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Kort sammanfattning

High CapacityTransport (HCT) &r en viktig del av Sveriges stravan mot ett effektivare
transportsystem. HGlordon ar tyngre och/eller langre &n konventionella tunga fordon och kan
transportera mer last per fordon, vilket leder till minskad bransleférbrukning octutatiep. |
Sverige ar de konventionella lagliga granserna for tunga fordon 2®@%iéngd och 64 ton i vikt.
Sedan april 2018 ha@ven tyngrdordon upp till 74 ton tillatits pa delar av vagnatet med en ny
barighetsklass, BK4. Dessutom har fem larfgrdonskombinationeupp till 34,5 neterinforts pa
utvalda strackor i tva etapper: december 2023 och april 2025.

| samband med inférandet av H&drdoni Sverigehar regelverket for tunga fordons tillgang till
vagnatet reviderats och ett PBBSserat ramverk har inforts. PBS, eller Performéased Standards,
reglerar fordons prestandakrav i stallet for att begrénsa langd eller vikt. Syftet medgr&gkiet

har varit att vidareutveckla ramverkir PBS i Sverige och stddja dess implementering.

En viktig aspekt som kravde fordjupad analys var dackens egenskaper och deras paverkan pa HCT
fordonens prestandBessutom fanns det behov av att vidareutveckla metoder och verktyg for
beddmning av HCTordon.Dessa utmaningar har hanterats inom PBS3d|ektet, vilket har

resulterat i standardiserade dackmodeller fér bedémning avfbi@dn samt ett forbattrat PBS

verktyg medfi tillgang. Projektet har koordinerats av VTI, Statens-\cidp
transportforskningsinstitutiar Chalmers tekniska hogskola, Wol Group Trucks Technology, Scania,
Trafikverket, Transportstyrelsen, Parator Industry AB, Nokian Heavy Tyres Ltd (Finland) och
Uledborgs universitet (Finlandjrit projektpartnersPBS Ikprojektet startade hosten 2018 och
avslutades vid slutet av 2021.

Nyckelord

Prestandabaserade standarder (P83)erisk dackmodellSO-dackmodelltorr asfalt vat asfalt is
underlag, packadgnd monsterdjupdacktryck sdkraftskoefficient relaxationslangdmaximallateral
friktion, lastberoendalackprovningsanlaggningmobil dackprovningsrigg testbaneférsgk
simulering PBSverktyg OpenPBS
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Abstract

Hi gh Capacity Transport (HCT) is a key el ement
transport system. HCT vehicles are heavier and/or longer than conventional heavy vehicles and can
carry more load per vehicle, leading to reduced fuel consumatid emissions. In Sweden, the
conventional legal limits for heavy vehicles are 25.2%asin length and 64danmesin weight.

However, since April 2018, vehicles up to diries have been permitted on parts of the road network

with a new bearing capagitlassification called BK4. In addition, five longer vehicle combinaion

upto 34.5 meters, have been introduced on selected routes in two phases: December 2023 and April
2025.

With the introduction of HCT vehicléa Swedenregulations governing heavy vehicle access to the

road network have been revised, and aBB&ed framework has been implemented. PBS, or
PerformanceéBased Standards, regulates vehicle performance requirements rather than imposing strict
limits on lengthor weight. The PBS Il project aimed to further develop the PBS framework in Sweden
and support its implementation.

One critical area requiring deeper investigation was the influence of tire characteristics on HCT
vehicle performance. Moreover, the assessment procedure for HCT vehictesuambrting

evaluation tool needed further refinement. These challenges were addressed within the PBS Il project,
resulting in standardized tire models for HCT vehicle assessment and an enhanesttepsi’BS

tool. The project was coordinated by VTI, the Swedistiddal Road and Transport Research

Institute, with partners includin@halmers University of Technology, Volvo Group Trucks

Technology, Scani&gwedish Transport Administratiofrafikverke), Swedish Transport Agency
(Transportstyrels@nParator Industry AB, Nokian Heavy Tyres Ltd (Finland), and the University of

Oulu (Finland). The PBS Il project commenced in autumn 2018 and concluded at the end of 2021.

Keywords

Performance Basl Standards (PBS)egerictire model,ISO tire model, dry asphalt, wet asphalt, icy
road, packed snow, tread depth, tire inflation pressure, cornering coefficient, relaxation length, peak
lateral friction, peak position, load dependency, indoor tire testing facility, tire testing trailérad&st
experiments, simulation, PBS to@penPBS
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Sammanfattning

High Capacity Transport (HCT) spelar en viktig roll i Sveriges omstallning mot ett mer effektivt
transportsystem. HGlordon, vilka ar langre och/eller tyngre an standkstbilskombinationerkan
Oka lastkapaciteten och forbattra effektiviteten i befintlig vaginfrastruktur utan att krava storre
investeringar. Genom att transportera mer gods med farre fordon minskeoriGm
transportkostnader, bransleférbrukning, utslapp och trafiktrangsel.

| Sverige har de traditionella granserna fér tunga fordon varit 25,25 meter i langd och 64 ton i vikt.
Tyngre fordon upp till 74 ton tilldts nu pa delar av vagnatet, och langre fordonskombinationer upp till
34,5 meter har gradvis inforts pa utvalda stréacBtudier och forsok har visat att H&drdon

avsevart kan minska bransleforbrukning och utsléapp per transporterad godsenhet, vilket understryker
deras miljoméassiga och ekonomiska potential.

For att battre forstBur HCT-fordon p&erkarsakerhet, infrastruktur och milj6 initierade Sverige ett
omfattande forskningsprogram som inkluderar utveckling av prégiaserade standarder
(PerformanceBased Standards, PBS). Till skillnad fran traditionella regelverk baserade pa fasta langd
och viktgranser specificerar PBS fordonens prestandakrav, vilket mdjliggor mer flexibla och
innovativa konstruktioner samtidigt saéikerhet oclpaverkan panfrastruktu uppratthalls. |

samband med inférandet av H@drdon i Sverige har reglerna for tunga fordons tilltrade till vagnatet
reviderats och ett PBRaserat ramverk har implementerats.

Projektet PBS Il (FFI 20181934) syftade till att vidareutveckla detta ramverk och stddja dess
implementering. Fokus lag pa att utveckla standardiserade dackmodeller for att bedéiftadd63
prestanda, forfina prestandamatt, utveckla bedomningsverkiygssodja inforandet i regelverk.
Projektet framjade aven kunskapsutbyte med internationella partners, sarskilt Finland, for att
vidareutveckla HCTsystem.

PBS Il koordinerades av VTI, Statens vagh transportforskningsinstitut, med Chalmers tekniska
hdgskola, Volvo Group Trucks Technology, Scania, Trafikverket, Transportstyrelsen, Parator Industry
AB, Nokian Heavy Tyres Ltd (Finland) och Uledborgs unitetgiFinland)som partnersProjektet

pagick fran hosten 2018 till slutet av 2021.

Denna rapport redovisar projektets resultat. Den huvudsakliga forskningsfragan gallde hur
dackdynamik paverkar HGrdons prestanda och hur detta kan integreras i etisp&®m. Med

hansyn tillvariationen i dack och vagforhallanden &r det svart att vélja ett enda representativt dack.
Darfor mattes och jamfordes olika lastbilsdack under varierande forhallanden, och resultaten anvandes
for att ta fram generiska dackmodeller for PBRIOmMning avunga fordon.

Elva dack valdes ut for studien: sju breda enkelmontage (S, huvudsakligen dimension 385/65), tva
drivhjulsdack (D, dimension 315/70) och tva trailerdack (T, dimension 265/70). Nya exemplar av
samtliga dack samt slitha exemplar av sju dack testades. Maitnitigrdes vid VTI:s
dackprovningsanlaggning pa torr asfalt och blank is, med begransade kompletterande tester pa vat
asfalt. Anlaggningen bestar av en stationar men styrbar dacksrigg 66meeter lang stalliasom

kan réra sig under dacket i hastighvatipp till 36 km/h. Utvalda déck testades @ven pa sno vid en
testbana i Finland med hjalp av en slapvagn utvecklad av Uledborgs universitet.

Istester utfordes pa slat, polerad is Adt 0,2 °C, med dacktemperatur runt 0 °C. Asfaltmatningar
gjordes med forvarmda dack. Nominella axellaster sattes till 40 kNdack, 22,5 kN for BEdack
och 20 kN for Fdack, med kompletterande méatningar vid 50 % och 150 % av dessa laster.
Décktrycken id rumstemperatur (20 °C) var 9 bar (S), 8,5 bar (T) och 7,5 bar (D). Vid
asfaltmatningar varmdes dacken genom rullning tills trycket nadde 1 bar 6ver nominellt varde.

Undersokningen fokuserade pa samband mellan lateral kraft peimlstil med hjalp av stationara
kurvor frin matningardargv i nkel n sveptes mellan T15A och +15A
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anvandes for att korrigera for relaxationseffekter. P4 astitliesgenerellthela intervallet endagbr
lagsta lagtnfor att begransa dackslitagett dack per kategosialdes dock utdr matning avhela
intervallet vid alla laster. P& is ansags +10° vara tillrackligt for alla laster. De analyserade
egenskaperna ardkraftkoefficient (cornering coefficient, CC), maximal lateral friktion och
relaxationslangd.

Resultaten visar tydligt att monsterdjup har en stark paverkan pa kurvtagningsegenskaper; ett slitet

dack meditet monsterdjup kan uppvisa nastan dubbelt s hog CC som ett nytt dack. Som tumregel

°kar CC med cirka 0,5 rad T n&r mPnsterdjupet mi
CC nar lasten 6kar; dock uppvisar nagra dack ett maximum nara den nanaiskelh. CC pa blank is

och vat asfalt ligger mycket nara den som uppmats pa torr asfalt, vilket tyder pa att denna egenskap
framst styrs agummits och stommens styvhet snarare an friktionsnivan. For ett av drivdacken
observerades dock en tydlig paverkan av friktionen.

Resultaten visar astambandemellan maximafriktion och hjulast & mycket likartafibr de testade

dacken pa torr asfalt. Darfor kan ett genomsnittligt forhallande anvandas for att beskriva lastberoendet
for maximal lateral friktion. De foreslagna forhallandena for torr asfalt ar ungefar 90 % vid nominell
last och 80 % vid 150 % av nominell last, relativt halva nominella lasten. Det ar anmarkningsvart att
sambandet mellamaximalfriktion och last framstar som linjart inom detta relativt breda lastiaterv
Lastberoendet famaximalfriktion pa vat asfalt och is liknar det pa torr asfalt, men ar mindre
enhetligt.Denna beror sannolikt paariationeri tesbanandriktion, vilken &r svarare att halla konstant

for is och vat asfalt.

Maximal lateral friktion var under 0,9 for alla nya dack utom tva pa torr asfalt. Dessa undantag hade
mindre monsterdjup, vilket belyser monsterdjupets paverkamgpémalfriktion, vilket aven framgar

av skillnaden mellan nya och slitna dack. Dackslitage tycks dock ha liten pavenaxipéal

friktion pa blank is och vat asfalt. Med hansyn till alla uppmatta dackneatimalfriktion vid

nominell last pa vat asfalt uppskattas till cirka 75 % av vardet pa torr asfalt. Om jamforelsen begransas
till nya S och D-dack ligger forhallandet narmare 80 %.

Relaxationslangen 6kar konsekvent med 0kande last och ar generellt hogre for slitna dack. Ingen
tydlig inverkanav friktionsnivan kunde observeras, eftersom vardena pa torr asfalt octsigiofta
likartade. En stark linjar korrelation mellan relaxationslangd och CC observerades for de testade
dacken.

Som tidigare namntgenomfdrdesitoverVTl:s inomhusmatningar pa asfalt och is, aven
utomhusmatningar pa snd av Uleaborgs universitet under vintrarna 2020 och 2021. Resultaten visar att
variationer i snéforhallanden mellan dessa ar hade en betydande inverkan pa
kurvtagningsegenskaperna. Som forvaomvisade slitha dack generellt hogre CC &n nya dack.
Lastberoendet av CC foljde i stort sett samma trender som fér andra underlag, med undantag for slitna
dackvid 2020ar matingar. Har fann man istallet a@C 6kadefor slitna dack med 6kande last, vilket
sannolikt beror pa mjukare snoforhallanden. Pa mjukare sno kan slitna dack glida mer vid l1aga
hjullaster, medan hdgre last kan forbattra greppet genom att dacket tranger ner i snon, vilket resulterar
i hogre CC. Pédiknande sétt uppvisade de flesta dack under 2021 den forvantade minskningen av
maximallateral friktion med 6kande last. Under vintern 2020 observerades detta beteende endast for
ett dack. Dessa avvikelser kan aterigen kopplas till mjukare ocdef@merbar sno.

Tva matematiska modeller 6vervagdes och jamfordes for att beskriva uppmétt dackdata: en enkel
Magic Formula (MREmodell och en forenklad MHspirerad variant som i denna rapport benamns
ISO-kandidatmodellen. Den senare utvecklades inom Pp&]ektet san grund for en IS&tandard,
som senare publicerades 2024. Den huvudsakliga skillnaden &r attd&&len utesluter
kurvaturfaktorn E och antar linjart lastberoende for CC och relaxations|@ngds som for maximal
friktion.
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De tva dackmodellerna jamférdes genom simuleringar av kompletta fordon for tréolrton.
Dackmodellerna anpassades till matdéateett nytt och ett slitet-8&ck. Inga signifikanta skillnader
observerades mellan de tva modellernas simuleringsresultat. Baserat pa dessa resultat bedomdes ISO
modellen vara ett lampligt val for att generera standardiserade dackmodeller inom-syiSRBS

Den erbjuder en god balans mellan enkelhet och formaga att Btenggsakligalackegenskaper.

