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Executive Summary

Three air-sprung heavy vehicles (HVs) were instnteg and tested on typical suburban
and highway road sections at typical operationakdp. The vehicles used were a tri-axle
semi-trailer towed with a prime mover, an interstabach with 3 axles and a school bus
with 2 axles. The air springs (air bags) of thée&xle group of interest were configured
such that they could be connected using eitherdatanlongitudinal air lines or an

innovative suspension system comprising larger-8tandard longitudinal air lines. Data

for dynamic forces on axles, wheels and chassie gathered for the purposes of:
& analysis of the relative performance of the HVsthar two sizes of air lines;

@ informing the QUT/Main Roads projetteavy vehicle suspensions — testing and

analysis and
@ providing a reference source for future projects.

This reports sets down the methodology and predmgimesults of the testing carried out.
Accordingly, Fast-Fourier plots are provided to whadicative frequency spectra for HV
axles, wheel forces and air springs during typiesé. The results are documented in

Appendices 3 to 5.

There appears to be little or no correlation betwedynamic forces in the air springs and the
wheel forces in the HVs tested. Axle-hop at fragies between 10-15 Hz predominated
for unsprung masses in the HV suspensions tegt@espring forces are present in the sub-

1.0 Hz to approximately 2 Hz frequency range.

With the qualification that only one set of datanfr each test speed is presented herein, in
general, the peaks in the frequency spectra dbdkg-bounce forces and wheel forces were

reduced for the tests with the larger longitudmalines.

More research needs to be done on the load sharewhanisms between axles on air-
sprung HVs. In particular, how and whether impbVead sharing can be effected and
whether better load sharing between axles will ceddynamic wheel and chassis forces.
This last point, in particular, in relation to tharied dynamic measures used by the HV

testing community to compare different suspensjpes.
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1 Introduction

1.1 Background

The Queensland Department of Main Roads is beconmmaggasingly concerned
that heavy vehicles (HVs) with air-sprung suspemsiare not as sympathetic to
roads as they might otherwise be. When air-sptivig were granted concessions
to carry greater mass at the end of the 1990s r&list road authorities knew that
air-sprung HVs with industry-standard (or convendlly sized) air lines between
air springs did not load share in the dynadnsiense. It was known at the time that
concomitant increases in dynamic wheel loads frars@ung HV suspensions as a
result of ineffective dynamic load sharing had gagential to cause greater road
damage than might otherwise be the case shoukprirg HVs incorporate more
dynamic load equalisation into their design (OEQB92, 1998). That poor load
sharing as defined by the load sharing coefficitC) could contribute to
increased road network damage was addressed (OEEI2) and estimated as
shown in Table 1.

Type of damagg A increase in pavement damage (%) due to impedact $haring
(LSC=0.8)
Rutting 43 -100
Fatigue 23 - 200

Table 1. Pavement damage increase for an LSC of0.

Noting that perfect load equalisation would giveSC of 1.0 (Potter, Cebon, Cole,

& Collop, 1996) LSC values (Sweatman, 1983) forektsuspensions were

! Wheel-loads loads were not spread as evenly agdiekly as they could have been during travelisprung
trucks over undulations.
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documented in the range 0.791 to 0.957. Air susipas were placed somewhere in
the middle of this range with LSCs of 0.904 to .92 his was a decade before, and
referenced in, the first OECD report (OECD, 1992 fine, the effects of poor
dynamic load equalisation were published and knaivithe time of granting air-
sprung HVs concessions to carry greater mass agrideof the 1990s. With the
clarity of hindsight, the disbenefits due to higmead network asset damage may
not have been recognised as having the potentialidgoount the societal and
economic benefits of higher HV payloads. Nonetd®ldhere is now a growing
recognition of, (and therefore renewed researcbrtefhto) the phenomenon of
imperfect dynamic load sharing within air-sprung KBMspension groups. This is

not before time.

2 reports commissioned by the NTC (Estill & AsstesaPty Ltd, 2000; Roaduser
Systems Pty Ltd, 2002) have recommendddier alia, evaluation of
countermeasures which have corrected HV handlimmpblems in air-suspended
HVs. Some of the recommended tests were propasezidluate the effect of
installing larger “pipes” or air lines so that “lgitudinal air flow between axles is
increased; this should improve the load-sharingbgipy of the suspension; in both
cases where this was implemented, it was repoddik tthe problem” (Roaduser
Systems Pty Ltd, 2002). Further, as far back a802@he NTC had the
recommendation put to it to “investigate and eviuafter market improvements’
to air suspensions” from installation of “largeantieter pipes to supply and exhaust
air flow to the bag quickly and hence improve tesponse time of the air bag. The
modification also reduces the roll and has impros&bility.” (Estill & Associates
Pty Ltd, 2000). Since then, the 2005 test progranfumded by the Queensland
Department of Main Roads (Davis, 2006), the 206Gt peogramme (Davis, 2007,
Davis & Kel, 2007) and as documented herein coraphe only known published
testing of HVs with larger longitudinal air lineg;ee those recommendations were

made.

Dynamic load sharing can be defined as the equalis@f the axle group load
across all wheels/axles under typical travel cood of a HV (that is, in the
dynamic sense at typical travel speeds and opgratmditions of that vehicle).
Attempting to quantify this concept has resultecainumber of methods proposed

15
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and documented (Sweatman, 1983), amongst which wieee load sharing
coefficient (LSC) and the dynamic load coeffici€Bl.C). Potter (1996) clarified
various methods for quantitative derivation of meas to describe the ability of an
axle group to distribute the total axle group l@hding travel. Despite this work,
that of Mitchell & Gyenes (1989) and Gyenes (199)re recently Potter at al
(1997) and Fletcher (2002), there is no agreethteprocedure to define or measure
dynamic load sharing at the local nor national llemeAustralia. Further, the
Australian specification for RFS, VSB 11 (Australeepartment of Transport and
Regional Services, 2004c), nominates only that R&§pensions must have static
load sharing, to a defined value, “between axleth@axle group”. Surprisingly, it
does not define a formal methodology (Prem, MaBrisza, 2006) to determine a
static load sharing value; that detail has beenh tlefa method suggested in a

monograph (official status unknown) issued by Mr YW@ng of DoTaRS.

Previous work (Davis, 2006; Davis & Sack, 2004) bhsewn that RFS do not load
share dynamically when in multi-axle groups. Ttesting, in Feb 2003 (Davis &
Sack, 2004), was on a semi-trailer fitted with dnd longitudinal air lines (6.5mm
inside diameter, 9.5mm outside diameter). Thelt®sthowed that the transfer of
air between air springs on the test vehicle watheorder of 3 s. Simple logic
yields that if the axle spacings on a HV are 1mrtapttheir closest (worst case),
then at 100km/h (27.7 ik the reaction time for air to start to transfetvieen air

springs as described above needs to be in the ofd&f28 s (0.036 s) for any
reasonable dynamic load sharing to occur. Thisevalay be relaxed to about 121
(0.047 s) for axle spacings of 1.3m at 100km/h. ndeeair transfer with time

constants in the order of 3 s will not load shayeaanically, causing more distress
to the road network than the case where air-spkNMg have a better ability to load-
share than the current fleet. Recent work onxie-and quad-axle semi-trailers
(Blanksby, George, Peters, Ritzinger, & Bruzsa, 800as confirmed that load
sharing in air-sprung HVs with conventionally sizad lines does not occur in the

dynamic sense, confirming the current concerns.

Quad-axle semi trailers are being introduced totralia. If previously the inability
of air suspensions to equalise (say) 22.5 t loadgsa tri-axle groups resulted in
unequal loadings on one axle over another forghaip, the emerging scenario will

16
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be 27 t similarly imbalanced within a group of 4lemx Arising from this, road
authorities in Australia, officially or otherwisare becoming increasingly concerned
that HVs with air springs are not as sympathetith®network asset as they might

otherwise be.

3 heavy vehicles were used in a test programmeatioeg data on HV suspension
dynamics. One objective was to determine if angngjes to dynamic parameters
(particularly in dynamic equalisation) would resédbm altering the size of the
longitudinal (front-to-back) air lines between tae springs. The 3 HVs used for
the testing were a tri-axle semi-trailer towed watprime mover, an interstate coach
with 3 axles and a school bus with 2 axles. Ims&mtation consisting of strain
gauges, accelerometers and air pressure transdi¢ers) was installed on the tri-
axle group of the semi-trailer, the drive and tabp af the coach and the drive axle

of the school bus.

Before (standard longitudinal air lines) and affigre “Haire suspension system”)
testing was performed with the vehicles loadedstolase as practicable to full legal
axle masses and driving them on typical, unevedsa& speeds from 40 km/h to 90
km/h. Quasi-static testing was performed on tregrimented axles to determine
empirical values for damping ratio and body-boufbavis & Kel, 2007; Dauvis,
Kel, & Sack, 2007).

The “Haire suspension system” is a proprietary sasjpn system which connects
heavy vehicle air springs using larger-than-stathdiéameter air lines longitudinally
as shown in Figure 1, Figure 3 & Figure 14. Ndiattreferring to Figure 1 (some
detail has been removed for clarity): larger aie$ (in black) run longitudinally and
connect the air springs fore-and-aft. The trangveiis line is left as standard for
fitment of this system. Figure 14 shows the latgagitudinal air lines for the semi-
trailer but the arrangement shown was typical feheair bag on axle/s of interest

for this series of tests.

The manufacturer of the “Haire suspension systeas’dlaimed that, by installation
of this proprietary system, air-sprung heavy vehitlV) suspensions may be made
“friendlier” than air-sprung HV suspensions posseg#ustralian industry-standard

sized longitudinal air lines.
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Figure 1. Schematic layout of the “Haire suspensiosystem” (left) and standard air suspension
system (right).

