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Figure 1: Principle of the durability simulation with modal tensions

1 Summary

The computation procedure which is presented, introduces a modally based fatigue
analysis and realizes a parallel integration of FE and MBS into durability
computations. The common data base consists of component modes, which are used
for importing the FE structures into MBS.
As extension to the standard FE procedure of Component Mode Synthesis, the
Modal Stresses are determined. The succeeding MBS computes the transient
structural response of the FE – MBS  hybrid system and provides the Modal
Coordinates which correspond to the Modal Stresses. In analogy to the superposition
of eigenvectors in vibration analysis, the transient stress state of the flexible body is
reconstructed by superposing the modal stresses, utilizing the time dependent modal
coordinates. This leads to the advantage that
• the fatigue analysis considers all vibration effects and utilizes the nonlinear

capacities of the MBS.
• very long transient time series and large structures can be evaluated, using a

relative small amount of data which is comparable to that of a quasistatic solution.
• the FE computation of stresses after the MBS is not required and potential errors

are omitted.
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The numerical examples show that the applications range from quasistatic behavior
up to vibration dominated problems, including nonlinear dynamic effects. The
advantage of the procedure regarding reduced computation effort and increased
accuracy of the results is discussed for an attachment part of truck frames. The
analysis results are compared with test results. This comparison shows that the
introduced procedure is an efficient and accurate tool for reliable lifetime predictions
of vibration dominated durability problems. The application to nonlinear problems and
large structures is outlined for an engine component and a vehicle body, respectively.

This procedure is considered as an important tool to realize the integrated
computation of dynamics and fatigue by virtual vehicle prototypes.

2 Introduction

Elastic Multi Body Simulation (MBS) is frequently applied in order to determine the
time depended loads of a flexible structure. Typically a succeeding FE computation of
the stresses due to these loads is required. These results are the input for the final
durability analysis.
This procedure has some disadvantages:
• Each time step requires the amount of data of a full quasistatic solution. This is

not practicable for large FE structures (i.e. 200000 Nodes) and long time series
(i.e. 100000 time steps).

• In general, the FE analysis is based on a quasistatic computation. That means,
for each time step a quasistatic solution with the corresponding loads is
computed. Consequently, no natural vibration effects are considered. This is
acceptable as long as such natural vibrations have a minor influence on the
structure. If complex systems like a drive train or a vehicle body are considered,
this simplification might lead to considerable errors. Furthermore, it’s impossible
to simulate vibration dominated problems.

• The FE computation between the MBS and the durability analysis costs time
(money) and is an undesirable source of errors.

This paper introduces an improved procedure which is based on the modal stresses
of FE-MBS hybrid structures. It enables a dynamic calculation of large FE structures
(i.e. a vehicle body with 200000 nodes) and long time series (i.e. a test drive with
200000 time steps). Dynamical effects due to natural vibrations are considered. The
amount of data is comparable to the one of a modal analysis of a FE model. The FE
computation after the MBS is not necessary anymore.

3 Theory of the modally based durability analysis

Within the MBS the position of the elastic body is computed by superposing it’s rigid
body motion and elastic deformation [1] as outlined in figure 2.
The elastic body contains two different groups of nodes (degrees of freedom (DOF))
[2]:
• Interface nodes (DOF): During the MBS, forces and boundary conditions have to

interact with the FE structure on this set of nodes.
• Interior nodes (DOF): These nodes don’t interact with external forces or

constraints. The deformations of these nodes are a result of the external applied
forces and the dynamic of the system.
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The elastic deformation of all degrees of freedom is approximated by a linear
combination of suitable modes as outlined in figure 3. The so called ‘Component
Modes Synthesis’ turned out as a reliable technique in order to determine such a set
of modes [3, 4, 5].
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Figure 2: Elastic structures within the MBS

u(t) =    ϕϕϕϕi qi(t)
u(t) Elastic Deformation of the FE-Structure
ϕϕϕϕi    Mode Nr. i
qi (t) Modal Coordinate Nr. i
t Time
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q1(t)
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Figure 3: Elastic deformation as result of a linear combination of modes

The Component Modes contain the static and dynamic behaviour of the structure.
They consist of two families of modes:
• Static deformation shapes: Each ‘interface - degree of freedom’ undergoes a unit

displacement. All other ‘interface - degrees of freedom’ are fixed. The resulting
shape is called ‘Constraint Mode’. Consequently there are so many Constraint
Modes as interface - degrees of freedom.

• Natural vibrations: All ‘interface - degrees of freedom’ are fixed. The solution of a
classic eigenvalue problem provides the so called ‘Normal Modes’.