Det bor noteras att dessa simuleringar genomfordes enbart pa torr asfalt, vilket ar relevant for det
aktuella PBSsystemet. Anpassningar till isdata jamférdes dock ocksa. Vid nominella och laga laster
ar 1ISO och MFanpassningarna nastan identiska ocheéng&stammer val med matningarna. Vid hdga
laster underskattar IS@odellenden maximaldriktionen och placerar maximum vidr héga

slipvinklar, medan MFmodellen battré&an beskrivkurvans form. Sammanfattningsvis ar IO
modellen troligen tillracklig fomanga simuleringar, sarskilt eftersom dynamiska lastférandringar ar
sma vid laga friktionsnivae©Om simuleringar inkluderar 6verlast ger dock Jdérameteriseringen

battre noggrannhet.

Baserat pa matningarna utvecklades dackmodeller for nya dack pa torr asfalt och foreslogs for
anvandning i PB®eddmning. Modeller utvecklades aven for nya dack pa vat asfalt och is. Darutover
foreslogs modeller for slitna dack pa torr asfalka inkluderareffekten av monsterdjup. En
sammanfattning av samtliga modeller, inklusive ekvationer och parametrar, aterfinns i Appendix 4.

For att undersoka effekten av dackens monsterdjup pafel@dns laterala prestanda och for att

samla in data for utvardering av de utvecklade dackmodellerna genomfordes testbaneférstk av Scania.
Testfordonet var en -loublekombination, utrustad med nya och slitha dack med varierande

monsterdjup pa dollyn och den sista slapvagnen. Tva troghetsmateiVietsnr) installerades for att

mata accelerationer och rotationshastigheter pa dragbilen och den sista slapvagnen. Fordonet testades i
en serie singlsinemandvrar och frekvenssvepstester.

Den laterala prestandan forddublekombinationen analyserades med hjalp av tre matt:

bakatforstarkning av girhastighet, bakatforstarkning av sidoacceleration och sparavvikelse

(offtracking). Bakatforstarkningen av girhastighet ar hogre vid alla stydredar nar nya dack

anvands jamfort med slitna dack. For bakatforstarkning av sidoacceleration ar skillnaden mindre.
Resultaten visar att monsterdjupet pa dacken pa den sista slapvagnen har storre paverkan an dacken pa
dollyn. Resultaten for sparavvikelsisar en liknande trend:-8oublekombinationen med nya dack

uppvisar storre offtracking jamfort med slitna dack. Dessa resultat bekraftar att prestandabedémningar
av HCT-fordon bdr genomféras med nya dack, eftersom de har lagre CC, vilket 6verensstardmer me

de foreslagna dackmodellerna fér RB&IO6mning.

Under testerna varierade dacktrycket pa grund av varme som genererades av rullmotstand och
bromsning. Varma dack resulterade i hogre bakatforstarkning av girhastighet, vilket Gverensstammer
med matningar fran VTl:s dackprovningsanlaggning, dar 6kat dakkiegde till lagre CC.

En serie simuleringar med enddublemodell genomfordes med de utvecklade dackmodellerna for

nya och slitna dack, och resultaten jamférdes med data fran Scanias experiment. Skillnader i absoluta
varden ar forvantade pa grund av avvikelser mellan fordogesiien och det fysiska testfordonet.

Trots detta aterger de utvecklade dackmodellerna effekten av monsterdjup géri@E prestanda

med god Overensstammelse. Bade simuleringar och tester visar samma trend av forsamrad prestanda
fran nya till slitna dackonfigurationer, &ven om Gverensstammelsen ar mindre exakt for sparavvikelse
an for bakatforstarkning.

En annan viktig del av PBS-pirojektet var vidareutvecklingen av ett RB&ktyg for bedémning av
HCT-fordon. Utvecklingen inleddes i det forsta RB®jektet, som resulterade i en betaversion av det
Oppet tillgangliga verktyget OpenPBS, implementerabiklica. | PBS Il vidareutvecklades
OpenPBS med forbattrade bedomningsmodeller och algoritmer baserade pa projektets resultat.
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For att validera OpenPBS jamfordes det med VTM, Vofeodonbibliotekuppbyggt i Matlab
Simulink (SimMechanics)}yra fordonskombinationer analyseradesdubbel, ABdubbe, B-triple
och Gdubbel For varje fordonskombination simulerades 72 olika parameteruppsattningar i bade
OpenPBS och VTMDe varierade parametrarna inkluderade axelavstand, kopplingspositioner,
lastférdelning och lastens hojdesultaten visar att aven om ytterligare forbattringar ar maojliga,
presterar den nuvarande versionen av OpenRB@d beddmning av HGTordon enligt flera PBS
matt.OpenPBS &r publikt tillgangligt pétps://github.com/OpenModelica/OPenPBS
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Summary

Hi gh Capacity Transport (HCT) plays an i mportant
transport systenHCT vehicles, which are longer and/or heavier than standard ones, can increase load
capacity and improve the efficiency of existing road infrastructure without requiring major

investments. By transporting more goods with fewer vehicles, ¥iclesreduce transport costs,

fuel consumption, emissions, and traffic congestion.

In Sweden, the traditional limits for heavy vehicles have been 25.25 meters in length and 64 tonnes in
weight. However, heavier vehicles of up to 74 tonnes are now allowed on parts of the road network,
and longer vehicle combinations of up to 34.5 metave libeen gradually introduced on selected

routes. Studies and trials have shown that HCT vehicles can significantly reduoenughptiorand
emissions per unit of transported goods, highlighting their environmental and economic potential.

To better understand the effects of HCT vehicles on safety, infrastructure, and the environment,
Sweden launched a large research program that includes the development of PerfBamadce
Standards (PBS). Unlike traditional regulations based on fixethemgl weight limits, PBS specifies
vehicle performance requirements, enabling more flexible and innovative designs while maintaining
safety and protecting infrastructuk&ith the introduction of HCT vehicles in Sweden, regulations
governing heavy vehiclaccess to the road network have been revised, and-b&®8 framework

has been implemented.

The PBS Il project (FFI 20181934) aimed to further develop this framework and support its
implementation. It focused on developing standard tire models for assessing HCT vehicle
performance, refining performance measures, creating assessment toalgpanting regulatory
adoption.The project also promoted knowledge exchange with international partners, particularly
Finland, to advance HCT systems.

PBS Il was coordinated by VTI, the Swedish National Road and Transport Research Institute, with
partners including Chalmers University of Technology, Volvo Group Trucks Technology, Scania, the
Swedish Transport Administration (Trafikverket), the Swedisin$port Agency (Transportstyrelsen),
Parator Industry AB, Nokian Heavy Tyres Ltd (Finland), and the University of Oulu (Finland). The
project ran from autumn 2018 to the end of 2021.

This report presents the projectds outcomes. The
dynamics on HCT vehicle performance and how to incorporate this into a PBS scheme. Given the

diversity of tires and road conditions, selecting a singleessmtative tire is challenging. Therefore,

different truck tires were measured and compared under varying conditions, and the results were used

to propose generic tire models for PBS assessment of heavy vehicles.

Eleven tires were selected for the study: seven wide single tires (S, mostly size 385/65), two drive tires

(D, size 315/70), and two trailer tires (T, size 265/70). New specimens of all tires and worn samples of
severtireswere testedMe asur ement s wer e carried out at VTI O0s
smooth ice, withimited additional tests on wet asphalt. The facility includes a stationary, steerable

tire test rig and a 55 m steel bel t eldcthddites can mov
were also tested on snow at a Finnish test track using a trailer developed by the University of Oulu.

Ice tests were conducted smoothpolishediceats N 0. 2 AC, with tire tempe
Asphalt tests used preheated tires. Nominal axl e
tires, and 20 kN for T tires, with adSti tional me
infl ation pressures at room temperat urFerte§t2 0 AC)
ondry and wet asphaltires werevarmed by rolling on arotatingcylindernt i | pr essure r ec¢
abovethenominalvalues
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The investigation focused on lateral force versus slip amifeg steadystate curves built from two
measurements with slip angles swept to T15A and
relaxation length effect©n asphalt, the full range was used only at the lowest load tdiliewtear,

while one tire per category was tested fully at all lo&sice, a +10° range was deemed sufficient for

all loads Main evaluated properties were corneraugfficient peak lateral friction, and relaxation

length.

The results clearly show that tread depth strongly influences cornering performance: a worn tire with
shallow tread can have nearly twice the cornering coefficient of a new tire. As a rule of thumb,
reducing tread depth by fi cmnre nitn cdbrye aasheosu tt e 5c ararde
cornering coefficient decreases with increasing load, although some exhibit a peak near the nominal

load. Values measured on smooth ice and wet asphalt are close to those on dry asphalt, indicating that
corneing stiffness is mainly governed by rubber and carcass properties rather than friction level.

However, for one of the drive tiresclear influence ofriction wasobserved.

Peak friction shows a similar load dependency across tires on dry asphalt, allowing the use of average
ratios: about 90% at nominal load and 80% at 150% of nominal load, relative to half nominal load.
This relationship appears nearly linear over the tdetdirange. On wet asphalt and ice, the trend is
similar but less consistent, likely due to greater variability in surface conditions. Peak friction on dry
asphalt was below 0.9 for all new tires except two with smaller tread depths, highlightingueedefl

of treaddepth, which wasalso evident in the difference between new and worn tmentrast, wear

has little effect on peak friction on wet asphalt and ice. On average, peak friction at nominal load on
wet asphalt is about 75% of that on dry asphalt, increasing to around 80% when considering only new
S and D tires.

Relaxation length increases consistently with load and is generally higher for worn tires. No clear
dependence on friction level was observed, as values on dry asphalt and ice are often similar. A strong
linear correlation was found between relaxation feragnd cornering coefficient across the tested tires.

As noted, in addition to indoor tests on asphalt and ice at VTI, outdoor measurements on snow were
conducted by the University of Oulu during the winters of 2020 and 2021. The results show that
variations in snow conditions between the two years had disagn impact on cornering

performance. As expected, worn tires generally exhibited higher cornering coefficients than new tires.
The load dependenaf cornering coefficientargely followed the trends observed on other surfaces,
except for worn tires i2020.In the measurements from thatar, the cornering coefficient for worn

tires increased with load, likely due to softer snow conditions. On such surfaces, worn tires may slide
more at low loads, while higher loads improve grip by allowing the tire to penetrate or push through
the snowSimilarly, while most tires in 2021 showed the expected decrease in peak lateral friction
with increasing load, this behavior was observed onlypifertirein 2020. These deviations are again
likely linked to softer, mre deformable snow.

Two mathematical models were considesed comparetbr describing the measured tire data: a

simple Magic Formula (MF) model andraoresimplified M~inspired variant referred to here as the

| SO candidate model. The | atter was developed wi
standardsubsequentlypublished in 2024. The key difference is that the ISO model omits the

curvature factoE and assumes linear load dependency for cornering coefficient and relaxation length,

in addition to peak friction.

Thetwo tiremodels were compared through fuhicle simulations of three HCT configurations,

with parameters fitted to data from one new and one worn Shieetesults showed no significant
differences between the simulation outcomes using the two models. Based on these findings, the ISO
candidate model was deemed a suitable choice for generating standard tire models within a PBS
scheme, offering a good balanbetween simplicity and the ability to capture key tire performance
characteristics.
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It should be noted that these simulations were conducted only on dry asphalt, which is relevant for the
PBS framework. However, fits to ice data were also compared. At low and nominal loads, both models
closely match measurements, but at high loads theri@d®| underestimates peak friction and shifts it

to larger slip angles, while the MF model better captures the curve Jimygethe ISO model is

likely sufficient for many simulation casesspecially since dynamic load shifts are limited on low

friction surfacesbut MF offers higher accuracy under overloading conditions.

Based on the measurements, tire models were developed for new tires on dry asphalt and proposed for

use in PBS assessment. Models were also developed for new tires on wet asphalt and ice. In addition,
models for worn tires on dry asphalt were proposearpuarating the effect of tread depth. A full

summary of the devel oped model s, including equat

To investigate the effect of tire tread depth on the lateral performance of HCT vehicles and to collect
data for evaluating the developed tire models, test track experiments were conducted by Scania. The
test vehicle was an-Aouble combination, equippedttvnew and worn tires of varying tread depths

on the dolly and the last semitrailer. Two inertial measurement units measured accelerations and
rotational velocities on the tractor and the last semitrailer. The vehicle was tested usingisingle
maneuves and frequency sweep tests.

Lateral performance was evaluated using rearward amplification of yaw rate, rearward amplification
of lateral acceleration, and offtracking. Yaw rate amplification was consistently higher with new tires
than with worn tires, while differences in laterataleration amplification were smaller. The results
also indicate that tread depihtireson the last semitrailer has a greater influence than thetdely
Offtracking showed a similar trend, with larger values for new tires. These findings cordirriGR
performance assessments should be conducted with new tires, which have lower cornering
coefficients consistent with the proposed PBS tire models.

During testing, tire pressure increased due to heat from rolling resistance and braking. Warmer tires
resulted in higher yaw rate amplification, consistent with VTl measurements showing that higher
inflation pressure reduces cornering coefficients.

Simulations using the developed tire models for new and worn conditions were compared with the
Scania test data. Although differences in absolute values are expectedideesfmancies between

the A-doublemodel and the physical test vehidlee simulations reproduced the effect of tread depth
reasonably well. Both simulations and experiments showed consistent performance deterioration from
new to worn tireconfigurations, although agreement was less precise for offtracking than for rearward
amplification.

