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An Important Note For The Reader

The research detailed in this report was commissioned by Transfund
New Zealand.

Transfund New Zealand is a Crown entity established under the
Transit New Zealand Act 1989. Its principal objective is to allocate
resources to achieve a safe and efficient roading system. Each year
Transfund New Zealand invests a portion of its funds on research
that contributes to this objective.

While this report is believed to be correct at the time of its
preparation, Transfund New Zealand, and its employees and agents
involved in the preparation and publication, cannot accept liability
for its contents or for any consequences arising from its use. People
using the contents of the document should apply, and rely upon,
their own skill and judgement. They should not rely on its contents
in isolation from other sources of advice and information.

This report is only made available on the basis that all users of it,
whether direct or indirect, must take appropriate legal or other
expert advice in relation to their own circumstances. They must rely
solely on their own judgement and seek their own legal or other
expert advice in relation to the use of this report.

The material contained in this report is the output of research and
should not be construed in any way as policy adopted by Transfund
New Zealand but may form the basis of future policy.
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Abstract

The objective of this project was to develop and test an apparatus and procedure for
determining natural frequency and damping ratio for heavy vehicle suspension
systems.

A test has been developed that involves supporting an axle group on collapsible
platforms located under the vehicle's wheels. These platforms are released
simultaneously and drop a short distance, exciting a transient response. The
displacement of each axle relative to the vehicle's chassis is measured using string
potentiometers. The natural frequency is then estimated as the location of the peak
magnitude of the displacement signal in the frequency domain. Also, the damping
ratio may be estimated using a type of logarithmic decrement method in the time
domain. Our test is based on the EC drop test which specifies that, to qualify as road
friendly, the transient signal should have a natural frequency of less than 2 Hertz and
a damping ratio greater than 20 percent (Council of the European Communities 1992).

Testing initially resulted in data that were hard to interpret and had poor repeatability.
The main reason for this was that the platforms were not releasing simultaneously
which caused the roll mode of the vehicle to be excited. After some modifications to
the dropping mechanism and careful tuning the test was shown to provide repeatable
estimates of natural frequency (7 %) and damping ratio (+18 %).
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2 Executive Summary

2. Executive Summary

2.1 Introduction

A key result derived from the AASHO road test undertaken in the late 1950s and early
1960s (Anon 1962) in the USA is the well known and widely used “fourth power
law”. This states that the amount of pavement wear caused by the passage of an axle
is proportional to the fourth power of the axle load. Since vehicles are dynamic
systems, different locations on a road will see different load profiles. Several studies
have also shown that dynamic wheel forces vary between suspension types, for
example, Cole and Cebon (1989), de Pont (1997), Magnusson (1987), Mitchell and
Gyenes (1989), Sweatman (1983) and Woodrooffe et al (1986). In the early 1990s the
EC (Council of the European Communities 1992) introduced some axle load
concessions for tractor drive axles fitted with “road-friendly" suspensions. They
defined a “road-friendly" suspension as one for which the natural frequency of the
suspension is less than 2 Hz, the damping is greater than 20 % of critical damping and
more than 50 % of the damping is provided by a viscous damper.

Other researchers have already investigated the measurement of road-friendliness with
encouraging results, for example, Woodrooffe (1996) and Sweatman et al (2000).
Those two studies used different types of testing devices from the apparatus used in
this report. The apparatus used in this study were cheaper and more portable than
those used by Woodrooffe and Sweatman.

2.2 Objective

The objective of this project was to develop and test an apparatus and procedure for
determining natural frequency and damping ratio for heavy vehicle suspension
systems.

2.3 Method

The apparatus that was designed and built to test heavy vehicle suspensions consisted
of several platforms that could be positioned under each wheel set of a single or
tandem axle set as shown in Figure 1.
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Figure 1 The test setup.

The vehicle is positioned on the platforms using a trolley jack. The platforms are
supported by an arrangement of hinges that are almost in balance. From this position,
the platforms may be detonated by activating a solenoid operated latch which allows
the platforms to fall a short distance simultaneously. This drop excites a transient
response in the vehicle's suspension, and the displacement of the sprung mass relative
to each axle is measured using string potentiometers. Values of natural frequency and
damping ratio are then fitted to the response.

2.4 Results

Figure 2 shows an example of the displacement of the vehicle sprung mass relative to
an axle that was measured for a drop test. It is clear from the figure that the response
may be reasonably well approximated by a decaying sinusoid so that estimates of
natural frequency and damping ratio may be made.

voltage (V)

1 1.5 2
fime {seconds)

Figure2 An example signal from a string potentiometer for a drop test.
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2 Executive Summary

Some problems were encountered during the development of the test apparatus and
procedure. The main problem was that the platforms did not always detonate
simultaneously. This problem was overcome by modifying the detonation mechanism
and carefully tuning the release mechanism. The repeatability of the test was found to
be moderate after careful tuning of the apparatus; estimates of natural frequency and
damping ratio were found to be repeatable to +7 % and £18 %, respectively. Also, the
time taken to set the test up was around 2 hours but once it was set up, a repeat test for
one axle set could be performed in 10 minutes. The authors believe that the test time
could be significantly reduced with a more elaborate test apparatus.

15
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3. Introduction

A key result derived from the AASHO road test undertaken in the late 1950s and early
1960s (Anon 1962) in the USA is the well known and widely used “fourth power
law". This states that the amount of pavement wear caused by the passage of an axle
is proportional to the fourth power of the axle load. Although this rule was derived by
statistical analysis of the measured data it is consistent with the well known Miner's
rule method for predicting fatigue life. The “fourth power law" is based on the
statically measured axle load. However, from the perspective of a particular location
in the pavement, axle loads are dynamic as they are generated by the passing of a
moving vehicle. Since the late 1960s a number of researchers have measured the
dynamic wheel forces generated by heavy vehicles fitted with different suspensions
(Cole and Cebon 1989), (de Pont 1997), (Magnusson 1987), (Mitchell and Gyenes
1989), (Sweatman 1983} and (Woodrooffe et al. 1986). From these studies a number
of important results were deduced. Specifically dynamic wheel forces increase with
vehicle speed and with road roughness and vary significantly between suspension
types.

Eisenmann (1975) derived a formula for the expected relative level of road damage
for different levels of dynamic wheel force assuming the fourth power law and a
random Gaussian distribution of wheel forces. Applying this formula showed
significant differences in the expected level of road wear between suspensions with
low dynamic wheel loads and those with high dynamic wheel loads. The term “road-
friendly" suspensions appeared and was used to refer to suspensions generating
relatively low levels of dynamic wheel forces. No precise definition of “road-
friendliness" existed. In the early 1990s the EC introduced some axle load
concessions for tractor drive axles fitted with “road-friendly" suspensions. As most of
the measurement studies had shown air suspensions to generate lower levels of
dynamic loading the initial requirement was for air suspensions. However, in response
to criticisms that this requirement was too prescriptive, a test was specified for a
suspension to be rated as equivalent-to-air. The requirement was that the natural
frequency of the suspension is less that 2 Hz, that the damping is greater than 20 % of
critical damping and that more than 50 % of the damping be provided by a viscous
damper. Air suspensions were deemed to qualify without a requirement for testing. It
should also be noted that the EC criteria for “road-friendliness™ specifies only the test,
not the apparatus that should be used.

The previous two paragraphs present a rather simplified summary of the historical
basis for this work. However, a number of other studies have found results which
somewhat complicate the picture. Although the fourth power is extremely widely used
for both pavement design and pavement management, pavement research studies
(Cebon 1999) have found powers ranging from 1.3 to 12 depending on the pavement
type and the damage mechanism being modelled. Eisenmann's assumption that the
wheel forces are randomly distributed and hence that the mean wheel force at any
given location on the pavement is the same, has been shown to be incorrect. Cebon
(1987) showed this through computer simulation and derived some alternative

16



3 Introduction

approaches to calculating the pavement wear effects, while research element 5 of the
OECD DIVINE project (Gyenes and Mitchell 1994), (Jacob 1996) and (O'Connor et
al 2000) measured the spatial distribution of dynamic wheel loads. Other researchers
have shown that not all air suspensions generate lower dynamic loads than steel
suspensions and that the key parameter is damping (Magnusson 1987) and (de Pont
1997). This was confirmed by the suspension assessment tests undertaken as research
element 4 of the DIVINE project (Woodrooffe 1996). Research element 1 of the
DIVINE project and two other accelerated pavement tests undertaken at the
Canterbury Accelerated Pavement Testing Indoor Facility (CAPTIF) (de Pont et al
1999) compared the pavement wear under equal static but different dynamic loads.
These tests showed a greater level of variability in pavement wear under higher
dynamic loads but indicated an exponent value for the power Jaw of around 1.5.

While there is still some debate over the magnitude of the effect, there is little doubt
that reducing dynamic wheel loads reduces the level of pavement wear generated. A
major attraction of this approach is that the benefit is achieved without any loss of
vehicle productivity. To encourage the use of “road-friendly” suspensions through
incentives it is necessary to be able to identify them cost-effectively and thus there is a
need for a low-cost testing procedure. Criteria for “road-friendliness" have been
developed for the EC tests and confirmed in the DIVINE project. DIVINE (OECD
1998) recommended a natural frequency of 1.5 Hz rather than 2 Hz.

