities and accelerations are expressed in terms of the displacements on time 
tn_1 , tn and tn+l with the following differential equations 

Xn = 2~t ( Xn+l- Xn-l) (B.15) 

Xn = ;t2 ( Xn+l- 2Xn + Xn-l) (B.16) 

Substituting of equations (B.l5) and (B.l6) in equation (B.9) gives 
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y 
y(t") 

y(t..tJ) 

y(t"..t) 

to+l t 

Figure B.l: Scalar function y(t) with three time steps 

( 
1 1 ) -; 1 ( ) 1 ~t2M + 2~t C Xn+l = P(t)- Kxn + ~t2M 2xn- Xn-l + 2~t C)xn-l (B.l7) 

Finally with this equation, Xn+l can be solved. This is the explicit two-step scheme, 
because the value of displacements on two time steps in the past is needed to calculate 
the displacement for one time step in the future. Due totheuse of diagonal mass ma
trix (lumped mass matrix), the calculation time is much shorter. Therefore, the explicit 
method can compete the impHeit method on calculation time. 

B.5 Time step control 

The central difference method is only conditionally stable. This means that the time step 
is not allowed to exceed a critical time step size in order to ensure numerical stability. 
An estimation of a stabie time step is given by the time needed for a sound wave to 
propagate through one element. For the shell elements, the critical time step size is 
given by 

~t < Ls e_ 
c 

(B.l8) 

where Ls is the shortest distance between two nodal points and c is the speed of sound 
in the material, given by 

c = J p(l ~ v2 ) 
(B.l9) 
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where Eis the Young's modulus, pis the density and vis Poisson's ratio. 
The selection of an appropriate time step is crucial. Small time steps are required 

for accurate and stabie solutions whereas for reasons of economy large time steps are 
preferred. Due to this, it is important to choose a suitable time step for each simulation 
[17]. 
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Shell elements 

The thickness of the structures considered in our analyses is small compared to their 
lengthand width. For this reason shell elements are used. In LS-DYNA, the Belytschko
Lin-Tsay shell element has become the default shell element formulation, because of its 
computational efficiency [17]. In this appendix some background is given on this shell 
element. 

The Belytschko-Lin-Tsay shell element is based on the element U1 proposed by 
Hughes et al. [19]. It is a bilinear four-node quadrilateral shell element with one-point 
quadrature. Element U1 has the necessary ingredients of simplicity, versatility and rea
sonable accuracy. In the context of an explicit time integration code, a simple element 
appears to be best because it provides the most accuracy for a given amount of com
puter time; higher-order elements, while more accuratefora given mesh, contain very 
high element frequencies which severely limit the stabie time step [18]. 

The efficiency of the element is due to the mathematica! simplifications that result 
from two kinematica! assumptions: the co-rotational and velocity-strain formulation. 
These two assumptions are explained in this chapter. Fora more complete presentation, 
see Hallquist [17] and Belytschko et al. [18]. 

C.l Co-rotational coordinates 

The geometry of the shell is defined by its reference surface, or midsurface, with coor
dinates denoted by xm, ym and zm, and by its thickness h. The veetors tangent to the 
midsurface are el and ë'2, and a fiber direction is defined by l. The fiber direction is 
initially coïncident with ë3, where 

(C.1) 
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and the angle between 1 and es is assumed to remain small, so that 

lês ·Z-11 < ó (C.2) 

where the order of ó depends on the magnitude of the strains. For most engineering 
applications, acceptable values of ó are on the order of 10-2• The triad ë1, ë2 and ë3 will 
be defined to be co-rotational in the sense that it rotates with the material except that 
the veetors ë1 and ë2 remain tangent to the midsurface; if condition (C.2) is met, the 
difference between the rotation of the materialand the triad ëi should be small. The 
co-rotational coordinates avoid the complexities on nonlinear mechanics by embedding 
an element coordinate system in the element. 

C.2 Velocity strain formulation 

The velocity strain ( or rate-of-deformation) formulation in the Belytschko-Lin-Tsay shell 
elements facilitates the constitutive evaluation, since the conjugate stress is the Cauchy 
stress. The determination of the velocity strain tensor is given in this subsection. 