Another key component of PBSgtojectwas the further development of a PBS tool for HCT vehicle
assessment. Development began in the first PBS project, which produced a beta version of the open
access tool OpenPBS, implemented in Modelica. In PBS II, OpenPBS was refined with improved
assessmemodels and algorithms based on project ressilish as the steadyate rollover threshold

To validate OpenPBS, it was compared with VTM,
Matlab-Simulink (SimMechanics). Four vehicle combinations were analyzathuble, ABdouble,

B-triple, and Gdouble. For eachiehicle 72 parameter sets were simulated in both tools, varying axle
spacing, coupling positions, load distribution, and load heigtg.results indicate that, although

further improvements are possible, the current OpenPBS version performs well in assessing HCT
vehicles across several PBfeasures. OpenPBS is publicly available at:
https://github.com/OpenModelica/OPenkPBS
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1. Introduction

The transport sector is facing a major challenge to reduce energy consumption and limit its
environmental impaciThis makes High Capacity Transport (HCT) vehicles an attractive alternative to
conventional heavy vehicle combination,aternativethat also delivers significant economic

benefits. HCT vehicles are heavy vehicle combinations with greater load capacity (longer and/or
heavier vehicles) than those currently on the roads. By using HCT vehicles, the existing road
infrastructure can be liied more efficiently without extensive investments, and goods can be
transported with fewer vehicles. This leads to réidus in transport costs, fuel consumption,

emissions, and traffic congestion.

In Sweden, the conventional legal limits for heavy vehicles are 25.25 m in length and 64 t in weight.

Since April 2018, however, vehicles up to 74 t have been permitted on parts of the road network under

a new bearing capacity classification called BK4afikverket 2016). In addition, five longer vehicle
combinationsup to 34.5 mhave been introduced on selected routes in two phases: December 2023

and April 2025. In neighboring Finland, the weight limit for heavy vehicles was raised to 76 t in 2013,
andlonger HCT vehicles up to 34.5 m have been allowed on most of the road network since 2019.

Various studies and trials with HCT vehicles have demonstrated their potential for fuel savings and

co reduction. According to SuoescduoeesergHCT r oadmap
consumption per tare-km by about 10% (Asp et aR019). Even greater savings have been reported,

for example in the ETT projects (Von Hofsten 2021; Enstrom G21).

To deepen knowledge about HCT vehicles and their impact on traffic safety, infrastructure, and the
environment, the Swedish government has launched a major research program focused on HCT
vehicles (Kharrazi et al 2023Pne of its work packages is Performaf@sed Standards (PBS), a
regulatory approach for HCT vehicles and their access to the road network. Under PBS, standards
specify the required performance of vehicle operations rather than imposing prescriptivatehg
weight limits. This flexibilityenables the development of innovative vehicles optimized for different
applications without compromising safety or infrastructure. PBS regulations for heavy vehicles have
been implemented in Australia, Canada, and New Zealand, and are under trial iAfSoaitt\

review of existing PBS approaches and relevant literature can be found in VTI report 859A (Kharrazi
et al, 2015).

Due to differences in road networks and weather conditions, PBS regulations from other countries
could not be directly applied in Sweden. Therefore, a-P&®d framework tailored to Swedish
conditionshas beemeveloped. In this context, two research projects on PBS were funded by Vinnova,
and their results havgeen used by the Swedish Transport Agency (Transportstyrelgenjsions

they have applietb regulations governing heavy vehicle access to Swedish roads. The first national
PBS project (FFI 203:03881) ran from 2013 to 2017. Extensive research on HCT safety was
conducted using test track experiments, offline simulations, and driving simulator studies, resulting in
a proposed PBS scheme (Kharrazi et24117).

To continuethe development ahe performancebased regulation for HCT vehicles and their road
access, the PBS Il project (FFI 2608934) was launched in autumn 2018. Its goals, as stated in the
Vinnova application, were:

1 Development of standard tire models for assessment of HCT vehicles performance

1 Further development of performance measures suitable for Sweden, and corresponding
assessment procedures

1 Supporting Transportstyrelsen in development of the PBStaablastbilskalkylator

1 Exchanging knowledge and expertise within the area of HCT vehicles with international
actors from Finland and other countries.
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The main research question in PBS Il was the effect of tire dynamics on HCT vehicle performance and
how to incorporate this into a PBS scheme. Given the variety of tires and road surface conditions,
selecting a single tire for assessment is not straigtefak. Therefore different truck tires and their
characteristics wenmeasureénd compared under various road condititesults of these

investigations were used pooposegenerictire modelsdor PBS assessment of heavy vehicles.

Another key component of PBS Il was further development of a PBS tool as a demonstrator for HCT
vehicle assessment. Development began in the first PBS project, which produced a beta version of an
openaccess PBS tool called OpenPBS, implemented in Moddlcabson et al2017). In PBS I,
OpenPBS was further refined, with improved assessment models and algorithms based on project
outcomes.

This report presents and discusses the outcomes of the PBS 1l project, which concluded at the end of
2021.
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2. Tire tests

When assessing the performance of a heavy vehicle, tire characteristics have a significant influence on
the results. Therefore, a PBS scheme should define how tire properties and their impact on the
performance of HCT vehicles are handled. Tires are coaisienand will be replaced several times
during a vehiclebs | ifetime. Mor eover, t he mar ke
Consequently, simulating and assessing HCT vehicle performance using models of the exact tires
mounted on them is n&tasible unless restrictions are placed on permissible tires and a model library

is createdThis approach has been used in the Australian PBS, but due to associated complications, it
is under review, and alternatives such as using a generic tire model are being considered (de Pont,
2019). Among the challenges, this method requires frequent spdatee tire model library to reflect

market changes, extensive measurement data, and significant simulation efforts. Additional
complications arise because diffat testing facilities may produce varying results for the same tire.

Therefore, a simpler approach using generic or standard tires is proposed for the PBS scheme in
Sweden, and the development of such models has been undertaken in the PBS Il project. To achieve
this, a selection of common truck tires from the Nordic masket chosen, measured, and analyzed

2.1. Tire selection

When the PBS 11 project started, Europool stati s
Association (ERTMA) were consulted to identify the most common tires and tire sizes in Europe and

the Nordic countries. The 385/65 size was selected fiingess wide single steer/trailer tires, while

sizes 265/70 and 315/70 were chosen for-dualinted trailer and drive tires, respectively.

Eleven different tires were selected for the stadjisted inTablel to Table3. Seven of these were
wide single tires, denoted by S, all in size 385/65 except one (S5), which was a wanilier

(385/55) of another selected tire (26 featured a lower aspect raflavo tires were drive tires of
size 315/70, denoted by D, and the remaining two were trailer tires of size 265/70, denoted by T.

One new specimen of each tire, along with worn samples of seven ofwkemobtained for
measurements. Pictures of the tested tires and their tread patterns are provided in Appendix |. The
tread depths of the new specimens were typically withiri93nm, while the worn ones ranged from

21 10 mm. The aim was to include worn tirehawarying tread depths. These values can be compared
with the results of a Swedish study conducted in winter 2021, where tires on 519 vehicles were
inspected around StockholmdaHlelsingborg. The average tread depth in that study was 9.9 mm on
steer axles, 12.1 mm on drive axles, 7.7 mm on tag/push axles, and 6.6 mm on trailebabdeal(

et al., 2012 It should be notethoughthat this study was performed during winter, and tires are
generally more worn in spring and summer. Before the measurements, the new tire samples were
simultaneously driven in for 300 km, mounted on a fully loadetb8ble combination with axles
suitablefor all test tires.

The tires caralso besubdivided ito three types ofvinter, multtuse, and fuegfficient, described as

1 Winter tires: Typically, these tires have small block pattern and/or dense deep siping. They
also have special winter tread compound which can operate in low temperatures.

1 Multi-use tires: Typically, these tires are designed for both regional and long distance driving
and are for aleason use. They have bigger tread blocks and less siping than winter tires and
have good mileage properties.

1 Fuelefficienttires: Typically, these tires are designed for long haul driving. They have low
tread depth and normally no siping. They have special casing and tread compound designed to
get low rolling resistance.
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Low budget tires were not considered in this study, since they are not common in Nordic truck tire
markets, especially for HCT vehicles, whiate usuallyequigpedwith good quality tires.

Tablel. Testedsingle steer/trailer (Sjires.

No | Code name| Tiresize | Tiretype | Rated load | Condition | Tread depth| Rubber
(kg) (mm) hardness

1 |s1 385/65 R22.5 Multi-use 4500 new 17 63

2 Siw worn 10 64

3 [S1w2 worn 6 67

4 |S1IW3 worn 3 64

5 S2 385/65 R22.5 Winter 4500 new 16 64

6 |[S2W worn 8 64

7 |S2W2 worn 5.5 68

8 S3 385/65 R22.9 Multi-use 4500 new 15 64.5

9 [S3W worn 7 67

10 | S4 385/65 R22.5 Fueleff. 5000 new 13 70.5

11 | S5 385/55 R22.5 Winter 4500 new 15 74.5

12 | S6 385/65 R22.5 Winter 4500 new 16 66

13 | S7 385/65 R22.9 Multi-use 4500 new 12.5 65

Table2. Tested dual drivéD) tires

No | Code name| Tire size | Tire type | Rated load | Condition | Tread depth| Rubber
(kg) (mm) hardness

14 |D1 315/70 R22.9 Multi-use | 3750/335C new 18 68

15 | D1W 3750/3350 worn 35 72

16 |D2 315/70 R22.5 Winter 3550/3150 new 19 65.5

17 | D2W 3550/3150 worn 6 65

Table3. Tested dual traile(T) tires

No | Code name| Tiresize | Tiretype | Ratedload | Condition | Tread depth| Rubber
(kg) (mm) hardness

18 |T1 265/70 R19.5 Multi-use | 2725/2650 new 135 65

19 | T1IW 2725/2650 worn 3 64

20 | T2 265/70R19.5| Winter 2725/2650 new 14 65.5

21 (T2wW 2725/2650 worn 2 67

! Rated loador single/double use
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2.2. Tire measurements

The measurements weaperformedwith bothnew and worn tires on dry asphalt and smooth ice at VTI
tire tesing facility in Linkdping, seeFigurel Additional measurements were also conducted on wet
asphalt. The VTI facility is a flabed machine specifically designed for indoor tire friction

measurements on ice (Nordstrom, 1994). It consists of a stationary but steerable tire test rig and a 55
meterlong steel bar that can be covered with ice. This steel bar, representing the road surface, moves
back and forth beneath the measuring wheel inside 4nE2&rlong climatecontrolled building. The

bar is driven by a hydraulic motor via a steel cableratgimum speed of 36 km/h. Ice temperature

can be controlled within a few tenths of a degree Celsius. Foifitiigjlon tests, asphatilled

cassettes can be mounted on top of the steel bar.

The ice tests were conducted indoors on smooth, polished ice at a temperd&iui@. »C The

humidity in the tunnel housing the ice surface ranged between 40 and 60%, and the tire temperature

was approximately 0 AC. Measurements on dry asph
were warmed by rolling on a rotating cylinder untg# tthesired warm inflation pressure was reached.

Tire load and inflation pressure are two key parameters that must be set to reflect typical operating
conditions. Based on common axle loads for each tire category, the nominal loads were selected as

4 0 Kk Kingle staer/trailer i r es (S), 22.5 kN f owintrdileritiresgT).t i r es (
In addition to the nominal load, measurements were also performed at 50% and 150% of these values.

For inflation pressure, nomi nadonsideaed9u ebsa ra tf orro owm dt
single tiresmoudt®edbdam afidrerdualr eseeTablednThes&valiesb ar f «
were chosen based on tire manufacturerso recomme
among haulers and drivers. For example, a Finnish study from 2001 (Partanen & Sainio, 2001)
reported average infwhtdeosipgkesturesesobn8. 8. Baba
closely match the selected nominal validste that measurements on both dry and wet asphalt were
performed with heated tires. Each tire was warmed by rolling on a rotating cylinder until its inflation

pressure reachatheb ar above the nominal value (see Tabl e

Figure 1. VTl tire tesing facility.
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Table4. Tire test conditions

Sngle steer/trailer tires | Dual drive tires | Dual trailer tires

Nominal axle load (tones) 8.0 9.0 8.0
Nominal inflation pressure (bars) 9.0 75 8.5

at +20°C on dry asphalt ' ' '
Testedwheel loads (kN) 20, 40, 60 11.25, 22.5, 33.74 10, 20, 30
Inflation pressure (barsjor tested 9.0 7.0 8.5
tireson ice ' ' '
Inflation pressure (bas) for tested 10.0 8.5 9.5
heated tireson dry asphalt ' ' '
Inflation pressure (bas) for tested 10.0 8.5 9.5
heatedtires on wet asphalt ' ' '

The investigation focused on lateral force versus slip angle, where staselgurves were
constructed from two separate measurements in wh
respectively. An overlapping sliangle region between the two me@snents allowed compensation

for relaxation length effects, resulting in steatgte curves.

For asphalt tests, the full £15° interval was applied only at the lowest load aghilaller interval

wasused at higher loads to minimize excessive tire wear for subsequent measurements. However, one
tire from each category was tested across the full £15° interval at all loads. For ice measurements, slip
curves within the +10° interval were considered sigficfor all three loads.

Additionally, a few tires were tested on wet asphalt at the VTI tiretgfstcility, where water was
sprayed between the heated tire and the asphalt cassettes.

Tableb. Tested surface forleh tire

Dry assphalt | Wet asphalt | Smooth ce Snow

S1

S1W1 (10 mm)
S1W2 (6 mm)
S1W3 (3 mm)
S2

S2W1 (8 mm)
S2wW2 (5.5 mm
S3

S3W (7 mm)
S4

S5

S6

S7

D1

D1W

D2

D2W

T1

T1iW

T2

T2W

x

X X X

X | X | X | X

XX |X|X|X|[X[X[X[X[|[X|X|X|X|X|X|X|[X|[X|[X]|X

x
XIX|X|X[X[X|X|X[X|X]|X]|X
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Figure 2. Tire testing trailer @signed and buikat the University of Oulu

Furthermore, selected tires were also measured on snow at a test track in Finland using a test trailer
developed by the University of Oulu during the projeeefigure2). The performance of this test

trailer was evaluated by conducting measurements on wet asphalt and comparing them with
corresponding measurements of the same tire at the VTI facility. For more details on the snow tests
refer to Chapte8. The tested surface for each tire is listedable5.

