
Executive summary
Mechanical systems are often subjected to random loads with variable 
frequency and amplitude. For such random excitations, frequency-based 
solvers are indispensable to compute the fatigue damage. Siemens Digital 
Industries Software has great experience with frequency-based solvers and 
load transfers both at the component and system level. This white paper 
discusses when frequency-based solvers are more effective, and describes 
the intermediate procedure for computing the fatigue of components 
subjected to random, deterministic and harmonic excitation.
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Introduction

Traditionally, fatigue damage is associated with time-
dependent loading in the form of local stress or strain 
histories. However, there are often situations in which 
these loading time signals cannot be easily determined. 
Examples include shaker tables, and signals such as the 
wind load on a wind mill in which just the length of 
necessary measurements enforce other representations 
of the loads. In these cases, statistical descriptions of 
the excitation by power spectral densities (PSD) define 
the loads.

In other cases, the loads are deterministic but defined in 
the frequency domain. For example, attachments to 
engines are excited by the engine and the loads are in 
defined small-frequency bands. To simulate the fatigue 
contents, you need to be able to define such loads 
easily; and to be efficient, it is desirable to perform the 
complete simulation in the frequency domain.

Similarly, if one wants to simulate a complete sine 
sweep on a shaker table, there is no stationary signal so 
it cannot be calculated by a random approach, and it is 
inefficient to perform a complete calculation in the time 
domain.

In the launch phase of rockets transporting expensive 
satellites into orbit, the sound pressures acting on these 

systems are so strong that fatigue problems can occur. 
The definition and simulation of these sound loads can 
be handled by random acoustics methods and the 
fatigue problem is again based on frequency loads.

Siemens Digital Industries Software has great experi-
ence working with frequency-based solvers and load 
transfers both at the component and system level. The 
vibration fatigue solver, Simcenter™ 3D for durability 
simulation software, combines this knowledge with 
leading-edge capabilities in durability-assessment meth-
ods. You can benefit from the easy and consistent setup 
and highly efficient analysis methods. The solver com-
bines well-known methodologies with technology 
breakthroughs, such as real multi-axial load and local 
stress behavior for more accurate insights. It also offers 
deterministic loads in the frequency domain.

The postprocessing features are especially adapted to 
the given applications, and they are not only intended 
for fast identification of critical regions, but also to 
provide answers for solving durability problems. Due to 
the efficient solving and the tight integration, multiple 
designs can be analyzed without significant manual 
interaction to reach the design that fulfills both weight 
and durability requirements.

Figure 1. Vibration fatigue applications.
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Random vibrations

Fatigue is the degradation of a material due to repeated 
cyclic loading. For metals, this typically means the ini-
tiation of small cracks from active slip bands in grains 
on the free surface of a specimen, component or struc-
ture, eventually leading to large cracks that either break 
or severely degrade the performance of a component.

Figure 2. The fatigue computation process.
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1. Get realistic loads

In the case of random vibration loads, we have some 
statistical information on the load. Typically, at one or 
several points, the structure is excited. From the excita-
tion loads (forces, accelerations, displacements, etc.), it 
is assumed that they can be described as stationary 
random processes. These can individually be described 
by their PSD. Often the loads are not independent. If, 
for example, the loads are the wheel forces on a vehi-
cle, the forces on the back wheels are highly correlated 
to the forces on the front wheels as they must follow 
the same road profile with a time shift. This phase 
information is considered in the cross correlations. The 
entire load, which consists of PSD and cross powers, is 
called the cross-power set.

2. Get the local stress cycles

For fatigue analysis, one needs to analyze the local 
stress cycles. First, the random loads have to be trans-
ferred to local random stresses. In principle, this is done 
by calculating the transfer functions between the loads 
and local stresses. Calculating all transfer functions on a 
complete structure in an independent step (for exam-
ple, using a finite element package) consumes so much 
time and storage that only part of a structure can be 
analyzed. An efficient approach takes advantage of the 
modal participation factors (MPF): Once the stress mode 
shapes are calculated using a finite element tool, an 
internal solver based on a modal based forced solver is 
used to calculate the modal participation factors for the 
local stress tensor cross-power set.
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Once a local stress tensor cross-power set is calculated, 
you have to calculate uni-axial stress. But one has to 
take into account that when using a set of correlated 
loads, the local information also contains correlation 
information between the tensor components. In any 
case, simple mathematics shows that using an equiva-
lent stress approach may lead to problems. Therefore, 
we take a critical plane approach to calculate stress 
PSDs.

A probability distribution for the number of stress cycles 
with different amplitudes is estimated for these stress 
PSDs.

Clearly, the power spectral density gives us information 
on a random process of the local stresses. One very 
useful characteristic can be calculated directly from the 
PSD. The so-called root mean square (rms) value is 
defined as the square root of the area under the PSD 
curve.