As intheUl element of Bughes et al. [19], the displacement in any point in the shell 
is partitioned into a mid-surface displacement (nodal translations) and a displacement 
associated with rotation of theelement's fibers (nodal rotations). The Belytschko-Lin
Tsay shell element uses the Mindlin [20] theory of plates and shells to partition the 
velocity of any point in the shell as 

..... v = vm - zë3 x o (C.3) 

where vm is the velocity of the mid-surface, 1f is the angular velocity vector, and z is 
the distance along the fiber direction (thickness direction) of the shell element. The co
rotational components of the velocity strain (rate-of-deformation) D are given by 

(C.4) 

Substituting (C.3) into (C.5), gives the velocity strain tensor D, as a function of the mid
plane displacement and rotation. The velocity strains are this time not arranged in a 
matrix, but in a column 

(C.5) 

The stress column is given by 
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(C.6) 

The above stress column and velocity-strain column are conjugate in the sense that the 
rate of internal work per unit volume W is given by 

W=D8 (C.7) 

We consider the shell in a state of plane stress, so the stresses are subdivided as follows 

(]'' = ( ~: ) 

O'xy 

(]'" = ( (]' xz ) 
O'yz 

(C.8) 

where 0'
1 are the in-plane stresses and 0'

11 are the transverse shear stresses. The velocity
strain Dz is computed from the assumption that O'z = 0; the stresses O'xz and O'yz are 
treated primarily as penalty parameters to approximate condition (C.2) and are not nec
essarily computed by the stress-strain law which governs the in-plane stresses. This 
simplifies the structure of the materiallaw subroutine with apparently no loss in accu
racy. 

Note that the stresses are always computed in termsof co-rotational components 
defined by the base veetors ë1, ë2 & ë3. This triad rotates exactly with the material except 
for the out-of-plane rotation due to difference between the rotation of ë3 and l, which is 
assumed to be small. 
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Validation of the constitutive model 

used 

The producer of the DAF Truck bumper is the company Kirchhoff Automotive. The 
material data has been obtained from this company and has been used without any 
further changes as the input data in the numerical simulation. Following Kirchhoff, 
Hill's anisotropic yield criterion for sheet metal has been adopted. In LS-Dyna this 
material model has the name MAT __HILL_3R. 

The MAT __HILL_3R model is basedon Hill's 1948 planar anisotropic material model 
with three R values. These three R values are the Lankford parameters R0, R45 and 
R90, which will be explained below. The material input data in this model consist of 
the Young's modulus, mass density, Poisson's ratio and the Lankford parameters. The 
model is based on fully isotropie hardening and the hardening curve can be imported 
as input data. Finally, the rolling direction has to be given; herewedefine the global 
x-axis as the rolling direction. 

To validate the implementation of the material model in LS-Dyna, a single element 
problem has been used. The shell element is shown in Figure D.l. Allnodesof the 
shell element are fixed in the Z-direction; the same holds for the X- & Y-rotations. As 
indicated in the figure, a displacement in the X-direction is imposed on all nodes. The 
prescribed displacement is a linear function of time. 

First, the input data is checked, by checking the output value of LS-Dyna with the 
input value. After that, the hardening curve and yield surface are checked and finally 
the Lankford parameters are checked. 
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Figure D.l: The shell element problem 

D.l Elastic region 

First, the elastic material data is checked. In the small deformation region, the stress and 
strain in X- and Y direction, which results in a uniaxial stress state in X-direction should 
satisfy the generalized Hooke's law. The Poisson's ratio and the Young's modulus can 
be calculated respectively via 

Ey 
l/=--

Ex 
(D.l) 

(D.2) 

From two spots in theelastic area it was clear that the calculated values were equal 
totheinput data. The shear modulus can be calculated as well. A displacement in the Y
direction is imposed on nocles 1 & 2. Nocles 3 & 4 are completely fixated. The prescribed 
displacement is a linear function of time. The input value for the shear modulus G and 
the output value of the shear modulus can be calculated respectively via 

G= E 
(1 + v) 

(D.3) 

(D.4) 

Within this single element problem, the shear modulus for both values are equal too 
each other. From this results it can be concluded that the elastic region of material 
model122 is described well. 
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0.2 Plastic region 

The plastic behavior is also checked for this material model. In Figure D.2, the input and 
output is presented of a single shell element tension and compression test. The input 
curve is the hardening curve from Kirchhoff and the output curve is the data delivered 
by the post-processor of LS-Dyna. 