2.3. Post processing of the tire data

Measuring the steaestate lateral force of each test tire at multiple slip angles is highly time

consuming. Therefore, two sweep measurements were performed instead, where the tire was gradually
steered to the right and lefi each sweephe slip angle is increadilecreasedlowly from asmall

slip angle below/above zero until it reachd®%-15°. The overlapping slifangle region between the

two sweepgan beused to compensate for relaxation length effects, enabling the construction of
steadystate curves relatingteral force taheslip angle

The celaycaused by theetaxation length, , in thebuildup oftire lateral force™O, is modelled as:

0 Q)

wherg  andUare the measurethd contact poirglip angles, respectively, andl is the longitudinal
speed of the tire

Tire cornering stiffnes® , quantifiesthe rate at which a tirgenerateateral force in response tioe
smallslip angles

. Q0
(0] -
Q
Therelationshipbetween lateral force and slip anglepproximately lineaat small slip angles:
O 0|

Thus,cornering stiffnessan be calculated from the slope of the lateral fstigeangle curvén the
linear region, i.eat small slip angled o facilitate comparison between tires under different loading
conditions it is common to useotnering coefficientd 6, which iscorneringstiffness normalized by
thetire load, Fz

66 ° g
Using these equation®ptimization is applied to calculate the relaxation length that minimizes the
distance between the tweasuredlip curves in the overlapping slgngle regiopresuling in two

24 VTI rapport 1263A



connectedslip curves, expressed @@ "Q . Once the slip curve for the tire is obtained, the
cornering stiffness is estimated by performing a linear fit within theaslgle range of £0.5°. An
example of this procedure is shoumrFigure3. Prior to relaxation length compensation, the
measurement data was filtered to reduce néiggire4 illustrates a sample of measured data after
lowpass filtering with different cuff frequencies.

Before relaxation compensation After relaxation compensation
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il ie]
2 0.02f 2
E s
s Of 8
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-0.02f e
0.04 | ! | | ! } 0.2 | L | J
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Figure 3. Relaxation length compensation@cornering stiffness estimation
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Figure 4. Example of tire measuremerms smoothice, filteredusingdifferent cutoff frequencies

In Figure5 andFigure®, effects of different cubff frequencies of the lowpass filter on the resulting
cornering coefficient and peak friction are presented in bar ciidmtsinfluence of cutoff frequency
was found to be negligible; therefore, the highest cutoff frequency that produced a smoeshiforce
curve was selected for filteringamely 5 Hz.
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Figure 5. Impact of filtercut-off frequency on thestimatedcornering coefficient
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3. Tire measurement results

This chapter provides an overview of the tire measurement results obtained at the VTI tire testing
facility. Additional tables containing all test
measurements conducted by the University of Qulu arepites e d s epar &t ely in Chap

3.1. Cornering coefficient

Figure7 shows the measured tire cornering coefficient (cornering stiffness normalized by load) on dry
asphalt. The results clearly indicate that tread depth has a strong influence on cornering petfarmance
worn tire with shallow tread depth can exhibit nearly twice the cornering coefficient of a new tire.

Measurements were conducted at three loaddabed nominal load, as well as 50% and 150% of that

value. For most tires, the cornering coefficient decreases as load increases; however, a few tires

display a peak near the nominal load. The reason for this behavior remains unclear. It was speculated
thatt esting at more than three | oad points and usi
than the nominal load, might reveal consistent pattdim&xplore this, tires S1, D1, and T1 were re

measured on the steel bar at additional load cases. The results, stroguré8, indicate that S1 does

not exhibit a peak even with extra data points, while D1 and T1 show peaks at different portions of

their rated load. The load dependency of the cornering coefficient warrants further investigation;

however, this was beyond the betigcope of the project. It is likely that tread design plays a major

role in this behavior.

Figure9 andFigure10 present the cornering coefficient on smooth ice and wet asSimaltar

patterns to those observed on dry asphalt can be seen on these surfaces as well. The cornering
coefficient on smooth ice and wet asphalt is very close to that measured on dry asphalt, suggesting that
this property is primarilgoverned by rubber and carcass stiffness rather than frictionAevel.

comparison of the cornering coefficient at the nominal lbadsdifferentsurfacess shown in

Figurell, whichsupportghis hypothesi$or several of the tested tirddowever, for one of the drive
tires(D1), aclear influence ofriction is observed, with the cornering coefficielgcreasing

consideraly on smooth ice compared to dry asphait,both the new and worn specimens.

Cornering coefficient on dry asphalt

%\%é\%'\,@w%@") <;1/ $'\/ $’1/ <9°) @ fob‘ fé” O)Q’ Q\’Q$ Q%Q$ '\'\’«,\/

PR R RN
N A O 0 O

Cornering coefficient (1/rad)
=
o

O N B~ O

v /\@“
50% Nominal load Nominal load ™ 150% Nominal load

Figure 7. Cornering coefficient bthe test tires odry asphaltat three load levels
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Conering coefficient on steel bar Cornering coefficient on steel bar
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Figure 8. Dependency of cornering coefficient on load. Left: relative to nominal load; Right: relative
to rated load for singhtire use.

Cornering coefficient on smooth ice
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Figure 9. Cornering coefficient bthe test tires on ice #tiree load levels

Cornering coefficient on wet asphalt
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Figure 10. Cornering coefficient bthe test tires on wet asphaltthree load levels
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Cornering coefficient at the nominal load
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Figure 11. Cornering coefficient atominal loadacrossdifferent surfaces.

3.2. Peak lateral friction

As mentioned earlier, full sweep measurements on asphalt were primarily performed at the lowest load
to minimize excessive tire wear for subsequent tests. Peak lateral friction was measured for a subset of
tires (13 out of 21) at all three load levels,shown irFigure12. The results indicate that the

dependency of peak friction on load is very similar across the tested tires.

The ratio of peak friction at higher loads relative to the lowest load (50% of nominal load) is presented
in Table6, confirming that these ratios are consistent among different tires. Therefore, an average ratio
can be used to describe the load dependency of peak lateral friction and to estimate peak friction for all
tires at nominal loadas illustrated ifrigure13. The suggested ratios for dry asphalt are approximately
90% at nominal load and 80% at 150% of nominal load, relative to half nominal load. Notably, the
relationship between peak friction and load appears linear within this relatively wide loadimange.
several measurements, particularly at the lowest load, a distinct peak could not be observed within the
tested slip angle interval efl5°, suggesting that the true peak may be higher in those cases.

Table6. Peak lateral friction a dry asphalt relative to the peak friction at 50% of the nominal load

Tyre code| 50 % of N.L| N.L. | 150% of N.L
S1 100 % 89% 81%
S1W2 100 % 93% 85%
S2wW2 100 % 90% 81%
S3wW 100 % 91% 84%
S4 100 % 87% 80%
D1 100 % 87% 80%
D1W 100 % 91% 84%
D2 100 % 90% 86%
D2W 100 % 89% 81%
Tl 100 % 88% 79%
TiW 100 % 87% 79%
T2 100 % 87% 79%
T2W 100 % 92% 84%

Average 100 % 90% | 82 F
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For dry asphalt at nominal load, peak lateral friction was below 0.9 for all new tires except S4 and S7,
which reached 0.93 and 0.92, respectiyebeFigure13). These outliers had smaller tread depths
compared to other tires, highlighting the influence of tread depth on peak friction. This effect is also
evident in the difference between new and worn tires.

Peak lateral friction on dry asphalt

S1 S1w2 S2W1 S3W  S4 Diw D2 D2w T1 TiIW T2 T2W

Normalized lateral force(
COO00O000000orr
OFRPNW,ARUIIONODOOR

50% Nominal load Nominal load m 150% Nominal load

Figure 12. Measured pak lateral friction @ dry asphalt at threkad levels

Peak lateral friction on dry asphalt, at the nominal load
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Figure 13. Measuredestimated peak lateral friction for all test tires at nominal load. Grey bars
represent new tires; black bars represent worn tires.

Peak lateral friction on smooth ice
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Figure 14. Measured pak lateral friction @ smooth ice at threead levels
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Peak lateral friction on wet asphalt
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Figure 15. Measured pak lateral friction @ wet asphalt at threl®ad levels

Similar patterns of peak lateral friction dependency on load can be observed for smooth ice and wet
asphalt irFigurel4andFigurel5. However, the load dependency on these surfaces is less uniform than
on dry asphalt. This variation is likely due to differences in surface friction levels, isinidne difficult

to maintain consistently for ice and wet asphailt.

Tire wear appears to have little influence on peak friction for smooth ice and wet asphalt. The only
notable exception is worn trailer (T) tires, which show a significant increase in peak friction on smooth
ice compared to new specimens. The reason feethigher friction values was not investigated further,

but both worn T tires exhibited a very rough surface texture relative to the neyaahesacteristic

that can enhance grip on smooth ice.

3.3. Relaxation length

Relaxation length exhibits a clear increasing trend with rising load across all three test surfaces, as

shown inFigure16to Figurel8. It is also consistently greater for worn tires compared to new ones.

However, no distinct pattern is observed regarding the influence of friction level; for many tested tires,
values on dry asphalt and smooth ice are compar a

Relaxation length on dry asphalt
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Figure 16. Relaxation lengtlon dry asphalt at threoad levels
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3.4.

Relaxation length versus cornering coefficient

It was observed that relaxation length has a strong correlation with the measured cornering coefficient.
This relationship is illustrated iRigure20, where relaxation length is plotted against cornering

coefficient for three different load levels on dry asphaith the corresponding correlation

coefficients indicated in each pl@ clearand consisterinear trend between these two tire

characteristics can be seen.
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4. Tire models

Two mathematical models were considered and compared for describing the measured tire data: the
Magic Formula (MF) model and a simplified variant inspired by the MF, referred to in this report as

the ISO candidate model. This designation reflectsitsdepane nt duri ng t he PBS ||
for an | SO standard, which was subsequently publ

The MF model used here is simplified compared to the full Magic Formula in the following ways:
1 Camber angle is excluded (assumed zero)
1 Only fully symmetric slip curves are considered
1 Lambda parameters are omitted

A parameterization based on this simplified MF model can readily be converted into the full MF
model. If required, lambda parameters can also be included to scale specific properties of the slip
curve, such as peak friction level.

4.1. Mathematical description of the tire models

The mathematical formulations of the simplified MF model and the ISO candidate model are
presented iMable7. Both models express lateral friction force as a function of two input variables:
vertical load and slip angle.

Table7. Equations of theisiple Magic Formula model and the IS&andidate rodel

Simple Magic Formula Model ISO Candidate Model
'O OOEbAQA ©68] AOKI] (1) |'O O i QBDO AT | (10
6 — 660 @[> — 0% -
Corresponding function for the normalizéateralforce: Corresponding function for the normalizéateral force:
00 * OEBAOAN, 06, AOKIY @ |00 i QBHO RAT S| (12
© Orohss —— 0T0 88 (4
Dependengeson load usingQ™@ "O O 70O Dependencies on loadisingl™@ "0 "O T'O
6 :constant 0 : constant
o n n QQ O | gz ## p ##0Q0Q (13)
0 noQQ © | Cp Q0 (14)
O R "OOEEAOAGrn o )
86 OT0 — OEEAOAI— ®)
Relaxation length Relaxation length
n OE{AOADrs ™©O Y ®|,» - Op A QQY (15)
& : stiffness factor, defined by cornering stiffness 0 0 : cornering coefficient
0 :shape factor 0 :cornering stiffness
‘O : peak lateral force Y :tire radius
O Y OdzNBF GdzNB T O 2N 69XMm* :peaklateral friction
"O : lateral force . . relaxation length
'O :verticalforce | : slip angle
'O :nominalload
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The vertical force acts as an implicit input through the load dependency of the model parameters. This
dependency is expressed relative to the normalized change with respect to a nomiital.|dohd,

choice of nominal load does not affect the load dependency itself; it only influences the resulting
parameter values and can therefore be selected arbitrarily. In this project, nominal loads were chosen
based on typical axle loads for each tire catgg40 kN forsingle steer/trailerS) tires, 22.5 kN for

drive D) tires, and 20 kN fotwin trailer (T) tires. Another common approach is to use the tire rated

load as the nominal load.

Both models are fully symmetric with respect to the sign of the slip angle, resulting in no lateral force
at zero slip angle. Forraal ire, imperfections such as plysteer and conicity, leag to both a
vertical and a horizontal shift of the slip curve. Shift parameters can easily be added to both models.

For a fixed load, the ISO candidate model uses three parameters, while the simplified MF model
employs four. The additional parametie curvature factdg, enables a sharper transition from the
linear to the nonlinear region of the slip curve, which is particularly useful for worn tires that exhibit
this behavior more prominently than new ones.
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Figure 21. Effect of curvatureaictor E on the peak position of the tire foislg curve Solid red line:
slope at zero slip angle (GZ dashed black line: asymptotic friction, blue marker: peak position.
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The curvature factdg alsodetermines the position of the peak value (a peak ekiSts1) of the tire

force slip curve without altering other parameteas expressed i q .

16.