This project seeks to ‘develop and test an apparatus and procedure for determining the
natural frequency and damping of heavy suspensions for the purpose of assessing
their road-friendliness'. Ultimately, such a test may be used to incorporate road-
friendliness into RUCs, providing a pricing structure that is closer to a “user pays'
model. While the implementation of road-friendliness criteria into the RUC pricing
structure is beyond the scope of this study, it has been suggested that “an assessment
of road-friendliness would also be required if road-friendly suspensions were a pre-
entry requirement to higher mass limits” (Sleath 2001).

Other researchers have already investigated the measurement of road-friendliness with
encouraging results, for example, Woodrooffe (1996) and Sweatman et al. (2000).
Woodrooffe used a very substantial four-post servo-hydraulic shaker facility
(developed for testing rail wagons) to test a range of approaches for characterising
suspension response. The power and flexibility of this facility allowed a range of
procedures to be investigated but the scale and cost of the facility make it unsuitable
for routine compliance testing. Sweatman's work addressed the same task as this
project although with quite a different apparatus. We believe the apparatus designed
for this project to be superior in both cost and performance to that developed by
Sweatman. An overview of Sweatman’s apparatus may be found at the Roaduser
research web site (Roaduser 2001).

Enquiries were made about purchasing Sweatman’s device in late 1999 and a price of
A$130,000 was quoted. This compares to a cost of less than NZ$15,000 for the
construction of the prototype devices that were used for this study (this price excludes
design costs). It is worth noting that Sweatman’s device appears to require a shorter
time to set a test up and to perform the test due to the fact that a vehicle can drive onto
the devices and drive off after the test. However, the mechanisms used for this study
are believed to be capable of superior performance because the drop is very close to

17



ASSESSING ROAD-FRIENDLY SUSPENSIONS

free-fall. Conversely, when an air-operated dropping mechanism was investigated in
the early stages of design for this project, it was found that an acceleration close to
that due to gravity could not be achieved.

The structure of this report is as follows. Section 4 describes the method that was

used for the project. Section 5 outlines the results and detailed results are given in
Appendix C and Appendix D. Section 6 presents the main conclusions of the project.

18



4 Method

4. Method

The project was divided into Stages and each Stage was divided into Tasks. The first
two stages, as given in the research proposal were:

Stage 1. Design and construction of test apparatus.
Task 1. Design a test apparatus to raise all axles of a suspension group to a
fixed height and then drop the vehicle.
Task 2. Design and test instrumentation and data acquisition system to
measure vehicle response. This will use existing TERNZ equipment.
Task 3. Review design and modify appropriately.
Task 4. Construct test apparatus.

Stage 2. Test ten typical vehicle-suspension configurations.

Task 1. Select ten vehicle-suspension configurations spanning single and
tandem axle sets, steel and air suspensions and at least one case of two
different vehicles with the same suspension and organise hire of
vehicles.

Task 2. Test each suspension configuration at three drop heights and measure
static load, and tyre pressures.

Task 3. Analyse test results to determine suspension ratings and assess
effectiveness of the test procedure.

Task 4. Prepare interim report and submit for peer review.

Task 5. Undertake any additional measurements and analyses arising from
peer reviews.

Stage 3 of the project was modified slightly after completion of Stages 1 and 2. The
tests for Stage 2 showed unexpectedly poor repeatability, so Stage 3, which originally
considered the detection of faulty dampers, was medified to also include a thorough
assessment of test repeatability. The modified Tasks for Stage 3 were as follows:

Stage 3. Evaluate the use of the test rig for in-service testing.

Task 1. Source one vehicle that has a tandem air-suspended axle group with
dampers. Test this vehicle extensively with a relatively light load to
determine the repeatability of the test procedure. Note that the light
load should allow the platforms to detonate simultaneously.

Task 2. If Task 1 shows poor repeatability then test a single axle extensively
to determine whether the poor repeatability is due to stiction in the
trailing-arm mechanism.

Task 3. Perform drop tests with various numbers of dampers added to see if
the test will adequately detect faulty dampers.

Task 4. Analyse the results to determine whether this test procedure
adequately identifies performance.

Task 5. Prepare a draft report and submit for peer review.

19
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Task 6. Undertake any additional analysis and testing as indicated by the peer
review.

Stage 4, the final Stage of the project, was carried out as follows:

Stage 4. Report, review and disseminate,
Task 1. Prepare and submit final report.
Task 2. Prepare and submit article for popular industry press (Transearch and
New Zealand Trucking).
Task 3. Modifications to report as required by Transfund editor.

20



5 Results

5. Results

This section outlines the main results of this study. In section 5.1, the test mechanism
and the testing procedure are described (i.e. the results for Stage 1 of the project).
Section 5.2 presents some of the best results that were obtained for Stage 3 of the
project. These results show the test working well. Section 5.3 provides insight into the
test and its limitations by considering a linear model of a vehicle. Section 5.4 outlines
the development process, the problems that were encountered and how they were
surmounted. These results are comprised of tests from Stage 2 and the first set of
results from Stage 3 of the project.

5.1 The design of the test apparatus

The test equipment consisted of four platforms. Together, these platforms can support
a single or tandem axle set of a loaded vehicle as shown in Figure 3. A close-up view
of one of the platforms is shown in Figure 4. When triggered, the platforms fall some
predetermined distance, leaving the wheels of the vehicle unsupported. The resulting
drop excites a mixture of the vehicle's bounce and pitch modes. Note that “bounce’
refers to the motion of the vehicle’s sprung mass in the up/down direction.
Conversely, pitch refers to a rocking motion of the sprung part such that there is a
phase difference of approximately 180 degrees between the motion of the front and
rear suspensions. Figure 5 is a photograph of one of the solenoid release mechanisms
that was used to release the platforms. The displacement of the vehicle sprung mass
relative to the axle may be measured using a string potentiometer as shown in Figure
6. An example of a signal from a string potentiometer for a drop test is shown in
Figure 7.

re 3 The test setup.
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Figure 4 One of the platforms in the lowered position.
e ] : : X h

Figure 5 The solenoid release mechanism in the set position.

3
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5 Results

Figure 6 The string potentiometer that was used to measure the displacement of

the sprung mass relative to the unsprung mass.

D

Figure 7 An example signal from one of the string potentiometers for a drop test.
0.3 : : :

0.2

0 0.5 1 1.5 2
fime {seconds)

23



ASSESSING ROAD-FRIENDLY SUSPENSIONS

5.2 Successful test results after development of the testing devices.

The last series of tests that were performed for Stage 3 of the project involved testing
the steer axle of a tractor which had parabolic springs and hydraulic dampers. The
dropping mechanisms were tuned so that there was no audibly detectable timing
difference between detonation of the platforms under the left and right wheels. Figure
8 shows an example of the time domain signal for the left and right sides of the front
axle. Note that the dampers were removed for this test and that the higher frequency
axle-hop mode is visible.

Figure 8 Example of a time domain signal for a drop test performed with
dampers removed. The two plots show the displacement of the vehicle's sprung
mass relative to the steer axle for the left and right sides of the vehicle,
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It can be seen from the two time domain plots shown in Figure 8 that detonation of
the platforms under the left and right steering wheels was simultaneous.

The two modes that are visible in Figure 8 can also be seen in the plots of magnitudes
of the discrete Fourier transforms of the time domain signals as shown in Figure 9.
The location of the peak magnitude may be used as an estimate of the natural
frequency of the transient.

Figure 9 Example plots of the magnitude of the discrete Fourier transform of the
time domain signal for a drop test with dampers removed. The two plots show
the displacement of the vehicle's sprung mass relative to the steer axle for the left

and right sides.
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5 Results

The damping ratio is slightly more difficult to determine than the natural frequency.
The damping ratio for each test was found using a weighted Jeast squares line through
a time series of the logarithm of the displacement signal (from the string
potentiometer, in Volts). Two example plots are shown in Figure 10 for the same
example that was used in Figure 8.

Figure 10 Example of time series plots of the logarithm of the displacement of the
sprung mass relative to the axle. Note that the peaks are shown as well as the
weighted least squares line.
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The damping ratio may be determined from the gradient of the weighted least squares

line m using:

. m
o2 »

The algorithm for determining natural frequency and damping ratio is detailed in
Appendix A.

Seven tests were performed and the displacement signal was recorded for both the left
and right sides of the vehicle. This gave 14 samples which resulted in an average
estimate of natural frequency of 1.19 Hertz and a standard deviation of 0.36 Hertz.
Therefore, the 97.5 % confidence interval (assuming a t distribution) corresponds to
+7 % of the estimate of natural frequency. The damping ratio was estimated to be
\zeta=0.30 and the standard deviation was 0.024, giving a 97.5 % confidence interval
of £18 % of the damping ratio.

Remark: The test results were such that the estimates of damping ratio for each of
the transient responses were less repeatable than the estimates of natural frequency.
This was not unexpected because differences in the Coulomb friction forces within
the suspension mechanism between tests could influence the estimate of the damping
ratio. However, the estimate of the natural frequency of the transient response is
almost independent of friction.
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5.3 Comparing the test results with a linear model

5.3.1 The linear model

A mathematical model of a vehicle was used to provide insight into the test results.
Details of the model may be found in Appendix B and Figure 11 is a sketch of the 3
dimensional model that was used.

