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Abstract
In order for Automotive OEMs to meet specific reliability levels, they need to design vehicles using loading conditions based on realistic
customer usage. This paper illustrates how to Optimise the mixture of proving ground track surfaces to achieve a close match to the
target customer profile in the most efficient manner. The required inputs are discussed and analyses for denoising and data reduction
are presented. The Optimisation algorithms are then introduced and finally an industrial case study is described.
Résumé
Les composants sous sollicitations vibratoires sont largement susceptibles au phénomène d’endommagement par fatigue. Ils sont donc
souvent soumis à une validation expérimentale visant à satisfaire un niveau de fiabilité. Les essais doivent reproduire des chargements
réalistes représentatifs de mesures en conditions opérationnelles.
Cette publication montre comment il est possible de construire une séquence Optimisée de pistes d’essais ou d’essais élémentaires sur
bancs qui corrèle au mieux avec une utilisation client.
Les données d’entrée nécessaires sont décrites ainsi que les analyses permettant le nettoyage et la réduction des signaux. Un
algorithme d’Optimisation est ensuite présenté. Enfin, un cas industriel est décrit.
Abstract in Italiano
Questa publicazione tratta di riprodurre missioni veicolari rappresentative della reale vita operativa del veicolo ottenendo una particolare
combinazione di percorsi prova usando speciali tecniche di ottimizzazione matematica. Optimised Testing permette di applicare un
approccio già validato dall'utente per trovare le combinazioni piu efficienti di prove su pista necessario per riprodurre l'utilizzo del cliente.
Questo approccio è presentato con un caso applicativo reale.
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1. Introduction to Test Optimisation
1.1. Simulating a complete life
Durability testing offers the best way to assess the capability of a product to reach its reliability target. The test should
be representative of the real environmental load and replicate the same failure mechanisms. The environmental load is
often complex; comprising numerous events with specific amplitude, frequency content, sequence, phase relationship
and variability. For this reason, several events are often simulated during the test.
Tests are typically run on hydraulic rigs, shaker tables or shock test systems. In the world of terrestrial vehicles
(automobiles, trucks, tractors, etc.), a classical ‘full scale’ test is also performed using the proving ground, where the
vehicles follow a sequence of track surfaces.
Our objective is to define the 'optimum' testing sequences for the component to match closely to a customer profile.
This application requires inputs from both elementary test sequences and customer’s real life usage measurements.

1.2. Capturing the customer’s usage
For the rest of this paper the customer usage measurement will be referred to as the Target.
A major factor in the design of a vehicle or structure is the anticipated severity of the service usage.
Obtaining the Target is not a simple task. There are as many usages as there are customers. And the same customer
using the product twice will generate two different loading histories. So, how many customers should we monitor? How
long should the data collection exercise last? How do we obtain a representative “synthesized” customer?
Then, a further question is which parameter(s) to measure? Several types of sensors can be used (strain gauges,
accelerometers, wheel force transducers, etc.). Most of these can be positioned at various places on the component or on
the system it belongs to. What position is best?
Finally, sensors will collect data as ‘Time Series’, which can be very difficult to handle because of file size issues. We
therefore need a way to reduce the amount of data collected while retaining the useful information.
These questions are very important and will be further discussed in the next sections.

1.3. Proving Grounds tests
Proving grounds accelerate damage accumulation by concentrating on the most extreme loading events and then
concatenating them one after the other. Proving grounds are considered very realistic because they simulate the ride and
handling characteristics of the real road.

Figure 1 : Typical Proving ground circuit for the automotive industry
In the automotive world, there are many typical proving ground surfaces a like Belgium block, Highway, Gravel,
Potholes, Off-road, etc.
For other vehicles like tractors, test tracks are replaced by usage conditions like pulling or pushing agricultural
machinery or trailers, for plowing, tilling, disking, harrowing, planting, and similar tasks.
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In all cases, test engineers need to determine the optimum proving ground schedule. This means what surfaces? What
vehicle weight conditions? What vehicle speed? What manoeuvres?