The hardening of the material is fully isotropic, because the symmetry axis of the 
tension-compression curve is the X-axis. It can be noticed from Figure D.3 that the 
output curve has some oscillation near the onset of yielding. The question arises what 
the reason for this oscillation is. The expectation is that a dynamic effect due to the 
transition form theelastic to the plastic part of the material model. 
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Figure 0.3: Stress-strain curve for srnall strains 

To verify this explanation, a stress-strain curve with ay = 0 has been plotted in Figure 
D.4. In Figure D.5 the stress-strain curve for small strains is presented. Basedon this 
figure, it can be concluded that the first oscillation of the stress-strain curve in Figure 
D.2 is indeed created by the transition from theelastic to the plastic part of the mate
rial model. The stress-strain curve with ay = 0 has also a vibration following the load 
reversal. 

0.3 Lankford parameters 

The Lankford parameters are important parameters of the Hill model. These three pa
rameters describe the anisotropic behavior of the sheet metal. The Lankford parameter 
for a given X-direction is defined as the ratio between the strain in the transverse direc
tion, Y, and the strain in the thickness direction, Z 

(D.5) 
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Figure 0.5: Stress-strain curve for small strains 

This value depends on the angle made with the rolling direction of the sheet metal. 
This influence is characterized by three separate Lankford parameters or R-values. R0 

is parallel to the rolling direction, so this means that R0 is the ratio between the strain in 
the transverse direction of the rolling direction and the strain in the thickness direction. 
R90 is perpendicular to the rolling direction, which means that R90 is the ratio between 
the strain in the rolling direction and the strain in the thickness direction. R45 is exactly 
between R0 and R90, i.e. at an angle of 45 degrees with the rolling direction. The input 
parameters used hereare R0 = 1.61, R45 = 1.11 and R90 = 1.86 

First, a prescribed displacement is put as a boundary condition on the element. This 
means that the velocity profile is a step function. The three normal strains are plotted 
against timefora rolling direction parallel to the X-axis. This simulation is also done 
with an isotropie material model, obtained by setting R0 = R45 = R90 = 1. In Figures D.6 
and D.7 both plots are presented. 
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At first sight, the results look satisfactory. For the isotropie material model, the val
ues of Ey and cz are equal, which means that the ratio is indeed R = 1. The strains in Y
and Z-direction are half of that in X-direction as aresult of incompressibility. The ratio 
between Ey and cz for the anisotropic Hili model is around 1.6 which is consistent with 
the value of R0. But if the same plots are made for small strains i.e., for the elastic and 
initial plastic region, the results appear to be less consistent with the input data. These 
plots are presented in Figures D.8 and D.9. 
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Figure 0.9: Hill model for small strains 

The time when the element first yields is indicated by the verticalline. In the elastic 
region a small vibration for cy and cz occurs. When these vibrations fade away, both 
strains become linear functions with the time and follow the expected ratio. The ques
tion arises where this vibration comes from. It mainly happens in the elastic region, 
so it is possible that the cause of this vibration is the elastic behavior of the model. To 
invest this hypothesis, the yield stress for both material models is set to 0 MPa in the 
next simulation. This means that the element wili immediately yield and no elasticity 
wili occur. For both material models the result is presented in Figures D.lO and D.ll. 

As observed in both figures, the vibrations have disappeared. This phenomenon 
can be explained with the fact that the prescribed displacement leads to an initial shock. 
Plasticity restrains this vibration, but the inertia difference between the Y- & Z-dimensions 
of the shell maintains. However, their amplitude is smalland they are therefore not con
sidered to be a problem. Nevertheless, even without the elastic region, in the begin of 
the simulation the strainrate is decreasing for cz and the strainrate for Ey is increasing. 
For the isotropie model, this means that the value of cz is always higher than Ey, but this 
difference decreases with the total strain. 