Figure 11 Linear model of vehicle used to simulate drop tests.
Front of vehicle

The model had linear tyres, springs and dampers and was described by 14 states. A
torsional spring was included in the suspension to allow for suspension auxiliary roll
stiffness. Only a few dimensions are shown in Figure 11 for clarity but the model
input parameters may be found in Appendix B.

The model parameters were chosen to represent a three axle trailer, similar to the one
used for the tests described in section 5.2. Although the mass, inertia, and stiffness
values for this vehicle were not known accurately, the model was useful to determine
qualitative effects. This tractor model had two modes that were a mixture of bounce
and pitch. These modes were found to have natural frequencies of 1.0 Hertz and 0.8
Hertz. Neither mode shape was close to pure pitch or pure bounce. However, the
mode shape for the 1.0 Hertz mode was largely a steer axle motion and the mode
shape for the 0.8 Hertz mode was mostly a displacement of the rear axle suspension.
The other low frequency body mode was a roll mode at 3.0 Hertz. There were also
four high frequency, largely axle, modes between 8 Hertz and 12 Hertz. The poles for
these modes are shown in Figure 12.
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5 Results

Figure 12 Poles for linear model of vehicle used to simulate drop tests.
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Notice that, in Figure 12, the 0.8 Hertz mode has much greater damping than the
1.0 Hertz mode. This is because the rear of the vehicle is unloaded so the rear
suspension, which strongly influences the 0.8 Hertz mode, has a disproportionate
amount of damping relative to its load.

5.3.2 Simulated drop test for the front axle of the tractor

The tests described in section 5.2 involved dropping the front axle of a three axle
Volvo tractor. A similar test was simulated using the linear model. It was assumed
that the damping c¢ on the steer axle was such that:

cf=20\fkfmf, 2

where kr is the vertical stiffness of the front suspension, my is the part of the sprung
mass that is supported by the front suspension and £ was assumed to be 0.2. Note that,
if the front suspension was treated in isolation as a spring/mass/damper system, the
second order equation describing the simplified system would have a natural
frequency of /kf/mf and a damping ratio of 0.2. However, this does not mean that
the damping ratio of the transient response for the simulated drop test will be 0.2. The
results for the simulated test are shown in Figure 13.
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Figure 13 Simulated drop test for the front axle of a three axle tractor.
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Estimates of natural frequency and damping ratio were made from the transient

response shown in Figure 13 using the method described in Appendix A. These
estimates were 1.0 and 0.22, respectively.

Comparing the plots in Figure 13 with real test results in, for example, Figure 8 to

Figure 10, it may be seen that the linear model provides qualitatively similar results
to those that were observed.

5.3.3 Simulated drop test for the front axle of the tractor model with a
component of roll

The main technical difficulty that was encountered with the dropping mechanisms
was non-simultaneity of the release of the platforms. The non-simultaneous release of
the platforms caused problems which are outlined in section 5.4. The main problem
was that differences in detonation times between the left and right sides of the vehicle

resulted in the excitation of roll modes which created a transient response that was
difficult to interpret.

In the simulation, a difference in timing between the left and right sides of the vehicle

was approximated with an initial condition of 4 degrees of body roll. The results of
this simulation are shown in Figure 14.

Figure 14 Simulated drop test for the front axle of a three axle tractor with an
initial condition of 4 degrees of roll angle to approximate a timing difference
between detonation of platforms on each side of the vehicle.
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It can be seen from the second plot in Figure 14 that the response cannot be
approximated well with a second order system, so determining the natural frequency
is difficult. Also, finding the peaks in the first plot of Figure 14 in order to estimate
the log decrement and, therefore, the damping ratio is obviously difficult. The
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5 ' Results

difficulty is compounded by the similarity between the natural frequencies of the body
modes.

Numerous examples of tests with timing differences between the left and right sides
of the vehicle may be found in Appendix D. One such example is Figure 44.

5.4 Problems that were encountered during development of the test
and test mechanisms

A number of problems were encountered during the drop testing of 10 vehicles for
Stage 2 of the project. Some of these problems were overcome at the time and the
remainder were addressed during Stage 3 of the project.

Problem 1. When testing one of the vehicles, there was a large amount of noise on
the voltage signal from the string potentiometer. The noise swamped the displacement
signal and had low frequency components such that low pass filtering could not
remove the noise. An example plot is shown in Figure 15. It is believed that the
voltage of the power supply to the string potentiometers was too low which resulted in
unusable signals.

Fig}lre 15 Example of an extremely noisy signal from one of the drop tests.
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Problem 2. Figure 16 shows the displacement responses of both axles of a steel
suspended tandem axle set for a drop test. Notice that, for both axles, the
displacements before and after the drop test are not equal. Also, the change in
displacement is approximately equal and opposite for the two axles which suggests
the most likely cause of this phenomenon is built-in stress in the load sharing
mechanism, possibly caused by stiction. This phenomenon did not appear to affect
repeatability significantly, however, the effect may have been swamped by other
problems that also affected repeatability.

Different displacements between the sprung and unsprung masses before and after a
test can be observed to a much lesser extent for some of the tests for single axle
vehicles as shown in Figure 17. Figure 17 shows a test for Vehicle 3 which was a
single axle air suspended semi-trailer with dampers, therefore, Coulomb friction
forces could have occurred in the springs, dampers or part of the suspension/trailing
arm mechanism.

29



ASSESSING ROAD-FRIENDLY SUSPENSIONS

Figure 16 Example of a drop test for a tandem axle group with win built-in
forces in the load sharing mechanism.
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Figure 17 Example of a drop test for a single axle with built-in forces in the
sm:ing/damper mechanism for an air suspension.
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Problem 3. All the suspensions showed some non-linearity or high order behaviour
such that there did not exist a second order linear spring-mass-damper model that
would fit the response perfectly. Therefore, natural frequency and/or damping ratio
were not well defined. Since the EC drop test specifies road-friendliness criteria in
terms of natural frequency and damping ratio, it was required to find estimates for the
natural frequency and damping ratio of the second order model that, in some sense,
provided the optimal fit to the observed response. Two methods for estimating natural
frequency and damping ratio were tried. Firstly, the linear model was found which
minimised the sum of square errors for the displacement signal for the 2 seconds of
response after the drop test. An example of the string potentiometer signal is shown in
Figure 18 with the fitted linear model shown as a dashed line. The second and
preferred method was to use a discrete Fourier transform to find the natural frequency

and to use a type of logarithmic decrement method to estimate the damping ratio. This
method is described in Appendix A.
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5 Resufts

Figure 18 Example of a non-linear response fitted with a linear spring-mass-
damper model.
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Problem 4. Figure 16 also shows another problem which was observed in a number
of the tests. After the transient effect of the drop test has died out, a regular oscillation
may be observed. It is suspected that this is caused by nearby road traffic and the
magnitude was small enough that this was not considered to be a serious problem.

Problem 5. Around 5 to 10 drop tests were performed for each of the vehicles that
were tested in Stage 2 of the project. The time taken to test these vehicles ranged
between 4 and 11 hours and most of this time was spent jacking the vehicle up. A
bottle jack was used to jack the vehicle up in Stage 2 of the project but, in Stage 3, the
vehicle was raised with a crane or a trolley jack. Both the methods used in Stage 3
were found to be considerably faster and safer than using a bottle jack. In Stage 3, the
time taken to set up a test was around 2 hours and each subsequent test took around 5
minutes.

Problem 6. For suspensions with certain trailing arm configurations, jacking one axle
at a time in a tandem axle group resulted in a change in the horizontal spacing
between axles. This effect was so great for one of the vehicles (Vehicle 10 of Stage 2)
that the platforms supporting the wheels of one axle moved a significant distance
when the other axle was raised and testing was discontinued for safety reasons. This
problem could be mitigated in a number of ways including increasing the length and
width of the platforms.

Problem 7. To perform a drop test, each of the platforms supporting the wheels of an
axle set should be released simultaneously. Unfortunately there were often smail
differences between the times when the platforms released. This was the main
problem that was encountered during the project. Figure 19 shows an example of a
signal from a test where the platforms did not release simultaneously so that the
response appears to be greater than second order. Suspensions with greater roll
stiffness (these were typically air suspensions) were found to be more sensitive to
non-simultaneous releasing of the platforms. It is believed that this was because, for a
suspension with high roll stiffness, the small initial roll angle induced by a non-
simultaneous release of the platforms introduces a relatively large amount of energy
in the roll mode of the vehicle.

The platforms had an additional lever and an adjustable spacer added to allow the
platforms to be tuned such that they would drop simultancously. In Stage 3 of the
project, the platforms were carefully tuned so that they released simultaneously and
the results for these tests are shown in Appendix C.
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Figure 19 Example of a drep test where the platforms did not release
simultaneously.
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Three different drop heights were tried during testing for Stage 2 of the project. These
drop heights were 48 millimetres, 80 millimetres and 112 millimetres and test results
may be found in Appendix D. No significant differences in the estimates of natural
frequency and damping ratio were found between tests done at the three drop heights,
however, the 112 millimetre drop height was thought to be unnecessarily vigorous so
only two vehicles were tested at this height. Given these results, testing for Stage 3
was conducted at a drop height of 48 millimetres which appeared to give satisfactory
excitation of the suspensions.