Figure 2: Example test configurations for a Tractor
This Optimisation exercise must however be made while trying to minimize the ratio of proving ground miles to road
miles or the ratio of test duration to total real life duration.
Another application is the comparison of different proving grounds: this allows generating a new schedule on a new
proving ground that would match a standard mix of tracks on an existing site.

1.4. Simulations on Test Rigs
Just like in the case of proving grounds, test rigs simulate events known to accelerate damage accumulation by
concentrating on the most extreme loading events.
Tests can be made on a whole vehicle, a subsystem or only a component.
There are various types of test. Hydraulic actuators are typically used for low frequency structural tests, where high
amplitudes of displacements are applied cyclically to generate fatigue cracks.
Electrodynamic shakers are used for vibration fatigue tests, where the test specimen (or some parts of it) may enter into
resonance.
‘4 poster’ test rigs are very popular in the automotive industry. They reproduce the vertical excitation brought by the
road surface. Failure may be due to both high amplitude and resonance mechanisms.
The approach to Optimise the sequence of simulations on test rigs is very similar.

Figure 3: Example Structural Test
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2. Data Acquisition and Analysis
2.1. Data Collection
It is now becoming easier to collect and handle large quantities of measured data. For example, HBM offer the eDAQ
system, which is an off-the-shelf rugged and compact device for on-board acquisition of both CAN and analogue data
with large computer storage, together with robust and precise sensors. Also post-processing software like HBMnCode’s GlyphWorks is needed for the analysis of these large quantities of data (see next sections for data cleaning,
reduction and extrapolation).
A vehicle is made of thousands of parts and components. It is unrealistic to collect data on all of them. One first idea to
explore is the correlation between component behaviour. For instance, the stress level in a trailing arm is strongly
correlated with the suspension loads. We can therefore consider that load and displacements are distributed to
components via specific transfer functions. Now, considering that these transfer functions are the same in real operating
conditions as during a test, we can conclude that it is sufficient to measure the input loads to the structure and not
necessarily all local responses. These loads can originate from the wheels, the engine, the draw bar (in the case of a
tractor), etc. They can be represented in terms of force, displacement, acceleration, torque, etc.
Some instrumentation may be quite expensive to purchase or maintain and is therefore not ideal for long term customer
usage measurements. Some important and quite typical sensors for a customer correlation exercise are listed here:
*
Accelerometers are very often used because they are relatively easy to set-up and durable. They can be positioned
at wheel spindles or at various places on the chassis. Displacement signals can be obtained by double integration
of acceleration.
*
Strain gauges give the state of strain in a component. Mechanical strain is a very important parameter because it is
what drives fatigue cracks. Strain Gauges can be used to validate the solution found. Indeed, the best way to
validate that a test is representative of a real situation is to compare the stress and damage at the critical locations.
Note that strain gauges must be carefully installed in order to give reliable results.
*
Vehicle CAN bus provides a very important source of information, especially useful for usage statistics based on
speed, engine RPM, temperatures, etc. For our application of correlations with customer’s usage, CAN data are
generally used as a complement to analogue sensors.
*
GPS data or even Video help us to determine the source of unusual values. It helps with investigating and deciding
whether some events have to be considered as part of an average customer’s usage or whether they should simply
be excluded because they are anomalies or outside an expected usage.

2.2. Data Cleanzing
Data collection in real conditions may introduce some difficulties like unwanted contact with the sensor, unexpected
humidity/temperatures, electromagnetic disturbances, etc. These create anomalies in the signals. It is crucial to correct
these outliers. Some spike could bias the fatigue or Optimisation algorithm, because it would lead to a much higher
damage than reality.
Figure 4 below shows an example signal containing drifts and spikes. The anomaly detection algorithms implemented
within HBM’s nCode GlyphWorks software can detect and correct them.

