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Abstract: To assess the durability of a structure under random loading, the frequency based
random response analysis is performed to obtain the stresses. Since random response analysis
ignore the element damping, the results of the random response analysis can be unrealistically
twisted if significant local element damping exists. This paper present an Abaqus FEA procedure
to more realistically calculate the stress of the structure subject to random loading by
submodeling and including element damping, which is a complementary method to Abaqus
random response analysis procedure.
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1. Introduction

The random vibration fatigue can be best handled by the fatigue software such as FE-Safe, The
steady state dynamic (SSD) analysis with unit response is first performed to get the FRF
(frequency response functions) in terms of stresses for every node in the structure. Then these
FRFs are scaled by the input PSDs to get either PSD projections on critical planes or von Mises
equivalent PSDs. Whatever the choice, these obtained PSDs are used to evaluate the first four
spectral moments to compose the Dirlik’s PDF (probability density function) that is integrated to
get damage.

Due to limited fatigue analysis capability within ECH-NA (no fatigue software, limited computer
power, lack materials properties, etc), and the nature of the fatigue and random vibration (large
scatter, statistical nature, etc), detailed fatigue analysis is not practical and did not provide
significant advantages. Instead, a fatigue limit guideline based on RMS stresses from random
response analysis was used for evaluating the durability of ABS/ESP mounting bracket. This
method has been successfully used within Bosch chassis division North America engineering
development for bracket durability evaluation.

Although the fatigue guideline based on random response analysis procedure is an efficient

method for such application, there are limitations to this method. First, it is not possible to

perform submodel analysis using frequency based process, which will limit the mesh size and
accuracy of the model; secondly, the random response analysis procedure ignore element damping,
estimated modal damping or other types of global damping has to be used, which may twist the
results of the random response analysis if significant local element damping exists.

It is the purpose of this research to address above mentioned limitations of the random response
analysis procedure, so that more realistic stress analysis can be performed when the random
response result is in question or the uncertainty is high. A analysis work flow using various
Abaqus procedures and python script were developed. This paper describes such process using a
dummy ABS/ESP bracket.
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2. Description of the model

Figure 1 shows a dummy ABS/ESP hydraulic brake system including attached bracket and
isolators. The goal of the FEA is to estimate the durability of the bracket under random vibrations
during lifetime of the vehicle. To assess the durability of the bracket within practically feasible
capabilities and time frames, different model simplifications were implemented according to the
project needs. For example, the isolator was modeled as 3 dimensional spring and dashpot, the
isolator stiffness and damping coefficients were measured by a test device as Figure 2 shows. The
measurement is based on resonance method using a sine sweep with constant acceleration.

The measured stiffness and damping can be used directly in transient dynamic analysis or steady
state dynamic analysis that account for local damping. For random response analysis, modal
damping was estimated from measured isolator damping. The ABS/ESP hydraulic unit was
simplified as a block with the same mass properties as ABS/ESP or further simplify as a point
mass including rotary inertial effect. The bracket was fixed at the mounting holes and the base
motion was applied to the fixed boundaries. This model is constructed to simulate the vibration
test that was carried out to check the functional influence during the lifetime of the road load
vibration. A road load profile representing lifetime of vehicle road load in PSD form was used to
generate input vibration signal, the accelerated vibration load is applied at each axis with total test
time equivalent to vehicle lifetime.

The bracket is made of aluminum diecast materials. The analysis was performed with ABAQUS
6.14.2. The global model as well as the submodel are meshed with quadratic HEX-elements.
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Figure 1. Dummy ESP brake system and model representation
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Figure 2 Rubber isolator measurement device and method
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3. Description of the stress analysis process

The stress analysis contains the following steps which will be described in detail later:
1. Frequency analysis for global model to determine eigenfrequencies and mode shapes.

2. Random response analysis for global model to identify the highly stress region for
submodel (with estimated modal damping).

3. Mode shape extraction to create an equivalent static load case for modal stresses.
Submodel analysis with loading from step 3 to determine the modal stresses.

5. Steady State Dynamics (SSD), subspace analysis for global model to determine the
generalized displacements and phase angles (local element damping was accounted).

6. Post process above results to determine the stress of the submodel under random loading.

Then the fatigue life of the part can be evaluated based on more realistic stress from
above.