Further details may be found in Section 2.

Some preliminary results with respect to wheeldsrfrom this test programme have

been reported (Davis, 2007) as well as a prelimiparametric suspension analysis
(Davis & Kel, 2007; Davi®t al, 2007).

Objectives

This report contributes to the projeeleavy vehicle suspensions — testing and
analysis

In addition to other activities outlined for theopct (Davis & Bunker, 2007) this
report presents:

& a detailed record of the methodology used for gatheHV suspension data
for that project; and

& indicative and typical results of fast Fourier storm (FFT) frequency-
spectrum analysis as applied to the HV suspenstaghthered.

Other publications have covered some of the metbggoand material herein
(Davis, 2005, 2006; Davis & Kel, 2007; Daws al, 2007; Davis & Sack, 2004,
2006). Being conference papers, these had, psoppdce limitations.

18
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This report provides a vehicle for detailing thetihoelology and results from the test
programme mentioned briefly in Section 1.1 and itketan Section 2 without the
constraints on volume necessarily imposed by cenfsx or journal papers.
Nonetheless, it does not provide spectrum analyssults for every test but
necessarily constrains the space used to docurgersamples of indicative
frequency spectra from the wheel-forces, air sgrisgd axles from the test vehicles.
This is, in part, to inform the projed¢ieavy vehicle suspensions — testing and

analysisby providing source material to:

& assist in the work of determining if larger longiinal air lines on air-sprung

HVs alter front-to-back interactions between anirggs at operational speeds;

< inform analysis of any alterations to dynamic axdsody forces and wheel-
force parameters by documentation of frequencytspet these data; and

& contribute to research into HV suspensions byrggttown reference data for

broader application to future analysis by that gcgj

as well as contributing to research into HV susm#ssby documenting reference
data for future analysis by other researchers.

Scope

It is noted that, whilst VSB11 (Australia Departmheri Transport and Regional
Services, 2004a) defines a limited scope for H\WIsharing, it does not address
transverse load sharing, only load sharing betwarles. Accordingly, the
unmodified transverse air lines of the “Haire surgien system” and lack of
definition of load sharing between wheels on theesaxle require this report to

confine its scope to the effects of improving “frdo-back” air flow between axles.

The scope of this report is the frequency-domaamdyais of the following data from
the HV on-road testing with the HVs at full load:

& dynamic HV wheel-forces;
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& accelerations at the HVs’ hubs; and

& dynamic air spring forces as measured by air pregsansducers (APTS) in
the air lines at the air springs.

Note that the methodology (but not the resultsh&f quasi-static, VSB 11-style
testing are provided herein. Some results fronseéhi@sts have been provided in
other papers (Davis & Kel, 2007; Daws al, 2007) and further analysis of those
data will be the subject of future reports.

Rationale

In the 1980s and 1990s a great effort in Europet wea in the research and testing
of HV suspensions and their effects on bridges penkments from the dynamic
loading of air-sprung heavy vehicles (OECD, 199398). Within these
programmes, Gillespiet al. (1993) noted that static loads were equalised istmo
HV multi-axle suspension configurations but thatdasharing in the dynamic sense
varied markedly between different suspension dasidgreferring to the final report
of the DIVINE project, p77 (OECD, 1998), authorsilics for emphasis:

“...large dynamic responses and multiple fatigueleyovere observed. These
responses were up #5 times the dynamic load allowansgecified in bridge
design. Where axle hop was not induced, the dynaesponse was much smaller.
A probable explanation for this is the fact that ¢ery limited dynamic load sharing
in air suspensionsallows the axles in a group to vibrate in phaseaxde-hop
frequencies. “Crosstalk” between conventional Isteaf suspensions limits this

possibility...”

The final OECD report (1998), was used in Ausérati support the argument that
air-sprung heavy vehicles (HVs) should carry greateass under the micro-
economic reform popular at the time. That repoknawledged:

& these types of suspensions did not load shareeidythamic sense; and
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& the nature of the design of air suspensions wds that they created greater
dynamic loads than loads induced in conventionaglssuspensions under

similar circumstances.

Nonetheless, that report was used in Australiaustify the introduction of air-
sprung HVs at HML loads. The implications of thdecision with respect to
allowing heavier HVs with greater axle loads (alater, more axles) onto the road
network with untested and undefined load sharingitathave been dealt with

previously (Davis & Bunker, 2007).

The result was HVs carrying more mass in return &mnongst other requirements,
having “road friendly” suspensions (RFS). Thetfthoad friendly” suspensions
were air-sprung and most still are, although soteel RFS have been certified in
the recent past (Australia Department of Transpod Regional Services, 2004Db).

Reassessment of the research into the dynamicsfargearted to road assets by air-
sprung HVs has revealed that the original resesinchived very clearly that transfer
of air within a HV axle group was not a featureagfsuspensions (Simmons, 2005),
particularly “front-to-back” sharing, that is; beden consecutive axles. Subsequent
review of that work has now confirmed that smatidaudinal air lines do not allow
guick movement of air between air springs on setigleRlV axles (Davis, 2006;
Davis & Sack, 2004). This reassessment has shioatritie original research in the
1980s and 1990s indicated very clearly that transffair within a HV axle group
was not a feature of air suspensions (Simmons, )2008r. Simmons tested air
suspended HVs with various longitudinal air pipeesi between 8mm and 12mm
outside diameter and co-authored reports in tlelsl f{Gyenes & Simmons, 1994;
Simmons & Wood, 1990). He noted (2005) “these s will not provide
dynamic equalisation as there will not be suffitiansfer between displacers [air

springs]...”
Karamihas and Gillespie put it more bluntly, p3‘af&mihas & Gillespie, 2004):
“Air spring suspensions do not possess a dynamait $haring mechanism.”

The inability of conventional air suspensions tadshare dynamically in “front-to-

back” equalisation mode.€.; between consecutive axles) and with a time conhsta
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necessary for road travel was confirmed by David 8ack (2004). That work
measuredinter alia, the air pressure in the high-pressure suppliieéaair springs of
a quad-axle semi-trailer as it was driven over mi@bstep-down profile at 5km/h.
The "base case” for that programme of work was @hicles with standard

longitudinal air lines of 6.5mm inside diameter &18mm outside diameter.
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Figure 2. Equalisation of air pressure in the airsprings of a quad-axle semi-trailer rolling over
a 65mm step-down profile.

The equalisation of air pressure during that preeeshown in Figure 2 (Davis &
Sack, 2004), showing that equalisation during diet the 29 axle passed over the
step took approximately 3 s. Given that HV axlekighway travel speeds traverse
the same point on the road surface separated hyt 40 s, 3 s is too slow for any
sort of effective and pragmatic dynamic load ecpadion to occur. Given a 3 s
time-constant for air transfer (Davis & Sack, 2Q04Ys with conventionally-sized
air lines are not having their air-spring presswegsalised within time-scales with
similar orders of magnitude as the time-scales bkel-force impacts between
consecutive axles at highway speeds. This doesllow effective dynamic load
equalisation between successive axles within aspairng multi-axle group during

typical operation. This phenomenon creates thentiad for unnecessarily high
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pavement and suspension loads, with respect tottiex axles in the group, when
any given wheel encounters a bump. Confirmatiothaf effect has continued in
recent work (Blanksbgt al, 2008).

Commercial applications of larger air lines in H¥spensions have been deployed
on Australian roads. Innovative suspension systeoms Kenworth and the “Haire
suspension system” utilise larger-than-standardgitadinal air lines. The
alterations to dynamic load sharing and dynamicelNleads arising from changing

the size of air-spring HV suspension air lines niecle investigated adequately.

Since the damage to road and bridge assets insreas@ exponential relationship
to load (Eisenmann, 1975), the data from the t&& Bt full load as the worst case
for damage will be used for the analysis and regbherein.

Organisation of this report

The body of this report for the projeeteavy vehicle suspensions — testing and

analysisis organised as follows:

Section 1, “Introduction” outlines a general sumynaf the issues surrounding the
dynamic load equalisation for air-sprung HV suspmmsand also sets out the scope

and rationale for this report;

Section 2, “Experimental procedure” documents tle¢hmdology used to gather HV

suspension data contributing to some of the praettomes;

Section 3, “Equipment and instrumentation plus soratonale” specifies the
instrumentation used for gathering the experimetdiéh and includes a rationale for

some of the details of the test programme;

Section 4, “Analysis” provides the background te tterivation of the forces

measured in this test programme;

Section 5, “Results” introduces the appendices gigpihe results of the FFT plots
for the dynamic forces at the air springs and wheehccelerometer data is also

introduced as a reference for this project andréutasearch;

23



HV suspension testing — methodology and frequency analysis

Section 6, “Discussion” outlines where the resedwa$ found differences in the two
test cases and proposes further avenues of endedaib for the projecHeavy
vehicle suspensions — testing and analgsid further post-graduate research that

may prove useful; and

Section 7, “Conclusion” sums up the report with soconclusions drawn from the

results and analysis sections.
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Experimental procedure

3 HVs were used for the testing. They were axi@asemi-trailer towed with a
prime mover, an interstate coach with 3 axles asdhmol bus with 2 axles. The
axle/s of interest and therefore chosen to beunstnted for testing were the tri-axle
group of the semi-trailer, the drive and tag axléhe coach and the drive axle of the
school bus. All test vehicles had new shock alessrbtted so that the body-bounce
frequency was restored to manufacturer’s specifinat The air springs (air bags) of
the axle/axle group of interest were configuredhstiwat they could be connected
using either standard longitudinal air lines or ianovative suspension system
comprising larger-than-standard longitudinal ane8 denoted the “Haire suspension
system”. The drive axle of the coach and the daxie of the school bus had a 4-
spring configuration with a longitudinal beam atted slightly inboard of the hub on
either side and with an air spring on each enchefieams. Figure 3 shows this
arrangement for the test case of larger longitudamalines. This arrangement
supported the chassis with 4 air springs in taiattie drive axles of the two buses.