Figure 4: Example Drifted and Spiked signal
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2.3. Data Reduction
Measured signals in the time-domain consist of millions of data points. We need to extract relevant information in a
concise and efficient format.
Several Data Reduction techniques exist:
• Level crossing analysis
• Time at level histogram
• Rainflow cycle counting
• Fatigue Damage Spectrum (FDS)
• Joint statistical distributions
In this paper, we will only focus on Level Crossings, Rainflow Cycle Counting and Fatigue Damage Spectrum.
All three of them are well known for this type of activity. They all consider fatigue cycles, if not damage directly. All
three algorithms are described below.
2.3.1. Level Crossing
Level crossing analysis counts the number of times the signal crosses a number of specified levels with positive slopes
above zero and negative slopes below zero. Fatigue cycles can be extracted from these data, however this is seldom
done in practice as the Rainflow technique is often preferred in damage analysis. However level crossing is known to
correlate well with damage in most cases, provided the input is expressed in terms of displacement, strain and load.
Level crossing analysis of acceleration signals can provide good correlation with vehicle handling, but is not a good
correlator for fatigue.
Using a Basquin slope and intercept, one may easily derive the Damage version of the LevelCrossing histogram. The
vertical axis is no longer representing the number of exceedences of each levels but the cumulative damage at each
level.

Figure 5: The Level Crossing and Damage histogram
2.3.2. Rainflow Cycle Counting
Rainflow analysis counts strain ranges as closed cycles analogous to the stress strain closed loop cycles. It has been
shown to give the best estimates of fatigue life and is now the generally accepted cycle counting method used in time
series analysis. Rainflow correlates well with damage, provided the input is expressed in terms of displacement, strain
or load.
As for the Level Crossing Analysis, one may use a Basquin slope and intercept to derive the Damage version of the
Rainflow Matrix. The vertical axis is no longer representing the number of cycles of various ranges but the cumulative
damage at each range.

Figure 6: The Rainflow and Damage Matrix
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2.3.3. Fatigue Damage Spectra

Damage and frequency are both important because different components will be more or less sensitive to different
frequencies of loading. This is due to resonance in the components. Loading frequency is dependent on the terrain
profile and the speed the vehicle is travelling.
The Fatigue Damage Spectrum (FDS) retains the desired attributes: i.e. damage content and frequency.
It is designed for accelerometer measurements representing the input load to the system.
The FDS allows a good damage correlation with robust instrumentation
Calculating the FDS involve the following steps:
4 Filter the measured time signal of acceleration to extract the desired frequency band.
4 Calculate the damage content of the filtered signal using a traditional stress-life (SN) approach and
using a rainflow cycle counting algorithm.
4 Plot the resulting damage number on the damage vs. frequency plot.
4 Repeat process choosing a new frequency band until the damage vs. frequency plot is completed
over the desired range of frequencies.
Discussion on the exact algorithm is beyond the scope of this paper and the reader is referred to Halfpenny (6) for more
information.
HBM-nCode’s GlyphWorks allows the user to easily obtain FDS of signals, as shown in Figure 7 below.

Figure 7: Example GlyphWorks analysis workflow

2.4. Data Extrapolation
Real usage data is typically only collected for a short time period relative to the actual service life.
One challenge is to make sure sufficient data has been collected to characterize a particular operation e.g. is the limited
data collection enough to characterize the service usage for the expected life of the component or the vehicle?
Another difficulty is to assess the variability in service loading.
HBM-nCode software propose methodologies for statistically extrapolating a single measured service loading history to
the expected long-term service usage spectra (called “duration extrapolation”). The extrapolating methodology is
extended to combine data from several users to obtain a loading spectrum that represents a more severe user in the
population (called “percentile extrapolation”) like the 90th percentile customer usage.
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3. Proving Ground Optimisation analysis
HBM-nCode’s GlyphWorks can be used to derive the 'optimum' testing sequences to match closely to a customer
profile. This is done using an Optimisation algorithm.

3.1 The Optimisation Algorithm
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The aim of the algorithm is to solve a matrix equation. An example matrix using Fatigue Damage Spectra (FDS) is
illustrated in Figure 8 below. We can see the test track characterization on the left hand side of the equation and the
target on the right hand side. The solution vector represents the number of repeats of each test event required to achieve
the target solution.