5.5 Discussion of the test apparatus and procedure

The design of the test apparatus involved trading off various factors. These factors
included accuracy of parameter estimation, cost, safety, time to perform a test,
robustness of the equipment and portability of the equipment. The main advantages of
the design that was used were:

¢ The suspension was excited by a drop that was very close to free-fall,
e The platforms are portable (able to be lifted by two people),

e The devices were relatively cheap to fabricate.

Disadvantages of the test apparatus included Problems 4, 5, 6 and 7 (these problems
were a result of the testing setup). Note that Problems 2 and 3 are independent of the
test equipment and cannot be solved with more elaborate test apparatus. The major
technical difficulties that were encountered during the study were overcome, or at
least mitigated. The design was initially intended to allow portability so that roadside
testing could be carried out at any location. However, after completing this study, it
seems unlikely that roadside testing would be feasible, as the current design
unnecessarily compromises performance, testing time and safety in favour of
portability. It has been shown that, with careful tuning, the test devices and procedure
will give repeatable results. Therefore, the authors believe that in-service testing at
fixed facilities or type approval of suspensions is feasible.
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Results

A number of other ideas for exciting the suspension were considered during the early
stages of the design. Although none of these alternative designs were found to be
feasible, these ideas and the reasons they were not suitable constitute important results
of the research. Some of the alternative designs were:

We investigated supporting the platforms with air bags similar to those used in
truck suspensions. The air would be released by one or more valves to allow the
platforms to drop. Unfortunately, it was found that it was not possible to find
valves and hoses large enough for the air to be released fast enough to

_ approximate free-fall as required for the EC drop test.

We then investigated using an incompressible fluid, such as water, in air bags, but
it was again found that the fluid could not be released fast enough to approximate
free fall.

Another idea was to use a hydraulic jack that could withstand high internal fluid
pressure to support the vehicle. The jack could then be released to excite the
suspension. This idea was also found to be unsuitable because the acceleration of
the vehicle would not be close to free fall.

A pyrotechnic method of detonating mechanical platforms was also considered
and it is believed that a design such as this would be feasible.
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6. Conclusions

The main conclusion was that the test was found to give repeatable estimates of
natural frequency and damping ratio. These repeatable results were only achieved
after a certain amount of development and careful tuning of the test devices. The
estimates of natural frequency and damping ratio were found to be repeatable to
within 27 % and £18 %, respectively. The following conclusions were also drawn.

e It is suspected that it is not feasible to use fully portable testing devices due to
excessive testing time and set-up time. However, the authors believe in-service
testing at fixed facilities and type approval could be feasible.

o The design of the test mechanisms could be improved by:

1. Increasing the mechanical advantage of the lever mechanisms,
2. Building a fixed facility that enables remote jacking of a vehicle,
3. Enabling a vehicle to drive onto the testing rig and off again after testing.

e The test results for drop heights of 48 millimetres, 80 millimetres and 112
millimetres were not found to give significantly different results. However, the
large drop height of 112 millimetres appeared to be excessively vigorous.

e Although the apparatus used for testing in this project is the first prototype and
will probably differ from future designs, the authors suspect that a fixed facility
could be built that would test a loaded vehicle for “road-friendliness” within an
hour.
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Appendix A. Algorithm for determining natural frequency and
damping ratio

This study seeks to develop a method to estimate the natural frequency and damping ratio
of a system from its transient response. This objective implicitly assumes the system can be
approximated by a second order linear model. Such a model will exhibit a transient
response of the form:

v(t)=Ae-tOntsin(or\ 1-£2t+9) (AD)

where oy is the natural frequency and & is the damping ratio of the response. Also, A and ¢
are constants with which we are not concerned.

The following algorithm may be used to estimate natural frequency and damping ratio from
a drop test.

1. Perform a drop test on one axle group and sample the vertical displacement of the
chassis relative to each axle in the group at 200 Hz.

2. Filter the signal with a 6 pole Butterworth filter with passband [.1,20] Hertz. Apply the
filter in forward and reverse time to ensure the filter has zero phase at all frequencies.

3. Find the maximum value of the filtered time domain signal and truncate the signal to
200 points prior to the peak value and 399 points afterwards. This leaves 3 seconds of
signal.

4. Window the truncated time domain signal with a Hamming window.

Take the Discrete Fourier Transform of the time domain signal. The location of the

peak magnitude of this signal gives an estimate of damped natural frequency, wq.

6. Find the peaks of the chopped signal using the following algorithm.

a. The maximum of the truncated time domain signal is at the 201st point.

b. Find the minimum of the section of the time signal forwards in time from the latest
maximum value. If this value is within 5 samples of the end of the signal then break
from the algorithm.

¢. Find the maximum of the section of the time signal forwards in time from the latest
minimum value. If this value is within 5 samples of the end of the signal then break
from the algorithm, otherwise go to step b.

7. Suppose the i peak (which could be a local maximum or a Jocal minimum) occurred at
time t; and had displacement v(t;). The damping ratio, £, may be determined by fitting a
line to the plot of logjv(t;)} versus t; and using a weighted least squares regression.

b

The weighted least squares regression considers the line:
log|vest(t)|=mt+c (A2)

where vesi(t) gives an estimate of the magnitude of the displacement |[v(t))| for any peak. The
parameters m and ¢ are chosen to satisfy:

where q is the weighted sum of squares
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q=Ziwi(loglv(t)] - loglvest(t))? (A4)
where w; is a weighting vector that was chosen to be
w; = v(ti)’ (AS)
Note that the weights w; are such that larger magnitude peaks are more important than
peaks for smaller oscillations. The rationale for this was that there is a certain amount of
noise on the displacement signal so the signal to noise ratio is higher for larger amplitude
oscillations. Thus, the natural frequency and damping ratio can be estimated with greater
precision using the larger amplitude oscillations. Also, note that the estimated damping

ratio was found to be relatively unaffected by the choice of power for the weighting vector
{A5). Now, a standard weighted least squares argument may be used to show that the

solution to (1) is:
[m)_ Zitiwi  Ziwj -1 [ T Iog[v(ti)lwi} v
o/ ziti2wi Zitiwi)  \ i tiloglv()lwi (A6)

The damping ratio £ may then be calculated from the gradient m using:

__m
N (A7)

Proof: The times t; correspond to local maxima or local minima. Thus, from (A1), t; is such

that sin((nn‘\/ 1-§2t+¢)=i1 . Therefore, letting t=t; and taking the absolute value of both
sides of (A1) gives

v{t)FAe-C@nli (A8)

Taking logarithms of (A8) gives

log |[v(t)| = log(A) - Cont;. (A9)

Comparing (A9) and (A2) where t=t; gives

m=-Cn (A10)

wod
Since opn="F7==, (A10) gives (A7), as required.
n [—‘““1 2
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Appendix B. Simulation of drop tests

A model was made to gain a better understanding of the drop test and the vehicle dynamics.
A sketch of the model is shown in Figure 11. There were a number of parameters
associated with the model and, of these, only the vertical suspension stiffnesses are shown
in the Figure as an example. The notational convention that has been used is that the
subscripts ‘11', “12', ‘21" and ‘22" correspond to the front left, front right, rear left and rear
right of the vehicle, respectively. Also, the subscripts “1' and “2' correspond to the front and
rear axles, respectively. Table 1 is a list of notation that will be used for the model. Note
that in Table 1, the subscripts i and j may take the values of 1 or 2 in accordance with the
notational convention described above.

Table 1 Notation used for input parameters for vehicle model.

Parameter Symbol

Kii Suspension vertical stiffness

Ci Suspension vertical damping

i Suspension spring spread

L Wheelbase
ol Displacement, in x direction of sprung mass cg from front

axle

Kai Augxiliary roll stiffness for the front or rear axle
W) Track width

Kii Tyre vertical stiffness

Yii Tyre damping (always zero in this model)

m Vehicle's sprung mass

5 Rotational moment of inertia in x direction

Iz Rotational moment of inertia in y direction
My Axle mass

Jai Axle rotational moment of inertia in x direction

Standard force and moment balances may be used to develop the equations of motion for
the model.

An accurate description of the tractor that was tested in Stage 3 of the project was not

available. However, this did not cause a problem because the model was only used to

examine qualitative effects. The Volvo tractor that was tested was assumed to have the

following parameters:

¢ A wheelbase of L=4.2 metres.

e The spring spacing at the front and the rear were assumed to be t;=t;=1.64 metres (these
are typical values for Volvo vehicles).

e The front track width was estimated to be w;=2.032 metres (again, typical values were
used).

e The rear track width was w;=1.5 metres (typical value).
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e The second moments of inertia in the x direction for the first and second axles were
assumed to be J;1=420 kgm‘2 and J>=1158 kgm'2 in accordance with Fancher et al.
(1986). Similarly, the masses of the first and second axles were estimated as m,=545
kg and m»=2273 kg also from Fancher et al. (1986).

e The sprung mass of the tractor was estimated as m=5360+15.1(L-4.75) from Fancher et
al. (1986).

o The position of the centre of gravity was estimated using a=(1.375+.5(L-4.75))/L, also
from Fancher et al. (1986). Therefore, the sprung mass on the front axle is my=(1-a)m
and the sprung mass on the rear axle is m/=m-mp.

e The second moments of inertia of the sprung masses in the x and y directions were

- 11=0.5445m and J=\alpha’L*(ms+0.4m,)+0.6(1-0)*L°m,, respectively [Fan:86].

e The stiffness of the springs on the front axle were assumed to be k=161x10° N/m so
ki1=k12=80.5x10? (typical values).

o The stiffness of the springs on the rear axle were assumed to be k=145 N/m so
ky1=ky»n=72.7x1 0° N/m (typical values).

e The damping associated with the front suspension was assumed to be such that
kf

;f=0.2 .

kp
For the rear suspension, it was required that ’\/_'I‘n:r"=0.2 .

e FEach tyre was assumed to have vertical stiffness of 818><103N/m, 50 K11=Kk7=818x10°
and K2]=K22=3,273X1 03.

e The auxiliary roll stiffnesses on the front and rear suspensions were kn=418x10’
Nm/rad and k,=661x10> Nm/rad (typical values).