Figure 3. Schematic layout of the “Haire suspensiosystem” as fitted to the school bus and the
drive axle of the coach.
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The drive axle of the school bus had no correspanekle with which to “share” its
air transfer. Further, whilst air transfer affagtiforces between wheels on one axle
IS not within the scope of this report, “front-tadk” air transfer was altered for the
bus during the tests and was analysed accordinghe tag axle on the coach had an
air spring mounted above it on either end. Phofae test vehicles are shown in

Figure 4 to Figure 7. The prime-mover's suspensigas not tested in this
programme.

Figure 4. Prime mover (top) used to tow the testailer (bottom).
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Figure 5. 3-axle coach used for testing.
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Figure 7. Sacks of horse feed (yellow) used to aewe test loading on the buses.
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Equipment and instrumentation plus some
rationale

Strain gauges (onper hub, up to a maximum of 6 for the tri-axle trajlewere
mounted on the neutral axis of each axle of intdvesveen the spring and the hub
(de Pont, 1999; Woodroofe, LeBlanc, & LePiane, 1986 shown in Figure 8,
Figure 9, Figure 11 & Figure 12. Shear loadingh& point on the axle yielded the
static wheel load plus any dynamic wheel load (&8s inertial component of
dynamic wheel forces due to the unsprung mass atdbof the strain gauges) on
each wheel. Attachment was effected by using cyenytate glue (Figure 8, Figure
9, Figure 11 & Figure 12). Figure 8 shows thedalg arrangement with the bracket

(in yellow) for mounting the accelerometer.

Strain gauges were mounted straddling the neutialdd all axles onto which they
were installed. Figure 12 shows the alignment leé strain gauge elements
distributed either side of the neutral axis of themi-trailer axle before the
application of waterproofing foil. Strain gauges final installed mode under
waterproofing foil are shown in Figure 8, Figure&9Figure 11. Note also the
removal of paint and polishing of the surface a #xle to get close contact when
gluing the strain gauge to the metal of the axI€&igure 12. The same polishing
process was carried out for attaching all the stgaiuges but this is obscured by the

waterproofing foil in the other photos.

Mounting on the neutral axis reduced, to as snwllvas practicable, any effect on
the gauges due to bending moment as imparted taxiies by lateral forces on the
wheels (de Pont, 1999). Previous work (Woodrafal, 1986) mounted the strain
gauge elements such that longitudinal separationgathe neutral axis occurred.
This resulted in the individual strain gauge eletaemeasuring slightly different
shear forces because one was mounted slightlyefutdward the wheel than the
other on either side. This slight displacemergositioning compared with the ideal
Is unavoidable since the strain gauge elementsotdrainstalled (ideally) on top of
each other. The installation for this testing tdlo& same pragmatic view that there
was no choice but to mount the gauge elements sothe physical separation.

Given the strain gauge array, the chevrons werenteduabove and below the
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neutral axis, an arrangement which resulted in@sedo practicable to the ideal for
measuring shear forces at that point on each axilstveliminating transverse wheel
forces transmitted to the axle/s in the form ofdieg moment.

Figure 8. Accelerometer mounting for coach.

Figure 9. Accelerometer mounting bracket (yellowplued to the drive axle on the coach and
strain gauges (under foil).
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Accelerometers (onper hub, up to a maximum of 6 for the tri-axle traijewere
mounted as closely as possible to each hub ofeftevehicles’ axle assemblies, in
the case of the tag axle on the coach, or as tbofee centreline of the inner wheel
for the dual tyre assemblies as practicable. iMais to measure vertical acceleration
of the unsprung mass outboard of the strain gaudé® signals from these were
used to derive the dynamic wheel forces due tortadial effect of the unsprung
mass of the axle and other attached masses (fon@e&abrakes, wheels, hubs, and
so on) outboard of the strain gauges (de Pont, )19@®uing, bolting or welding
mounting brackets to the axles was used to attaehatcelerometers as shown in
Figure 8 to Figure 10 and Figure 13. Figure 9 &ufe 13 show accelerometer
mounting brackets (yellow) glued to the drive axiethe coach and the bus,
respectively. To get the mounting brackets or niogrblocks attached as close as
possible to the hubs of the buses, portions ofbitake assemblies needed to be
dismantled. Figure 13 gives some indication o$ ttéetail and Figure 9 shows a
particular example of this aspect of the test desigigure 9 shows the coach drive
axle with the disc brake cover removed and thetjposof the yellow accelerometer
block mounted on the axle beneath the brake calfigton assembly (green arrow,
Figure 9). The calliper/piston assembly was rerdaweeallow access to the axle to
get an accelerometer mounted at this location.

Figure 10. Accelerometer mounted on top of traileaxle.
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Figure 12. Strain gauge close-up.

32



HV suspension testing — methodology and frequency analysis

Figure 13. Accelerometer mounted on top of schobls axle.

Air pressure transducers (APTs) were mounted inathéines to the air springs as
shown (Figure 15). They measured the air pressutiee air spring and therefore
the static and dynamic forces between the axlesétitat spring the chassis.

An advanced version of the TRAMANCO p/l on-board EMHWAY® telemetry
system was used to measure and record the dynagnalsfrom the outputs of the
strain gauges and accelerometers. Figure 16 apoeFl7 show the CHEK-WAY
recording system for the semi-trailer and the caaspectively and Figure 18 shows
the system management computers. Instrumentatiga (foreground and arrowed,
Figure 16) were mounted between the semi-traiids.ral’'he coach instrumentation
board was connected by having the rear seat remamddthe cabling brought
through the access hatch in the floor (bottomdéftigure 17). The school bus had
a similar arrangement. The data were recordeldd@nrtemory of the CHEK-WAY
units (yellow boxes in Figure 16 & Figure 17). &ys management computers,
Figure 18, were used to manage the data capturmgtimnd post-test data
downloads.
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The CHEK-WAY® system is subject to Australian Patent number 26947 and
numerous international application numbers andmatehich vary by country.

Figure 15. Air pressure transducer (arrowed).
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Figure 16. View underneath of semi-trailer, lookiry to rear.

Figure 17. Instrumentation tray for the coach.
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Figure 18. Computers used for data capture managesnt.

Sampling frequency

The telemetry system sampling rate was 1 kHz giargample interval of 1.0 ms.
Note that the natural frequency of a typical heaglyicle axle is 10 - 15 Hz (Cebon,
1999) compared with a relatively low 2 - 3 Hz fpreng mass frequency (de Pont,
1999). Any attempt to measure relatively highagtrencies (such as axle-hop)
using time-based recording will necessarily involvggreater sampling rate than
when relatively lower frequencies (such as the Hoolynce frequency) are to be
determined (Houpis & Lamont, 1985). Since axle-la@s the highest frequency of
interest for the analysis undertaken, the sampliaguency used by the CHEK-
WAY ® system was more than adequate to capture thsigest data since its signal
sample rate was much greater than twice any axieflegiuency. Accordingly, and
to check the validity of the choice of samplingguency, the Nyquist sampling
criterion (Shannon’s theorem) was met (Houpis & bain1985).
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Calibrating the strain gauges and rationale for
mounting

The hub-to-strain gauge distance is small comptoetthe wheel radius. If strain
gauges were fitted to the top and/or the bottorthefaxle, they would measure all
forces present during testing (including those filateral wheel forces) as bending
moment. This mounting arrangement would then yeethbined signals from the
strain gauges; the vertical shear force componeht which would be
indistinguishable from lateral wheel forces, makarglysis difficult. Accordingly,
strain gauges to measure the shear component offtbel forces were mounted on
the neutral axis of each axle. This method reduimedhegligible (as near as
practicable) any effects on the strain gauges dugehding moment as imparted to
the axles by lateral forces on the wheels (de Pidt7). Less complex sets of data
were the result and these were more easily analyseduse they did not include

lateral wheel forces (de Pont, 1997).
The telemetry system and strain gauges were ctdibess follows:

& the static force being exerted by each wheel ofattle group under test on
the test vehicle was measured as a static mass wialgertified scales used
by transport inspectors for roadside HV intercaptid his static mass value
was recorded. This was done in conjunction with ¢hlibration of the on-
board telemetry system, for efficiency, after itswastalled;

& the chassis of the test vehicle was jacked upaahie wheel force registered

as close to zero as possible (+5/-0 kg) on theaptetscales (Figure 30);

& the reading of the strain gauges under the resutn wheel force load was
set at that point in the telemetry system as zsitoguset potentiometers;

& the corresponding strain gauge reading was recprded

& the chassis was lowered to normal operating mautetteen
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& the static reading of the strain gauges at thattpgelded a signal which
matched the calibrated wheel force via transpapeactor scales less the
axle/wheel mass outboard of the strain gaugesdon eorresponding wheel

(as outlined in more detail in Appendix 2).

These readings then provided the offset and slopéhe strainvs. load graph
(Woodroofeet al, 1986) for each axle-end of the axle/s of interédbre details and
background theory behind this procedure as welhasomplete set of these graphs

may be seen in Appendix 2.

After the zero vertical force reading had been ialted the vehicle/s lowered, the
test vehicle/s were driven to the loading site lradied with test weights. This also
allowed the suspension to neutralise any laterabtber residual forces in the
springs, bushings or tyres before the tare andeldbadlues were recorded. This
procedure was then repeated with the vehicle atldad for the axle group of

interest. Where possible, logistical considerati@llowing, the procedure was

repeated at tare to provide another point on thd/&train reading graph.

The logistical considerations for loading the sériler were minimal: a forklift
and standard loads in bins; however, the loadiryuarioading of the horse feed to

provide the test loads in the buses was time aswlree intensive.