Figure 8: Matrix representation of the Optimisation Problem
Since the ‘test track’ matrix is rarely a well conditioned square matrix, finding the solution cannot be based on a
straightforward matrix inversion. The algorithm implemented in the “Test Match” glyph provides two Optimisation
strategies; these are:
•
Best fit Optimisation : establishes what test events should be used to obtain the closest relationship to the target
user
•
Minimized repeats Optimisation: establishes the most economical test schedule that meets the target usage
spectrum.
The algorithm accepts constraints: the user may want to force a particular event to be used at least once, or limit the
number of occurrences of a very long event. Figure 10 in the next section shows an example table of results: the two last
columns recall what constraints were used originally: in this example, the default values are shown.
Both Log- and Linear-based solvers are provided. Linear Optimisation is most suitable for coefficients which vary
linearly in severity such as acceleration, load or stress values whereas Log Optimisation is most suitable for coefficients
which vary non-linearly in severity such as fatigue damage.
Most users compare the results from all four methods and choose an appropriate solution based on the results outcome
and the solution comparison plots. Some modes work better for some cases than others but analysis times are very short
so trial and error is encouraged.
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In the case of the Best Fit Linear method, the equation to solve is:

{

min ([PG ][
. sol ] − [t arg et ])

2

[

][ ]

}
[

In the case of the Best Fit Log method, the equation to solve becomes: min{log( PG . sol ) − log( t arg et

])}

Now, the Minimized repeats Optimisation focuses on the number of occurrences, trying to minimize it:
min ∑ [repeats]
0≤ repeats

With some constraints:
In the case of the Linear method: { T . repeats − t arg et } ≥ 0

[ ][

] [

]

⎧ [T ][
. repeats ]⎫
⎬≥0
⎩ [t arg et ] ⎭

In the case of the Log method: log ⎨

3.2 Running the Analysis
HBM-nCode’s GlyphWorks software makes the whole Optimisation process very easy. Inputs are the Target and the
various TestTracks, characterized using histograms or Spectra (see 2.3. Data Reduction). The parameters are set up in
the middle icon, called the “TestMatch” glyph. Results are displayed in tables or graphs (see next section for more
details). The whole Optimisation analysis takes only a couple of seconds.

Figure 9: Example Workflow for the Optimisation analysis

3.3 Viewing and Validating the Solution
The analysis solution is displayed in a table as shown in Figure 10 below:
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Figure 10: Example table of results
This table is complemented with other results like Total Number of Repeats or a retention percentage, which is an
indication on the degree of convergence of the solution with the target.
The user may also ask for graphical displays helping in assessing the quality of the solution found. This is done by
comparing the Target with the solution found (i.e. weighted sum of histograms or spectra).
Figure 15 in the next section shows a comparison between the solution vector and target vector. In this case, all
channels are concatenated allowing the user to see the entire goodness of fit in one plot without having to tab through
each channel separately. The colored dots show the relative contributions made by each test to the overall solution. This
allows the user to spot tests which contribute very little to the final solution.
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4. Example Application at CNH: Accelerated field test analysis
4.1 Introduction
The objective is to collect representative usage from several countries in order to redefine some test sequences and
compare with existing tests.
This analysis was done on an existing Tractor, in current production.

4.2 Instrumentation
Sensors where positioned at various places to capture loads and accelerations. These locations include:
- Front axle vertical & horizontal loads
- Links and Draw bar loads
- Vertical accelerations at 4 hubs
- 3-axis acceleration of the cab

Figure 11: Accelerometers and strain gauges on front axle

4.3 Situations measured
Several hours of real and typical usage were measured and then extrapolated to 3000 hours representing 10 years of
customer usage. This represents the TARGET. Several targets were considered, for several regions in the world.