In order to get a decoupled set of modes [6] the Constraint Modes and Normal
Modes are transformed into a set of ‘orthogonalised Component Modes’. Henceforth
it is not possible to distinguish between pure static and pure dynamic modes. The
‘orthogonalized Component Modes’ contains both information’s. These
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‘orthogonalized Component Modes’ are provided by a FE analysis and imported into
the MBS.

The result of the total structure’s MBS is a mode’s share of the total deformation at
each time step. This share is called ‘Modal Coordinate’ and is given in figure 3 as qi(t).

The durability analysis is performed with the Software FEMFAT. The computation
methods of FEMFAT range from simple durability analysis up to transient multiaxial
fatigue analysis considering temperature, weldings, local plastification and so on [7].
The stress data are provided by a previous FE analysis. The appropriate time data
are determined by measurement or by simulation.

Each deformation of a FE structure corresponds with a stress distribution. That
means, each orthogonalized Component Mode (deformation) corresponds with a
clear assigned stress distribution (Modal Stress) (see figure 4).

Orthogonalised
Component Mode ϕϕϕϕi

Corresponding
Modal Stress σσσσi

Figure 4: Each Component Mode corresponds with a stress distribution

The meaning of the Modal Stresses is analog to the meaning of the orthogonalized
Component Modes. The resulting stress state of a FE structure is computed by a
linear combination of Modal stresses as given in figure 5.
The single stress shape’s Modal Coordinate is the same as the Modal Coordinate  of
the corresponding Component Mode and a result of the MBS.

Therefore it is possible to describe very long stress-time-series with the amount of
data of a couple Modal Stresses (i.e. 50 - 100 modes). This provides the possibility to
simulate long proceedings like a 20 minutes long test drive with 300000 time steps.
Such a simulation would include loads due to static, dynamic, and vibration effects.

Figure 6 shows the total procedure of a modally based durability analysis. A FE
analysis provides the Component Modes for the MBS and the corresponding Modal
Stresses. The results of the total structure’s MBS are the Modal Coordinates. These
Modal Coordinates and the Modal Stresses are the input for the durability analysis.
The modally based durability analysis is a multiaxial and channel-based fatigue
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simulation [8]. Consequently, one channel consists of a Modal Stress and the time
series of the corresponding Modal Coordinate. Additional channels can be used to
consider further load cases like temperature, or prestress due to a screwing, or stress
due to other loads. FEMFAT’s input doesn’t depends on a particular FE or MBS
software. The only condition is, that Modal Stresses and Modal Coordinates are
provided in common formats.  The examples considered in this presentation have
been worked out with ADAMS (MBS) and NASTRAN (FE).

s(t) =    σσσσi qi(t)ΣΣΣΣ
s(t) Transient Stress of the FE Structure
σσσσi Modal Stress Nr. i (corresponds to ϕϕϕϕi)
qi (t) Modal Coordinate Nr. i
t Time

1

q1(t)

(t) 2

q2(t)

Figure 5: Transient stress state as result of a linear combination of single
stress shapes
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Figure 6: Durability analysis based on Modal Stresses
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The computation time with FEMFAT is proportional to the number of time steps, the
number of considered modes, and the number of FE nodes. A common workstation
(HP C360)  needs approximately 10 hours to compute a damage distribution for a
vehicle body with 24 modes, 200000 Nodes and 100000 time steps. This represents
a 18 minute long test drive with a sample frequency of 100 Hz. The amount of data is
comparable to an eigenvalue problem with 24 modes.

4 Attachment part of a truck, spare-wheel carrier MAN middle model range

The Experience shows that attachment parts of trucks fail due to vibrations effects
and not due to static loads. In order to get an accurate result it is not acceptable to
neglect vibration and resonant effects. This examples gives an good idea about the
presented procedure regarding improved accuracy and less computation effort.

Figure 7 shows the used test rig for the spare-wheel carrier of MAN. The construction
of the test rig and the synthetic excitation specters are results of extensive test
drives. This enables durability assessments within a short test time [9] because the
synthetic signal is fatigue-equivalent to a signal of 20000 km shake-test-drive.

The test rig was simulated by elastic MBS (figure 7). The flexible components are the
spare-wheel carrier and the crossgirder. The excitation cylinders, the rotational joints
and the rigid bodies are components of the MBS software.

Virtual Test Rig (MBS)

rigid

flexibel

Rotational joints

Excitation Cylinder

Test Rig

Figure 7: Test configuration

In many cases the lowest eigenfrequencies are in a frequency range of strong
excitation due to the attachment parts’ mass. Figure 8 contains two of such low
frequency Component Modes and a part of the associated Modal Coordinates’ time
characteristic. The colours correspond with the Modal Stress. The lowest Component
Modes are similar to the lowest modes of a free-free modal analysis [6]. This is
applicable also to the Component Modes number 8 (horizontal bending) and number
9 (vertical bending) of figure 8.
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The advantage of a test rig simulation is, that the boundary condition are well known
and the modal damping is measured by dying-out-tests.