These data may be used in the equations of motion to give 14 first order ordinary linear
differential equations which may be written as:

A?BZ (B1)

. 14 . . . .
where zeR ' is the state vector and AeR'*!* and BeR'""" are time-invariant matrices.
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Appendix C. Drop tests for front axle of Volvo tractor

The tests presented in this Appendix were for the front axle of an unloaded Volvo tractor.
The tractor was fitted with three leaf parabolic springs and dampers.

Figure 20 and Figure 21 show displacement signals measured by string potentiometers on
the left and right sides of the front axle, respectively. Comparing Figure 20 and Figure 21,
we can see that the droppers did not release simultaneously. After this test, the droppers
were tuned so that they released simultaneously.

Note that in each of the Figures, three plots are shown. The first plot is the time domain
signal from the string potentiometer. The second plot is the magnitude of the frequency
content of the string potentiometer signal. The peak value of the second plot gives an
estimate of the damped natural frequency of oscillation for the test. The third plot shows the
logarithm of the string potentiometer signal in the time domain. A weighted least squares
line was fitted through the peaks of the third plot in accordance with the algorithm
described in Appendix A. The gradient of this plot, denoted m, was used to determine the
damping ratio using (A7).

The estimates of the damped natural frequency and damping ratio are shown in
Table 2 for each test and for the left and right sides of the vehicle.

Figure 20 Drop test 1 (both dangpers on) - string potentiometer number 1.
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Figure 21 Drop test I (both dampers on) - string potentiomet%r number 2.
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Figure 22 to Figure 45 show that, for each of the tests after the droppers were tuned, both
sides of the vehicle released simultancously. Figure 22 to Figure 31 show tests that were
performed with both dampers fitted to the front axie of the vehicle.
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Figure 22 Drop test 2 (both dan&ﬂpers on) - string potentiometer number 1.
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Figure 23 Drop test 2 (both dampers on) - string potentiometecr number 2.
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Figure 24 Drop test 3 (both dan;pers on) - string potentiometecr number 1.
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Figure 235 Drop test 3 (both dampers on) - string potentiometer number 2.
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Figure 26 Drop test 4 (both dan11 ers on) - string potentiometer number 1.
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Figure 27 Drop test 4 (both dampers on) - string potentiometer number 2.
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Figure 28 Drop test S (both dampers on) - string potentiometer number 1.
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Figure 29 Drop test 5 (both dampers on) - string potentiometer number 2.
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Figure 30 Drop test 6 (both darr;ﬂpers on) - string potentiometecr number 1.
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Figure 31 Drop test 6 (both dampers on) - string potentiometer number 2.
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Figure 32 to Figure 37 show tests where only the right hand damper (corresponding to string
potentiometer number 2) was attached.

Figure 32 Drop test 7 (only righ1t damper on) - string potentiometer number 1.
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Figure 33 Drop test 7 (only right damper on) - string potentiometer number 2.
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Figure 34 Drop test 8 (only righ1t damper on) - string potentiometer number 1.
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Figure 35 Drop test 8 (only right damper on) - string potentiometer number 2.
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Figure 36 Drop test 9 (only right damper on) - string potentiometer number 1.
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Figure 37 Drop test 9 (only right damper on) - string potentiometer number 2.
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Figure 38 to Figure 43 show tests where both dampers were removed from the suspension.

Note that when both dampers were removed the effect of the axle hop mode was more
pronounced.

Figure 38 Drop test 10 (both dazr;]pers off) - string potentiomeger number 1.
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Figure 39 Drop test 10 (both dampers off) - string potentiomeger number 2.
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Figure 40 Drop test 11 (both da;glpers off) - string potentiomeger number 1.
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Fi%:lre 41 Dl"op test 11 (b'oth daarglpers off) - string potentiomeger r{umber 2.
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Figure 42 Drop test 12 (both dampers off) - string potentiometer number 1.
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Figure 43 Drop test 12 (both dampers off) - string potentiomeger number 2.
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Figure 44 Drop test 13 (both dampers on) - string potentiometer number 1.
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Figure 44 and Figure 45 show the result of the final test where both dampers were put back
on again.

Figure 45 Drop test 13 (both da1mpers on) - string potentiometer number 2.
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Table 2 shows results for each of the tests that were done for the front axle of the Volvo
tractor. The first test was the only one where there was an audible timing difference
between platforms on each side of the vehicle so this test was ignored for the analysis.

Table 2 Front suspension that was tested in Stage 3.

Test String pot.

fa ¢ Dampers on | Validity of
or off results
1 1 1.08 25 Both Invalid
dampers on
1 2 0.75 .26 Both Invalid
dampers on
2 1 1.25 27 Both Valid
dampers on
2 2 1.17 .28 Both Valid
dampers on
3 1 1.25 30 Both Valid
dampers on
3 2 1.17 29 Both Valid
dampers on
4 1 1.17 29 Both Valid
dampers on
4 2 1.17 33 Both Valid
dampers on
5 1 1.17 30 Both Valid
dampers on
5 2 1.17 31 Both Valid
dampers on
6 1 1.17 32 Both Valid
dampers on
6 2 1.17 33 Both Valid
dampers on
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7 1 1.33 .26 Only right Valid
damper on

7 2 1.33 27 Only right Valid
damper on

8 1 1.33 24 Only right Valid
damper on

8 2 1.33 27 Only right Valid
damper on

9 1 1.33 27 Only right Valid
damper on

9 2 1.33 27 Only right Valid
damper on

10 1 1.33 18 Both Valid
dampers off

10 2 1.33 19 Both Valid
dampers off

11 1 1.33 .18 Both Valid
dampers off

11 2 1.41 19 Both Valid
dampers off

12 1 1.33 A7 Both Valid
dampers off

12 2 141 18 Both Valid
dampers off

13 1 1.25 31 Both Valid
dampers on

13 2 1.17 25 Both Valid
dampers on

The means and standard deviations of the estimates of natural frequency and damping ratio
for each of the tests are shown in
Table 3. The data are presented for three categories: tests where both dampers were fitted
to the front axle, tests where only the right damper was fitted to the axle and tests where

both dampers were removed.

Table 3 Statistics on test results for testing for Stage 3 of the project.

Dampers No. of Mean of Std. dev. of Mean of Std. dev. of
signals nat. nat. damping damping
frequency frequency ratio ratio
Both on 12 1.19 0.036 0.30 0.024
Right on 6 1.33 0.000 0.26 0.012
Both off 6 1.3567 0.041 0.18 0.008

More tests were done with the dampers on than with only the right damper on, or with
both dampers off. Therefore, the tests with both dampers on were used to estimate the
repeatability of the test method and procedure. This was done by assuming the data
follows a Student t distribution with 11 degrees of freedom. This gives a t statistic of 2.2




at the 97.5 % level of significance. Therefore, the confidence interval for the natural
frequency was £7 % and the confidence interval for the damping ratio was +18 %.

The authors believe these results are encouraging. Also, the fact that the estimates of
damping ratio showed a greater amount of scatter than the estimates of natural frequency,
was not unexpected. This was because differences in the effects of Coulomb friction from
test to test will affect the decay of the observed transient much more than the natural

frequency.
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Appendix D. Experimental results for Stage 2

This Appendix contains detailed results of the ten heavy vehicle suspensions that were tested

in Stage 2 of this project. Two algorithms were used to estimate the natural frequency and

damping ratio from the test results. These two methods were compared and, in Stage 3 of this

project, a slightly refined version of the second of these methods was used.

The first algorithm found the linear second order model that minimised the sum of square

errors for the 2 seconds of excitation following the drop test. The second algorithm was an

early version of that described in Appendix A so is not repeated here.

Experimental results for the 10 vehicles that were tested.

This section presents estimates of natural frequency and damping ratio for the test results for

Stage 2 of the project. The first algorithm was used to determine the estimates in this section.

For each vehicle, a range of tests were done at three different drop heights. For each test, three

plots of the results are shown:

o The first plot shows the entire signal that was captured,

e The second plot shows the displacement response for two seconds following excitation of
the suspension,

o The third plot shows the displacement response for two seconds following excitation of
the suspension and the decaying sinusoid that was fitted to the data to determine estimates
of the natural frequency and damping ratio.

Table 4 shows the specifications of the 10 vehicles that were tested.