For the anisotropic Hili model, a similar effect occurs. Because the ratio between cy 

and cz is higher than one (R0 = 1.61), the value of cz ultimately becomes lower than cy· 

For small strains R0 < 1. Around time t = 0.0009 s the given ratio is already reached. 
The reason of this behavior might be the inertia difference of the dimensions of the 

element. Because it is a thin dynamic shell element, the characteristics of the element 
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in the Y-direction are different compared to those in the Z-direction. Because of the 
relatively small thickness (in Z-direction), one could imagine that at the moment when 
a load is applied in the X-direction, the strain in the Z-direction responds faster than 
the strain in the y-direction. In all the previous simulations, the lengthand width of 
the shell element were equal to 1 and the thickness of the shell element was 0.1. If the 
thickness were to be increased to 10, the ratio width/height would be reversed and the 
observed trend would be opposite according to the above explanation. 

Unfortunately, the plots of these simulations are exactly the same as the plots of 
Figures D.10 and D.11. This means that the shell thickness doesnothave an influence. 
lf the shell element is rotated around the X-axis (this means that the shell thickness is 
positioned now in the Y-direction) and the same simulations are performed, Ey behaves 
like Ez and vice versa. See Figure D.12 and D.13 forthese results. These analyses suggest 
that the different inertia effects in lateral direction and in thickness direction are due to 
(kinematic) assumptions made in the shell formulation. 

Finally, the influence of the strainrate is investigated. For this purpose the loading 
rate has been doubled and halved. The results are presented in Figures D.14 and D.15 
for the isotropie model and in Figures D.16 and D.17 for the Hill model. Doubling 
the rate leads to a bigger difference between the behavior of Ey and Ez, because the 
load is applied faster on the element. The difference between the behavior of Ey and Ez 

decreases when the rateis halved, because the load is applied slower on the element. 
The same result can beseen in Figures D.16 and D.17. These observations are consistent 
with the hypothesis that the initial strain deviations are due to inertia effects: going toa 
higherstrain rate from a stationary situation introduces a higher impulse. 
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Appendix E 

Software comparison 

At the Netherlands Institute for Metal Research (NIMR), next to the work described in 
this thesis, forming simulations of the DAF XF bumper have been performed with two 
other FE codes: Autoform and Pamstamp. In this appendix the results of these two 
codes are discussed and the forming results arealso compared with the forming results 
of LS-Dyna. The results are described in detail in Aydemir [1]. 

The main reason for using three codes, is to make a comparison between those codes. 
After this comparison, DAF Trucks N.V. can evaluate which code is the most suitable 
one for their purposes. LS-Dyna and Pamstamp are both explicit codes and Autoform 
is an implicit code. 

For the forming simulations using the other two codes, the same boundary condi
tions and geometry are used as described in Chapter 3 for LS-Dyna. There is only one 
difference between these simulations and the forming simulation in LS-Dyna. In Aut
oform and Pamstamp, the slitting operation is performed without removing the tools 
from the blank. Due to this, the die in the second stamping operation in LS-Dyna moves 
along a longer distance than in the other two packages. 

E.l Reaction forces 

To ensure that the simulations in the three codes are the same, the reaction force of the 
tools in both stamping operations are compared. The reaction forces of all the tools are 
plotted versus the displacement of the die. First, the reaction force of the moving die 
for both stamping simulations in LS-Dyna is presented in Figure E.l. The curve of the 
second stamping operation has been translated, in order that the position of the die in 
the second stamping operation is the same as the position of the die at the end of the first 
stamping operation (left picture of Figure E.2). The position of the die in the beginning 
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of the second stamping operation is presented in the right picture of Figure E.2. Figure 
E.l shows that the two curves together forms a more or less continuous curve. 
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Figure E.l: Reaction force of the die in LS-Dyna 
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Figure E.2: Positioning of the die explained 