EAshifis thespeaki v e

toward higher slip angles compared to the ISO candidate niee@), vhile a negativ& moves the

peak toward smaller angles. This effect is illustratefigure21.

pAAAOAOAMAAE

(16)

In the ISO candidate model, the peak position can also be adjusted using the shafe mt@ver,
this modification simultaneously affects the asymptotic friction valyeg,, Fhe relationship between

the shape factor, peak friction, and asymptotic friction in the ISO candidate model is given by

6 ¢ -AOAGRY

asy

C=1.67;CC_=10;u_=1;p
y y

0.5; a =13.1 deg

m peak
T T T

o
o

Lateral friction
o

051

L L 1 1 L1
-100 -80 -60 -40 -20 0
Slip angle (

deg)

m

peak =26.3 deg

C=1.67;CC_=5;u =1, p
y y asy

05 ————————————

Lateral friction
o

S
[4)]

=0.5 o

/

-100 -80 -60 -40 -20 0

Slip angle

C=167;CC =10;u =0.1; o
y y

as'

(deg)
=0.05; o =1.31deg

ym peak
T

Lateral friction
o

005 —————
-01 C L L 1 I

0.

T T T T

0.1 N b
005 "m0 0 1
| k 7

o5 —————————

0

o]

5 . 10, 15 . 20 ]

|
-100 -80 -60 -40 -20 0
Slip angle

20 40 60 80
(deg)

100

17

Figure 22. Effect ofpeak friction vale and the conering coefficient nthe peak position in the ISO
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Whend p, the forcéslip curve has no peak and approaches the asymptotic value at infinitely large
slip angles. Fod  p, a peak appears, becoming more pronouncé€liilsreases. Settingg ¢

produces a curve that approaches zero at large slip angles. Since slip angles cannot exceed 90°, the
asymptotic value may be of limited practical relevance, and valugs of (which imply negative
asymptotic friction) can still be useful. It should be noted that in such cases, the curve will exhibit
more than one peak at theoretically infinite slip angles.

Using the peak friction position rather than the asymptotic friction to express the relationship between

C and peak friction is more pragmatic, as the peak position corresponds to a measurable physical
phenomenort he sl i p angle at which peakp)flrcontrastt on occu
asymptotic friction may occur only at theoretical infinite slip angles and is not directly measurable.

The overall curve shape and peak position are also strongly influenced by the peak friction value and

the @rnering coefficient, as illustrated Figure22.

f A o
| pAae— OA+ (18)

4.2. 1SO candidate model vs MF model

To compare and assess the suitability of the two tire models, both were fittedrteasured data for

the different tires. An example for the S1 tire is showm iRigure23 andFigure24. Both models

provide a reasonably good fit to the measurement data; however, the simplified MF model performs
better at larger slip angles.

Figure25 presents a more detailed comparison, including zoomed views around the maximum
measured values and the low sdipgle range. The differences between the two fitted models are
minimal, particularly at low slip angles. An example for a worn tire (S1W2)denshn Figure26,
where the discrepancy between the MF and ISO fits is more pronounced compared to new tires.
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Figure 23. ISOcandidatsfit to themeasurement data from S1 tire
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Figure 24. SimpleMF fit to the measurement data from S1 tire
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Figure 25. Comparison of ISO candidate and simple Magic Formula fits for the S1 tire, with zoomed
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The choice of model should be guided by its intended application. In this project, the goal is PBS
based assessment of HCT vehicles. On-fiigkion surfaces, heavy vehicles rarely reach large slip
angles because lateral acceleration and rollover riskntedimiting factors. Therefore, since the
differences between the two models are negligible at low slip angles, the ISO model may be sufficient
for PBS assessment purposes.

To evaluate this hypothesis and further compare the madelsding the effect of different load
dependency formulationthe developed tire models were integrated into complete HCT vehicle
models and simulated.

4.3. Comparison of the tire models in complete vehicle simulations

Simulationson dry asphalivere performed using complete HCT vehicle models that incorporated the
fitted models based on measurement data, to compare their effects on key performance measures. A
sinusoidal steering input at high speegpresenting a severe ladeange maneuvgwas chosen for

the comparisorThe vehicle models developed in the first PBS project, based on the Volvo model
library (VTM), were used for these simulations. Each vehicle was modeled as a multibody mechanical
system using the SimMechanics toolbox in MatBidnulink. These models have been validated

against test data from several vehicle combinations; examples are provided in the final report of the
first PBS project (Kharrazi et al., 2017).

Three HCT configurations were selected for the study:
1 Adouble (tractoii semitrailer dollyi semitrailer)
9 Truck-Bdouble (trucki dollyi link traileri semitrailer)
9 Truck-Duo CAT (trucki center axle trailéicenter axle trailer)

Both loaded and unloaded cases were simulated. The performance measures considered were rearward
amplification, highspeed transient offtracking, load transfer ratio, and yaw damping ratio. These
measures, described below, are used for assessing lateaatidgof heavy vehicles

Rearward Amplification (RWA): During a sudden highpeed maneuver, the lateral motion of the
hauling unit in a heavy vehicle combination is progressively amplified by each successive unit. This
phenomenon, known as rearward amplification, is particularly critical for combinationsulifiple
articulation pointsRearward amplificatiois defined as the ratio of the peak value of a motion
variable for the rearmost unit to that of the hauling unit. It is typically expressed in terms of lateral
acceleration (R/A-ay) or yaw rate (R/A-r). A high rearward amplificatiowalue indicates an

increased risk of swingut or rollover of the last unit compared to what the driver experiences in the
hauling unit.

High Speed Transient Offtracking (HSTOY) In a sudden higlspeed maneuver, the rear end of a

heavy vehicle may deviate laterally beyond the intended path. The maximum lateral distance between
the path of the front axle and that of the rearmost axle during a dynamic maneuver is referred to as
high-speed transient offtracking. This deviation should be minimized. In the PBS projects, the path of
the rear end of the vehicle is used instead of the rearmost axle to enable better comparison across
different combin&ions. Hgh speed transient offtrackimg an important indicator of potential lane

intrusion or interference with roadside objects.

Load Transfer Ratio (LTR) : Load Transfer Ratio is used to assess the roll stability of a heavy
vehicle and indicate how close it comes to rollover during a dynamic maneuver. It represents the
fractional change in load between the-leftd rightside tires, signaling the proximitg tomplete lift

off. Load transfer ratioan be calculated as an average across all axles or for individual axles. In this
study, the LTR value of the rearmost axle is useldhtéral transfer ratiof O corresponds to a

stationay vehicle, while a value of 1 indicates that the entire/a&lgcle load has shifted to one side.
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Damping Ratio (DR): Following a severe maneuver, the yaw oscillations of towed units in heavy
vehicle combinations decay at different rates. The damping ratio quantifies how quickly these
oscillations diminish and is defined for the least damped articulation joint in theradiab. It is
determined from the amplitudes of successive oscillations of the articulation angle. A low yaw
damping ratio results in prolonged swinging of the towed units, increasing the risk of loss of control or
collision with adjacent vehicles or ragide objects.

In the complete vehicle simulation study, two tire models were compared: the simple MF model and
the ISO candidate model. This comparison can also be viewed as an investigation of the effect of
including or excluding the curvature factor/Aditionally, two other aspects were examini

influence of different loadlependency formulatioren the cornering coefficient (CCandrelaxation
length (RL) In the MF modelgcornering coefficienandrelaxation lengtlare represented as nonlinear
relations, give byeq. 8andeq. 9 respectively. These were compared with linear alternatives
described byqg. 13 and eq. 14#urther details are provided in the next section.

4.3.1. Influence of cornering coefficienti load dependency formulations

When using the simple MF tire model describeddn3 different formulations for the Gad

dependency can still be applied, and the same holds for the ISO candidate model. In this study, three
alternatives were consideraainonlinear dependency aseig.8, a linear dependency asdq.13, and
asaturatedinear dependency, introduced as a third option

The rationale for the t hshap etbad é€p@ndency observadin t o
some measured tires. A purely linear relation implies that the cornering coefficient increases as load
decreases, whereas in a-Bhtaiped curve, the coifient decreases or remains constant below a certain
load. To reflect this behavior, the saturalie@ar dependency assumes the cornering coefficient
becomes constant below a defined load threshold.

Table8. Comparison ofinear andnonlinear CQ loaddependencies in smple MFtire model and
their impacton full-vehiclesimulation (Gaydand dddenote lateral acceleration and yaw rate

Vehicle Combinatior] Load | Tire Model RWA-ay | RWA-r |HSTQ LTR| DR
StMFlinear CC 1.40 141 | 0.50 |0.20|0.31
No load| SEMFnonlinear Cq 1.42 143 | 052 |0.20|0.31
Difference 1% 1% 4% | 0% | 0%

Adouble -
SEMFlinear CC 1.65 1.68 | 0.70 | 0.64|0.36
Full load SEMFnonlinear Cq 1.65 1.67 | 0.70 | 0.64|0.36
Difference 0% 1% 0% | 0% | 0%
SIMFKlinear CC 151 1.36 | 0.48 |0.17|0.34
No load| SEtMFnonlinear Cq 1.52 1.37 | 049 [0.17|0.34
Difference 1% 1% 2% | 0% | 0%
TruckBdouble

StMFlinear CC 1.78 1.68 | 0.60 |0.43|0.38
Full load StMFnonlinear Cq 1.77 167 | 0.60 |0.43|0.38
Difference 1% 1% 0% | 0% | 0%
SEtMFKlinear CC 217 186 | 0.81 |0.32|0.17
No load| SEMFnonlinear Cq 2.19 188 | 0.82 |{0.32|0.17
Difference 1% 1% 1% | 0% | 0%
StMFlinear CC 2.93 240 | 1.32 |0.93|0.04
Full load SEMFnonlinear Cq 2.96 245 | 1.37 |0.93|0.04
Difference 1% 2% 4% | 0% | 0%

TruckDuo CAT
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Table9. Comparison ofinear andsaturatedlinear CCi load dependencies in ample MFtire model
andtheir impacton full-vehiclesmulation( 6 a y 6 denotallatebat a@iceleration and yaw rate

Vehicle Combinatioy Load | Tire Model RWA-ay | RWA-r | HSTQ LTR| DR
T1-MFlinear CC 1.38 142 | 0.50 [0.19|0.31
No load| TI-MFsaturated Cq 1.42 1.48 | 0.55 (0.20|0.30
Difference 3% 4% 9% | 5% | 3%

Adouble ;
T1-MFlinear CC 1.62 1.71 | 0.71 |0.59|0.38
Full load T1-MFsaturated Cq 1.63 1.72 | 0.72 |0.59|0.38
Difference 1% 1% 1% | 0% | 0%
T1-MFlinear CC 1.44 1.35 | 0.47 |0.17|0.34
No load| TI-MFsaturated Cq 1.47 1.39 | 0.51 {0.17|0.33
Difference 2% 3% 8% | 0% | 3%
TruckBdouble

T1-MFlinear CC 172 171 | 0.62|0.41|0.37
Full load T1-MFsaturated Cq 1.72 171 | 0.62 |0.41|0.37
Difference 0% 0% 0% | 0% | 0%
T1-MFlinear CC 217 192 | 0.84 |0.31|0.16
No load| T1I-MFsaturated Cq 2.22 197 | 0.87 |0.32|0.15
Difference 2% 3% 3% | 3% | 6%
T1-MFlinear CC 2.80 231 | 1.26 |0.82(0.06
Full load T1-MFsaturated Cq 2.78 233 | 1.28 |0.82|0.06
Difference 1% 1% 2% | 0% | 0%

TruckDuo CAT

The simple MF model was fitted tbe measurement data from the S1 tire using twel&d
dependency variants: nonlinear and linear. These two tire models were then used in simulations with
the three selected HCT vehicle models, and the results are prasehadde 8.

The linear and saturatdithear CQ load dependencies were also applied to the simple MF model fitted

to measurement data from the T1 tire and compared indhicle simulations. The results are

presented iMTable9. The T1 tire was selected because it exhibited-alegped CTload dependency

in the measurements. To reflect this behavior,
load, consistent with the measured data ESgeare8).

Simulation results indicate that differences in performance measures are generally small. In particular,
the difference between the linear formulation and the nonlinear form suggested in the original MF
model is negligible. Even the difference betweenlittear and saturatelihear formulations remains

below 5% for all performance measures, except for three values in the unloaded vehicle case, which
are still below 9%. It is worth noting that loaded vehicle performance is more-s&fitgl and

typically the focus in a PBS scheme, rather than unloaded conditions.

Based on these findings, it was concluded that a lineato@@ dependency is sufficient for tire
models used in a PBS scheme and preferable due to its simplicity.

4.3.2. Influence of relaxation lengthi load dependency formulations

Two alternatives for describing the load dependency of relaxation length in a tire model were studied
and comparedhe nonlinear relation used in the original MF maael. 9),and a linear alternative as
in eq.15.

The ISO candidate model was fitted to measurement data from the S1 tire usingidoddRL

dependency variants. These two tire models were then used in simulations with the three selected HCT
vehicle models, and the results are presentdalite10. An additional example using the simple MF

model fitted to measurement data from the T1 tire is provid@dlie1l.
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Both examples show that the influence of thé Rad dependency formulation on the resulting PBS
measures is negligible. Therefore, a lineai lRAd dependency was selected for use in tire models
within a PBS scheme, primarily due to its simplicity.