Due to equipment failure and subsequent re-caidoraif a replacement telemetry
unit measuring the strain gauges on the school tans,and no-load values were
used for the strain gauge calibration graphs upesbv 238; no-load and full load

values were used in the strain gauge calibratiapltg after test 238.
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Procedural detall

The road tests comprised driving the HVs over aeseof typical, uneven road
sections and recording the data generated from A&dh accelerometer and each
strain gauge. The sections of road varied in roegh from smooth with long
undulations to rough with short undulations. TheslBane road sections and speeds

thereon were as follows:

Sherwood Rd, Rocklea — Westbound after the traf§oals at the Rocklea markets -
40 km/h and 60km/h;

Fairfield Rd, Rocklea and Fairfield — Northbounteathe Hi-Trans depot - 60 km/h
and 70 km/h;

Fairfield Rd, Fairfield — Northbound after the ralabout at Venner Rd - 60km/h;

Ipswich Mwy — Westbound under the Oxley Rd/Bluné&el roundabout - 80 km/h
and 90 km/h; and

Ipswich Mwy — N/Eastbound after the Progress Rdamp - 80 km/h and 90 km/h.

The same section of road was not used for all spdedng these tests. This was for
logistical, safety and consideration of other rosé+s. Nonetheless, different roads
with different roughnesses at different speeds hepes used previously and was not
unusual for this type of testing (Woodroade al, 1986). Further, the variety of
surface roughnesses was not available over on@mseat road within the 10 s

recording window of the telemetry system.

The test weights on the vehicles were tare andas& ¢0 maximum general access
weight was on the rear axle/axle group under tése vehicles were driven over the
test road sections at a variety of speeds frommh ko 90 km/h with the standard
air lines connected at tare and at full load. Btendard longitudinal air lines
between the air springs were then disconnecteditemdHaire suspension system”

installed. The HVs were then driven over the sawos sectionsising the same
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wheel-pathsat the same speeds as the previous tests atn@drieilaload. That the
same wheel-paths were traversed has been detadetysly (Davis, 2007). At
least two runs for each speed were made excephéocase of the 70km/h where
only one runper system was made due to logistical consideratiam$ some
localised equipment failure. Some 60km/h sectiwese traversed up to 5 times to
and from the higher-speed test sections. Thefdatdne 70km/h runs for the semi-

trailer at tare were invalid due to transducer eslgoming loose.

The dynamic signals from the APTs accelerometedssarain gauges on each axle-
end of the rear axle/axle group of the HVs undst weere recorded for 10 s for the
two test cased.€. standard longitudinal air lines the “Haire suspension system”)
and for the two load conditions (tare and loadedhis resulted in test data in the
form of a 10 s time-series signal from each APTheaccelerometer and each strain
gauge from each axle-end of interest on each t¥stdf the two test cases at the

various test speeds and the two loading conditions.

The test vehicles were loaded to maximum legaldaad driven off an 80mm step
to replicate the VSB11 step test (Australia Departtrof Transport and Regional
Services, 2004c). This was done with standarddsae lines and then with the
“Haire suspension system” installed. For these VBBtyle step tests all wheels
were rolled off a set of blocks simultaneously @t 2003). The signals from the
air pressure transducers on each air spring (Fijbyevere recorded using the on-
board telemetry system during this test procediigure 19 to Figure 21 shows the
detail of these tests for the coach, for examg@&ains (top left, Figure 19) attached
to the chassis were used to drag the blocks orecavtieels had moved off them so
that the wheels were not fouled as they rolled sgbent to the step-down action.
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Figure 20. During: the rear axle group of the codlt ready for the step test.

Figure 21. After: the step test which was set umiFigure 20.
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Analysis

4.1 APT data

4.2

The dynamic chassis-to-axle (body-bounce) forcesevdeterminedvia the APT
data for the two test cases (standard air lwreshe “Haire suspension system”) at
the various test speeds for each test vehicle.s Was in order to determine
alterations to dynamic air-spring forces, if anyedo the fitment of the “Haire
suspension system”; since the only alteration ttheeehicle between tests was the
size of the longitudinal air lines. This data g&ed in this report and will be used in

future to inform the projedieavy vehicle suspensions — testing and analysis

Dynamic wheel forces

From the work of previous researchers (Cebon, 1@@9Pont, 1997; LeBlanc,
Woodroofe, & Papagiannakis, 1992; Whittemore, 198&o0droofeet al, 1986),
wheel-force may be derived from an instrumented & as shown using the
balance of forces (Figure 22) on a particular whe&gjain referring to Figure 22,
the dynamic wheel-forceiwnees may be derived from an instrumented HV axle

using the following equation:

Fwheel= Fsheart Ma
Equation 1

Where:
ais the acceleration of the mass outboard of tfasgauge;

m s the mass outboard of the strain gauge;

42



HV suspension testing — methodology and frequency analysis

FsheariS the shear force on the axle at the strain gaamk

x is the distance from the strain gauge to thecéffe centroid of the wheel (Cebon,
1999; de Pont, 1997; LeBlaret al, 1992; Whittemore, 1969; Woodrooét al,
1986).
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Figure 22. Showing variables used to derive dynamiyre forces from instrumented HV axle.

Mounting the accelerometers as close as possiltleettiubs of the wheels places
them, in effect, at the CoG of the mass outboarthefstrain gauges. Any small
differences between the mounting point and theah€@oG may be neglected if:

< the roll angle is small; and

& the distance from the centre of the axle to thelacometer approximates to
that of the distance from the centre of the axlthéoeffective centroid of the
mass outboard of the strain gauges;

i.e.when:

d_~l’
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and especially when:
(d=r) << d (Cebon, 1999).

When comparing two different test cases with thmesanstrumented axle, the error
due to d# r will be present for both cases and will therefoancel out (Woodrooffe

& LeBlanc, 1987). Further, de Pont noted thatdavgriations in the value of the
mass outboard of the strain gauges do not congrigrgatly to overall variations in

the resultant wheel forces (de Pont, 1997).

Fshear Was measured from the strain gauges on each mndleaéier calibration
(Section 3.2). The value ah, representing the unsprung masses outboard of the
strain gauges, was determined. For the semittraide this was found from
manufacturer's data (Giacomini, 2007) and weighihg wheels on transport
inspector’'s scales. The bus and coach wheels alsceweighed on the transport

inspector’s scales.

In order to determine the other unsprung mass#seatoach and bus axles outboard
of the strain gauges, a bent tag axle and a cradited axle housing were procured
and cut through completely at the strain gauge mogipoints. These portions of
axle were then weighed on certified scales (Fi@®eFigure 25, Figure 26 & Figure
27). The tag axle was not identical to the ondaitesi on the coach but it was
similar enough to provide a valid mass for thistjpor of the unsprung mass value.
Unfortunately, a drive axle half-shaft was not #aale for destruction but a sound
spare was made available on loan. It was weighddhzeasured. Its mass outside
the strain gauge mounting points could be calcdlatging to the uniformity of its
shape and by using a standard value for the deo$isteel (Figure 24). The
resultant measurement was added to the measuresesna$ the wheel/s, the
measured mass of the requisite portion of the lasiesing and to the manufacturer’s
specified masses (Mack-Volvo, 2007) for the othemponents for the relevant
axle/s. This process yielded the value fofTable 3, p74) in Equation 1 that was
applied to the derivation of wheel forces for e&t¥ wheel under test, speed and
test case. Signals representing a valueadfom the accelerometers allowed

completion of the equation for each axle-end cérest (de Pont, 1997).
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The results of the analysis yielded dynamic wheetd measures for the two test
cases (standard air at full and tare loads. Thia & used in this report and will be
used in future in the projekteavy vehicle suspensions — testing and analysis

Figure 23. Weighing the half-shaft.
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-
A,

Figure 24. Calculating the half-shaft mass outboat of the strain gauges.
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Figure 25. Weighing the drive axle housing mass thoard of the strain gauges. This photo
shows the bus axle portion.
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Figure 26. Weighing the drive axle housing mass thoard of the strain gauges. This photo
shows the coach axle portion.
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Figure 27. Weighing the mass of the tag axle podn outboard of the strain gauges.

4.3 Summary of this section

In this section, the method and background thessduo derive wheel-force and
axle-to-chassis (body-bounce) data from a testrprome have been detailed. This
and other data will be used in the projel@avy vehicle suspensions — testing and

analysis
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5 Results

5.1 General

Appendices 3, 4 and 5 show FFT plots of indicatwel representative (but not
definitive) data from the APTs, wheel-forces andederometer signals at each test
speed for the test vehicles for the two test casBlse only alteration to the test
vehicles for any test speed was the size of thitiedinal air lines. Space
limitations have restricted the provision of thedats to oneper speedper test case
per vehicle at full load. These data correspond &data in the following sections
for the same test speed and air line test cagethe FFT for (say) the wheel-forces
at 40km/h used the wheel-force data recorded asdhee time as the data used for
the FFT on the air springs at that speed and ésst. cThe data analysed are from the
bus drive axle, the coach drive axle and the feodé of the tri-axle group of the
semi-trailer. The recording did not always stdrthe same point on the test road
segment, due to human triggering. Accordingly,dbta were examined, time series
by time series, and the data matched in time te&mee position of the road segment
as determined from observing the same impulsedrpdir of data recordings. Start
and finish times were then adjusted accordinglyhst the same recording interval

over the particular road segment was used for sathhed pair of time-series data.

5.2 Air spring data

Appendix 3 shows FFT plots of APT signals recorde@éach test speed. The data
used for the FFT analysis are from the bus drive,dke coach drive axle and the
front axle of the tri-axle group of the semi-traile
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5.3 Wheel-force data

Appendix 4 shows FFT plots of wheel-force datavastiby using the accelerometer
and strain gauge data and substituting for thealbbesa (from the accelerometers)
andFsnear (from the strain gauges) into Equation 1. Thestam value fom was
taken from Table 3, p74 for each HV.