Table 4 Vehicles tested in Stage 2.

Vehicle Type of vehicle Type of suspension Number of
number axles tested
1 3 axie truck Steel multi-leaf 2
2 2 axle truck Steel muiti-leaf 1
3 1 axle semi-trailer Firestone air-ride 1
with dampers
4 2 axle trailer Steel multi-leaf 1
5 2 axle trailer Steel multi-leaf 1
6 2 axle truck Steel multi-leaf 1
7 2 axle truck Steel multi-leaf with 1
dampers
8 2 axle truck Steel multi-leaf 1
9 3 axle tractor Reyco air with 2
dampers
10 3 axle tractor Air with dampers Test failed

The following are results where the first algorithm was used to estimate natural frequency and
damping ratio.

Vehicle 1

Vehicle 1 was a three axle truck with steel multi-leaf suspension. A sampling rate of 33
samples per second was used for this vehicle. Inspection of Figure 46 to Figure S5 indicated
that the sampling rate was barely adequate, so for subsequent vehicles, a sampling rate of
200 Hz was used. It is interesting to compare the response of both axles for each test; the first
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plot of Figure 46 shows different spring extensions before and after the test and the first plot
of Figure 47 shows almost equal and opposite spring extensions. Therefore, the difference
between initial and final conditions is probably due to stiction in the load sharing mechanism.

The results for Vehicle 1, shown in Table 5, display reasonable repeatability for the prediction
of natural frequency and damping ratio. However, there is room for improvement. With the
exclusion of the first test, for which the vehicle was unloaded, and test 4, which gave spurious
results, the estimates of natural frequency were between 2.2 Hz and 2.9 Hz and the estimates
of damping ratio were between 0.15 and 0.37. It is hoped that the repeatability of the test
procedure can be improved by eliminating the split-second delay that often occurs between the

release of the platforms. Verification of this suspicion was one of the objectives of the next
Stage of the project.

Figure 46 Vehicle 1, Test 1 (axle 1), 80 mm drop height. The vehicle was unloaded for
this test.

2.25l 0.02 0.03
Ay
2.2 0.01 ooz
215 . ol
ge.05t §-0.01 P
2 = Z_0.01}
2 4 g
T 0.0z
1.95} -0.02
i ~0,03]
19 -0.03 b
185 5 10 15 20 25 s 0% 0.5 1 15 2 00 0.5 1 15 2
fime {secorxis) lime (seconds) {ime {seconds)

Figure 47 Vehicle 1, Test 1 (axle 2), 80 mm drop height. The vehicle was unloaded for

this test.
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Figure 48 Vehicle 1, Test 2 (axleo}a), 80 mm drop height.
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Figure 49 Vehicle 1, Test 2 (axle 2), 80 mm drop height.
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Figure 50 Vehicle 1, Test 3 (axleﬂ%ﬂ), 80 mm drop height.
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Figure 51 Vehicle 1, Test3 (axIeO%), 80 mm drop height.
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Figure 52 Vehicle 1, Test 4 (axle 13), 80 mm drop height.
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Figure 53 Vehicle 1, Test 4 (axle 2), 80 mm drop height.
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Figure 55 Vehicle 1, Test 5 (axle 22, 112 mm drop height.
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Vehicle 2

Vehicle 2 was a two axle truck with multi-leaf steel suspension. For this vehicle, the sampling
frequency was increased to 200 Hz. The phenomenon of different spring extensions before
and after drop tests observed for Vehicle 1 is not present in the results for Vehicle 2. This
supports the conjecture that stiction in the load-sharing mechanism was the primary cause of
this occurrence. The estimates of the natural frequency for Vehicle 2 ranged between 2.1 Hz
and 2.3 Hz and the estimates of the damping ratio ranged between 0.14 and 0.21. This vehicle
provided some of the most encouraging results with respect to repeatability. Also, Figure 56
to Figure 59 show that the displacement responses are fairly well fitted by our second order

linear model. Unfortunately the second order model did not fit all of the suspensions as well as
that of Vehicle 2.

The final test, shown in Figure 59, was for a 112 millimetre drop height. For this test, the
large drop height meant the vehicle rebounded a considerable distance which allowed the
platforms to move around. Also, one of the adjustable stops bounced out of position so that
one of the platforms was damaged. This test indicated that the 112 millimetre drop height was
too extreme and was, therefore, omitted from subsequent tests. The omission of the 112
millimetre drop height is not expected to have adversely affected the results because drop
height was not found to influence the estimates of the natural frequency and damping ratio.

Fi%}ll‘e 56 Vehicle 2, Test 1, 48 mm drop height.
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Figure 57 Vehicle 2, Test 2, 80 mm drop height.
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Figpre 58 Vehicle 2, Test 3, 80 mm drop height.
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Figure 59 Vehicle 2, Test 4, 112 mm drop height.
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Vehicle 3

Vehicle 3 was a single axle air suspended semi-trailer fitted with shock absorbers. Table 5
shows the damping ratios for this vehicle ranged from 0.02 to 0.07, indicating that the
dampers were not providing much resistance.

An important lesson that was learned from testing this vehicle was that caution is required
when using the test apparatus. The semi-trailer was attached to a tractor for testing and the
axle of the semi-trailer was jacked up using a bottle jack in the centre of the axle. Since the
fifth wheel allows changes in the hitch angle, the jack tipped sideways as the rear of the semi-
trailer moved laterally. The authors believe that the test apparatus and test procedure would
require modification before the test procedure could be used by others. Such a modification to

the test apparatus could include making the platforms wider and longer and using a trolley
jack or remotely operated jack to raise the vehicle.

Fi1gure 60 Vehicle 3, Test 1,48 mm drop height.
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Figyre 61 Vehicle 3, Test 2, 48 mm drop height.
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Figure 62 Vehicle 3, Test 3, 80 mm drop height.
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F12 ure 63 Vehicle 3, Test 4, 80 mm drop height.
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Vehicle 4

Vehicle 4 was a full trajler with multi-leaf steel suspension and only the rear axle set was

tested. Three interesting phenomena were observed during this test:

e Test 1 (Figure 64) shows significantly higher damping than Tests 2, 3 and 5 (Figure 65,
Figure 66 and Figure 68).

o  Also notice that, for Test 1, the displacement of the sprung mass relative to the unsprung
mass was different before and after the drop test which is evidence of interleaf stiction in
the springs. It is not known if the stiction was causally related to the high damping value.
However, the effect of interleaf stiction on repeatability will be investigated further in
Stage 3 of the project.

e The inadequate safety of the test apparatus and procedure was again highlighted in the

tests for this vehicle. Initially, we intended to test the dolly suspension as well as the rear

suspension. However, we found that it was unsafe to test the dolly suspension without
preventing the pintle hook of the drawbar from moving laterally. This is because the park
brakes do not, typically, apply brakes to the dolly's wheels. Also, the dolly may articulate
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relative to the semi-trailer so that one wheel can roll forwards while the other rolls
backwards and the drawbar swings around.

Test 4 (Figure 67) shows the transient response of the suspension superposed on another
oscillation. It is suspected that the underlying oscillation was the response of the suspension to
excitation from the pavement caused by nearby traffic. This is reasonable because the tests

were conducted in a busy container yard.

Figure 64 Vehicle 4, Test 1, 48 mm drop height.
3.62 A

0.02
o A
g iy
700 0 - SR
%3.59 = %—om
[-d 0.0z
358 3 3002
-0.03
-0,03
3.54]
—0.04! o4
355 5 10 15 0% 0.5 1 15 2 %% 0 1 15 2
fime (seconds) iime {seconds) time {seconds)
Figure 65 Vehicle 4, Test 2, 48 mm drop height.
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Figure 66 Vehicle 4, Test 3, 48 mm drop height.
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Fiagyre 67 Vehicle 4, Test 4, 80 mm drop height.
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Fisgglre 68 Vehicle 4, Test 5, 80 mm drop height.
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Vehicle 5

Vehicle 5 was a full two axle trailer with steel multi-leaf suspension and only the rear
suspension was tested. Some of the problems discussed for Vehicles 1 to 4 can again be seen
in the results for Vehicle 5. Also, it is suspected that the spurious result for Test 1 (Figure 69)
was caused by non-simultaneous detonation of the platforms. This non-simultaneous
detonation could cause the excitation of a roll mode. Unfortunately, the roll mode and the
bounce mode may be coupled by non-linearities or damping, making it difficult to separate the

two modes. We intend to eliminate the problem of non-simultaneous detonation in the next
stage of the project.