Table10. Comparison ofinear andnonlinear RLi load dependencies in @andidate ISGnodel and
their impacton full-vehiclesimulation( 6 a y 6 denotallatebal aéceleration and yaw rate

Vehicle Combinatior] Load | Tire Model RWA-ay | RWA-r | HSTQ LTR| DR
S:ISGnonlinearRYy 1.40 141 | 050 |0.20|0.31
No load| StISQlinear RL 141 142 | 050 |0.20|0.31
Difference 1% 1% 0% | 0% | 0%

Adouble -
StISGnonlinearRL 1.65 1.68 | 0.71 | 0.64| 0.36
Full load S3ISQlinear RL 1.65 1.68 | 0.71 | 0.64|0.36
Difference 0% 0% 0% | 0% | 0%
SHISOnonlinearRY 1.50 1.35 | 0.48 |0.17|0.34
No load| S:ISGlinear RL 1.51 1.36 | 0.48 |0.17|0.34
Difference 1% 1% 0% | 0% | 0%
TruckBdouble

S1ISOnonlinearRYy 1.78 168 | 0.61 |0.43|0.38
Full load StISQlinear RL 177 1.68 | 0.61 |0.43|0.38
Difference 1% 0% 0% | 0% | 0%
StISOGnonlinearRYy 2.17 186 | 0.80 [0.32|0.17
No load| SEISQlinear RL 2.18 186 | 0.80 |0.32|0.17
Difference 1% 0% 0% | 0% | 0%
S1ISOnonlinearRY 2.92 245 | 1.37 |1 0.93|0.04
Full load StISCQlinear RL 312 253 | 1.40 |0.95/0.03
Difference 6% 3% 2% | 2% | 25%

TruckDuo CAT

Tablell Comparison ofinear andnonlinear RLi load dependencies in simple MFtire model and
their impacton full-vehiclesimulation( 6 a y 6 denotallatedal agceleration and yaw rate

Vehicle Combinatior] Load | Tire Model RWA-ay | RWA-r | HSTQ LTR| DR
T1-MFnonlinearRY 1.38 142 | 050 [0.19|0.31
No load| TI-MFlinear RL 1.39 143 | 051 (0.19|0.31
Difference 1% 1% 1% | 0% | 0%

Adouble -
T1-MFnonlinearRL 1.62 1.71 | 0.71 {0.59|0.38
Full load T1-MFlinear RL 1.62 1.71 | 0.71 {0.59|0.39
Difference 0% 0% 0% | 0% | 3%
T1-MFnonlinearRY 1.44 1.35 | 0.47 |0.17|0.34
No load| TI-MFlinear RL 1.45 1.36 | 0.47 |0.17|0.34
Difference 1% 1% 0% | 0% | 0%
TruckBdouble

T1-MFnonlinearRYy 1.72 1.71 | 0.62 {0.41|0.37
Full load T1-MFlinear RL 1.72 1.71 | 0.62 {0.41|0.37
Difference 0% 0% 0% | 0% | 0%
T1-MFnonlinearRYy 2.17 1.92 | 0.84 {0.31|0.16
No load| T1-MFlinear RL 219 192 | 0.84|0.31|0.16
Difference 1% 0% 0% | 0% | 0%
T1-MFnonlinearRY 2.80 231 | 1.26 | 0.82]0.06
Full load T1-MFlinear RL 2.80 233 | 1.28 | 0.82]0.06
Difference 0% 1% 2% | 0% | 0%

TruckDuo CAT
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4.3.3. Influence of curvature factor inclusion

The main difference between the simple MF model and the ISO candidate model, désceqet

andeq. 1Q is the inclusion or exclusion of the curvature fagofo assess its impact, complete

vehicle simulations were performed for the three selected HCT configurations. The tire models were
fitted tothemeasurement data from the S1 tire. Additionally, a worn tire (S3W) was included in the
comparison, as preliminary investigations suggested that differences between the two models are more
pronounced foworn tires than for new ones.

The results, presented Trable12 and

Table13, show no significant differences between the simulation outcomes using the two tire models.
Even for the worn tire, deviations the PBS measures do not exceed 4%, except for two cases. In one
of these, the absolute difference in HSTO is minimal, but due to the low HSTO value, the percentage
difference appears as 6%.

Based on these findings, the 1ISO candidate model was deemed a suitable choice for generating
standard tire models within a PBS scheme. It offers a good balance between simplicity and the ability
to capture key tire performance characteristics. Furtherni@fguld be noted that the ISO candidate
model generally produces more conservative PBS measure values compared to the simple MF model,
which means safety is not compromised.

It should be noted, however, that this investigation was conducted exclusively on dry asphalt, which is
relevant for the considered PBS scheme. Further studies are therefore required to d§€@ss the

A

candidatanodel 6 s applicability under other road surfa

Table12. Comparison ofull vehicle simulation results usirige simple MF tire modedindthe ISO
candidate modefitted tothe S1 tiredata( @y 6 adermte lateré acceleration and yaw rate

Vehicle Combinatiol] Load | Tire Model] RWA-ay | RWA-r | HSTQ LTR| DR
SHISO 1,40 1,41 | 0,50 |0,20|0,31
No load| SEMF 1,40 1,41 | 0,50 |0,20|0,31
Difference 0% 0% 0% | 0% | 0%
Adouble
SHISO 1,65 1,68 | 0,71 |0,64|0,36
Full load SEtMF 1,65 1,68 | 0,70 | 0,64| 0,36
Difference 0% 0% 1% | 0% | 0%
SHISO 1,50 1,35 | 0,48 |0,17|0,34
No load| SETMF 1,51 1,36 | 0,48 |0,17|0,34
Difference 1% 1% 0% | 0% | 0%
TruckBdouble
SHISO 1,78 1,68 | 0,610,43|0,38
Full load SEtMF 1,78 1,68 | 0,60 |0,43|0,38
Difference 0% 0% 2% | 0% | 0%
SHISO 2,17 1,86 | 0,80 (0,32|0,17
No load| SETMF 2,17 1,86 | 0,81 0,32|0,17
Difference 0% 0% 1% | 0% | 0%
TruckDuo CAT
SHISO 2,92 2,45 | 1,36 |0,93|0,04
Full load SEtMF 2,93 2,40 | 1,32 10,93|0,04
Difference 1% 2% 3% | 0% | 0%

VTI rapport 1263A 43



Table13. Comparison of full vehicle simulation results using the simple MF tire model and the ISO
candidate model, fitted thhe S3W tire datd 0 a y 6 denotallatedat a@celeration and yaw rate

Vehicle Combinatior] Load | Tire Modell RWA-ay | RWA-r | HSTQ LTR| DR
S3WISO 1,01 | 0,89 | 0,15|0,15(1,00
No load| S3BWMF 1,01 | 0,89 | 0,16 |0,15(1,00
Difference 0% 0% 6% | 0% | 0%

Adouble
S3WISO 1,26 1,05 | 0,28 10,49|1,00
Full load S3WMF 1,26 1,04 | 0,28 10,49|1,00
Difference 0% 1% 0% | 0% | 0%
S3WISO 1,14 0,95 | 0,19 |0,14|1,00
No load| SSWMF 1,15 0,95 | 0,19 |0,14| 1,00
Difference 1% 0% 0% | 0% | 0%
TruckBdouble

S3WISO 1,44 1,15 | 0,30 |0,37| 1,00
Full load S3WMF 1,44 1,15 | 0,30 |0,37| 1,00
Difference 0% 0% 0% | 0% | 0%
S3WISO 1,58 1,23 | 0,37 ]0,23|0,32
No load| S3WMF 1,59 1,24 | 0,38 |0,23|0,32
Difference 1% 1% 3% | 0% | 0%
S3WISO 2,40 1,80 | 0,75(0,80|0,12
Full load S3WMF 2,33 1,72 | 0,69 |0,82|0,12
Difference 3% 4% 8% | 2% | 0%

TruckDuo CAT
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5. Generic tires for a PBS scheme

Based on the analysis presented in the previous chapter, the ISO candidajevitioliedar
dependencies of cornering coefficient, peak friction, and relaxation length on verticalwfasce
selected as the most suitable option for a PBS scheme. The equations for this tire model, as
summarized iMable?, are:

O O i MQHDO AT O |
#H HHE p AAQQ ' p . QQ , ., 2p £ QQv

This tire model is parameterized to develop generic tires required for PBS assessments of HCT
vehicles in Sweden. Tire data from new tires were used for this purpose, as they represent a more
critical scenario compared to worn tires in maneuvers typisatiylated in a PBS scheme. As
discussed in Chapter 3, new tires generally exhibit lower cornering coefficients than worn tires,
resulting in poorer lateral dynamics performangkich isthe primary focus of the PBS Il project.

However, this does not imply that heavily worn tires are safer than new ones. In fact, worn tires pose
significant safety risks, including a higher likelihood of hydroplaning, punctures, and loss of traction.
Reduced grip can potentially farthe vehicle to stop in traffic or become immobilized under
challenging conditions. Worn tires are also maore prone {pragsure loss, which negatively affects

fuel efficiency. For these reasons, the use of severely worn tires is strongly discouraged.

In this chapter, generic tire models are developed to represent new tire performance on dry asphalt, as
this is the standard road condition used in PBS evaluations. The efféotswedar andther road
conditions are addressed in subsequent chapters.

5.1. Generic model for new single steer/trailer tires on dry asphalt

A generic model for single steer and trailer tires on dry asphalt, based on méasuylad, was
developed using the new S tires. After analyzing the measurements, tire S4 was excluded from the
average performance calculation because it is agfffielent tire with a tread pattern similar to a worn
tire (see Appendix 1 fdire images). Instead, Section 6.1 proposes a procedure for modeling worn
tires and incorporating tread depth effects. Likewise, tire S5, whichlbageaspect ratio than the
others, was not included in the parameterization of the getisricodel.

Figure27 shows the measured tire curves at 50%, 100%, and 150% of nominal load for the S tires,
along with the corresponding average curve in each plot. Note thaufut measurements were only
performed at the lowest load (50% of nominal) for all tifidss limitation was due to twooncerns:

1. Measurements at large slip angles under higher loads could cause unnatural wear on the tire
surface, affecting snogrip performance in subsequent tests.

2. The large lateral forces and vibrations generated during such measurements could potentially
damage the tire testing facility.

Therefore, fullcurve measurements at all three load levels were only conducted for one tire, the S1
tire, which appears to be a good representative of the average S tire, adsgarev. Additional
calculated tire properties are presenteHigure28, together with their average values. The average
cornering coefficient and relaxation length align well with the assumed linear load dependency.

To assess the representativeness of the selected tires and the calculated averages, the cornering
coefficient values of the S tires were compared
are shown irFigure29, where the PBS project averages are plotted against the values for tires of the

same dimension in the Volvo database, along with their average. Cornering coefficients are plotted
versus vertical | oad, expr es s asikterdwith the rgfegence e nt a g e
used in the Volvo database.
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The averages obtained from the Volvo database and the PBS project are closely aligned, confirming
the representativeness of the calculated average values in the PBS project. The slight offset between
the two datasets may be attributed to differences irsunement tools. Tires in the Volvo database

were not measured on the same equipment and were scaled to match results from one tool using a
reference tire tested across all tools. This scaling procedure likely introduced the observed offset,
which is also eident for the S4 tire that appears in both datasets.
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5.1.1. Curve-fitting procedure

After verifying the representativeness of the PBS data for-#exi€s tires, the for¢slip curves of

the S1 tire were used as the basis for fitting an ISO candidate model. However, the average cornering

coefficient and relaxation length values calcuddt®em all considered S tires were also incorporated
into the fitting process. In the initial attempt, a cufiténg algorithm was applied to match the 1ISO
candidate model to the measured fost curves of the S1 tire while enforcing the average comge
coefficient values. This approach resulted in a model w@lvalue below ongmeaning the resulting
tire curve lacked a peak and did not meet expected performance criteria.

To illustrate this issud;igure30 compares the ISO fit to the S1 tire data alone with the ISO fit that
enforced the average cornering coefficient values. The comparison highlights the need to refine the
fitting procedure to achieve a generic S tire model that more closely representashiecth & tires.
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Figure 30. ISOcandidate moddfittedto S1 tire daa alone (left plot), and fitted to S1 tire curves, with
average CC values from all considered S t{rgght plot).

To incorporate peak friction information into the cufiténg procedure, the peak friction positions of
tires with full measurements at nominal load were first analyzigdre31 shows the relationship
between peak friction position (PP) and tread depth (TD) for the measured new and wormndites
asphaltBoth S and D tires exhibit similar behavior, and a linear fit appears to captureith® PP
relationship for both types. The only notable outlier is the S4 tire with a tread depth of 13 mm. This
tire has a very high tread fill rate, resembling a worn tire, @sngeiak position aligns more closely

with that of tires with lower tread depth.

22

Peak position estimation: 4.17 + 0.873 * tread depth
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Figure 31. Peak friction position viread depthon dry asphalt
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Based on this analysis, the slip angle corresponding to peak friction for a generic new S tire was
estimated by assuming a tread depth of 16 mm, which corresponds to a peak position of approximately
18°. The curvditting procedure was then refined by ugithe S1 forckslip curves while enforcing

both the calculated average cornering coefficient values and the estimated peak position. The resulting
parameterized 1ISO candidate tire modabwn inFigure32, demonstrates the expected characteristics

of anew single steer/trailer tire, more accurately than the initial fitting attempt.
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Figure 32 The parameterized ISO candidate model, representirenarg new S tirdn the top
graphs, measurement datee includedwith red color.

5.1.2. Relaxation length modeling

To model theelation lengtHoad dependencgn dry asphalt, theverage of thestimated relaxation
lengthof the selected S tirdrom Figure28) was evaluatedt three measured load levek linear fit
shows good agreement with the average data points, as illustr&igdra33.

] Single trailer / Steer

0.8

m)

0.6 -

0.4 r

Relaxation length (

0.2 r

O Measured data
Linear fit

-1 -0.5 0 0.5 1
dfz

Figure 33. Relaxation lengtlon dry asphalt for a generic new S tire

5.1.3. Parameters of the generic model for a new single steer/trailer tire

The resulting parameters of theoposedyeneric modelor the PBS scheme in Swedeepresenting a
warmsi ngl e steer/trailer tire with 16 mm tr,ead
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are presented ihable14. For the corresponding model equatiamder to the beginning of this

chapteror Table7.