In Figures E.3 and E.4, the reaction forces of the die in the first and second stamping 
operation are presented for the three codes. In Figure E.3 the difference between an im
plicit and explicit method can be observed. An explicit method shows high-frequency 
oscillations on top of the much smoother response obtained using the impHeit code 
(Autoform). From both plots it can be concluded that the reaction forces predicted by 
the three codes are very similar, so this means that the three forming simulations are 
comparable with each other. The only significant difference can be found at the end 
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of the second stamping operation. The reaction force in Pamstamp increases rapidly. 
Aydemir [1] concludes that the die has already reached the punch but is still moving 
against the fixated punch. 
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In Figures E.S and E.6, the predicted binder force for both stamping operations is 
given. The binder force is prescribed and is in both simulations equal to 300 kN. The 
difference between an implicit and explicit method can also be recognized in these plots. 
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Figure E.6: Binder forces for Stamping 2 

Finally, in Figures E.7 and E.8, the reaction force of the punch is presented. Now 
equilibrium of the whole simulation can be checked. The system is in equilibrium when 
the total reaction force is zero. With the knowledge that the direction of the die force 
is opposite to the direction of the binder and punch forces, this could be checked now. 
From Figures E.3 and E.7, it can be concluded that the difference between the punch 
force and the die force is 300 kN, which is the value of the binder force. The same can 
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be concluded from Figures E.4 and E.8. Finally it can be mentioned that the oscillation 
of the punch is much smaller than that of the die. The reason for this is that the die is 
moving and the punch is fixed. 
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E.2 CPU time 

The CPU ( Central Processing Unit) time is the time the processor needs to run a simula
tion. In Figure E.9 the CPU time in hours is given for each operation for the three codes. 
The final springback operation is not included, because this operation is not performed 
in Autoform and Pamstamp. From this figure, it can be concluded that the CPU time 
for Autoform is much lower than the CPU time for Pamstamp and LS-Dyna. 

-j •+----------------------------------------

holding •arnpinu 1 stamping2 nanglng Slamping3 total 

Figure E.9: CPU time for each operation 
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In the Pamstamp simulation, mass sealing is used. Mass sealing is a method to de
crease the CPU time by increasing the mass density and therefore the critica! time step. 
Be a ware that mass sealing can change the simulation results. Most of the packages can 
estimate a safe mass sealing factor, in order that the results of the simulation are not 
influenced by it. For each package, a different number of elements is used. This means 
that the comparison between the CPU times is not entirely fair. 

E.3 Predieled deformation 

In this section, the predicted deformations are presented. The two results plotted in 
the figures are the thickness distribution in mm in Figure E.lO and the effective plastic 
strain distribution in Figure E.ll. 

Unfortunately, no post-processor was available which could import all the three 
output files. The Autoform and LS-Dyna results have been plotted in the LS-Dyna 
post-processor. The Pamstamp result is plotted in its own post-processor, using ap
proximately the same color scale. This explains why a slight difference in color can be 
observed between Pamstamp and the other two results. 

Overall, it can be concluded that the results of the three packages are quite similar. 
The LS-Dyna result has two peak values in the plastic strain distribution around the 
grill hole. These peaks cannot be explained and the results for Autoform and Pamstamp 
seem more plausible. These two areas have therefore been measured with an ultrasonic 
thickness measurement system. These results are explained in chapter 4. 
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Figure E.lO: Thickness distribution [rnm] Figure E.ll: Plasticstrain distribution [-] 
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E.4 Remarks LS-Dyna 

• LS-Dyna is not a user friendly package. There are some pre-processors which are 
suitable for LS-Dyna, like Altair Hyperworks and ETA FEM-Builder. The menu 
bar of these pre-processors are unclear and not useful. The button commands 
use the same eperation name as the LS-Dyna program language. Creating the 
mesh in a pre-processor is recommended, but importing the forming data is better 
done directly into the LS-Dyna program file. This means that LS-Dyna is not user 
friendly. 

• An advantage of LS-Dyna is that the possibilities are unlimited in terms of mod
elling. Various kinds of simulations can be performed, likethermal and material 
flow simulations. 

• LS-Dyna allows limited user subroutine implementation. New material models 
can be implemented with some limitations. 

• LS-Dyna files can be imported and exported in many pre- and post-processors. 

• The CPU time of LS-Dyna is quite long, compared to Autoform. 

• Overall it can be concluded that LS-Dyna is suitable for an experienced user, who 
wants to run various kind of forming simulations. 
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Crash simulations 
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