Fiagure 69 Vehicle 5, Test 1, 48 mm drop height.
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Fig}lre 70 Vehicle S, Test 2, 48 mm drop height.
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Figure 71 Vehicle 5, Test 3, 80 mm drop height.
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Figyre 72 Vehicle 5, Test 4, 80 mm drop height.
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Vehicle 6

Vehicle 6 was a two axle truck with multi-leaf steel suspension. Test 1 (axle 2) and test 4
(both axles) display significant amounts of noise and it is not known what caused the noise.
Overall, the results for Vehicle 6 were very poor with unacceptable repeatability. The authors
suspect that non-simultaneous detonation of the droppers had a large influence on the quality
of the results for this vehicle and are hopeful that adequate repeatability can be attained in
Stage 3 of the project by ensuring that the droppers detonate simultaneously.
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Figure 73 Vehicle 6, Test 1 (axle 1), 48 mm drop height.
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Figure 74 Vehicle 6, Test 1 (axle 2), 48 mm drop height.
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Figﬂure 75 Vehicle 6, Test 2 (axleogé), 48 mm drop height.
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Figure 76 Vehicle 6, Test 2 (axle 2), 48 mm drop height.
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Figure 77 Vehicle 6, Test 3 (axleo}‘), 48 mm drop height.
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Figure 78 Vehicle 6, Test 3 (axle 2), 48 mm drop height.
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Figure 79 Vehicle 6, Test 4 (axle 11), 80 mm drop height.
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Figure 80 Vehicle 6, Test 4 (axle 2), 80 mm drop height.
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Fl ure 81 Vehicle 6, Test S (axle 1), 80 rnm drop height.
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Flgure 82 Vehicle 6, Test 5 (axle 2), 80 mm drop height.
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Figure 83 Vehicle 6, Test 6 (axle l) 80 mm drop height.
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Fig;n‘e 84 Vehicle 6, Test 6 (axle&%G), 80 mm drop height.
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Vehicle 7

Vehicle 7 was a two axle truck with steel multi-leaf suspension and dampers. The results for
Vehicle 7 show some of the same problems observed for the results of Vehicles 1 to 6.

Figﬂure 85 Vehicle 7, Test 1, 48 mm drop height.
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Figure 86 Vehicle 7, Test 2, 48 mm drop height.
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Figure 87 Vehicle 7, Test 3, 80 mm drop height.
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Figure 88 Vehicle 7, Test 4, 80 mm drop height.
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Vehicle 8

The test results for Vehicle 8 show significant amounts of noise, particularly at low
frequencies. This noise meant that the results for Vehicle 8 could not be used to determine
anything about the vehicle’s suspension. It is not known what caused the noise; however, the
authors suspect that it was some sort of electromagnetic interference and that care should be
taken regarding the location where testing is performed. Vehicle 8 was a two axle truck with
multi-leaf steel suspension.

Fiigure 89 Vehicle 8, Test 1, 48 mm drop height.
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Fi1 ure 90 Vehicle 8, Test 2, 48 mm drop height.
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Fi%ure 91 Vehicle 8, Test 3, 80 mm drop height.
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Fig}lre 92 Vehicle 8, Test 4, 80 mm drop height.
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Véhicle 9

Vehicle 9 was a three axle air-suspended tractor and the drive axles were tested. The results
for Vehicle 9 were particularly poor. It is suspected that the non-simultaneity of the detonation
of the platforms was responsible for the poor quality of the tests. When jacking the vehicle
into position, the authors noticed that the axles had very high roll stiffness. High roll stiffness
means that a small difference in detonation times between platforms on either side of the
vehicle causes the roll mode of the vehicle to have a large amount of energy. We suspect that
this is the reason why this vehicle had such poor results and that improving the timing of the
release of the platforms will improve the results significantly in Stage 3 of the project.

Fisgure 93 Vehicle 9, Test 1 (axleo‘lt), 80 mm drop height.
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Fig}lre 94 Vehicle 9, Test 1 (axleozc), 80 mm drop height.
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Fig;lre 95 Vehicle 9, Test 2 (axleogz), 80 mm drop height.
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Figeure 96 Vehicle 9, Test 2 (axleO%), 80 mm drop height.
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Fi%ure 97 Vehicle 9, Test 3 (axlenp, 80 mm drop height.
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Fig}lre 98 Vehicle 9, Test 3 (axleu%), 80 mm drop height.
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Fi:g‘ure 99 Vehicle 9, Test 4 (axleo}), 80 mm drop height.
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Fi%ure 100 Vehicle 9, Test 4 (axl:a 2), 80 mm drop height.
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Vehicle 10

Vehicle 10 was a three axle tractor. However, no results were gathered for this vehicle
because of safety reasons. The trailing arms on the suspension were such that when one of the
drive axles was jacked up, the distance between the drive axles was reduced causing the
platforms supporting the other drive axle to slide on the ground. Thus, we concluded that

wider and longer platforms would be required to safely allow for changing separation of the
axles on certain vehicles.

Results

The fitted values of natural frequency and damping ratio are shown in Table 5. Note that the
Jast column of the Table indicates whether the result of the test was deemed to be valid or not.
A test is deemed to be valid when there is no reason to believe that there was a problem with
the test and the results conform to what was expected. The tests for some of the vehicles, such
as Vehicle 9, showed such a high level of variability that all of the tests for that vehicle were

deemed to be invalid. Possible reasons why a test could be deemed to be invalid have already
been covered in this Appendix.
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Table 5 Results for Stage 2.

Vehicle Test Axle fa g Validity of
results
1 1 1 472 0.12 Valid
1 1 2 4.3 0.11 Valid
1 2 1 2.6 0.37 Valid
1 2 2 2.7 0.15 Valid
1 3 1 2.9 0.20 Valid
1 3 2 2.5 0.16 Valid
1 4 1 0.7 0.81 Invalid
1 4 2 2.3 0.39 Invalid
1 5 1 2.2 0.20 Valid
1 5 2 2.8 0.16 Valid
2 1 N/A 2.3 0.21 Valid
2 2 N/A 2.2 0.15 Valid
2 3 N/A 2.1 0.15 Valid
2 4 N/A 2.1 0.14 Valid
3 1 N/A 2.3 0.02 Valid
3 2 N/A 2.2 (.05 Valid
3 3 N/A 2.1 0.07 Valid
3 4 N/A 2.2 0.05 Valid
4 1 N/A 1.9 0.85 Invalid
4 2 N/A 2.6 0.25 Valid
4 3 N/A 2.7 0.26 Valid
4 4 N/A 3.1 0.25 Invalid
4 S5 N/A 2.7 0.18 Valid
5 1 N/A 2.1 1.45 Invalid
5 2 N/A 2.7 0.25 Invalid
5 3 N/A 2.7 0.23 Valid
5 4 N/A 2.9 0.26 Valid
6 1 1 1.2 0.59 Invalid
6 1 2 2.1 0.11 Invalid
6 2 1 1.0 0.30 Invalid
6 2 2 4.1 0.18 Invalid
6 3 1 1.1 0.55 Invalid
6 3 2 1.2 043 Invalid
6 4 1 1.5 -0.03 Invalid
6 4 2 2.7 0.31 Invalid
6 5 1 2.0 -0.01 Invalid
6 5 2 3.3 0.14 Invalid
6 6 1 1.2 0.33 Invalid
6 6 2 1.2 0.28 Invalid
7 1 N/A 2.1 0.38 Valid
7 2 N/A 2.4 1.15 Invalid
7 3 N/A 2.1 0.32 Valid
7 4 N/A 2.1 0.31 Valid
8 1 N/A 0.3 0.90 Invalid
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8 2 N/A 0.5 0.07 Invalid
8 3 N/A 0.0 2.57 Invalid
8 4 N/A -0.3 -0.80 Invalid
9 1 1 4.0 1.04 Invalid
9 1 2 0.9 0.33 Invalid
9 2 1 2.0 -0.12 Invalid
9 2 2 4.4 0.32 Invalid
g 3 1 1.2 0.64 Invalid
G 3 2 13.6 428 Invalid
9 4 1 6.3 (.93 Invalid
9 4 2 1.5 0.28 Invalid

The results presented in this Appendix highlight a number of problems with the test apparatus
and procedure which were solved during Stage 3 of the project.

Alternative algorithm for estimating natural frequency and damping ratio.

This section gives alternative estimates of natural frequency and damping ratio for the drop-
tests that were done for Stage 2 of the project. In this section an alternative algorithm to the
one described in the previous section is used. The algorithm that was used in this section
differs only slightly from the algorithm presented in Appendix A and is not repeated here.
Notice, from Table 6, that the two methods give similar results for the tests that were valid.
For reasons of computational speed and robustness, the algorithm used in this section is
favoured over the one used in the previous section.

Table 6 Results for Stage 2 using two methods of estimating natural frequency and
damping ratio.