Tablel14. Parameters offte single steer/trailetire model for PBS

€n . F FF FFI | H Hoy . ol
(KN) O ) (1/rad) ) ) ) ) )
40 0.536 1.41 7.76 -0.14 0.849 | -0.128 | 0.990 | 0.84

5.2. Generic model for new drive tires on dry asphalt

A similar procedure to that used for the S tires was applied to develop a generic model for drive tires
on dry asphalt. However, only two drive tires were measured in the PBS project, so the measured data
were compared with the Volvo tire database to datex which tire was more representative. As

shown inFigure 34, the D1 tire measured in both the PBS project and the Volvo databppears to
be an outlier, while the D2 tire aligns more closely with the average drive tire. Therefore,
measurement data from the D2 tivasused for parameterizing the generic D tire model.

As with the S tires, the peak position needed to be fixed during thefiitinge procedure. To achieve

this, the linear PPTD relationship shown by the solid line fiigure31 was used. A tread depth of

19 mm, corresponding

315/70 R22.5 tires

Cornering coefficient (1/rad)

50% 75%
Vertical

100% 125%
laod (% of the rated load)

t o

----- D1, Volvo e em \olvo average s D1, PBS == D2, PBS s PBS average

Figure 34. Calculated CC values of D tires in the PBS project compared with measna@®dvith
same dimensiolin a Volvo database (dotted lines) and their average; D1 appears in both datasets.
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dfz
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a p aisedfor theogenieric D tra moodl.
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Figure 35. Relaxation lengtlon dry asphalt for a generic new D tire (data from the D2 tire was used).
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Table15. Parameters oftte drive tire model for PBS

én 1 F FF FFI | H Ho . ol
(KN) O ) (L/rad) ) ) ) Q] Q]

22.5 0.506 131 7.48 -0.185 | 0.809 | -0.074 | 0.776 | 0.564

For relaxation length, measurement data from the D2 tire wasags&ato ensure consistency with

the cornering coefficienfAs illustrated inFigure35, the measured data deviate slightly from the linear

fit. The resulting parameters of the proposed generic model for the PBS scheme in,Sweden
representing a warm drive tire with 19 mm tread
asphaltare presented ihable15and plotted irFigure36. For thecorrespondingnodel equations,

refer to the beginning of this chapterTable?.

It should be noted that the PBS Il project primarily focused on developing a generic model for single
steer/trailer tires. Since drive tires are mounted on only one or a few axles of an HCT vehicle, their
influence on PBS assessment is relatively minoer@lore, the developed D tire model is considered
sufficient for PBS evaluation purposes.
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Figure 36. The parameterizelbO candidate model, represing a generic newD tire.

5.3.  Generic model for new twin trailer tires on dry asphalt

A similar procedure to that used for the D tires was applied to develop a generic model for twin trailer
tires on dry asphalt. Since only two twin trailer tires were measured, thevatetampared with the

Volvo tire database to determine which tire was more representative. Tires with the dimension 265/70
R19.5 were not available in the Volvo database, so the close28%&0 R19.5was used for

comparison. As shown iiRigure37, the T1 tire appears to be an outlier, while the T2 tire aligns more
closely with the average twin trailer tifEherefore measurement data from the T2 tivasused for
parameterizing the generic T tire model.
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Figure 37. Calculated CC valugof the T tires in the PBS project, versus CC values of the measured
tires withsimilar dimensionsn a Volvo tire database (dotted lines), and their resulting average.
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Figure 38. Relaxation lengtlon dry asphalt for a generic new T tif@ata from the T2 tire was used

As with previous cases, the peak position needed to be fixed during thdittingeorocedure. For

this, the linear PPTD relationship for T tires, shown by the dashed linEigure31, was applied. A
tread depth of 14 mm, corresponding to a peak
tire model.For relaxation length, measurement data fromTtdire was usedgainto ensure

consistency with the cornering coefficieAs illustrated inFigure38, the linear fit agrees well with

the measured data.
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Figure 39. The parameterizelO candidate model, representingengric newr tire.
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The resulting parameters of the proposed generic model for the PBS scheme in, Sapeelsenting a

warm twin trailer tire with 14 mm treadaa@epth an
presented iffablel6and plotted irFigure39. It should be noted that the PBS Il project primarily

focused on developing a generic single steer/trailer tire model rather than twin trailer tires. Therefore,
performance assessments should generally be conducted using the developed single tire model.

However, if assessments for axles with dualunted tires are required, the developed twin trailer tire

model can be used.

Tablel16. Parameters oftte twintrailer tire model for PBS

én 1 F FF FFI | H Ho . ol
(KN) O ) (1/rad) ) ) ) ) Q]

20 0.433 1.42 6.87 -0.087 | 0.841 | -0.205 | 0.888 | 0.885
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6. Impact of tire wear and inflation pressure

As noted in the previous chapter, the recommended generic tire models for PBS assessment on dry
asphalt are based on measurements from new tires. Using new tires typically results in inferior
performance in a PBS assessment compared to worn tires, ntakimgie conservative and safer
approach. However, in some heavy vehicle simulations, it may be desirable to evaluate vehicle
performance with worn tires. Therefore, this chapter provides suggestions for addresisimgthef

tire wear and develops mddehat incorporate tread depth variations. Additionally, a brief discussion
on the influence of tire inflation pressure on tire characteristics is included at the end of the chapter.

6.1. Tire wear

A method for adapting tire model parameters to account for tire wear effects is proposed here. Most
tire characteristics depend on tread depth, and by analyzing these dependency patterrigea worn
model can be developed. The influence of tread depgeak position was discussed earlier in
Section5.1and represented by a linear trend. In the following section, additionati@ehdent

models for cornering coefficient, peak friction, and relaxation length are developed under the
assumption of a linear tread depth dependence. Using these linear shlpSdretween key tire model
parameters and tread depth, the model can be reparametrized to represent tires with a chosen tread
depth. The shape factGrfor a worn tire can then be calculated using the estimated values of
cornering coefficient, peak friction, and peak positemmgtheir interrelation described &q. 18

Since most measurements were performed on single trailer tires, this tire type primarily influences the
line fits applied to all tires. It can be argued that separate analyses for drive and twin trailer tires
(measured for only two tire models éawould be too limited to be representative. Moreover, the few
available data points, restricted to new and very worn tires, make such analyses highly sensitive to
measurement errors. Therefore, measurement data from all tires were combined to obtaitrepaheral
depth dependency trends, which were then integrated with the properties of the new tire model for
each tire category to derive specific tire models.

6.1.1. Effect of tire wear on cornering coefficient

Figure4Oillustrates how the cornering coefficient typically varies with tread depth. The overall effect

of wear on cornering coefficient is similar across all three tire types. Therefore, as discussed earlier,
measurements from all tires were used for the anaysighe linear fit. As a rule of thumb, reducing

tread depth by one millimeter increases the corn

To model the effect of tread depth on cornering coefficient, a line was first fitted to all data points, as
shown in Figure 40. Then, for each tire category, a parallel line passing through the corresponding
cornering coefficient values of the generic rees was used as the starting point for the fit. To

mai ntain consistency with the | SO candidate mode
load, an additional linear fit with respect to load was applied. For exaRiglege41 shows the line fit

of cornering coefficient parameters versus normalized load for S tires. Emphasis was placed on 100%
and 150% of nominal load to achieve better accuracy at higher loads, which are more critical for
vehicle dynamics simulations. Conseqiygrthe tread depth model aligns better with measurement

data at higher loads, at the expense of accuracy at the lowest loktj(sed?2). Tread depths of 16

mm, 19 mm, and 14 mm were considered for the generic tires of the S, D, and T categories,
respectively.
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Asphalt - new and worn tires: load: 50 % of nominal

N
o
T

Cornering coefficient (1/rad)
=
T

5L
@®  Single trailer
® Drive
Twin trailer
0 T I 1 1 1 1 1 1 1 |
0 2 4 6 8 10 12 14 16 18 20
Tread depth (mm)
20 Asphalt - new and worn tires: load: 100 % of nominal
°

o
T

Cornering coefficient (1/rad)
>
T

5

@®  Single trailer

® Drive

Twin trailer
0 I I | 1 1 1 | | 1 J
0 2 4 6 8 10 12 14 16 18 20
Tread depth (mm)
2 Asphalt - new and worn tires: load: 150 % of nominal
@®  Single trailer
° ® Drive
Twin trailer

o
T

Cornering coefficient (1/rad)
o >
T T

0 1 | 1 | 1 | 1 | 1 |

Tread depth (mm)

Figure 40. Cornering coefficients. tread depth on dry asphalt.
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Figure 42 Treaddepth model for cornering coefficient compared to measurements.

The resulting treadepthdependent models for the cornering coefficient in each tire category are
listed below, with tread deptld (expressed in millimeters.

Sindle steertrailer_tires

#H# P T emQ

#H U TP Tp® T @DHQ
Driv etires

#H# PR T emMQ

## CHMN TP PP Tp@& ™ @DHQ
Twin trailer_tires

#H# P& T8 QmQ

# # RT MppPTp& m @Q

6.1.2. Effect of tire wear on relaxation length

A similar approach to that used for the cornering coefficient can be applied to the relaxation length
formulation of the tire model. To model the effect of tread depth on relaxation length, a line was first

fitted to all data points, as shownkigure43. Then, for each tire category, a parallel line passing

through the corresponding relaxation length values of the generic new tires was used as the starting

point for the fit, as illustrated iRigure44. The resulting linear trends are used to define the
parameters required for a tire model representing a chosen tread depth.

The treaddepthdependent models for relaxation length in each tire category are listed below,
expressed in units &%. Tread depthd Yis expressed in millimeters.

Singlesteerftrailer tires
P® ¢ TEI O WPEQ
" p v T o PP T pH ¢ TBI O TP Q

Drive tires
PR ¢ T8 0 WPQ
” P8TT T8O PP T p® ¢ TETI 0 P Q
Twin trailer tires
p& o 18t o WPQ
” P& ¢ TBTo PP X p& 0 TETI 0 P Q
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Figure 44. Treaddepth model forelaxation lengtton dry asphaltompared to measurements.
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6.1.3. Effect of tire wear on peak friction

Unlike cornering coefficient and relaxation length, peak friction is not directly obtained from
measurements but is derived from 1SO curve fits to the data. When measurements cover sufficiently
large slip angles, the maximum measured friction and thefdet&n from curve fitting should be

very close. Full £15° slip angle sweeps at all loads were only performed for a subset of tires. However,
by including data from the curve fits of the three generic tire models, there is enough information for a
similar analysis of peak friction as for cornering coefficient and relaxation lengti &®el7). Tires

D2 and T2 are excluded from the table because their curve fits did not produce shppakidctor

C<1); nevertheless, they are represented in the analysis since the generic models are based on them.

To model the effect of tread depth on peak friction, a line was first fitted to all data, psistsown in
Figure45. Then, for each tire category, a parallel line passing through the corresponding peak friction
values of the generic new tires was used as the starting point for figlite46).

The resulting treadepthdependent models for peak friction in each tire category are listed below,
with tread depthtd) expressed in millimeters.

Single steertrailer tires

oYU p1 O0Q
™ T X T8 1T ¢ X o Y @ 18t 7T YDp Q

Drive tires
TBOX CU& p1oQ
T8 TL T8 TT ¢ X T X ¢ T8 T YDp Q
Twin trailer tires

O PUD pTOQ
R MUTBI T ¢ X 1o p 18T 1T YO Q

Tablel17. Peak friction parameters from 1SO fits

Tire Tre?rgrg)e pth H Hop
GenericSngle trailer 16 0.849| -0.128
S1 17 0.869| -0.141
S4 13 0.935| -0.181
S1W3 6 0.932| -0.144
S2wW2 8 0.890| -0.181
S3W 7 0.923| -0.164
Generiadrive 19 0.809| -0.074
D1 18 0.854| -0.191
D1W 3.5 0.996| -0.151
D2W 6 0.973| -0.176
Generic twin trailer 14 0.841| -0.205
Tl 135 0.841| -0.135
T1W 3 0.945| -0.167
T2W 2 0.966| -0.138
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Asphalt - new and worn tires: load: 50 % of nominal
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Figure 45. ISO peaklvaluevs. tread depth on dry asphalt.
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6.1.4. Effect of tire wear on peak position

Effect of tread depth on theeak position isnodeledirom the line fis shown inFigure31. The
resultingmodelsare listed below, with tread deptia) expressed in millimeters.

Singlesteertrailer tires

| PY TXDO QPO T80 MPYXTQ
Drive tires

| CPp TMX00Qpw 18 p MYOQ
Twin trailer tires

| U MPX00QpPT XZY MY oQ

6.2. Effects of tire inflation pressure

Two tires, S1IW1 and D1, were measured at different inflation pressures to investigate the effect of
pressure on tire characteristics. The S1WL1 tire was tested at 9.6 and 9.3 bar, in addition to the main
measurement at 10 bar. The D1 tire was tested ain8l.¥.8 bar, in addition to the main measurement
at 8.5 bar.

Figure47 shows that the cornering coefficient generally increases as tire inflation pressure decreases.
This trend is observed for both the new D1 tire and the worn S1W1 tire, with one exception at the
lowest tested pressure for SIW1 at 150% of nominal load.

Relaxation length also appears to increase slightly as inflation pressure dedrigased®), with the
trend being more pronounced for the D1 tire than for SIW1. The effect of inflation pressure on peak
friction, measured only at 50% of nominal lo&ahs negligible

- D1 tire = S1W1 tire
.E 14,00 © 14,00
(&) (&)
= 13,00 £ 13,00 /
5] - 5]
S 12,00 8 12,00
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Figure 47. Effect of inflation pessure on the cornering coefficient
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Figure 48. Effect of inflation pessure on the relaxation length
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7. Tire tests on wet asphalt

Three tiresS1, S2, and Dwere measured on wet asphalt, with one new and one worn specimen of
each tire tested. This chapter summarizes the results of these measurements and proposes generic
models for new tires on wet asphalt. To develop these models, a few assumptions weaeyrtioess

to the limited measurement data. Consequently, the suggested models involve some uncertainties and
should be applied with caution.