Vertical bending mode

Horizontal bending mode

Component
Modes and
Modal Stresses
Number 8 and 9

Figure 8: Component Modes and Coordinates Number 8 and 9

The damping has an important influence on vibration dominated problems. Near the
eigenfrequencies the deformation is inverse proportional to the modal damping.
Furthermore is the stress is a function of the deformation and the fatigue one of the
stress. That means, an error of 10% in the modal damping leads to an error about a
factor 2 of the durability. Considering local damping effects are an important issue in
the future [10].

The durability computation with the results of the Component Mode analysis and
MBS predicts a lifetime of 7,1 hours. The most damaged region is near a screwing.
The place of the first crack is accurately predicted as shown in figure 9. The
calculated lifetime is at the conservative side. The difference between the simulated
(7,1 hours) and the measured time (12 hours) is equivalent to a stress factor of 1,07.
Bench tests spread in a similar  range. Therefore, the result is assessed as very
accurate.

Practical experience shows that the durability of vibration dominated systems
strongly depend on the set of parameters. A slight change of different parameter
leads to a complete different damage distribution. It was possible to observe this
behavior at the virtual test rig.

The considered spare-wheel carrier was tested with a vertical and synchron
excitation. This is only an approximation of roadway excitation. Figure 10 shows the
simulated damage due to asynchrony working hydraulic cylinders and/or with a
horizontal excitation, as i.e. is known from semitrailer trucks. The magnitude of the
horizontal excitation is 15% of vertical excitation. The large picture shows the
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damage distribution of the previous presented simulation and the small pictures
contains the changed damage distribution due to the changes in the excitation.

Test: 12 hTest: 12 h

Simulation: 7,1 h
Stress Factor ≈≈≈≈1,07

Simulation: 7,1 h
Stress Factor ≈≈≈≈1,07

Figure  9: Durability analysis - Comparison of test and simulation result

It’s need to be noticed that slight changes have a big impact to the damage. The
case of additional horizontal excitation increases the damage about a factor 10.

Cylinders AsynchronCylinders Asynchron

Cylinders Synchron
Horizontal Excitation
Cylinders Synchron
Horizontal Excitation

Cylinders synchronCylinders synchron

D = 0.25

D = 2.1

D = 0.25

D = 1.9

D = 0.7

Cylinders Synchron
Horizontal Excitation
Cylinders Synchron
Horizontal Excitation

Cylinders AsynchronCylinders Asynchron

Figure 10: Damage due to different excitation

Conclusion: Modally based durability analysis provides the capability to simulate the
damage of sensitive, low damped, and vibrating structures. With small effort it is
possible to analyze the effect of changes on the structure. This is not possible
with conventional durability analyze procedures.
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5 Conrod with elasto-hydrodynamic oil film model

The durability criterion of a conrod is the endurance strength. Critical design features
are transitions in the region of the body and the conrod eyes. The body is not very
sensitive to boundary conditions but the region of the conrod eyes is because of the
complex elasto-hydrodynamic interaction between the FE structure, load condition
and oil film. Therefore a combined method of elasto-hydrodynamic oil film
computation and MBS is applied [11].

The elasto-hydrodynamic properties (stiffness, damping...) of the oil film has been
calculated with the software FEMFAT-EHD. These time depended stiffness data
have been read into the MBS software in order to connect the crankshaft and the
conrod [12].

Figure 11 shows 2 Component Modes including the Modal Stresses and the time
series of the corresponding Modal Coordinate. The Modal Coordinates are a result of
the MBS. The Component Modes and the Modal Stresses are a result of the required
Component Mode Synthesis.

Torsion ModeTorsion Mode

Compression ModeCompression Mode

Gasforce

Gasforce

Figure 11: 2 Component Modes and Modal Coordinates

Even though the Modal Coordinates are defined as mathematical values, they give
valuable hints in order to interpret the result. The Modal Coordinate of the
compression mode (figure 11) shows, that the MBS uses this mode to simulate the
compression of the conrod due to the ignition force. The torsion mode of the conrod
(figure 11) is not only a component mode, it is a free – free mode as well. The time
series of the modal Coordinate indicates a natural vibration excited by the ignition.
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This is a well known effect of ‘special conrods’ as used in racing sport. These
conrods often fail due to such torsion vibrations. In this case, the vibration is dyed out
during one combustion cycle. However, this vibration effect hasn’t been observed as
a simpler oil film model was used.