The FFT plots are for each test speed. The dabsed are from the bus drive

axle, the coach drive axle and the front axle efttiraxle group of the semi-trailer.

5.4 Accelerometer data

Appendix 5 contains FFTs of the left and right d&cmmeter signals from various
tests. The data analysed are from the bus drilee the coach drive axle and the
front axle of the tri-axle group of the semi-traile
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Discussion

General

Vehicle suspensions, by design, are intended talisguthe wheels forces over the
points of contact on uneven road surfaces andtesdlee passengers and/or the
vehicle body from the harshness and vibration afireurface irregularities. How
well they do this is determined by the vehicle dgesi’'s specifications, the
constraints imposed by the vehicle dynamics, thesems of its various components
and the vehicle application. The outcome is a &y compromise between cost,

comfort, robustness and use.

Wheel-forces are the summation of dynamic forcegirating from within and
above the wheels of a vehicle. For the exercisscrideed in this document,
indicative (but not definitive) samples of wheeldes, acceleration signals at the
hubs and the axle-to-body forces have had thequeacy spectra described.

The dynamic loads at (say) air springs can be medseasily using air-pressure
transducers, as shown, from the variation in pressat the springs. This load will

be different from the dynamic load at the wheelsabse the dynamic wheel loads
comprise a component due to dynamic loadings frleensprings and a component
due to the unsprung mass of the axle, wheels, brakids, tyres, etc. This unsprung
mass has its own inertia and will behave diffeeat it is more closely-coupled to

the dynamics induced by irregularities from thedrearface. That the unsprung
mass dynamics are de-coupled from the chassisetgrémtest extent also a design

input directive.
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FFT results

The FFT plots in Figure 91 to Figure 120 are predichere to show indicative
spectra for HV axles during typical use. The dymarmharacteristics of the
accelerometers mounted on the axles at the hubg 8tai the frequencies in the
range of approximately 10 - 15 Hz are predominafite FFT plots, Figure 91 to
Figure 120, show that this phenomenon, known as-lagp (Cebon, 1999; de Pont,
1999) is predominant over most other frequencigl mspect to signal strength. Of
note, however, are some frequencies in the appairiyn5 - 7 Hz range (Figure 93,
Figure 112, Figure 113 & Figure 120). These smatleaks in the frequency
spectrum are probably attributable to wheel-hobdy eccentricity (Cebon, 1999).
When comparing the two test cases of air-line dizespeed-for-speed FFT
comparisons, there does not appear to be markiatites in the peak magnitudes

of the frequencies from the accelerometer signals.

The FFT plots for the air-spring data (Figure 3Figure 60) show the body-bounce
(de Pont, 1999) frequencies in the approximateeahg - 2 Hz. Given that the
standard for *“road-friendly” suspensions in Austral VSB 11 (Australia

Department of Transport and Regional Services, @0@pecifies 2.0 Hz as the
upper limit for the fundamental body-bounce frequenthis is not surprising.

Further, when comparing the test cases of two tesr line at each speed, the
greatest magnitude of any frequency in the der€d@ spectra appears to be lower
for the larger air line case over the standarddsiae lines. This is somewhat
noticeable for the two cases with the bus as thieH¥ but the coach and the semi-
trailer FFTs show this quite markedly, particulaidy the higher speeds. Of note is
an anomaly in this hypothesis when comparing Figddevs Figure 59. The

reductions in magnitudes of forces at the body-beufrtequencies may start to
explain the anecdotal evidence of the efficacyaofér-than-standard air lines from
the perspective of driver perception (Estill & Asgtes Pty Ltd, 2000; Roaduser
Systems Pty Ltd, 2002). Both of these points widl the subject of further

investigations.

A design choice may be made to isolate or de-coake vibration from the chassis
by interposing a system of air springs with resaeaat lower frequencies than the

axles. If so, this should be evident in the resfdt the frequency spectra of the air
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springs (Figure 31 to Figure 60). The air springpensions can be seen to be
effective in reducing the transmission frequencyr@dd imperfections into the

chassis by an order of magnitude: effectively deptiog axle-hop from passenger
perception. Referring to the input parametersst@mpension design, this indicates a

successful design execution.

HV wheel forces are the primary concern of roadhauties with respect to the road
network asset. The FFT plots of the wheel foragsthe test HVs are shown in
Figure 61 to Figure 90. As discussed in detappendix 2 and 4.2, dynamic HV
wheel forces are a transmission to the road sudd@®mbined dynamic body-to-
chassis forces and dynamic axle forces. Wheekfg@a determining factor in the
formulae (Davis & Bunker, 2007) for the dynamic m@e@s of road stress factor
(RSF), dynamic load coefficient (DLC) and peak dwawheel force (PDWF).

For the wheel forces in all of the vehicles tested:
& the body-bounce spectra predominated at the lopesds;

< the frequency of greatest magnitude in the wheelefd-FT spectra shifted
toward the wheel-hop end of the spectrum with iaseel test speed: at
higher speeds, axle-hop dominated as the contrilefitgreater magnitude in

the wheel-force spectra;

< the axle-hop force component in the wheel-forcecspesometimes was
slightly greater than the body-bounce force at é@igkpeeds and with
standard suspension; and

& at its largest magnitudes (for higher speeds) xe-laop force component in
the wheel-force spectra was approximate to, orsliggreater than, the
magnitude of the body-bounce.

When comparing the two test cases for the bus atdnslispension (Figure 61 to

Figure 65)vs.modified suspension (Figure 76 to Figure 80):

< there was no pattern one way or the other to tlegds in wheel-force
magnitudes when comparing the two test cases atlitesest speeds either
overall or when comparing LHS with LHS, RHS with BRH
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& a mixed result in the changes in the dynamic measof DLC, PDWF and
RFS when comparing the two test cases for the lass deen reported
previously (Davis, 2007). The lack of clear pattar the peak magnitudes in
the spectra for dynamic wheel-forces in the busdsted suspension (Figure
61 to Figure 65)s modified suspension (Figure 76 to Figure 80) hmar
previous results (Davis, 2007); and

< this phenomenon may be linked to the fact thatetheas no other axle on the
bus with which the drive axle could “share” its whéads and thus reduce

them.
When comparing the two sizes of air line as tesésan the coach:

& the greatest magnitudes in the wheel-force FFTtsp€Eigure 66 to Figure
70 and Figure 81 to Figure 85) were for the stashdarlines;

& The LHS wheel forces peak magnitudes were grearcept for one

instance) than the RHS peaks;

< whilst the bus FFT results were indeterminate wehpect to changes in
wheel-force peak magnitudes, the coach FFTs shdistact difference in,
and reduction of, the peaks for the two test capasticularly at higher

speeds.

The FFTs yielding wheel-force spectra for the semailer show, for the case of the
larger longitudinal air liness.the standard sized air lines:

& a mixed response when the greatest magnitude Vitreels are examined;

& the body-bounce contribution to the wheel-force wbsays lower at all

speeds for the modified suspension case; and

< uneven reductions in the magnitude when compasfighbnd to right-hand
sides (e.g. Figure A& Figure 87).

The lowering of the fundamental wheel-force frequeiby the fitment of larger
longitudinal air lines would complement the redant in magnitude of body-
bounce forces noted above at the air springs. Wasld also inform further
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investigations into anecdotal evidence (Estill &sAsiates Pty Ltd, 2000; Roaduser
Systems Pty Ltd, 2002) regarding driver perceptbrride and handling quality
when larger-than-standard air lines were fitted. relduction in axle-hop arose
uniformly from this modification, the HV’'s wheelsould be more likely stay in
contact with the pavement during braking. Furifgéren the deliberate isolation of
the chassis from the axles), harsh, high-frequertmations would not be as readily
transmitted to the chassis and cabin were this figation implemented.

Woodrooffe (1996) compared the contribution of battie hop forces and body-
bounce forces to HV wheel forces on tandem suspessi He noted, for shock
absorbers in good condition, that the axle-hoprdmution to wheel-force was up to
6 times greater than the body-bounce componentis Was at the resonant
frequencies of axle and chassis on a test-bed atorul We see from the test results
herein for the test vehicles (fitted with new shaalisorbers), the wheel-force
contribution from axle-hop only ever approximatesthe magnitude of the body

bounce component. It did not attain an order ofmitade 6 times greater.

All of these points will be the subject of furthewestigations, noting that the FFTs

provided here are for a sample of a much largex slett.

Theoretical exercise using empirical data

The QUT/Main Roads projedtleavy vehicle suspensions — testing and analysis
continues to consider the mechanism of load shdyetween axles on air-sprung
HVs. In preparation for this, the simplified diagr of one side of a HV with air

suspension in Figure 28 may assist.

The following is a simple theoretical exploratiof @ynamic load sharing but
incorporating some of the empirical results docue@rnn this report. Both the

wheels, axles, etc. in Figure 28 are assumed td bqual mass.
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connection mechanism

1.4 m
axle axle

wheel| wheel|

Figure 28. Simplified diagram of multi-axle HV air suspension.

Considering Figure 28: for a connection mechanisitihé form of industry-standard
longitudinal air lines (order of magnitude: 10mnameter), then the axles may be
considered to be independent of each other, ragulino load sharing when one or
the other wheel encounters a bump (Blankebwl, 2008; Davis & Sack, 2004).
This assumption also means that, should the ndieramty be large enough that
tyre elasticity was not able to accommodate it; @aieel could be lifted of the
ground momentarily. Between that scenario andpiéatement (with equal loads on
all wheels) is a continuum of possibilities for fdiing degrees of load sharing

between the two wheels in Figure 28.