Vehicle Test Axle fa Previous 'd Previous | Validity
fa ' of
results
1 1 1 4.1 (4.2) 0.08 (0.12) Valid
1 1 2 4.2 (4.3) 0.08 (0.11) Valid
1 2 1 2.5 (2.6) 0.18 (0.37) Valid
1 2 2 2.5 (2.7) 0.08 (0.15) Valid
1 3 1 2.7 (2.9) 0.17 (0.20) Valid
1 3 2 2.6 (2.5) 0.09 (0.16) Valid
1 4 1 2.7 (0.7) 0.12 (0.81) Invalid
1 4 2 2.1 (2.3) 0.14 (0.39) Invalid
1 5 1 2.5 (2.2) 0.10 (0.20) Valid
1 5 2 2.7 (2.8) 0.12 (0.16) Valid
2 1 N/A 2.3 (2.3) 0.12 0.2D) Valid
2 2 N/A 2.2 (2.2) 0.09 (0.15) Valid
2 3 N/A 2.6 (2.1) 0.14 (0.15) Valid
2 4 N/A 2.1 2.1) 0.08 (0.14) Valid
3 1 N/A 2.2 (2.3) 0.19 (0.02) Valid
3 2 N/A 2.1 (2.2) 0.17 {0.05) Valid
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3 3 N/A 1.2 (2.1) -0.09 (0.07) Invalid
(valid for
other
case)
3 4 N/A 2.2 (2.2) 0.09 (0.05) Valid
4 1 N/A 2.6 (1.9) 0.20 (0.85) Invalid
4 2 N/A 2.6 (2.6) 0.13 (0.25) Valid
4 3 N/A 2.8 2.7) 0.14 (0.26) Valid
4 4 N/A 2.0 (3.1) 0.32 (0.25) Invalid
4 5 N/A 2.7 2.7) 0.09 (0.18) Valid
5 1 N/A 3.2 (2.1) 0.14 (1.45) Invalid
5 2 N/A 2.9 (2.7 0.18 (0.25) Invalid
5 3 N/A 2.7 (2.7) 0.10 (0.23) Valid
5 4 N/A 3.0 (2.9) 0.13 (0.26) Valid
6 1 1 1.3 (1.2) 0.29 (0.59) Invalid
6 1 2 42 (2.1) 0.24 (0.11) Invalid
6 2 1 1.2 (1.0) 0.34 (0.30) Invalid
6 2 2 3.2 4.1) 0.15 (0.18) Invalid
6 3 1 2.0 (1.1) 0.20 (0.55) Invalid
6 3 2 3.7 (1.2) 0.17 (0.43) Invalid
6 4 1 3.4 (1.5) 0.10 (-0.03) Invalid
6 4 2 3.1 (2.7 0.12 (0.31) Invalid
6 5 1 3.6 (2.0) 0.11 (-0.01) Invalid
6 5 2 3.2 (3.3) 0.10 (0.14) Invalid
6 6 1 1.2 (1.2) 0.26 (0.33) Invalid
6 6 2 34 (1.2) 0.14 (0.28) Invalid
7 1 N/A 2.1 2.1) 0.17 (0.38) Valid
7 2 N/A 3.0 (2.4) 0.16 (1.15) Invalid
7 3 N/A 1.8 (2.1) 0.17 (0.32) Valid
7 4 N/A 1.9 (2.1) 0.13 (0.31) Valid
8 1 N/A 1.2 (0.3) 0.36 (0.90) Invalid
8 2 N/A 1.7 (0.5) 0.32 (0.07) Invalid
8 3 N/A 1.0 (0.0) 0.39 (2.57) Invalid
8 4 N/A 1.2 (-0.3) 0.38 (-0.80) Invalid
9 1 1 1.6 (4.0) 0.12 (1.04) Invalid
9 1 2 1.1 (0.9) 0.44 (0.33) Invalid
9 2 1 3.2 (2.0} 0.18 (-0.12) Invalid
9 2 2 3.1 (4.4) 0.15 (0.32) Invalid
9 3 1 1.1 (1.2) 0.22 (0.64) Invalid
9 3 2 3.7 (13.6) 0.14 (4.28) Invalid
9 4 1 1.2 (6.3) 0.33 (0.93) Invalid
9 4 2 3.6 (1.5) 0.13 (0.28) Invalid
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Vehicle 1

The results for Vehicle 1 are shown below. Recall that the first test was done empty which is

why the estimates of natural frequency for this test were significantly higher than for tests 2 to
5.

Figure 101 Vehicle 1, Test 1 (axle 1), 80 mm drop height. The vehicle was unloaded for
this test.
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Figure 102 Vehicle 1,

Test 1 (axle 2), 80 mm drop height. The vehicle was unloaded for
this test.
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Figgre 103 Vehicle 1, Test 2 (axle 1), 80 mm drop height.
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Figyre 104 Vehicle 1, Test 2 (a)o:lt?3 2), 80 mm drop height.
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Figure 105 Vehicle 1, Test 3 (axle 1), 80 mm drop height.
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Flgure 106 Vehicle I, Test 3 (axle 2), 80 mm drop height.
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F}gure 107 Vehicle 1, Test 4 (axle 1), 80 mm drop height.
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Flgure 108 Vehicle 1, Test 4 (axle 2), 80 mm drop height.
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Flgure 109 Vehicle 1, Test 5 (axle 1), 112 mm drop height.
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Figure 110 Vehicle 1, Test S (axle 2), 112 mm drop height.
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Vehicle 2

The figures below show that the results for Vehicle 2 were well approximated by a second
order system. The estimates of natural frequency and damping in Table 6 show that the two
methods of estimating natural frequency and damping ratio gave similar results.

Figure 111 Vehicle 2, Test 1, 48 mm drop height.
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Fiﬁpre 112 Vehicle 2, Test 2, 80 mm drop height.
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Figgre 113 Vehicle 2, Test 3, 80 mm drop height.
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Figure 114 Vehicle 2, Test 4, 112 mm drop height.
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Vehicle 3
The results for Vehicle 3 are shown in the figures below.
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Figure 115 Vehicle 3, Test 1, 48 mm drop height.
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Figl}re 116 Vehicle 3, Test 2, 48 mm drop height.
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Figure 117 Vehicle 3, Test 3, 8¢ mm drop height.
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Figure 118 Vehicle 3, Test 4, 830 mm drop height.
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Veliicle 4
The results for Vehicle 4 are shown in the figures below.
Fiﬁure 119 Vehicle 4, Test 1, 48 mm drop height.
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Figﬂre 120 Vehicle 4, Test 2, 48 mm drop height.

Y 3.5}
0.05} L
=
1]
g0
£
-0.050 \
-0.1 18
0 0.5 1 1.5 2 ) o5 1 3 [ 10
fime (s} time (5) frequency (Hz)
Figure 121 Vehicle 4, Test 3, 48 mm drop height.
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Figure 122 Vehicle 4, Test 4, 80 mm drop height.
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Figure 123 Vehicle 4, Test 5, 80 mm drop height.
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Vehicle 5

The results for Vehicle 5 are shown in the figures below.

Figure 124 Vehicle 5, Test 1,48 mm drop helght
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Figure 125 Vehicle 5, Test 2, 48 mm drop helght
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Figure 126 Vehicle 5, Test 3, 80 mm drop height.
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Flgure 127 Vehicle 5, Test 4, 80 mm drop height.
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Velicle 6

The results for Vehicle 6 are shown in the figures below.

Fig;.;re 128 Vehicle 6, Test 1 (axle 1), 48 mm drop height.

2
B z
§ ~§1.s+
2 e
; g1t
12 0.5
1 % 0.5 1 15 2 % 2 4 5 8 1
time (s) time {=) tfrequency (Hz}
Figure 129 Vehicle 6, Test 1 (axle 2), 48 mm drop height.
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Figure 130 Vehicle 6, Test 2 (axle 1), 48 mm drop height.
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Figure 131 Vehicle 6, Test 2 (axle 2), 48 mm drop height.
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Fig;]are 132 Vehicle 6, Test 3 (axle 1), 48 mm drop height.
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Figure 133 Vehicle 6, Test 3 (axle 2), 48 mm drop height.
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Figure 134 Vehicle 6, Test 4 (axle 1), 80 mm drop height.
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Figure 135 Vehicle 6, Test 4 {axle 2), 80 mm drop height.
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Fig}!re 136 Vehicle 6, Test 5 (axle 1), 80 mm drop height.
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Figure 137 Vehicle 6, Test 5 (axle 2), 80 mm drop height.
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Figure 138 Vehicle 6, Test 6 (axle 1), 80 mm drop height.
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Figure 139 Vehicle 6, Test 6 (axle 2), 80 mm drop height.
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Vehicle 7
The results for Vehicle 7 are shown in the figures below.

Figolfre 140 Vehicle 7, Test 1, 48 mm drop height.
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Figure 141 Vehicle 7, Test 2, 48 mm drop height.
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Figure 142 Vehicle 7, Test 3, 80 mm drop height.
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Figure 143 Vehicle 7, Test 4, 80 mm drop height.
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Vehicle 8

The results for Vehicle 8, a two axle truck with multi-leaf steel suspension, are shown in the
figures below.

Figgre 144 Vehicle 8, Test 1, 48 mm drop height.
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Figgre 145 Vehicle 8, Test 2, 48 mm drop height.
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Fi%ure 146 Vehicle 8, Test 3, 80 mm drop height.
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Figure 147 Vehicle 8, Test 4, 80 mm drop height.
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Vehicle 9
The results for Vehicle 9 are shown in the figures below.

Figure 148 Vehicle 9, Test 1 (axle 1), 80 mm drop height.
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Fi§ure 149 Vehicle 9, Test 1 {axle 2), 80 mm drop height.
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Figure 150 Vehicle 9, Test 2 (axle 1), 80 mm drop height.
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Figure 151 Vehicle 9, Test 2 (axle 2), 80 mm drop height.
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Figoqre 152 Vehicle 9, Test 3 (ax!% 1), 80 mm drop height.
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Figure 153 Vehicle 9, Test 3 (axle 2), 80 mm drop height.
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Figure 154 Vehicle 9, Test 4 (axle 1), 80 mm drop height.
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Figure 155 Vehicle 9, Test 4 (axle 2), 80 mm drop height.
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As mentioned in Appendix A, no data were gathered for Vehicle 10 due to the difficulties with

the test.
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