Figure 12 compares the result of a quasistatic and a uniaxial calculation. The
minimum endurance limit at the body are almost the same. This was expected
because of the ignition load case’s dominants. The colour distribution of the modally
based analysis is a little bit different. This indicates a small influence of the torsional
vibration.

By Modal
Stresses

By Modal
Stresses QuasistaticQuasistatic

1,73 1,64

Figure 12: Comparison of the endurance limits of the modal and the
quasistatic method

5,3

Figure 13: Endurance limit
in the conrod eye

Figure 13 contains the endurance limit
in the conrod eye. Due to the elasto-
hydrodynamic oil film model, there is a
good developed damage-oval.

 This conrod was modeled with 14800
elements. The Component Mode
Synthesis and the computation of the
Modal Stresses needed 23 minutes for
90 modes. This computation was
performed with an older workstation
(HP9000/780). The MBS of the system
(one conrod and a rotating rigid
crankshaft) needed 4 hours per
combustion cycle (Pentium III). The
final durability analysis needed 3 hours
(common workstation) with 1500 time
steps.
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Conclusions: The result of the conrod example shows, that the modal Method can be
applied on non vibration dominated problems. The result is almost the same as
computed with conventional methods. The MBS of large, nonlinear motions of
FE structures provides the capability for efficient durability analysis.

6 Vehicle body; Structure and spot welding analysis - SKODA FABIA

The effort of the last years in order to realize the virtual prototype by hybrid FE-MKS
systems is the motivation of the introduced durability analysis based on Modal
Stresses. The goal is a parallel integration of MBS, FE, and durability analysis. That
means, that the result of the vehicles dynamic simulation (MBS) can be used for a
durability analysis without a further FE computation.

It is not imported whether the Modal Stresses or the Modal Coordinates are from a
full vehicle simulation or from a vehicle’s subsystem simulation. If measurements are
available it is suggested to perform the simulation with a proper subsystem as shown
within this presentation.

Figure 14: Loads on the chassis

The chassis’s FE model contains all masses of the relevant parts like seats, driver,
doors and spare-wheel. Figure 12 outlines the FABIA chassis including the loads’
impact points. The diagrams contain the loads acting at the two domes. They
describe a 25 seconds long test drive on a VW test track.  The structure was
automatically local remeshed with FEMFAT-SPOT in order to consider the influence
of the stress concentration in a spot weldings region.

The MBS needs 30 minutes computation time with a model size of 200000 nodes, a
time step of 0.005 seconds, and 30 modes. The computation time is proportional to
the length of the test drive. The amount of data increases only insignificant with the
length of the test drive because of the modally based procedure.

Figure 15 shows exemplary the Modal Stress of a global torsion mode. The Modal
Stress of this mode is distributed along the door, the pillar, and the rear wheel house.
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The region around a spot welding indicates high stress concentration as outlined in
figure 15.

Figure 15: Global torsion mode – Modal Stress

Figure 16 contains the result of the durability analysis. The critical regions are the
front domes. The magnitude of the damage is about a factor 1.8 higher as the
damage of a quasistatic comparison calculation [13]. The modally based computation
has more damaged regions than the quasistatic one. This is indicated by the orange
cycles in figure 16. These damages occur due to vibration effects of the front part of
the car and the ground plate. However, the magnitude is uncritical compared with the
domes’ ones.

Figure 16: Damage distribution of the chassis
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Conclusion: The modally based durability analysis provides the capability to evaluate
large FE structures with long time series considering static, dynamic and
vibration effects.

7 Conclusion

A durability analysis procedure of FE-MBS hybrid structures is introduced. The
method is based on the linear combination of Modal Stresses and Modal
Coordinates. Therefore it is possible to analyze long transient proceedings of large
structures like the effect of a test drive on a vehicle chassis.

The Modal Coordinates are provided as byproduct of the MBS without additional
costs. The Modal Stresses are computed beside the Component Modes which are
required for an elastic MBS. These data are the input of the durability computation
with FEMFAT without an additional FE analysis.

The methods are used in different areas, dependent on their strong points. The
elastic properties of large linear substructures is analyzed by the FE method. The
nonlinear couplings and motions are computed by the MBS. The output of the FE
and MBS computation are used by FEMFAT in order to predict the lifetime. All
computations share a common database, the Component Modes. The Component
Modes describe the static and dynamic behavior of the FE model. Therefore, the
method range from pure statically up to pure dynamically reacting system.

Computation Effort

Amount of Data
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Dynamic Effects
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Figure 17: Comparison of the different durability analysis methods

Figure 17 shows a comparison of the different methods. It is to notice, that the
modally based procedure considers the dynamic effects like a direct transient method
but and the amount of data is comparable to a quasistatic computation.
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