Now consider a connection mechanism in Figure 2&re/hair is transferred
effortlessly from one air spring to its sequentedr neighbour. The speed of travel
would mean that the subsequent wheel would then theesame bump encountered

by the first wheel in a time inversely proportiot@athe speed of travel.
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The time delay between successive wheels travetlireg a bump encountered by
one side of the HV for the example in Figure 28 bardenoted:

t=d/v
Equation 2

where:

v = speed in m§

d = distance in m; and
t=timeins.

The time between axles encountering the same busnpbe denoted the time
constant of the system. Where a time constantrésent, its inverse is the

fundamental (or resonant) frequency of the system.

The diagram in Figure 28 shows the axle spacirdgdah. This was the axle spacing
for the semi-trailer and the coach used for thengslescribed above.

Perfect dynamic load sharing would result in ecaion across all wheels of the
load from the chassis and unsprung mass as thed¥¥llied; even when the wheels
encountered bumps in the road surface. Now congeemodes of vibration in the
axles and the body, as documented in this reparisinitted to the wheels as wheel
forces. The axle-hop frequency would be in thgeahO - 15 Hz and would tend to
predominate (or at least increase in contributionwheel-forces) as the speed
increased. A bump encountered by the leading wheeild start axle-hop that
would then transmit a series of pneumatic pulseststaear neighbour. If the
suspension dampers were working properly, the slabdorbers would damp out
this vibration but not before the second air spriecgived a series of pressure pulses
of the same frequency at which its own axle is igpased to hop. Assume that the
frequency of the resonant system thus created woildt the axle-hop frequency.
Shortly the rear wheel would encounter the bumpesggpced by its leading
neighbour. The time between these events for 1aklm spacing is dependent on

travel speed (Equation 1) and is shown in Table 2.
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elapsed time between axles
speed (km/h) (ms) Frequency (Hz)
40 0.126 8
60 0.084 12
70 0.072 14
80 0.063 16
90 0.056 18

Table 2. Relationship between different speeds antle elapsed time between wheels at 1.4 m
spacing.

Assuming an idealised transfer of air from onesaning to its rear neighbour, Table
2 shows that speeds between 60 km/h and 70 kmih nesa resonant frequency in
the system of between 12 and 14 Hz. These arecidemt with the axle-hop
frequencies in the range of 10-15 Hz as reportethenFFTs for wheel-force and

hub accelerometers in the Appendices.

Future work and rationale for some preliminary work
to date

From the preliminary analysis in Section 6.3 itpsstulated that an imperfect
transfer of air between air springs by the usesaf some constriction device, such
as a smaller pipe, to join the connection mechartisrithe air springs would be
advantageous in that it would damp out pneumattt&ion of resonant frequencies
in such air spring systems. This will be the sabjef further investigations.
Maximum transfer of air from one air spring toatssociated rear air spring could be
seen to be an ideal situation for load equalisatiblowever, the practicality of the
phenomenon of axle-hop requires that some impésfeaeeds to be introduced into

the transfer mechanism to reduce the possibilitgtahding waves in the air spring
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connector exciting sympathetic oscillations in iiguring air springs. This line of
reasoning may explain some anomalous results iwtink on larger longitudinal air
lines in this report and other work to date (Dawvi806, 2007; Davis & Kel, 2007;
Davis & Queensland Department of Main Roads, 2026@6b).

The different measures used to compare and detertménquality of one suspension
type vs another has been addressed in part previouslyigh& Bunker, 2007).

From the results reported here, the alteration yfathic forces due to design
changes may not necessarily improve one particlyyaamic measure but may alter
another significantly, depending on which one issgm. This will be the subject of

further investigations.

The assumption of equal masses (therefore equdilaisieof the wheels and axles in
Figure 28 would change for the case of the coalkh; tag axle being lighter.
Detailed analysis has not been performed here thpstulated that the axle-hop
frequency of the tag axle would be higher than tfdhe drive axle. If so, then the
improved flow of air from the larger air lines bet@n the drive and tag axle on the
coach may have resulted in the resonant frequenociesthe two axles
complementing, rather than competing with, eachemfior frequency spectrum
space when compared with the results of the seeitrwith its equal mass axles
and wheels. It is postulated that, with furthesei@rch to be done, this may explain
the consistent improvements in wheel force frequespectrum peak magnitudes for
the larger air line case on the coach when comparéte varied semi-trailer results
in Appendix 4. Further, if there were no secondgulssequent wheel and air spring
in Figure 28, this would mean that the axle foraesild result in compression and
rarefaction of the air in the air spring and anyrgecting reservoirs such as a
blanked-off connection mechanism. This would regula softening of the shock
from dynamic forces on the axle due to the abildycompress more air in the
increased effective volume of air in the air spsingnd associated blanked-off
connection mechanism. This type of device has hesed in HVs to soften
suspensions, particularly in passenger buses; ttaled a “ping tank” The
influence of the larger air lines acting as a “ptagk” for the case of the school bus

used in the testing will be the subject of furtimestigations.
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In general, the magnitudes of the left hand sidgydmunce, axle hop and wheel
forces are greater than are those on the right baed It is postulated here, with
further research to be done, that this is due tofagtors:

& potholes on the left hand side predominating oiggt+thand side potholes in

frequency of occurrence and magnitude; and

= the left hand camber of the road shifts the ceotmmass of the body to the

left during typical vehicle operation.

Further work needs to be done in the area of hoW twe forces at the axle and
other unsprung suspension components are correlatiedhir spring forces. From

the preliminary results outlined here, there appdarbe no or little correlation.

Axle inertia combined with suspension damping artion de-couple the pavement
frequencies from the chassis is postulated. Aerradte method for postulating on
this phenomenon in system terms would be that tispension is acting as a low-
pass filter, isolating high-frequency road irregitiles from the chassis. This is
postulated as a result of the suspension desigtingesne of its criteria in that the

range of frequencies measured for the unsprungesdssdow the axle are not the
same as the resonant body bounce frequenciestiedfgdsolating the chassis as
much as is possible (and therefore the payloadoarttie passengers) from the

harshness and vibration due to pavement irregidsurit

Upon analysis of the data from the various instmi®ieon the test vehicles, it
became apparent that, for some speeds and roadnsettie minima and maxima
were different due to the different surface rougises present on the test sections of
road. Some of the results published elsewherei$D2006, 2007; Davis & Kel,
2007) or submitted for review at the time of wigtihave dealt with that issue. One
method for approaching this is to perform “matcipad testing. The data are
paired with the data for the same run over the sssuBon of road at the same speed
for the two test cases. A t-test with unequalarmes to determine the differences
between the means of the two sample populations thes appropriate. The
unequal variances resulted from the differencebénspeeds and the differences in
road segment characteristics. Nonetheless, the phitests with and without the

suspension modifications were able to be compawstically in this way (Chieh,

61



HV suspension testing — methodology and frequency analysis

2008). In summary, changes from one test conditbomnother may be determined
for validity provided that each data pair in thé skdata has only one change, in

this case the size of the longitudinal air lines.

A t-test has been performed, the results of whighbe published in another forum,
to determine statistical significance of positivieaoges to the various dynamic
measures for the two cases of longitudinal air §ize. A heteroscedastic test option
was chosen since the data from the two test camksitequal variances (Kariya &
Kurata, 2004). A one-tailed test was used (StatPa2007) since:

& previous work (Davis, 2007) and the backgroundysmal(to be published in
future) of the dynamic measures from the APTs iaidid that the larger

longitudinal air lines generally improved dynamieasures; and

& the other tail would inform the case where perfaroea was improved

beyond the confidence limit (Hamburg, 1983).
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Conclusion

This reports sets down the methodology and prelmyimesults of testing carried
out to gather data for the QUT/Main Roads projdeavy vehicle suspensions —
testing and analysis The results as documented in Appendices 3 tdculd

provide useful source data for that project andeiotprojects once that project

concludes.
Some preliminary conclusions may be drawn at tlaiges

& there appears to be little or no correlation betweégnamic forces in the air

springs and the wheel forces in the HVs tested;

& axle-hop at frequencies between 10 - 15 Hz predat®ih for unsprung

masses in the HV suspensions tested;

& air-spring forces are present in the sub-1.0 Hzapproximately 2 Hz

frequency range; and

< for the data samples analysed and presented irefist larger air lines alter

HV wheel forces somewhat and body-bounce reasomalnlgistently.

More research needs to be done on these pointwilricom part of the work in the
QUT/Main Roads projedileavy vehicle suspensions — testing and analy=isther,
more work is required on the load sharing mechasisatween axles on air-sprung
HVs. In particular, how and whether improved ladthring can be effected and
whether better load sharing between axles will ceddynamic wheel and chassis
forces. This last point, in particular, in relatito the varied dynamic measures used

by the HV industry to compare different suspensymes.
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Appendix 1. Definitions, Abbreviations &
Glossary

Terms,
abbreviations

and acronyms

Meaning

APT Air pressure transducer. A device for emittamgelectrical signal as a
proportional surrogate of input air pressure.
Axle hop Vertical displacement of the wheels (andehr indicating dynamic¢

behaviour of the axle and resulting in more or liggs force onto thé

road. Usually manifests in the frequency range 18Hz.

65

Body bounce Movement of the sprung mass of a tascikneasured between the axles
and the chassis. Results in HV body dynamic fobmeg transmitted
to the road via the axles & wheels.

Usually manifests in the frequency range 1 — 4Hz.

CoG Centre of gravity. The point at which a bodyiass may be said be
concentrated for purposes of determining forcethahbody.

DIVINE Dynamic Interaction between heavy VehiclesdNfrastructurE.

DoTaRS Department of Transport and Regional SesviceAn Australian
Government department.