7.1. Tire measurement results on wet asphalt

As discussed in Sectidhl, the cornering coefficient is primarily determined by the rubber and

carcass stiffness of the tire and is only marginally affected by friction level. Therefore, the same
cornering coefficient used for dry asphalt can be applied to wet asphalt (disrgdhedpotential

effect of tires running cooler on wet surfaces). Measurements conducted on S and D tires (T tires were
not included), using the same heating process as for dry asphalt, confirmed this assumption: cornering
coefficientvalues were very similar to those on dry asphalt (see Appendiabi29).

Peak friction and ISO peak position from wet asphalt measurements are summareae 118. For

peak friction, no clear difference was observed between new and worn tires, unlike on dry asphalt
where the larger effective contact patch of worn tires typically results in higher peak values. A direct
comparison with dry asphalt is challenging hessaonly three tires measured on wet asphalt were also
tested at all loads on dry asphalt (S1, D1, and DEgure49 shows the measured peak lateral

friction on wet and dry asphalt for the tires tested onasphalt, overlaid with additional data points

from S tires measured at all three loads on dry asphalt. Considering all tires in the plot, peak friction at
nominal load on wet asphalt can be estimated at approximately 75% of the dry asphalt peak value.
However, limiting the comparison to new S and D tires suggests a ratio closer to 80%.

Table18. Peak frictionand peak positioat nominal loadrom wet asphalt measuremsnt

Tire model Tread depth| Peak frictionat nominal load| Peak frictionat nominal load| Peak position
(mm) (measured) (from ISCfit) (deg)
new | worn new worn new worn new | worn
S1 17 | 3.0 0.640 0.641 - 0.599 Inf | 11.2
S2 16 | 55 0.699 0.715 0.721 0.712 198 11
D1 18 | 35 0.672 0.710 0.678 0.698 9.8 | 5.7
Measured peak friction at the nominal load
1,2
c 10 ® ° ® ®
208 o o
(&)
£ o o° ° ° o
©
o 04
o
0,2
0,0
0 5 10 15 20

Tread depth (mm)

@ Dry asphalt (S) OWet asphalt (S) @ Dry asphalt (D) O Wet asphalt (D)

Figure 49. Peak lateral frictioron wet and dry asphalt for new and worn tires
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The limited data on peak position for wet versus dry asphalt did not reveal a consistent trend. As
shown inFigure50, peak position appears to increase for S tires on wet asphalt compared to dry
conditions, whereas for D tires it clearly decreases. Whether this behavior is representative for D tires
is uncertain; the tested D tire (D1) was later considered an oudesgstion 5.2), and the generic

drive tire model for dry asphalt was instead based solely on the D2 tire

ISO peak position at the nominal load

23
21

D19

2 17 ® Dry asphalt (S)

c

2 15 O Wet asphalt (S)

n

8 13 ® Dry asphalt (D)

X

o tH O Wet asphalt (D)

o
o = S dry asphalt model
! =D dry asphalt model
5

0 5 10 15 20
Tread depth (mm)

Figure 50. ISO peakpositionon wet and dry asphalt for new and worn tires

7.2. Generic models for new tires on wet asphalt

A general model for wet asphalt inevitably involves some uncertainties due to the limited available
data. For new tires, assuming a reduction of peak friction to 80% of the dry asphalt value appears
reasonable. For worn tires, it is plausible that peakidn on wet asphalt is largely unaffected by

tread depth. Given the limited wet asphalt data, an assumption regarding peak position was required; it
was therefore assumed to remain the same as for dry adphisihssumption may slightly

overestimate p&rmance for S tires on wet asphalt compared to measurements and underestimate it
for D tires.

With these reservations, a wet asphalt model for new tires can be obtained by retaining the cornering
coefficient and peak position parameters from the dry asphalt model and scaling peak friction down to
80%. The shape fact@ can then be calculated usiag. 18 Relaxation length is also assumed to

remain unchanged, considering the obsestazhgcorrelation between cornering coefficient and
relaxation length (seleigure20). The resulting models for wet asphalt for the three tire categories are
presented iTable19. Worn tire models for wet asphalt can be generated using the same method
described irSection6.1, but with peak friction kept constant with respect to tread depth. The

suggested generic model for wet asphalt is compared with the dry asphalt models for all three tire
categories ifFigure51.

Table19. Suggestedhodel parameterfor new tireson wet asphal{These models include
uncertainties due to the limited measurement data available for wet gsphalt

en | 7 F| FF | FFI| H | Hp | ‘1
(KN) | O () | (Wrad) | () ) ) ) )
NewStire | 40 |0536|1.28| 7.76 |-0.164|0.679|-0.128| 0.990| 0.854
New D tire | 22.5 | 0.506| 1.22| 7.48 |-0.185| 0.647| -0.074| 0.776 | 0.564

New T tire 20 |0.433|1.28| 6.87 |-0.087| 0.673| -0.205| 0.888| 0.885

Tire category
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Figure51. The suggested generiretmodels for the three tire categories, wet asphalt vs dry asphalt
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8. Tire tests on ice

To investigate the tire characteristics under winter conditioesneasurementsn smooth ice with a
surface temperatui -5 +0.2 °G were carried ouat the VTl tire testing facilityThe humidity in the
tunnelcontainingthe ice surface was between 40 and 60 percent, anidetenperature wasround
0°C. Fresh ice was prepared at the start of each measurement day and removed afterward.

Before testing began, the ice was polished by performing four runs with a designated polisfang tire
Goodyear Ultra Grip WTS 385/55R22 &t a constant slip angle of 10*he purpose of the polishing
process i$o removean initial surface harshnessid makehe ice frictionquite constant during
repeatedire measurementdt also provides aeference value of the ice frictioandby performing a

few polishingtest at the end of theneasuremerday, potential changes of the ice frictioan be
detected.

Pilot tests indicated that ice friction generally increased over the course of a measurement day, likely
because trapped dirt in tire sipes was gradually deposited on the ice during Testiompensate for
possible ice friction variationgachtire was testedwice on different dayslhreetires were measured
eachday, using abalancedest ordeasshown inTable20, to minimize the influence of ice friction
variations Therefore, iemeasured slip curve for eatife is constructed athe average dfvo curves,

one from each measurement d@gprnering coefficient and relaxation lengthlues are also average

values fom the twoseparate measuremen alternative approach to address varying ice friction

would be to scale the results using the measured reference friction. However, it is unclear how
different parts of the slip curve should be scaled, and because the reference friction data were sparse,
the reliability d such a process was guestionable and therefore not pursued.

Table20. Example of a dlanced test ordefior threetires

Testday | Test 1| Test 2| Test3

1 Tirel | Tire2 | Tire3

2 Tire3 | Tire2 | Tirel

The following subsections present generic models for newdireachtire category on ice. Thgingle
steeftrailer tire model represents the average propertiisedive different tires previously used for
the highfriction model. The drive and twitrailer models represent the average propertigiseifvo
drive tires andhetwo twin-trailer tires, respectively. Unlike the higfiction models, both tirem
each ire categorywere included, as their slip curves were sufficiently similar to disregard any as
outliers.

Although the cornering coefficient for a specific tire should be similar on ice andriation

surfaces, differences arise due to variations in tire temperature and inflation pressure. Lower tire
temperatures on ice tend to increase the cornering cieeffi while reduced inflation pressure in cold
tires has the opposite effect. Consequently, the ice andtiitjon models exhibit slightly different
cornering coefficient values.

Slip curves on ice generally show a more pronounced peak compared to thosefdotitgh
surfaces. Therefore, it was examined whether the ISO model could describe theswithurves
sufficient accuracyr if the more general MF model would be required for ice conditions.
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8.1. Generic model for new single steer/trailer tires on ice

The generic model for a steer/trailer tire on ice was constructed using the same five tires as in the dry
asphalt model: S1, S2, S3, S6, and S7. Unlike the dry asphalt measurements, which were conducted
with warm tires at an inflation pressure of 10 blae, ice measurements were performed with cold tires
(approximately 0O AC) at 9 bar. The average slip
length, andpeakiriction from these measurements are shawRigure52 andFigure53. For the

average tire, both the cornering coefficient and peak friction exhibit a clear linear relationship with

wheel load and should be well represented by the ISO model. The relaxation length can also be
reasonably approximated by a linear modslshown inFigure53, thecornering coefficientor the

ice measurements very similar tahat fordry asphaltwhich is abou8 rad* at nominal loadvith a

15% changéor a50%wheel load alteratiariThe correspondingeak friction changes 10%

A load dependen50O modelcurve fit of theaverage slip curveras performedisinga linear
approximatiorof the measured coening coefficient valugswith theresults shown ifrigure54. The
overall agreement between measurement and fit is good, altttwighunderestimates the peak
friction at the higpest loadTo evaluatevhether an ISO curve fiith prioritizedaccuracy asmall slip
angles (withint 3°) using a weighted cost functievould be better suited for a parameterization on
ice, such a curvéitting was also made. In additioayrve fitting using thenodified MFmode| which
has amadditional degree of freedofthe Eparametércompared to the ISO modatasperformed.
The same cornering coefficiemhdrelaxation lengthwere applied acrosal threeparameterizations
A comparison of the resulis presentedn Figure55, and parameter values arddid inTable21. The
linear fit for relaxation length aligns well with the average data points, as shdviguire56.

L 20 kN L 40 kN L kN
02 oad 20 02 oad 40 02 oad 60
0.15 0.15 0.15
0.1 0.1 0.1
c 0.05 c 0.05 c 0.05
) S )
g 8 g
ha ) ha] Z o0
o © o
o o o
© © ©
- -0.05 - -0.05 - -0.05
-0.1 0.1 ST -0.1
\/ s
S3
0.15 0.15 s6 0.15
7 s7
Average single trailer Average single trailer Average single trailer
0.2 -0.2 -0.2
-15 -10 -5 0 5 10 15 -15 -10 -5 0 5 10 15 -15 -10 -5 0 5 10 15
Slip angle (deg) Slip angle (deg) Slip angle (deg)

Figure 52. Single steetvailer tiresonice, measuredlip curve andconstructed average slip curve.
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Figure 53. Single steer/trailer tire®nice, measuredornering coefficientpeakfriction and
relaxation length
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Figure 54. The parameterized ISO candidate model, representirenarg new S tiren ice.ln the
top graphs, measurement data are included withcaddr.
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Figure 55. Comparison otlifferent cuve fits forthe average singlsteertrailer tire.
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While the weighted ISO optimization better captures the peak value at the highest load compared to
the standard ISO fitf places the peak at a largdip angle and overestimates friction beyond the
peak.A real improvement requires the MF model, where thmEameter allows greater flexibility in
peak position with respect to load.

The 1SO model may still be sufficiently accurate for many simulation cases, given that dynamic load
shifts on lowfriction surfaces are small. However, if simulations include overloading, the modified
MF parameterization offers improved accurakiye resulting model parameters for the ISO models
and thesimple Magic Formula model alistedin Table21 andTable22.

Table21. Parameters offte single steerfailer tire model on ice fothelSO model

ISO &n 1 F FF FFI | H Hop . ‘1
formulation | (kN) | O O J@Wad| 0 | O | 60| 0|0
Standard

_ 40 | 0536 | 1.80 | 7.83 | -0.139 | 0.145 | -0.280 | 0.895 | 0.892
ISO fit

ISO fit
e 40 | 0536 | 1.80 | 7.83 | -0.139 | 0.145 | -0.220 | 0.895 | 0.892
with weights

Table22. Parameters of theingle steertailer tire model on ice for the simple MF model

En 1 F FF FRE | =t | =pe | =mo | =
(KN) O Q) (1/rad) ) ) ) ) )

40 0.536 1.75 7.83 -0.139 | 0.146 | -0.029 | -0.333 | -0.823

8.2. Generic model for new drive tires on ice

Theresults ofthe new drive tiremeasurementsn ice argresentedn Figure57 andFigure58. As

shown inFigure58, the cornering coefficient does not decrease monotonically with wheel load but
instead exshiapetdd aréhdt wher e dgeitherdigheromosverf r om t
result in reductiorof cornering coefficientThis decrease is small, abou62 % f or a 50 % <c h
wheel load. Consequently, a linear fit to the measurement data, while slightly overestooataring
coefficientat low loads and underestimating at high loads, remains close to the measured values in
absolute terms.

h
a

The peak friction for the average D tire varies approximately linearly with wheel load, showing about
a 10% change for a 50% load variation. Relaxation length also follows-tinesarrelationship with
load, being roughly proportional to it.
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Figure57. Drive tiresonice, measured slip curves amdnstructed average slip curve.
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Curve fitting using both the ISO model and gmpleMagic Formulamodel was performed in the
same manner as for the S tir€be results are shown Figure59 andFigure60. The linear fit for
relaxation length aligns well with the average data points, as shdviguire61.

Comparing the curve fits for the average D tire on ice leads to conclusions similar to those for the S
tire model. While the MF model appears to overestimate peak friction at the highest load, this is likely
not the case, as closer inspection of the peakgative slip angles suggests. Most likely, the
measurements at positive slip angles failed to capture the true peak, resulting in an asymmetric

measuredlip curve.
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Figure 58. Drive tires onice, measureaornering coefficientpeakfriction and relaxation length.
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Figure 59. The parameterized ISO candidate model, representiranarg newD tire on ice.In the
top graphs, measurement data are included with red color.

Figure 60. Comparison of different cue fits for the average drivére.
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