3.1 Frequency Analysis
In the first step the eigenfrequencies and mode shapes of the global model are computed based on

Lanczos algorithm. Here, the first 10 eigenfrequencies are calculated, as shown in the ABAQUS
output in Table 1.

Table 1. ABAQUS output for frequency analysis

EIGENVALUE OUTFPFUT

MODE EIGENVELUE FREQUENCY GENERALIZED COMEOSITE
HO (RAD/TIME) (CYCLES/TIME) MODRL DRMEING
1 1758€&. 13Z2.81 21.108 3. 0.0000
2z 49478, 222.43 35.401 4. 0.0000
3 1.38251E+05 371.82 5%.177 2. 0.0000
4 Z2.189Z5E+05 465.75 74,127 G. 0.0000
5 3.58316E+05 596.392 85.003 1.7 0.0000
13 9.8Z114E+05 9BD.87 156.11 a. 0.0000
7 2.60431E+07 5103.2 812.21 1.3 0.0000
B 6. 73049E+07 BZ240.4 1311.5 1. 0.0000
] &.65Z55E+07 5301.9 1480.4 1. 0.0000
10 1.42181E+08 115g4. 1857.8 1. 0.0000
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3.2 Random Response Analysis

To identify the highly stressed region in the global model, a random response analysis in
ABAQUS standard is performed. The modal damping values for the first 10 eigenmodes are
estimated based on the isolator damping. For excitation in y-direction with the acceleration
spectrum given on Figure 3, a high stress region is at a corner of the bracket as showed on Figure
4.
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Fig. 4: RMS Mises stresses from random response analysis

3.3 Equivalent static load case extraction

Since ABAQUS does not allow submodel analysis in combination with a frequency step by
default, a special submodeling technique for simulations in the frequency domain was developed.
By means of the python script, an equivalent static load case for each mode is generated by using
the modal displacements from the frequency step as boundary conditions for the static step. Based
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on these alternative static load cases a submodel analysis can be performed. The extracted mode
shapes for the equivalent static load cases are identical to the modal displacements resulting from
the frequency step, Figure 5 shows the first three mode shapes.
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Figure. 5: Mode shapes from equivalent static load case

3.4 Submodel analysis

Based on the equivalent static load cases, the submodel analysis is performed. To reduce the
computation time for post processing of submodel results with SSD results later, a smaller region
of high stress spots can be defined by a set of nodes and elements in the submodel. The modal
stresses resulting from the submodel analysis are shown on Figure 6 for the first three modes.
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Figure. 6: Submodel analysis results

3.5 Steady State Dynamics (SSD) analysis

Steady State Dynamics (SSD), subspace procedure was performed for the global model with a unit
acceleration (a=1 mm/s?) to derive the generalized displacements and phase angles. SSD subspace
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procedure take into account of isolator damping, which is ignored at random response analysis.
The generalized displacements are shown on Figure 7. The critical modes are indicated by the
peaks in the graph of the generalized displacements. It is obvious that for excitation in y-direction
the first eigenfrequency play a decisive role.
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Figure. 7: Generalized displacements

3.6 Post processing based on submodel

The last process is to post process the modal stresses of the submodel (section 3.4) using
generalized displacements and phase angles (from section 3.6) and PSD excitation signal (Figure
2). Figure 8 shows the transfer function of Mises stress at hot spot versus frequency from SSD
analysis. It is obvious that for excitation in y-direction the maximum stress occurs at the first
natural frequency, and some minor peaks can be observed at other frequencies. There are various
ways to calculate the RMS stresses of parts subjected to random loading. For example,
Segalman’s method and Bonte’s method, Figure 9 shows the RMS values of Bonte stress of the
bracket at hot spots.
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Figure 8 Transfer function of Stress at hot spot
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4. Concluding Remarks

It is challenging to predict the fatigue life of a nonlinear system under random vibration. In this

paper, we have introduced a stress analysis process to overcome the limitations of random
response analysis. This customized method provides more realistic stress for evaluating the

fatigue life of a nonlinear system subjected to random loading if significant element damping exist
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or the random response results are in question and the uncertainty is high, it is a complementary
method to Abaqus random response analysis procedure.
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