A Greek letter “delta” — denoting increment.
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Dynamic load| Coefficient of variation of dynamic tyre force. i$ obtained by
coefficient calculating the ratio of the root-mean-square (RM$&)Xhe dynamig
(DLC) wheel forces (std. dev. of,E) divided by the static wheel-forcee.

the coefficient of variation of the total wheel tba

DLC = o/ Fnean

Where:

o = the standard deviation of wheel-force; and

Frean= the mean wheel-force.

A perfect suspension would have a DLC of 0. Thegeain reality is

somewhere between 0 and 0.4 (Mitchell & Gyenes9198
FFT Fast Fourier transform. A method whereby tloarfer transform ig

found using discretisation and conversion intcegj@iency spectrum.
Fourier A method whereby the relative magnitudes of thequency
transform components of a time-series signal are convertedno displayed as,

frequency series. |If the integrable function i$),hthen the Fourier

transform is:

+00 —iat

Aw) = j h(t)e dt

Where:

¢ is the Fourier series;

w is the frequency in radians/s; and

i=+-1

(Jacob & Dolcemascolo, 1998).
HML Higher mass limits. Under the HML schemes imsfalia, heavy

vehicles are allowed to carry more mass (payloadeturn for their
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is

suspension configuration being “road friendly”.eS£SB 11.

HV

Heavy vehicle.

Hz

Hertz. Unit of vibration denoting cycleer second.

LSC

Load sharing coefficient — a measure of how welispension
group equalises the total axle group load, averdgeidg a
test. This is a value that shows how well the agerforces of
a multi-axle group are distributed over each tyrd/ar wheel
in that group.

LSC - Fmean(l )

stat(nom)

Where:

E

group (total)

Fstat nom= NOminal static tyre force = N
Fgroup (tota= TOtal axle group force;
Fmean(i) = the mean force on tyre/wheeland

n = number of tyres in the group (Potteral, 1996).

OECD

Organisation for Economic Co-operation andd)gvment

QUT

Queensland University of Technology

RFS

“Road-friendly” suspension. A HV suspensiomfooming to certain
limits of performance parameters defined by VSB 1{Australia
Department of Transport and Regional Services, 004

VSB 11

Vehicle Standards Bulletin 11. A documesdued by DoTaRS thi

defines the performance parameters of “road-frigndV suspensions.

At
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Appendix 2. Strain gauge calibration and
unsprung mass data

The following Appendix details the values of thesprung masses, the strain gauge
calibration graphs and their derivation. The stigauge calibration graphs include
the correlation of strain gauge readings to whesds for no load and/or tare and/or
full load readings for the various test vehicles.

As shown in Equation 1, the total dynamic wheetédfneel has two terms-gnear

andma

The unsprung mass outboard of the strain gauges contributesntheefficient of
a in thematerm of Equation 1. In order to determine theugeabfm in Equation 1,
the unsprung mass outboard of the strain gaugedomasl as outlined in Section
4.2 and documented in Table 3, p74. Accordinghg tontribution to the total
wheel force values of the masswhen subjected to the hub acceleratiowas
derived during the data analysis phase by multiglythe value ofm by the

measured value afin Equation 1.

In order to determine a dynamic value Bfear in Equation 1, the relationship
between the strain gauge reading and the dynangedan the axle resulting from
dynamic wheel-forces needed to be determined. eaildd in Section 3.2, the
strain gauges were calibrated (Woodroefeal, 1986). This process will be

reviewed in greater detail here.

When static weighing using the scales under eadkelnf interest was performed,
the static value df,heeimeasured on the scales contained two force compsne

& A force component inboard of the strain gauge atich@ through the spring.
This component was due to the chassis and suspensimponents, etc.

transmitted via the axle to the wheel; and

& a force component due to gravity acting on the wmgp mass outboard of

the strain gauge.
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The first force component was found via the strgauge readings and their
relationship with the wheel force registering asass on the scales. However, this
wheel force was not totally aligned with the strgemuge readings since the static
value of Fyheet measured on the scales contained two compondati Sshear and
staticma Further, the strain gauges measured deflectiopgptional only to the
forces inboard of their mounting point. We neettefind the force component due
tom. This was done as follows, with theoretical comtagy included and referring

to Figure 22:

& for the case of the chassis of the test vehicleeaip until the wheel of
interest was registering zero (+5/-0 kg) force lom ¢alibrated scale under it,
the static shear force measured at the strain gaagenot zero, even though
the scales under the wheel registered zero mass alscribed in Section
3.2);

< with the static wheel-force registering zero, théeawas experiencing a
slightly negative shear force duertoat this pointj.e. as the unsprung mass
of the wheel/hub of interest was in equilibrium amegdistering zero wheel
force at the scales, the strain gauges were reiggta shear force across the
axle equivalent to a negative valuenoht that point;

< in this condition, the strain gauge reading (cqroesling toFsheqr at that
point) was recorded as the static but negative evalnalogous ton (as

documented in Table 3) for that hub/axle stub;

& these negative values can be seen as the negaiiis gffsets in the plots of

static wheel forces strain gauge readings in Table 4 to Table 6.

The value ofm is documented in Table 3, p74; thefor the static reading was
acceleration due to gravity, 9.81 fasFinding the value of unsprung mass outboard
of the strain gauges forms the first (lowest) paintthe static wheel foroes. strain
gauge graphs (Table 4, Table 5 and Table 6) prdvidéer in this Appendix.
Hence, for the purposes of the wheel-foxse strain gauge graphs, the negative
value ofm became the lowest point on the graph for each Wdfaeterest;i.e. when

plotting the relationship between the strain gatggdingsvs known static mass
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values, the lowest point was the static mass df edeel/hub outboard of the strain

gauge.

Tare load and/or full load was applied to the Wetticles. The strain gauge readings
corresponding to these known (via the scales) wheeé values were recorded for
no-load, tare and/or full load. Additional poimsre then added to the graphs in
Table 4, Table 5 and Table 6. Again, these wemndoby measuring the static

wheel forces with the calibrated scale under edobalvof interest.

After the zero vertical force reading had been alted the vehicle/s lowered, the
test vehicle/s were driven to the loading site lradied with test weights. This also
allowed the suspension to neutralise any laterabtber residual forces in the

springs, bushings or tyres before the tare ancelbadlues were recorded.

For each point in the graphs in Table 4, Table & Bable 6 the static wheel-force
scale reading (corresponding to the strain gaugeimg for that load point) had the
value ofm subtracted from it. This was because of the iabtyubetween the strain
gauge reading and the wheel-force values as odthbevej.e. the strain gauge was

only measuringrsheas NOtFuwheel

Using the linear regression lines of these gragiiect mapping (or correlation) of
dynamic signals recorded from the strain gaugesmguhe testing could then be
performed. Each dynamic strain gauge value recovees then correlated directly
to a wheel-force value extrapolated from the cquoesling linear regression
formula that defined the relationship between wAierde (calibrated scale readings)
vs strain gauge readings for the particular wheehtdrest. This then provided the
dynamic values foFghearin Equation 1. Adding this term to the derivedhenain

Equation 1 produced dynanfigneedata for each wheel of interest.

For some tests on the bus, either the full loadingpor the tare reading was not
available for logistical reasons and equipmentufailnecessitating re-calibration
after replacement data recorder/excitation unitslieen installed. Daily checks on
the quiescent outputs of the strain gauges shovigit sariations due to vehicle

supply voltage fluctuations. The strain gaugetdigtount values were noted and
the calibration graph equations for that seriegests were adjusted accordingly.
Telemetry equipment failure after tests 197 and r@@&ssitated recalibration of the
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replacement system. The calibration graph for ndings after test 238 used a
different calibration graph since the bus could hetunloaded and re-loaded to
determine the tare values for the replacement nmeam&int system. This detall is as

noted in the titles in Table 5.

The school bus had its strain gauges mounted Bfigidre inboard on its drive axle
than for those positions on the coach drive axiis resulted in a slightly greater
drive axle unsprung mass outboard of the straiggswn the school bus compared

with the coach.

As noted above, one of the steps in calibratingstr&@n gauges was to jack up the
chassis of the test vehicle so that the wheel foeggstered as close to zero as
possible (+5/-0 kg) on the portable scales. Figi®eshows the method of jacking

the chassis so that the wheels could have thesspideed under them. Figure 30
shows the detail of setting the wheel-force to Hopum for the purposes of setting

the recording equipment.
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Figure 29. Jacking the test vehicle so that theatic wheel-force could be set to zero.
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Fecabibrabisid L AT CHRRE

Figure 30. Gradually reducing the wheel force ashe chassis is jacked up: top panel, almost
there; bottom panel, no wheel force.
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Axle mass data

Unsprung axle/wheel mass outboard of strain gauge

HV suspension testing — methodology and frequency analysis

Coach drive axle/wheels Coach tag axle/wheels School bus axle/wheels Semi-trailer axle/wheels
Hub, brakes, 192.3 kg (Mack-Volvo, 140.2 kg (Mack-Volvo, 187.3 kg (Mack-Volvo, 149.4 kg (Giacomini, 2007)
bearings, nuts etc 2007) 2007) 2007)
Wheels 166 kg (measured on TI 83 kg (measured on TI 180 kg (measured on TI 180 kg (measured on TI scales)

scales) scales) scales)
Housing/axle 30.8 kg (Figure 26) 5.2 kg (Figure 27) 32.8 kg (Figure 25) 7.1 kg (Giacomini, 2007)
portion
Half shaft 10.7 kg (Figure 23 & n/a 11.4 kg (Figure 23 & Figure n/a
Figure 24) 24)

Total 399.8 kg 228.35 kg 4115 kg 336.5 kg

Table 3. Unsprung mass outboard of the strain gaug for the test vehicles.
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Static wheel force vs. strain readings: coach