Figure 12: Example real usage measurements
Also some individual situations were characterised. The objective being to find a SOLUTION made of occurrences of
these individual situations to reproduce the TARGET.
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4.4 Analyses
Fatigue Damage Spectra were calculated from the wheel accelerations. A Fatigue Damage Spectrum can be interpreted
as the variation in terms of relative damage accumulated at various parts of the tractor with respect to frequency.
Acceleration at the Wheels is double integrated to give displacement. Rainflow Cycle Counting and Level Crossing
analysis is made on these Displacements. This is a more traditional approach for the customer’s correlation exercise.
However, risks are that the Optimisation algorithm focuses on the high number of repeats (typically for low
displacements), this is why the Damage histograms were also calculated as per Figures 5 and 6.

4.5 Finding the Optimised solution
The Cycle Rainflow matrix as well as the Level Crossing gave solutions focusing on matching the highest number of
repetitions rather than reproducing the highest loads. Figure 13 below shows a Level Crossing Histogram representing
the TARGET in red and a blue one, the sum of occurrences found by the Optimisation algorithm: this is the
SOLUTION. We clearly see how the solution fails to reproduce the extreme levels, which are the most damaging ones!
Extreme values not considered by
the solution!

Figure 13: Example SOLUTION missing the high loads
Best results where found with the Fatigue Damage Spectrum and the Damage-weighted Rainflow Histogram. Figure 14
below shows how well the SOLUTION fits with the TARGET on one specific wheel using a Damage Matrix.

Figure 14: Example SOLUTION focusing on Damage
The SOLUTION is made of occurrences of the individual situations. The results from using the Fatigue Damage
Spectrum and the Damage-weighted Rainflow Histogram are presented below.

SF2M, Journées de Printemps 2011

11

Proving Ground Optimisation Based on Fatigue Damage Spectrum

Duration (hours) using the
Fatigue Damage Spectrum

Test Name
Track 011210_r01
Track 011210_r02
Track 011210_r03
Track 011210_r04
Track 011210_r05
Track 011210_r06
Track 011210_r07
Track 021210_r01
Track 021210_r02
Track 021210_r03
Track 021210_r04
Track 021210_r05
Total Duration :

0.15
8
23
13
0
730
0
7
7.7
143.5
0
0
932 hours

Duration (hours) using
the Damage weighted
Rainflow Histogram
141.5
0
0
0
0
0
33.5
0
0
10
0
0
185 hours

The results from using the Fatigue Damage Spectrum and the Damage-weighted Rainflow Matrix are quite different.
Using the Damage Matrix, less test tracks are used and the overall test is much shorter.

4.6 Checking the solution
An output of HBM-nCode’s software is a display comparing target vs. solution histograms and plots showing the
contribution of each surface. Figure 15 below shows such a display, where we can clearly see how good the fit is
between SOLUTION (blue line) and TARGET (red line), across all 4 wheels.
The colored points below the curves represent the various test tracks: we can therefore see the contribution of each
situation to the solution.
The result obtained via the Damage-weighted Rainflow Histogram is comparable, although not as perfectly overlaid.
1st wheel

2nd wheel

3rd wheel

4th wheel

Figure 15: Contribution of each surface to the solution
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We can also show that the solution is valid also for other parts of the vehicle. For instance, the cabin was instrumented
with Accelerometers. Figure 16 below compares the Damage Spectrum directly calculated from the vertical acceleration
signals in the cabin (TARGET in red) and using the coefficients from the solutions (obtained via Fatigue Damage
Spectrum of Wheels in blue or Damage Rainflow Matrix of Wheel’s displacements in Green)

Figure 16: Validity of the SOLUTIONS (Blue and Green) to other parts of the vehicle

5. CONCLUSION
This paper introduces a new method for deriving an optimised mix of test tracks to match a user’s profile. It was first
discussed how a customer usage must be captured. The Optimisation phase was based on different reduced data and
different Optimisation algorithms were presented and investigated. A case study shows that this approach allows
reducing dramatically the duration of tests while maintaining the same damage content as in real life.

*******
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