But it can tell us a lot about stress cycles. Some basic 
analysis tells us that the moments give us some basic 
statistical information:

• Expected zero crossings
• Peaks
• Irregularity factor

Two of the most important statistical parameters are 
the number of so-called zero crossings and number of 
peaks in the signal. The following figure shows an inter-
val cut out from a wide band signal.

Figure 4. An interval cut out from a wide band signal.

The red points give the upward zero crossings and the 
blue points the upper turning points. The more upper 
turning points exist for which no zero crossings exist, 
the more irregular is the signal.

Basic analysis shows that one can estimate the number 
that represents the expectation value of zero crossings 
(E(Z)) and the number of upper turning points or expec-
tation value of peaks (E(P)) from the PSD. The estima-
tion of the stress amplitude distribution involves some 
knowledge about the random process.

Different methods have been developed that try to 
follow process assumptions. For a selected class of 
processes, the PSD defines the damage domain 
response:

• Narrow band solution – Used for narrow band only, 
conservative

• Dirlik solution – Commonly used for broad band dura-
bility cases

• Equivalent sine wave – Fast approximation

Figure 3. Random fatigue analysis.
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Simcenter vibration analysis and random fatigue computation optimize the handling of transfer functions. 

• Applicable to large structures
• Modes and MPF are directly used by the random fatigue solver – the user just has to select a load duration and all the 

load-related input for durability is done 
• Multiple loads with cross-power information can be handled
• Multiple events (engine runup, wind conditions, etc.) efficiently handled
• For large number of load points (for instance, random pressure on a large panel) singular value decomposition  

methods can optionally be used for speeding up the solution
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In this case the loads are deterministic like a sine sweep 
or a set of single frequency excitations; one can directly 
calculate the local stress amplitude distribution. These 
processes can also be handled in the time domain by 
using modal transient analysis, but the analysis in the 
frequency domain is just more efficient and easier to set 
up. There is no extra finite element analysis necessary; 
all that is needed for the random approach is the modal 
analysis and load definition.

The load definition includes amplitude versus frequency 
and a frequency versus duration definition.
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Figure 5. Deterministic fatigue analysis.
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Note that the harmonic fatigue process for sine sweeps 
and sine waves excitation does not include a statistical 
step like the random vibration process, but it calculates 
the same local stress amplitudes as a modal transient 
would in the time domain. But since the frequency-
based approach is much more suited for these loads, it 
is able to perform this in a much shorter time. This is 
especially true for sine sweeps in which the many cycles 
of the time domain have to be simulated both in the 
finite element calculation as well as in the fatigue simu-
lation. In the frequency domain solution only a modal 
analysis is performed in a finite element solver; the rest 
of the analysis is performed in the solver and can be 

Deterministic vibrations

done very quickly. For a sine sweep on a bracket 
(approximately 100,000 elements, 20 modes taken into 
account), simulating several hours of real time, the 
simulation in the time domain took approximately one 
day, whereas the full simulation in the frequency 
domain was done in a few minutes.
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Fatigue calculation

The result of the analysis in the last two sections is the 
number of stress cycles of given amplitude in a unit 
time interval. By knowing the total length of the signal, 
one can easily calculate the total number of cycles of 
given amplitude. By using this information, all types of 
fatigue prediction algorithms may be applied. Fatigue 
analyses may be conducted starting from safety factor 
analysis to high- and low-cycle fatigue (for instance, 
stress-life and strain-life analysis). Also, stress-based 
weld analysis may be performed the same way. But if 
you analyze the random and harmonic approaches in 
more detail, you can also show that all force-based 
tools, such as the Simcenter 3D for durability simulation 
seam weld approach, which is based on element nodal 
force results, may be applied.
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The vibration-fatigue solution is used whenever the 
load is defined in the frequency domain. It can handle:

• Random processes
• Acoustic loads
• Sine sweeps
• A set of single frequency excitations

These can be single loads or multiple loads in which the 
cross-correlation can be taken into account.

In the cases of long running stationary processes or sine 
sweeps, the simulation in the frequency domain is 
much more efficient than calculating it in the time 
domain.

It helps to efficiently include durability aspects early in 
the design cycle.

Conclusion
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Siemens Digital Industries Software is driving transfor-
mation to enable a digital enterprise where engineering, 
manufacturing and electronics design meet tomorrow. 
Our solutions help companies of all sizes create and 
leverage digital twins that provide organizations with 
new insights, opportunities and levels of automation to 
drive innovation. For more information on Siemens 
Digital Industries Software products and services, visit 
siemens.com/software or follow us on LinkedIn, Twitter, 
Facebook and Instagram. Siemens Digital Industries 
Software – Where today meets tomorrow.
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