Table 4. Static wheel forcess. strain readings: coach

coach rear left wheel, tests with haire suspn

3000
2500
2000

21500

1]
%1000
£
500
0
500
- - — - -

A i
digital count value

coach left drive wheel, tests with haire suspn

4500

4000
3500
3000
2500
2000
1500
1000
500
0
= = T = T T < R I

digital count value

mass (kg)

coach rear left wheel, tests with std suspn

3000

2500
2000
1500
1000
500
0
-500 & = = H B ® ® s 5

digital count value

mass (kg)

coach left drive wheel, tests with std suspn

4500

4000
3500
3000
2500
2000
1500
1000
500
0
-500 3 Ia] — ] — ] (=] ] ] ]
— — — — — — — — — —

digital count value

mass (kg)

75

coach rear right wheel, tests with haire suspn

3000

2500

2000

31500

$1000
£

500

0

-500

— — — —

o —f -
digital count value

coach right drive wheel, tests with haire suspn

4500

4000
3500
3000
2500
2000
1500
1000
500
0
W= T3 3 2 23 3 28

digital count value

mass (kg)

coach rear right wheel, tests with std suspn

3000

2500
2000
1500
1000
500
0
500 & = = ~ ~ A ®

digital count value

mass (kg)

coach right drive wheel, tests with std suspn

4500
4000
3500
3000
2500
2000
1500
1000
500
0
-500 5 — — — — — — — — ]
- - — — — - - — - —

digital count value

mass (kg)
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Static wheel force vs. strain readings: School bus

Table 5. Static wheel forcess. strain readings: bus

bus rear left drive wheel, tests 197 to 215
(tare with haire suspn)

3500
3000
2500
2000
1500
1000

mass (kg)

500

0
-500
-1000
digital count value

bus rear right drive wheel, tests 197 to 215
(tare with haire suspn)

4000
3500
3000
2500
2000
1500
1000
500
0
-500
-1000

mass (kg)

digital count value

bus rear left drive wheel, tests 216 to 238
(tare with std suspn)
3500

3000
2500
2000

1500

mass (kg)

1000

500

0

-500

digital count value

bus rear right drive wheel, tests 216 to 238
(tare with std suspn)

kg)

=~ 2000
0

4000
3500
3000
2500

é 1500
1000

500

—
digital count value

bus rear left drive wheel, tests 239 to 258
(loaded with std suspn)

5500
4500

N

N @ ™ < <t
— — — — — —
digital count value

bus rear right drive wheel, tests 239 to 258

(loaded with std suspn)
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busrear left drive wheel, tests 259 to 277 (haire

suspn, loaded) (haire suspn, loaded)
5500 5500
4500 4500
3500 ~ 3500
g 2
%’2500 2 2500
£ 1500 € 1500
500 500
-500 -500
Te) o Tp) o [Te) o o T Ire] e o s o o
S 24 49 8 8 83 g8 3§ 3 S o S 8 9 =
digital count value digital count value

bus rear right drive wheel, tests 259 to 277
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Static wheel force vs. strain readings: semi-trailer

Table 6. Static wheel forcess. strain readings: semi-trailer

mass (kg)

trailer rear left wheel haire tests

4000
3500
3000
2500
2000
1500
1000
500
0

-500
©O © © 4 94 d d4 49 &
— —

A H A A
digital count value

trailer rear right haire tests

mass (kg)

4000
3500
3000
2500
2000
1500
1000
500
0

-500 & =} S =}
R i
digital count value

-
—

11

mass (kg)

trailer mid left haire tests
4000

3500
3000
2500
2000
1500
1000
500
0

-500
digital count value

trailer mid right haire tests

mass (kg)

4000

3500

3000

2500

2000

1500

1000

500

0

-500
digital count value

mass (kg)

trailer front left haire tests

4000

3500

3000

2500

2000

1500

1000

500

0

-500

digital count value

trailer front right haire tests

mass (kg)

4000

3500

3000

2500

2000

1500

1000

500

0

-500

digital count value
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trailer rear left std tests
3000

= 18.591x - 20159

2500
2000

1500

mass (kg)

1000
500
0

-SOOHH\—'HHHHHHHH
digital count value

trailer rear right std tests
3500

3000
2500
2000
1500
1000
500
0
-500

mass (kg)

digité_l'count value

11

trailer mid left std tests
3000

y =17.953x - 18977

2500

2000

1500

1000

mass (kg)

500

-500
digital count value

trailer mid right std tests
3000

2500
2000
1500

1000

mass (kg)

500

-500

digital count value

trailer front left std tests
3000 =

2500

2000

1500

1000

mass (kg)

500

-500

digital count value

trailer front right std tests
3500

3000
2500
2000

1500

mass (kg)

1000

500

0

-500

digital count value
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Appendix 3. Fast Fourier plots — air spring
signals

Standard suspension
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Figure 31. FFT of air spring signals - std suspeian, bus loaded, 40km/h, test 235
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Figure 32. FFT of air spring signals - std suspeian, bus loaded, 60km/h, test 254
FFT of LHS APT signal FFT of RHS APT signal
40 T T 40 T T
@ @
S 35 b S 35 —
a a
3 I
5 5
£ 30f B £ 301 R
E 251 Bl .E 25+ 4
k= B
5 20 B S 20
& @
& &
I 15); — <15
5 3
S 101 j 5 10}
E 2
5 5r g 5 sf
= =
0 s - 0
10 10
Frequency (Hz) Frequency (Hz)

Figure 33. FFT of air spring signals - std suspeimn, bus loaded, 70km/h, test 253
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Figure 34. FFT of air spring signals - std suspeim, bus
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Figure 35. FFT of air spring signals - std susperm, bus
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Figure 36. FFT of air spring signals - std susperm, coach loaded, 40km/h, test 54
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Figure 37. FFT of air spring signals - std susperm, coach loaded, 60km/h, test 56
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Figure 38. FFT of air spring signals - std suspeimn, coach loaded, 70km/h, test 61
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Figure 39. FFT of air spring signals - std susperm, coach loaded, 80km/h, test 43
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Figure 41. FFT of air spring signals - std susperm, semi-trailer loaded, 40km/h, test 132
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Figure 42. FFT of air spring signals - std suspeien, semi-trailer loaded, 60km/h, test 134
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Figure 43. FFT of air spring signals - std susperm, semi-trailer loaded, 70km/h, test 143
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Figure 44. FFT of air spring signals - std susperm, semi-trailer loaded, 80km/h, test 136
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Figure 45. FFT of air spring signals - std susperm, semi-trailer loaded, 90km/h, test 138

83



HV suspension testing — methodology and frequency analysis

Suspension with large longitudinal air lines
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Figure 46. FFT of air spring signals - modified sspension, bus loaded, 40km/h, test 259
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Figure 48. FFT of air spring signals - modified sspension, bus loaded, 70km/h, test 272

84



FFT of LHS APT signal

30

Magnitude of LHS APT signal (arbitrary linear scale)

251

20+

151

10+

10

Frequency (Hz)

10

Magnitude of RHS APT signal (arbitrary linear scale)

HV suspension testing — methodology and frequency analysis

FFT of RHS APT signal

@
S

N}
a

N
=}

-
o

=
o

o

Figure 49. FFT of air spring signals - modified sspension,

30

FFT of LHS APT signal

Magnitude of LHS APT signal (arbitrary linear scale)

251

201

151

101

Figure 50. FFT of air spring signals

30

10°

Frequency (Hz)

FFT of LHS APT signal

1

10

Magnitude of RHS APT signal (arbitrary linear scale)

10 10

Frequency (Hz)

bus loaded, 80km/h, test 269

FFT of RHS APT signal

30

251

201

151

10+

- modified sspension,

25

20

15

10

Magnitude of LHS APT signal (arbitrary linear scale)

e

Figure 51.

30

10°

Frequency (Hz)

1

10

Magnitude of RHS APT signal (arbitrary linear scale)

30

10° 10
Frequency (Hz)

bus loaded, 90km/h, test 267

FFT of RHS APT signal

251

20

15-

10-

1 ol

FFT of air spring signals - modified sspension,

FFT of LHS APT signal

= = N N
S) o =] o

Magnitude of LHS APT signal (arbitrary linear scale)
(5]

10°

Frequency (Hz)

10

1

Magnitude of RHS APT signal (arbitrary linear scale)

30

10° 10"

Frequency (Hz)

coach loaded, 40km/h, test 64

FFT of RHS APT signal

251

20

) 10t

Frequency (Hz)

Figure 52. FFT of air spring signals - modified sspension, coach loaded, 60km/h, test 66

85



Magnitude of LHS APT signal (arbitrary linear scale)

FFT of LHS APT signal

@
S

N}
a
T

N
=)

.
133}

=
o

o

Frequency (Hz)

1

10

Magnitude of RHS APT signal (arbitrary linear scale)

HV suspension testing — methodology and frequency analysis

FFT of RHS APT signal

@
=}

N}
a
T

N
=)
T

-
133
T

=
o

31}
T

0 1

10 10

Frequency (Hz)

Figure 53. FFT of air spring signals - modified sspension, coach loaded, 70km/h, test 75
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Figure 54. FFT of air spring signals - modified sspension, coach loaded, 80km/h, test 78
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Figure 55. FFT of air spring signals - modified sspension, coach loaded, 90km/h, test 80
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Appendix 4. Fast Fourier plots - wheel-force
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Figure 71. FFT of wheel forces - std suspensioremi-trailer loaded, 40km/h, test 132
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Suspension with large longitudinal air lines
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Figure 78. FFT of wheel forces - modified suspemsi, bus loaded, 70km/h, test 272
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Figure 82. FFT of wheel forces - modified suspemsi, coach loaded, 60km/h, test 66
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Appendix 5. Fast Fourier plots - accelerometer
data
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Suspension with large longitudinal air lines
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